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BRFER LAY AT RFEE RN RETTRMGZR, FRP ML KN FIHET, #THE TF-gene
PN, HENFRFIA R E RN G REE SR E TN FRE. 7% XERFRE 7 AM R 24
Ak 4 Fn i [T R 44 3 A ERKANAR, KEEZITE CBRFAERNINEY (6B 5009.124-2016) #ATAK
B EA N, FIA SPSS 9.4 HME i t BRHATARFRKNEAAREELZFEERLI, HFHRENTRKMNALHAT
ATAC-seq JUJF , 3 3 3R B 4o T FF A K ( peak ), $E4T 4L 8] £ 5 peak 4. GO/KEGG 3h f8 B £ AT # K H T 2 &L & (motif )
BENT; A AN RNA-seq N FF 5| th £ 7Kk H (DEGs), 3T GTRD RiE/E 5w B =P &M@ itk T-A R
(TF-gene ) 4= 4. [ZRY R KM (1)ACS AH H KM H AR (Lys ). ZE B (Ser ). FHEE (Arg). A& (His).
AEF (Clu) 2BERZET M4 (P<0.05); MHAR (Pro) A BNAR (P<0.05), HHAARLBRNKSEAEHLEE
FER () e REAFAEERRT, ERNEZEL4 29 140 4 peak, THITH/R4 28 781 A peak, FHALJE S
&R KR EE A IS TR A (TSS) £2kb, HANE TR, wmaEE X fo)g 20 F X b bt 84.57%. (3) #
FALE K 6 185 NE S peak, HA 5 030N LEJE, 1 155 AN, ¥EF peak EH M AEREE, #4T CO/KECC & &
MK, ZR peak HARHEEGEEMIEWHALA. NALEHLE. NatEELAN SRR, Hippo 5 5# . MAPK
FERE. SETRE. N ZaaRERARSERNMNL TR EE. (4) Motif FESMETR, ERETENH 20
NEFHEFESRTH, HLw 4 (4B T MEF2 # X5k, 2517 MEF2C. MEF24. MEF2D 5 MEF2B, ¥ —% R ACS #33
P peak FnET# RNA-seq JU 515 2| 0y £ F KA KB R E 0T, K MEF2B 5 MEF2D 45640 5.8 R 5k &, s Hy 2 UL MEF2B
5 MEF2D H 150 4% Fc T4y TF-gene JH# W %, k5| ACTAL. CKM. CLCNI. SLN. MYOZ3% 13 /N5 5 LA K & 460y 8
FA; AR 16V FAAIESE Bk 838 B 20 F KA 4 MEF2B %0 MEF2D % & 357, It 5 ATAC-seq TR B EmEEE. [£iH]
A5 1E ATAC-seq f1 RNA-seq BB XG4T, BT T MBS B TR RFEF KKK FAE P RERTREER,
F %2 5| MEF2B Fn MEF2D AE R V45 4 LA £ K 8y X436 K H ¥ (TFs), My DL MEF2B 55 MEF2D J#% #% 3 ¥ #y TF-gene
PP, A RNBNT A I K F FWE LA S K CRISPR-Cas9 34 Ak 3 iE S T 23 ah.
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Abstract: [Objective] As a ruminant animal, cattle has a long muscle growth and development cycle. However, the regulatory
mechanism of chromatin accessibility on bovine longissimus dorsi is not clear during the development of longissimus dorsi. This
study aimed to explore the differential chromatin accessibility of the longissimus dorsi muscle of Angus cattle and Simmental cattle,
screen the key transcription factors affecting bovine muscle growth, and then construct the TF-gene regulatory network, so as to
provides the theoretical basis and new molecular target for further study of the epigenetic regulation mechanism of bovine muscle
development. [ Method] The longissimus dorsi muscle tissues of 24-month-old Angus cattle (AGS) and Simmental cattle (XM) with
the same feeding and management methods were collected, and the amino acid content was detected according to the national
standard Determination of amino acids in food (GB 5009.124-2016). SPSS 9.4 software was used to analyze the significant
difference of amino acid content in longissimus dorsi muscle between groups by t test. The collected longissimus dorsi muscle tissue
was subjected to ATAC-seq sequencing. By identifying the chromatin open area (peak), peak analysis, GO/KEGG functional
enrichment analysis, and transcription factor binding site (motif) enrichment analysis were performed. Combined with the
differentially expressed genes (DEGs) obtained from the previous RNA-seq sequencing, a transcription factor-gene (TF-gene)
regulatory network was constructed based on the GTRD database and the OmicShare Tools. [Result] The results showed as follows:
(1) The content of lysine (Lys), serine (Ser), arginine (Arg), histidine (His) and glutamic acid (Glu) in longissimus dorsi muscle of
AGS group were significantly higher than those of XM group (P < 0.05); the content of proline (Pro) was the opposite (P < 0.05),
indicating that the amino acid metabolic phenotype was significantly different between the two groups. (2) Chromatin accessibility
was generally conserved between the two groups. A total of 29 140 peaks were detected in Angus cattle and 28 781 peaks were
detected in Simmental cattle. The chromatin open regions between the two groups were mainly distributed at the transcription start
site (TSS) = 2 kb, and accounted for more than 84.57 % in the intron region, distal intergenic region and promoter region. (3) A total
of 6 185 differential peaks were identified between the two groups, of which 5 030 peaks were up-regulated and 1155 were
down-regulated. After the differential peak were annotated to related genes, GO/KEGG enrichment analysis showed that the
differential peak-related genes were mainly enriched in classical muscle development-related pathways, such as anatomical
morphogenesis, muscle structure development, actin filament-mediated, Hippo signaling pathway, MAPK signaling pathway,
calcium signaling pathway, and actin cytoskeleton regulation. (4) Motif enrichment analysis showed that among the top 20
transcription factor binding motifs, the top four belonged to the MEF2 transcription family, which were MEF2C, MEF24, MEF2D,
and MEF2B, respectively. Further focusing on the intersection analysis of AGS-specific peak and differentially expressed genes
obtained by previous RNA-seq sequencing, it was found that the binding sites of MEF2B and MEF2D were the most enriched, and
the TF-gene regulatory network with MEF2B and MEF2D as the core transcription factors was successfully constructed. A total of 13
target genes involved in muscle development regulation were screened, including ACTAI, CKM, CLCNI, SLN, and MYOZ3. IGV
visualization confirmed the presence of MEF2B and MEF2D binding motifs in the promoter region of the above target genes, and
highly overlapped with the open region of ATAC-seq. [ Conclusion] In this study, the combined analysis of ATAC-seq and RNA-seq
data revealed the differences in chromatin accessibility between Angus cattle and Simmental cattle during the development of
longissimus dorsi muscle, and screened MEF2B and MEF2D as key transcription factors (TFs) regulating bovine muscle growth. The
TF-gene regulatory network with MEF2B and MEF2D as core transcription factors was constructed, which provided a theoretical
basis for further analysis of the epigenetic mechanism of muscle development in beef cattle and functional verification of
CRISPR-Cas9.
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LFYEfEAL . ZHAO 5N b 0 i B e AR A Jeryak 75 8%
KHEEAT ATAC-seq 73 #7, Fiiik 2 T FOXOI . ZBEDG.
CRY2 M1 CFL2 WReZ 5 HMIAK T, HF A FH 1
VM R R L, YYI. KLF4. KLF5 1 BACHI %
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1.1 RIE#

L FRRE R A A SR RIC R
Pl B 3 A B2 FI 4 4L, F 2024 4 7 H4r BIBEHLIE S
3 SLAAZRE FACTAIIE ) 24 H R 2034 (AGS) Al
PO R (XMD A ET RS . B SEaT 24h 2
T, HHYUK. SEIRREAMIRARL 12 F1 13 1)

B 2 ) ALY, R IIFE S BN 2 mL ¥
FEET, IFATHECGER, UK RIS 2 M S
B R B W R 5 N A8 B AR s 2 B AT BR A
H o) AT ATAC-seq FIEFEIR & SA il . AR50 P
BRI &0 7 B O E R AS P2 sttt
(NXU-2024-168)

1.1.2 FEMNE  Agilent 1100 B0 AR, 5§
7y Amethyst C18-H (250 mmX4.6 mm, 5 um) ,
FEPEEYERS, WOCEEA R EOHL, TERIEA S, A
WAL, HEAR

1.1.3 EEEM 17 MEIEmRbsdEs (wako) , 4
AMEbrah, HPLC MG, #Hhie (EZEEHb 2]
HRATD , FmiR, =k (EZERL R
HERAFD , SRR AN (sigma) , [Eck (HZ
S 2ERAFIG PR A T, VKBS Rl TR
R, To/K SRR C(IH 255 B =R R A FD
ek,

1.2 KWHE

1.2.1 AABRSEAN  ZIEWR S = )yl
M bt (R P SRR E Y (GB 5009.124
—2016) HPTIR T AT o

1.2.2 ATAC-seq X EMEEF# ATAC-seq Ml
JPSCPER R EE Ay 4 58, Arolh . iR T
PEIAN M A%, FE40 B Az P NN TnS % JBE R 3EAT
BERE N 5 N 5E G 4liAE DNA R B, Bl J5 1 FH 3
AT PCR ¥714, (i AMPure XP BiZR4E1L
F Bt (Beckman Coulter, Brea, CA,USA) ; % #y4t
SERCE » K A Agilent 2100( Agilent, Santa Clara, CA)
HEAT A 28 VPN S A% 1 SCE T T NovaSeq
X Plus “F &M, SRAFRFINFF B U5 38 BT
5B

1.2.3 ATAC-seq ¥4 #7 WiLfEH FASTP!
(Version: 0.19.5) X} FHLIY) clean reads FFbAT 5™
KL €, £33 s i 32 B (high quality clean reads) .
R GRS G A5 B e T S B FG EE R Bowtie2
(Version: 2.2.8) UL %} %] 2 % I KN4 (GCF_
0022637952 ARS-UCDI1.3) , & LU 1L PR 20 o
—f37 B 1) reads A MACS2 (version: 2.1.2) SVdr
B A A DR A5 TR AT IS % € 0 R DX A 4
(peak calling) , BRIABIME N ¢<<0.05, % peak 75
T B A E A B peak XU 5145 B AT 04T,
S 3z0 ity 3 DRI [R] X (peak A7 13 KT _E3)7 2 kb LLAREK,
FED R 500 bp LLAM) 1) peak J&, X W) peak
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HISCIE . R DiffBind" V5 Lo A 20 17 1) T A7
peak BEATZE SR M, JEFE L2 G log, FC>1,
FDR<0.05, JFiERE|ZE T peak MIAHICIEER . F
4 T GO (Gene Ontology)
geneontology.org/) 1 KEGG (Kyoto Encyclopedia of

Chttps://www.

Genes and Genomes)  Chttps://www. genome.jp/kegg/)
SRR 22 57 peak AT B AT, BRI
FRUEN P<<0.05. FJH7EZ T MEME Suite Chttp:/
meme-suite.org/) ' motif ‘&7 (analysis of motif
enrichment, AME) X344 CLAIK) TF-motif HEAT
WA, motif B3 EAEbEN E<10, P<0.05.
FIF JASPAR %45 (https://jaspar.elixir.no/) ¥ & £E
FH) motif FATI R AT HEL motif 454 AYFe %A
To MEHIELR AL DN Fe sk R 5 5 GTRD (v20.06)
Chttp://gtrd20-06.biouml.org/) T % 55 DA -1~ [P FE I AT
FHAMIAERIRZR, A3 2P 6 (https://www.

omicshare.com/) 2l TF-gene 15 M 4514
1.3 HUBZIt o

el K H SPSS 9.4 BRAFHEAT LI FT7 2508, &
SRS O EebRtEE” Fon, I ¢ KR T
) 22 5 E T B AHOGYE M HTH] Pearson AHOGC &
AT . P<0.05 £onZERE#E, P<0.01 £n%E

SR,
2 &

BRKIMEERSENH
1 40, AGS ZH1 XM 2075 e K AL R i 3]
17 Mg K50, bR 8 Fly AR THEIER 9
e H AGS HERKILFBER (Lys) « Z%1%
(Ser) « HAMR (Arg) « AR (His) « BHEIR (Glu)
SHEEBEST XM 4 (P<0.05) , i XM HigHK
L 22 (Pro) &5 B3 51 AGS 4 (P<<0.05) .

2.1

*1 BEESEKNSERSE5HIT
Table 1 Statistics of amino acid content in longissimus dorsi muscle of each group
DREER BRI IR ENBEER BRI HIE RS
EAA(ng-g”' FW) AGS XM NEAA(pg-g”' FW) AGS XM
B2 Met 10.89+1.85 9.49+0.22 H% R Gly 77.44+2.88 70.17+7.14
AR Lys 68.80+13.04a 28.12+6.85b WA Ala 258.28+26.76 281.53+24.40
KN R Phe 19.67+4.45 17.53+1.42 R Ser 127.76+3.62a 95.19+8.68b
IR Trp 9.24+0.76 6.18+1.29 IWZ R Pro 38.03+1.44b 46.59+1.83a
4R Val 35.45+6.92 30.50+6.58 IR IR Tyr 25.64+3.68 22.47+4.76
IR Thr 37.63+4.74 27.88+0.31 R Arg 82.59+2.36a 38.97+2.27b
AR Leu 42.08+6.55 36.40+0.35 A% IR His 102.6+2.29a 46.05+7.47b
S AR Te 28.54+4.29 24.24+2.72 KA Asp 7.24+1.1 5.85+0.91
B Glu 94.63+3.33a 34.67+3.46b

(EF—AEHE T, ARFRRREREE (P<0.05): LV REMHRERERZERAREE (P>0.05)

In the same set of data, different letters showed significant differences (P < 0.05); No letter or the same letter indicated no significant difference (P > 0.05)

2.2 BmKAELEE) ATAC-seq M F4E R &R =17
AWFFIEST 24 A AGS 1 XM 5 e KWL T
ATAC-seq, JL¥#% AGS 41F1 XM 4PN b 4], 4
3AMEYIFESE . P RHAT T (K2, BA
AEFRLH /D3RS T 14 105 058 600 AL, %[5 UA K
AT G, BEAFEM DR T 10 980 107 923 bp
ARG LR ITRIE , BT SR B R 0] L B2 %
K40 (GCF 0022637952 ARS-UCD1.3) J&, fANE
2/ T 63 286 080 AN FE LA LL ) 21 225 KL R4 1)

SRR, HSCPERIME— LU RIS KT 66.33%. 27 LT
i, R e TR S AT
2.3 BRKANALHNESERERE R RN
FIH MACS2 4R T peak (BLta T
JBXO F14 (peak calling) , £ AGS 2114151 29 140
A peak, XM 41H 44 E] 28 781 4~ peak (& 1-A)
S EBEAE TSS IR peak #EATZEH, KIS AL
TSS+2 kb X I E % S i (K 1-B) , ULHTIXANX
B G AL T BT TBCIRS
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%R 2 ATAC-seq M FHURLIT
Table 2 ATAC-seq sequencing data statistics

i TSR S5 HIREE R B ME— LX) reads $CH M — LEXt 4 reads Huf
Sample Clean date (bp) HQ clean date (bp) Unique mapped reads Unique mapped rate (%)
AGS-1 14541584400 10980107923 65580095 67.92

AGS-2 14919508800 11321472992 66649331 67.33

AGS-3 16304789400 12394515837 74550934 68.88

XM-1 17579211000 13510839920 80089254 68.68

XM-2 14105058600 11076552540 63286080 67.66

XM-3 15497562000 11696995991 68232416 66.33

PR AR5 0 J3 81X 38 (promoter) (KA
FE2 kb AN L SERIEEX (57 UTRD \ 3'dERHTE
X (3" UTR) ZME T~ X 45 Cexon) « P 51X 35k Cintron )
FEPR NI 3k (downstream)  (JE[A R 500 bp LAN)
FIFEIA B) X 3, (distal intergenic) (J&[A L 2 kb
PSP B LR 7 500 bp LLAMT FAR X K 4 peak
BATE SR (B 1-C. D), 76 AGS 4l #
HERBBINE 7 X peak 1%, 7 LIEE] 40.99%,
HUGEALTFERE X JF 371X L 230 A7 B 23.85%.

19.78%; {& XM 2, W& T IXATSAR 2 IO B ik
XK, 5 41.42%[) peak #EVEREFZX K, HA
23.23%F1 19.92% 73 il 4 3R 21 5 BR8] R S 3 1
X. 5 XM M, AGS A EEENS T HE)
T4 peak LLAIIED, TR [A] X & ARG 220 AT
T 5 % ¢ peak 7E HE R4 Th e o AF b 10 4 At v FEARRL,
%21 peak ‘& £ f 2 IR DX B 1 IX L i A D X
FURZNTIX, X =R peak (4 E] T %4l peak
B 84.57%LA .

AGS A

6833 22307 6474

XM

AGS

XM

0-1kb
| BER
R
M so
I 10-100kb

[T >100kb

O JE3hT Promoter(<1 kb)(18.85%)

@ JE 35T Promoter(1-2 kb)(0.93%)

@ 5 smAEREX 5 UTR (8.86%)

3 3 smAERF X 3' UTR (1.04%)

B $—4MET 1st exon(2.37%)

O HAth4HEF Other exon(1.93%)

@ F—WNEF 1stintron(15.84%)

@ HAh 4T Other intron(25.15%)

O £ T Downstream(<500 bp)(1.18%)
B H:[H 8] [X 45 Distal intergenic(23.85%)

TSS
E 47 3 Percentage (%)(5'-3")

O JE 3T Promoter(< 1 kb)(19.03%)

@ J& 35T Promoter(1-2 kb)(0.89%)

@ 5' i AEEREX 5T UTR (8.78%)

O 3' i dEEIIEX 3 UTR (1.09%)

B —4MEF 1st exon(2.45%)

O HAhAMEF Other exon(1.95%)

@ F—WET Istintron(16.4%)

m HAt P9 T Other intron(25.02%)

O #:F T Downstream(<500 bp)(1.16%)
B 3 [H (] [X 3% Distal intergenic(23.23%)

A: AGS VS XM KIS O UIX 394 B: AGS VS XM AIXt TSS i A LBl C: AGS 41 peak fEFERZhfE O EAATEEBIE; D: XM

4 peak TEIEAI T RETCAF b5 A7 LAl

A: AGS VS XM Peak Calling; B: AGS VS XM relative TSS distance distribution ratio map; C: AGS peak distribution on gene functional elements; D: XM

peak distribution on gene functional elements .

E 1
Fig. 1

R BAl R AR

Chromatin accessibility detection
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2.4 E57 peak tHRERINGEER N
FIFH DiffBind #fF, LA log, FC>1, FDR<0.05
WIRERRVE, 7 AGS 1 XM ZH 1A HEAT 22 5% peak 7347,
LR 6 185 D225 peak, Hirf 5030 4 i, 1155
AT (B 2-A) o KINERBRILEES T KEZER
peak, b 53 EiR peak BRI L T N IMY peak,
HRRE SR 2 (K 2-B) o HIHERI1 %R peak
TERE R ICHE DAL, Sl ozt g Kk PRI TRV DX 1) peake o BV R AH
KRB, BB B AR L R 2E4T GO 1 KEGG ‘&
L. GO FESTRY] (K 2-CO) , WAV
TOP20 [ EY iR s H b, HULA KR MRS H
PR E AR, Pl il 4ie kL (GO:0009653,
anatomical structure morphogenesis ) « R4 K T
(G0O:0048731, system development) . HZ Kk H
(G0:0009888, tissue development)  JLAIZEHIA T
(GO:0061061, muscle structure development) - zh#)
HE KT (GO:0048513, animal organ development) .
4534k (GO:0030154, cell differentiation) L5}

HTEAZANFHFE (GO:0030029, actin filament-based
process) . KEGG ®4E/HT&Y] (K 2-D) , {fEEWH
PE TOP20 HIf5E Sl ., 225 peak AHICHER SHLA
KEEREEYIM I, 5. Hippo {55l % (ko04390,
Hippo signaling pathway ) - MAPK {5 51 1% (ko04010,
MAPK signaling pathway) . 515 5 (ko04020,
Calcium signaling pathway) . ¢cGMP-PKG {5 1 %

(ko04022, cGMP-PKG signaling pathway) . Wnt {5
SIE (ko04310, Wnt signaling pathway) . L&)
1A i i 20 4% (ko04810 ,
cytoskeleton) o
2.5 tHEER peak B motif EESIT

FIFH AME #AF0 2 R 2 7 peak HEAT motif & 4k

ST, 75 AGS-XM A [ A2 T 173 A DA% A T
75 5 35 5 AR 20 AN R motif 1, | 5 AN s
T4yl MEF2C. MEF24. MEF2D. MEF2B.
NR4A1, X 4 A (MEF2C. MEF24. MEF2D.
MEF2B) J&i+ MEF2 kN 75K (R 3)

Regulation of actin

*x 3 HEEEMHF TOP20 B moti f 4Eit

Table 3 Motif statistics of TOP20 in order of significance between groups

Fs SaEF BREF EH s HREF BRET EfH

Rank Binding motif TF E-value Rank Binding motif TF E-value

1 MEF2C 3.10e-37 11 .|- NR2F2 1.32¢-4
bk AA5ICA

2 MEF24 7.04¢-35 12 NriH?2 1.34¢-4

3 MEF2D 7.48¢-19 13 SIX1 1.60e-4

4 MEF2B 2.19¢-17 14 TBP 1.73e-4
(il TA[Aeh

5 NR4A1 3.80e-16 15 CDX1 1.86¢-4
AAATTCA QéATAAAA

6 NR442 9.85¢-16 16 PBX2 2.28¢-4
bl cATuhTch

7 SIX2 3.64e-11 17 HOXDI2 2.74e-4
b, JTubh

8 MEIS2 3.70E-6 18 NFIX 4.56¢-4
LATTTAL .CLAA

9 Hmgal 4.75e-6 19 Ppara 2.41e-6
ATTTTTA. AGGICs

Nrih3 5.35e-6 FOXLI 7.47¢-4

" AGGCA

T Takh
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k1L Volcano plot

A _ B
6000 Uy 25

5030 Il Down

20

4000 —

*Up
Nosig

* Down

-logi(FDR)

2000 —

Number of peaks

1155

XM -5 0 5
log,FC
C GO FZHi20
TOP 20 of GO enrichment

AGS vs

GO:0016043 4l i 21 73 4123 Cellular component organization
G0:0044767 .4k & it #4 Single-organism developmental process
GO:0071840 41 a2l 5 2121k AE M) /& 2E Cellular component organization or biogenesis
GO:0048856 fiftil| 4544 & B Anatomical structure development
GO:0009653 fifEl 45 4 4% ) /1= Anatomical structure morphogenesis
G0:0032502 & H il ## Developmental process
GO:0044707 .41 - % 41 i A= 4 #% Single-multicellular organism process
GO:0048518 A=W FE IR 1E ) 4% Positive regulation of biological process
G0:0007275 Z 4144 & & Multicellular organism development
GO:0048731 RGi K H System development
G0:0009888 414K & Tissue development °

GO:0061061 UL 4544 & 7 Muscle structure development .

GO:0048869 4il i &2 & 1L F# Cellular developmental process )

GO:0051239 Z 41 A=t #2117 Regulation of multicellular organismal process °
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