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Abstract ; [ Objectives ] The composition and diversity of gut microbiota have important effects on the development and health of the
intestine. This study was conducted to evaluate the effects of chronic heat siress on the cecal microflora structure and metabolism of
broiler and the alleviative effect of dietary supplementation with guanidinoacetic acid (GAA). [ Methods] A total of 192 28-day-old
Arbor Acres( AA)broilers were divided into four treatment groups : normal control(NC, ad libitum feeding and water,22 °C ) ,heat stress
group (HS,ad libitum feeding and water,32 °C) , pair-fed group(PF,received food equivalent to that consumed by the HS group on the
previous day,and ad libitum water,22 °C') , guanidinoacetic acid group( HG,ad libitum feeding and water,supplementing the basal diet
with 0.6 g-kg™' GAA,32 °C). Each treatment consisted of 6 replicates with 8 broilers per cage. The trial lasted for 14 days. [ Results]
At the phylum level ,the relative abundance of Firmicutes and Actinobacteria in the HS group was significantly higher than those in the
NC and PF groups, while the relative abundance of Bacteroidota was significantly lower (P <0.05). LEfSe analysis revealed that
Oscillospiraceae and Erysipelatoclostridium ,which were associated with inflammation, were enriched in the HS group. Compared with
the NC group,thermal exposure significantly increased the concentration of acetic acid and significantly decreased the concentration of
butyric acid(P<0.05). The relative abundance of Actinobacteria decreased, and the concentrations of acetic acid decreased while

butyric acid concentrations increased in the HG group compared with HS group (P<0.05). Geobacillus and Bacillaceae , which were
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associated with anti-inflammatory effects,were enriched in the HG group. [ Conclusions ] Chronic heat stress changed cecal microflora
structure and short-chain fatty acid metabolism. Dietary supplementation with GAA was effective in alleviating heat stress which
induced the caecal structural and short-chain fatty acid metabolic changes.

Keywords : broiler ; guanidinoacetic acid ;chronic heat stress ; cecal microflora
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B IRV B AR T H AN 2 G2 R SN O LR B0 A ST B ML 2R ( guanidinoacetic acid,
GAA) SENRR RIS B, BFFE R, H KRN GAA BERCE RERAC U, $2 M g A Kk BE S fEH AR
AN GAA 7T LA N IRME GAA BB 10, TITR#A7 S5 22 (RS 202, 1548 T R RS &R T T T HAB Zh g, 4n
Ve —A AR Z R HIRL . RIGE S K S W R BRAE TC s W P 2R 1 B R T 0.6 g+ kg™ GAA BE
A ECE BT R A R IR ER D RE . 25 P4 R ITEIE A AR (34 °C,8 h) , H R4 B
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WIEE TR (21 =99% ) W 3 KRR LA 2454 7] 5 Ze 4k 4 N (AA ) 28 H R ENE IS G SE T3R8 1T K
FIH
1.2 AWt 5EFEE

H 192 H 28 HIRMEFORGE R 4F AR AR AA AXGREHLSY 0 4 4, 520 6 M EE, HEE 8 1,
X HRZH (normal control ,NC) : ¥RIE IR & 22 °C, H B R E AL H KL, #4074 (heat stress, HS) : M55 7
32 °C, H HR A H AR R B XA (pair-fed , PF) - FREGHRE 22 °C, 5K el iR 9 fel et &[] HS AT — K
BOTERHEREE . P IS+ AR 22 4H (heat stress+GAA  HG) I EEIRE 32 °C, B R E W ERE HAR T30
0.6 g-kg™' GAA, HAH MUK, HRAMIEFHABUKE- R 1, FELREAIHOE D E R 32 C

F1 EMiFEHBREBREFHEBKTE

Table 1 Ingredients and nutrient composition of basal diets( as fed basis ) %

JERH AL Ingredients composition 7K Level EFRA N Nutrient composition 7K Level
K Corn 59.37 fRiHHE Metabolic energy® 12.98
M1 Soybean meal 31.90 HLE BT Crude protein 19.00
527 Soybean oil 5.00 45 Calcium 0.90
1} Limestone 1.23 ST Total phosphorus 0.56
R A4S CaHPO, 1.50 AR R R Non-phytate phosphorus 0.35
L2 2 - BRI ER L-Lys-HCl 0.11 R Lysine 1.00
DL-HEZAMR DL-Met 0.27 HZ R Methionine 0.46
A1k Sodium chloride 0.30 AR Cystine 0.80
e ZTRE Vitamin premix’ 0.03 JR R Threonine 0.60
IR} Mineral premix” 0.20 6% 2 Tryptophan 0.20
70% FAALNETK 70% Choline chloride 0.09

e 1) AEA R TURE A 45T 58 HARER AL 4E4E 3R A 12 000 TU; 443 D,2 500 TU; 484K E,20 TU; 4E4E K K, 1.3 mg; B4R B ,2.2 mg;
HiEE B, ,7.8 mg; 4 E By ,40 mg; IZHAES,16.5 mg; 44 K By, 4 mg; EYE 0.04 mg; MR, 1.2 mg; BEEE B, , 15 pg, 2) TP
TR T 50 B R AL . Bk (BRI ) ,80 mg; # (BRARHA) ,8.0 mg;4h (BRARSE ) , 110 mg; B (BRRREE) ,65 mg; ML (IAFRSS) ,1.1 mg;
B (AR EM) 0.3 mg. 3) FRIHAE AL M) kg™

Note: 1) Vitamin premix provided per kilogram of diet:vitamin A,12 000 IU;vitamin D,2 500 1U;vitamin E,20 IU;menadione, 1.3 mg;thiamin,

2.2 mg;riboflavin, 7.8 mg;nicotinamide ,40 mg;calcium pantothenate, 16.5 mg; pyridoxine HCI,4 mg; biotin,0.04 mg;folic acid, 1.2 mg;
vitamin B, ,15 pg. 2) Mineral premix provided per kilogram of diet:iron,80 mg;copper,8.0 mg;manganese, 110 mg,zinc 65 mg;iodine,

1.1 mg;selenium,0.3 mg. 3) The unit of metabolic energy is MJ-kg™!.
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SYRIAERNY 35 HS A 42 HR A
W1 — vt AL, (K ST o8
1.4 EBREESHEHBRONE

el 2 500 g- L™ A ImBR BRI, FHINA 0.646 ¢ I GIR, 275 F] 100 mL, LR 1 ¢ B EEETE
OE P IMA 5~10 mL TEEHEK IRAH4), BEER 1 mL IFIMA 0.2 mL REER 5 O IR 40, & T
=20 CHALIER, LA 12 000 r-min™ 8.0 10 min, BCETFR, 6 H A S H GC-14B AU AR @350
RESRIEAT 0T, B UGHERE R 0.4 wL, SAH AU SEL. O R B 4IRS A, AR 130 ¢ Rk E
180 °C , R EE T JIGR A AR EE 180 °C , A N AR, 1 60 kPa, &S E 71 50 kPa, BT
50 kPa, RERE () 101, 308 3.0,
1.5 EIEMED 16S MEF

FREL 0.8 g HIE W BE VAT A WIS | 311 EZNA™ Soil DNA 7 & ( Omega Bio-Tek , 35 [ ) #2 BUH %
TXEE DNA , ELARERAE A B8 P A% 4 BR UL W 347, BUE R FEAR DNA FRLE P, I H TRKF R E
1 ng-pl™ o DAFRIG AFEN 41 DNA AL, i FH A A Barcode A4S 514 Phusion® High-Fidelity PCR
Master Mix with GC Buffer( New England Biolabs , 3¢ [ ) M =% i O EL X V4 X EfT9 88 fdi TruSeq®
DNA PCR-Free Sample Preparation {857 & ( Illumina , 3€ [# ) #E17 SCEM B, X CFEZE Qubit #1 Q-PCR #E47
SERKTR A ISR NovaSeq6000 HE4T ALY . A4 Barcode J¥FIFT PCR 3345 9751 N T AL
Bl P PR A BEA KU , 325 Barcode F15 97 51 5 fifi FH FLASH (V1.2.7) X4 M REA A reads 47 HF
Bz AR B PHEIT SN LG Tags B0 , PHEAS B0 LG Tags T5 B2 0L A% 1 3 8 A0 A 31 /57 5 1 Tags
g, S8 Qiime(V1.9.1) " [ Tags BRIV FEALFE S A Tags FREAT 2Bk A F 5 A AL FRI
5 B R 2 A OB
1.6 HESHMEITRINEESHT

OTU (operational taxonomic unit) 43477 : F| H Uparse (v7.0.1001 ) 5532 X6 Br A5 FE A B9 A 3808 E L 97% 1Y
—EPEBE T OTU B2, ARYE AR OTU 45 HABFIE K, 0 Hr A RIREAS (41) =z lal 38 A A i OTU
MFEA () BUNT 5 B 0 A REAR A T — b Ab B J5 223195 BBl (Venn graph) .

o ZREPEFE L Qiime (v1.7.0) X {F1155 Chaol ,Shannon ., Simpson ZFEPEFEEL

PCoA (principal co-ordinates analysis) 27T H R B4 WGCNA | stats Fl ggplot2 24T 3
HERR AT o

LEfSe 434 : A 2 4L 77 7E 5922 SRR, Xk e 4L e R s AR i) 22 53 = B R F Wiilcoxon BEFIAG TR

IIRETERE AT  $2 L KEGG s 13 5% A= 4 4 FE IR 4 16S vRNA FE K 531, FI F BLASTn 5ok Hi kb
%3 SILVA SSU Ref NR %4 2 ( BLAST bitscore>1 500) 57 AH I FE | #438 11F UProC F1 PAUDA FifhJ5 1%
TR KEGG Bt 4 A% A= 1 4 3k N AL D g 5 B L B SILVA e 2,
1.7 HEHITEHH

K SPSS 25.0 Geit#R 4%t NC (HS Fi PF 2R T 5L R 2 7 2250 BT il Tukey 28 03, HS Fil HG
AT IUSTREAS ¢ K55, 25 SR LIS bR IR IR |

2 HRESWH

21 EMRANHEXABEREFLEMOZNEBRFMTEZREAGR
211 EF OTU WABEMEE Venn B5#7 & 1-A AT, EEE 7 d /5 ,NC HS PF HG 4 %A
1) OTU %5394 2 866.2 7742 939 2 686, Hi HS 444 OTU Ky 653 4>, NC ZHMl4 OTU 4 456 4>, PF
A OTU A 461 4~ HG A OTU A 1 11514,

& 1-B A 11, #5257 14 d J5 ,NC HS . .PF HG 4 A OTU %043k 2 149 .2 370.2 031.2 362,
Hid HS 4714 OTU iy 246 4~ ,NC 4 A OTU & 225 /4>, PF 4l OTU 2y 168 4>, HG i A OTU A
251 14>,

SV 2 e e i T A2 P PR B ) RS LI 5 s
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SR A T A BT -80 CRA7.
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1 ARE7TA(A)FARE 14 d(B) FARLEABEHMEMH OTU ¥
Fig.1 Number of OTU of caecal microbial with different treatments after thermal exposure 7 d(A)and 14 d(B)

R PR B A () B, AR TR i R A UR AR A () Z IR 1 OTU B, BeA T8 0 iR P AR BEAS (A1) 19y
A OTU $(, NC: X2 ,22 °C, H HRE SRRl HS  BAHA 32 C, A B BRI RL PR SR ETECH A, 22 €, YRR A i kHiE [ HS
HHT— R RN FE S HG PR+ 2 FRAL,32 °C, H HR B ELA HARENN 0.6 g-kg ' MUEZRRAM A ML, T 1A,

Each circle in the Venn diagram represents a sample ( group). The number of overlapping parts of circles represents the number of OTU shared
between samples( groups) ,and the numbers without overlapping parts represent the number of unique OTU of samples ( groups). NC: Normal control
group,22 °C ,ad libitum feed basal diet;HS:Heat stress group,32 °C,libitum feed basal diet;PF: Pair-fed group,22 °C ,received food equivalent to that
consumed by the HS group on the previous day; HG; Guanidinoacetic acid group,32 °C , ad libitum feed basal diet with 0.6 g-kg™' guanidinoacetic
acid. The same below.

2.1.2 EBERNHXABERERH o SEENZIMEBRFMAIE ZBIERRR Wk 2 v, MRk
714 d )5, S Z B RIS R R WP A1 32 2] BE 1Y Shannon FE%0 FRAERESS NP FR o0 A Z2 1R A
YJLIEERY Simpson TREC A THHERAR & AL S W FP ST Chaol F8EUTC W E 25, TEMERER 7 d J5 M
BT NC Fl PF 41, HS 44 A3 Simpson F850A L AREE(P=0.077) . 7EEEEE 14 d J5, M8 T NC Fil PF
20, HS 4 A Simpson FEECAH T FEAIHE(P=0.053) ,

x2 FRLEACEHEEN « SHME

Table 2 Alpha diversity of caecal microbial with different treatments

4140 Groups P {H P-value
FEEL Index
NC HS PF HG P \xova Pys.ne
A FEFE 7 d Thermal exposure for 7 d
Shannon index 6.29+0.18 6.78+0.18 6.19+0.39 6.45+1.09 0.285 0.518
Simpson index 0.927+0.012 0.960+0.005 0.941+0.009 0.955+0.035 0.077 0.796
Chaol index 1509.37+202.91 1 515.44+174.57 1 483.33+146.40 1 186.94+122.31 0.991 0.154
IR 14 d Thermal exposure for 14 d
Shannon index 7.11+£0.31 6.98+0.19 7.29+0.11 7.07+0.19 0.607 0.737
Simpson index 0.978+0.004 0.968+0.005 0.981+0.001 0.971+0.005 0.053 0.586
Chaol index 1 238.80+155.17 1323.73+184.10 1297.62+135.10 1331.75+165.57 0.929 0.975

T : Pynova : NCHS Fl PF 2122 [A] 4 2K 2 7 223 H1 il Tukey 23 HLES 5 Pys. i - HS il HG 4IRS S REAS ¢ K0T
Note: P ynoya : One-way ANOVA and Tukey multiple comparisons between NC, HS and PF groups; Pyg. ¢ : Sample ¢ test between HS and HG

groups.

2.1.3 HWBEHEE PCoA REDH 2 PCoA RAEIPME R BRI EE 7 d 5 ,NCAH S PFAHES
XA K, HS 415 NC 41 HG 2 (B34 Jo i & X, il PF 415 NC 412 (6] 1% 38 g B 2 A DL R
HS 4, #EREE 14 d J5,NC 41 HS 41 .PF 4 Z M CHES X, HS 415 HC A2 b & EHES, vt H R PER
T GAA K18 P AN 35 PRI XS i 3 PR A AH BT (. 3 5, 1S 45 HG 4 A A AR R E A vr

2.1.4 BYANENABEMEEFEE(KE) MR BRAMIEZBERKRE WK 3-A Finx,
B AW TKF L #5024 LB T T3 T B 1T ( Bacteroidota) JERETE ] ( Firmicutes ) \ 28 JE
B 1 T( Proteobacteria) , 4N 3-B 7R, #4255 7 d J5 , 48T NC A1 PF 41, HS Z4FF BT TH9AX 3258 3%
AR (P<0.05) , JEEBETE T iR BT TR AR £ B 2 & TR (P<0.05) . 5 HS 4iAH L, HG 4L B 1T #H
X L TR (P<0.05) s R ER 14 d 5, FHECT NC 405 PF 4 HS 4H4FT ] ( Bacteroidota ) AYAHRT 32
JFE B EFEAR(P<0.05) , JEEBETA T ( Firmicutes ) PR XS = B W 25 T+ (P<0.05) . HG 415 HS 2 M 45 1]
X EE I 25
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A PCoA-PC1 vs PC2 B PCoA-PC1 vs PC2
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Fig.2 PCoA of caecal microbial of broilers with different treatments after thermal
exposure 7 d(A)and 14 d(B)
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Fig.3 Caecal bacteria composition( A ) and abundance of predominant bacteria(B) of broilers
at the phylum level with different treatments after thermal exposure 7 d and 14 d

AE/INE FHREER R NCHS F1 PF 4102457 1.3 (P<0.05) o * Pys.uc<0.05, FIA,

Different lowercase letters indiate significant difference among the NC,HS and PF groups( P<0.05). * Pyyg 146 <0.05. The same below.

2.1.5 PIISEMER LEfSe 54 LESe M4 R W B 7 d J7 NC HS PF 21 %5E ) 4 DR
BEFT 4 ANFRAEE R , Hod 2 S E R Micavibrionaceae | Oscillospiraceae ) 4 1~ J& ( Luteolibacter . Owenweeksia .
Peredibacter .Anaerofilum ) 75 HS 2 HP A X = BE 85 (LDA>3, P<0.05; K 4-A) , ##4br Z K B" NC 4
Butyricicoccaceae , HS 2 Micavibrionaceae . Oscillospiraceae, PF 20 NS9 _marine _group NER B ENY R
(E14-B) ., Zr#r i HG 415 HS A 6 MRHER B 7 MFAER & , Horb 2 R Muribaculaceae |
Bacillaceae) .3 I J& ( Pseudoxanthomonas . Geobacillus . Tepidimonas ) £ HG 20 W A0 X} F FE 45 5 (LDA> 3, P<
0.05; A 4-C), #H4k4r X W B /8 HS 4 Brevibacteriaceae. Peptostreptococcaceae . Fusobacteriaceae |
Oscillospiraceae , HG 41 Muribaculaceae . Bacillaceae b 255 5. & 1 Fh (Kl 4-D)

LEfSe /3Hr45 5 s . R TR 14 d J§ NC HS.PF 20 (LDA>3,P<0.05; & 5-A) % 5&E ) 9 MFEHFF .18 4
R &, Hop 2 N FF ( Lactobacillaceae . Christensenellaceae ) .9 4~ J& ( Ligilactobacillus . UCG _008
Erysipelatoclostridium  Christensenellaceae _R _7 _group . Frisingicoccus | Sellimonas . Anaerostipes . Negativibacillus .
DTU089) £ HS H T A ¥ £ E W &, #H4k / X F B 78 NC 41 Bacteroidaceae . Carnobacteriaceae .
Sporomusaceae . Sutterellaceae, Akkermansiaceae, HS #H Lactobacillaceae, Christensenellaceae, PF 2H

Marinifilaceae .Muribaculaceae 22 3 2 Z YA (® 5-B) , W HG 45 HS 4, K INA 1 MEHIEHEE
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(UCG_008) 7% HG LHH A XS F FE# i (LDA>3, P<0.05; K1 5-C) . #4653 3B Wb 22 55 W 3 1 iy b
(K 5-D) .
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Fig.4 LEfSe analysis of caecal microflora( A,C)and branch diagram of microbial community evolution(B,D)

at the family and genus levels after 7 d of thermal exposure
AR ET HS A BAAFORERERET NC A ERFORERERET PFA(K B) LI OIIREIEHET HC 4, 405
FoRFHEET HS4L(E D), T,
Red bars indicate taxa were enrichment in HS group, green bars indicate taxa were enrichment in NC group, blue bars indicate taxa were

enrichment in PF group(B). Red bars indicate taxa were enrichment in NG group, green bars indicate taxa were enrichment in NS group. The

same below.
== S, == NC; == PP = Cladogram
' | | | \ ] {\ / . :
£ Muribaculaccac = SN\ Wy, 0 a = a: f Bacteroidaceae;
2_Butyricimonas | [ Y, == b: { Marinifilaceae;
) 1 Marinifilaceac = " ) mm c: f Muribaculaceae;
R —— ., = d: { Camobacteriaceae;
£ Bicteroidaceac N I _ Lactobacillaceae;
o Streptomyces | 0 ~_Christensenellaceae;;
%Planiﬁlum S S ot B g: f Sporomusaceac;
f Camobacteriaceac [ . - 1%: ~Sutterellaceae;
s s cacs
g Comamonas — mm i { Akkermansiaceae
grcsvutzbac]tlermm [—————— — g\ L
utterellaceac | ]
g Parasutterella I N SsS
. — N
f_Akkermansiaceae N
| Akermansi ‘ 4
actobacillaceac I \
o Lgilactobaci e — 7 \\\\\
UCG 008 e WAy

g_
g_Erysipelatoclostridium ]|
g_Christensenellaceae R 7 group
fichristensene‘[ﬁ'}ceae < Cladogram
giFrisgn lz’cnccux | ——— ——— q
g Sellimonas I W\ Up
g_Negativibacillus \ %

| 2

UG —

0 1 2 3 4 I
LDA score (Ig)
= HG ‘ ’ ‘
Y N
e vea_oos [ R 7,
i i i i i J ! ! \
0 0.5 1.0 1.5 2.0 2.5 3.0 35 / “| ]\ 9

LDA score (Ig)
Es5 #EE14d EHREYEBEERMEKFE LR LEfSSe 447 (A .C) AN ENL S ZE(B.D)
Fig. 5 LEfSe analysis of caecal microflora( A,C)and branch diagram of microbial community evolution(B,D)
at the family and genus levels after 14 d of thermal exposure
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(exosome) (N R R . KA TR A IR (alanine , aspartate and glutamate metabolism ) {15 F14T B b
77| ( chaperones and folding catalysts) K ( peptidases ) 55 ; HS 2H F 2 I & 4 T ZBEAK (ribosome ) | P9 iR
R ( pyruvate metabolism ) & {4 F14H & £ F 5t ( chromosome and associated proteins ) \ DNA %2 il 2 [ 5t
(DNA replication proteins ) | 4/t 22 12 A1 8 Z B2 X1} ( cysteine and methionine metabolism ) £ k7 A& 4 ¥ & A=
(mitochondrial biogenesis) &Mt tRNA 444 ¥ (aminoacyl tRNA biosynthesis ) . Ik S A= 1) G 1SRN 5 i 26
H ( peptidoglycan biosynthesis and degradation proteins) ; HG ZH 3 fig F 2 & £ T BIT R 4t (two component
system ) \ABC %%z 8 H (ABC transporters ) . 2l &1z 2/ £ FH ( bacterial motility proteins) %1z & [ ( transporters ) ,

MFRFR 14 d J5 ,NC H FEINEE E &£ T 118 M3 Z4E 1L 7 ( chaperones and folding catalysts ) | ik /it
(peptidases) B ALBERR 1k (oxidative phosphorylation) | J5i A% A= ¥ i Bk [ %2 38 42 ( carbon fixation pathways in
prokaryotes) 4¢; PF 2 £ ZL U RE & 48 1T V€ By 5 I BE A9 18 34f (starch and sucrose metabolism ) | #% BE f{, 4]
( pyrimdine metabolism ) | % {&, /& F1 4 ¢ 25 [ it ( chromosome and associated proteins ) | £& b 74K 4= ¥ & =
( mitochondrial biogenesis) A (ribosome) . Z Bk tRNA 44 & B, ( aminoacyl tRNA biosynthesis ) \ 55 Bt f&
&2 (mismatch repair) 1% AR purine metabolism) | PEAB AT B AL chaperones and folding catalysts) |
AR ( peptidases ) 45 ; HS 2 FZ I HE & & T HEAR BN (quorum sensing ) %32 8 1 (transporters )  AIGZH 77
Z 5 (two component system ) . P9 FR X 18] ( pyruvate metabolism ) %5 ; HG HFE BRI F B &£ T W RS
(secretion system) \ABC #%iz 8 1 ( ABC transporters ) | 4l i1z 5/ 8 [ ( bacterial motility proteins) . T FRERAT
I (butanoate metabolism) .
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Fig. 6 The relative abundance of caecal microbial function annotation of broilers with different treatments
after thermal exposure 7 d(A)and 14 d(B)
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Fig. 7 The concentrations of acetic acid, propionic acid and butyric acid in cecum of broilers with thermal treatments
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