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AEx% EHIT & B B RS
R5E. BTESENH
IxA' HzEae' T OB EWg

(L JTHRBPERSFK=BE TR WL 524088;
2. MRS TR AELREGIT) AR BT 524025)

A %! ®oow

WE 487 i 8 (Oncorhynchus mykiss) % 1 B By 76 4 254 . TR 2R S AR EAE 4 K K B AR
FHERFR, AAESHRRANREN A AG L TH a1l ke T Hfmall,
TR TTE 2R K 4.35.644 0 2 129 g) iy b 6 AR BB &, AR BB A % B TR RS (ICP-MS)
BIMEE 1~6 WHEAETFE, #TE4AE, HEH EH CT Micro-CT)H A M HE & 4~6 1 H A&
WP G4 EHE, FRET, UEE 6 THHENS, B TLEZLCEETRATHAE L
Ry sES, BRETS. T E 0 e e llfifkeg; AHEFS/HERRMELELK
ARAEABRFEEN W, % 46 THHRTNERENTHERE T, AHEFNETAEHRE
(trabecular number, Tb.N)F 4T #5 ¢4 £ K & B & R (K& % ; & /N F B Z (trabecular thickness, Tb.Th)
g /N 4B JE (trabecular separation/spacing, Tb.Sp)7E 4 K & B it #2 o B 34 foy B HEF 00 F 1K
R 4 %% (bone volume fraction, BV/TV) . 4 £ # 4 it & J¥ (tissue mineral density, TMD)F2 & & 47 Jit
% ¥ (bone mineral density, BMD)4 45 47 #1781 31 & & 1%, ok b 4 & 11305 4 & o BV/TV
B TMD #E k& T &%, T BMD 4 & [ i A, FRERTRALHLR T AEMFHAR
RGET Hah B, T B RERH L T KK E TR EE ISR

KR W, BAER; AKAH; RHEN; TEAEE

FESES S917.4  XEEFRIREE A XEHS  2095-9869(2023)05-0115-10

IT % (Oncorhynchus  mykiss) J2& B & [ # 4 2 41
(FAO)7E 530 [l 9 4 T B9 A0 BT ¥R /K 3% 4 i A 2 —
(CEFERR, 2017); [R]H 2 3 [ 55 5 7 6 A o 1) i il £
K, TEREFE . HIM o 7R LR 55 H 348 KRR
FRTE o AR, [ N Ah 2 B X LB TT e T R EEAESR
57 7 07 16 AT B85 LAY IR 5F 451 (Akhan et al, 2010), W]

B A P A 5 97 55 K (Bordignon et al, 2022), Ff4t%F
e = IEAT RS WEI2 T I iR JT (Sonmez et al, 2021), SR,
B T T - AR OC B R SR R D, BRI T AT
Fr BT S A P S R F ST (Deschamps et al, 2008;
Jagietto et al, 2021), A & I A5 4544 J7 1 AHC 1Y
5T
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AREH ARG R EEEcCky . B e
JULIE] )RR B B 2k, Xtiash . 3. BRmmeE .
K E MR HE AT N A BRI RE & O HEL (A PR [ 4,
1987; Hu et al, 2019), # & R EH HIF 2 HHES
A3k 5 B RS AH Bz m s, Kb i EE T Yoi R
SR, AR, A A S
BB OLR S RAEANFEARP A —ENER, T
AT £ 30 B f AN TR) & 3 IS I AR Ak, R
U, AIAREE LR E BT S . R e E A
I AR I S AR TR (FRIKEE 45, 2014; 48 5%,
2021) AR, HFT A& XA [F] % & Ao A £ 2k
B HEIE AL TR & i AH SR

A B ) S R T T AR R L T TR A L
it X LR € B (DXA), EHE CT Ml (QCT).
FE i EOR(QUS) AR il CT AR (Micro-CT)A%,
Micro-CT J& H:Hde = i H BT 4 R . Micro-CT
AR IR A X SR AEA R b 2 s e
FIANTE R, 35 MR TRy ) & S 204 1k 1Y
X PP GEWR R, ARSI T . A
SEFIFERR TR, 2006; 5K4%%, 2005), Micro-CT
FARE R AR HAT 23 (] 43 B E o BUARAIREE | i 7 (45
a5, A Feldkamp 45 (1989)Ks H 2y oy F T3 8% 4544
WFFE S, P AE v ) 2 AN TR) i 2 2 0 B )
(bone mineral density, BMD)%:$8Fx (21 555, 2018;
Bouxsein et al, 2010), 7E & AR B M SE 05840
BARAR T N o TR, B N AN N FZ A AT
2R B BRI T /DR TAE. flin, 5k 75
(2012)F] ] Micro-CT X #i(Cyprinus carpio)Z3#r &
B, AR E S ) A A FE bR LA W 22, M
MAT e 5 HiZ sh Mg Bk R 2R R A & T
(2016)# J] Micro-CT *J K5 fi(Larimichthys crocea)
5 BERE RN B A R 0 B ME B AR W AT T R
I35 ZEEEE S (2020) 1 F Micro-CT 14434 & BX,
7K 2 B AE BERR B (Gymnocypris eckloni Herzenstein)
TETY 868 57 4% e A B 18] B AR 7 B A A
225 (P<0.01), S iF nl 1 R % Halb 4743 28 55 %8 A 4 o

HL S & 25 B9 7K BT (ICP-MS) /& — Bl = A
JE . E R SRR E BN,
Y. BEf . A PREEERAIU LA T N GE S
4, 2021; B, 2018), ITAER, AR AN H
TR 8% . LA P R T E R, i,
TR (2012) F) FH 2 4% AR X 72 £ (Ctenopharyngodon
idellayglifa 4=t . HHEE G e, o &E
HEAT TR, LA 437 HH 4 A 45 5 ) K F- B

R TAEE(2010)FH ICP-MS X Z2 Fifg = i i i A
[ 42 J8 T HR & wEdE AT TR KBLLHESE(2017) M X
FOARMSE T #4546 (Channa argus) 4+ J LR K 24 3
PIRN A . FRAFE AR TR .

BT, ¢ T g 4% AR 2L N TSR
B PR % T BY 8% W TR 25 AY (Camp, 2021; Deschamps
et al, 2008 . 2009) ke B Ak B A Y 52 e 55 7 T
(Zhou et al, 2022), &I SFEAEE A KA T
P AL S S SE R, A5 5IRIH Micro-CT
S ICP-MS AN HAN[R] K 75 01 ME B i AT = 4R 4514
PR E A WSS TR bR oA S BT R S A,
W IR RS MOt R RN ES, ST E 8P
BERE SRR RAED, FHOCEE RBE T 3= & b 68
BB S5 R I SRR , 38 AT R 10 208 5 S M AR I A
B SIS S R AR .

1 #wREFE
1.1 SEIgHE

ST 2021 4F 6 R B HIN A G B T JLIR
SRS Y7 FRFEKIR(11£1) C L KR 1 m., RARA
4.7~8.8 mg/L. FHIHE 25 kg/m’, FREMIN], R
N T HAH R 7 A% R IR ek it fra 1) e}, gy 1 W45 H
B 4~5 K, Yt TR H3E 3~4 W, il T A
B TR H A 1~2 WK, KRR T 22 CHY, %8
IR o BB KR T 22 CR, SRATRE1E .
PEBUERRA TG 1 . PR BRI ST AS [A)
HAR AR R (1.2740.21) g, 1K1K 4(3.0540.35) cm;
a1 )RR 5B M (4.5740.96) g, R (8.45+
1.40) em; %y 1T IR BT &8 (35.79+4.35) g, 1AK
4(25.65+1.70) cm ;A T (44 5 i N (644.37+
109.76) g, KK M(32.50+2.20) cm; A2 113 Ao 44 5
HON(2 129.25+412.75) g, 1K H(48.75+6.25) cm, 7%
6 o

1.2 HIHEEHEEHSHLEST

B 6 RHE O BT SR TR, R R T
WYL £33 (Dingerkus et al, 1977)%) HE 1745 F5 Y
o, FIJH Leica M205 FCA 1A i S5 %t i W AR A
AT UREE T4 HR (A 22 AR )

B3 Rt T W e TS, RIS X
AT (X-ray Scanner)H AN 4 5 #% HEA T4 HE T
TR ZEMAN), (NERSEOE . HE 54 kV, H
Wit 100 mA, BRG] 63 ms.
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1.3 HIHEEHEER Micro-CT HESH

XA TR B 1 A T g A K A ME B 31 7 95
F F Micro-CT (uCT100, Scanco Medical AG, Fi+:)43
BRI AR B 4~6 15 B HEE 172 H 6 B4
B HEE RSB ARG G, (8 B2 20 A0 S A o R
FEIEIBR, FEERRAAE TR A 70% & BEAE A .

HFHG & BE 70 kv, B 200 pA, 360°E5H
. BEE MG L 0.4°0 X TN R & AT 6 ) A A
HRE S, R RE S ORIV EE HCRE I8 B f i 43 4 40 R
FHERESE(ER 1), 5, A uCT Ray v4.2 EE&
A FRER AR A3 ST AS AR5 4~6 5B HES T =
Y gk,

K1 ANAEALZEHMEEHESH Micro-CT H#ESH

Tab.l Micro-CT scanning parameters of O. mykiss vertebrae at four different developmental stages

Fedh IR HRECES FAHI 1] R
Sample Resolution ratio/um Image pixel Scanning time/min Section number
#hit 1 1 Young stage | 6.6 3072x3 072 30 431
it 1 Young stage 11 7.4 2 048x2 048 36 601
it 1 H Adult stage 1 14.0 2510x2 510 57 881
it 1T Adult stage 11 14.0 25102510 60 1657

% F uCT Evaluation Program V6.6 31443 5l % A
[FAMARIEE 4~6 7 HESFE & B S 45 Rk AT R
SR, AINFERR . A ZUARF (tissue volume, TV), ‘B
Fl(bone volume, BV), H/NFEJE ¥ (trabecular thickness,
Tb.Th). ‘H/NEEEE (trabecular number, Tb.N), H /)
7% 43 B JiF (trabecular separation/spacing, Tb.Sp). BMD
I 2L W) i %% JiF (tissue mineral density, TMD)%
(ZWe5E, 2018; B #4%, 2018; Pinto et al, 2010),
i, Tb.Th, Tb.N., Tb.Sp Il SMI Ny /NGE5s [aFE 2%
SEMIPEN FEAR, BMD hE % ok B PR 8 b o

14 MIHHEFHE. BTRSERLN

PEWUHF Micro-CT 4414341 i AH [ B4
P 1~6 TEMEF HUL HE R NLA , #1705
MR ET V G -V (FE=1 : 1 IR e R
W 24 h, FREE LK IR IE0E, TERE (105 C)
HET 12 h J5, WFEE WOR o FH G254, 2012; Markvart
etal, 2012), WEMEHEHEEHRA 0.1g, BT
fnA 6 mL HCI-HNOs-HF-H,0, (3 : 1 : 1 : D)IFW
KRR OIS, IFLERBE Y I ##(Zhou et al,
2022), BfS, HRIUE O WA ATEMAIL(180 C) I
ZBRATHR(Wang et al, 2017). KRR S50
H, HIEAK 2/ o PR 2R AR BE 3 Ik, 24k B R TH
I — I, S FIBAKERE 50 mL, K E R
)T ff T FHRR Sk B I AL e | 5 2s R IE
R4GiR2% ., FIH ICP-MS(Agilent 7500 Cx, 3¢ [E)illE
S FEAIH R S . BESRD, I A/ T L R4/
WE(EE /R B i LU AE) (GRARBEMRES Zs fAl , i, 46
F2 JE A5 R GBS S (BE JR T FAED) M 1,67,

FA R R E 3 AN ER AR I AR T

GBW 10024 (ks DLW 4 AT e B, GSB-15)iE
TPREUE . A T RSB FE TS Y, AN T2 AL 2
BHEEAE, R AR AR E Ve . AT )
FITAT A2 289 R A0 (GR) (L IAF 22 3% S 36 R it
AR WA, A B8 I E 20%0 R
HRia E /b 24 h, LK R 3 k. [
PEAT2S ORI BRARESL B, X SL e g kAT iE . I
WG | TR S A I ARV R R 2 A I
52 o

15 Sitsh

B4 Excel 2019 kw148 )5, i ] SPSS
19.0 BRAIEA ARSI AEAS t GG 434 o FIra (B34 ( F~F 1Y
{HEPRIER (MeantSE)E/R,, P<0.05 BA B E 2 5

2 RS9

21 MHESESHEaLEBREN

WLEEHE 0 e AU AR LA 1A, FTRIE L,
BHERTEIZ AT E aee. diamimefd X 4
LFE R T (E 1B), WS HE R It 63 Y, M
S 5 Sk L REAHIE s W B AR AR 1, A 1~33
SR B ) RN 1) T RO 23 T HES , JEILIEDR) 5 7EF
HEFFM, #has o8I SMamms; S
HAR, BHEAIAES, R L,
FFAERE N5 1 A R 5

22 AREZBHIIEEHESEMEN

AR B TS EE A6 T MR 000 TR U % 5
4 TG HEE R BRI 2A~H R, TER— KB
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Fig.l Whole-body bone structure of juvenile and adult O. mykiss

A: HERIIITEE S0 B B MU T BT e 0 Ek
A: Skeleton structure of juvenile O. mykiss; B: Skeleton structure of adult stage I O. mykiss

W, 5 4~6 B HEE RIS AR W AR
5 CTEMEE T SRR E # LS R (B 3A~DYEAIRLE
BB AL, SR, FEHE S B AR 5 T R Bl T 58
A RN, B Z R I ., B MR
OSSR TN 855 588 o FR AN IR & B ST SO ol A
FAFEAR ARSI ZE ST 036 2), Th.N T o8 G A= 4 5L i
HREAREH(P<0.05), 7E4fn 11, B KEHEE T
Tb.N i, 4(19.915+0.758) ind./mm; 7ER A 1T 5
i, 4(1.960+0.043) ind./mm. Tb.Th Fl Tb.Sp 4 Fifi T it
AR B N $54(P<0.05), lyfh T ST B e
) Tb.Th A1 Tb.Sp &fik, Z3°4(0.060+0.001) mm Fl
(0.068+0.004) mm, Jiff [T {1 HEE Tb.Th A1 Tb.Sp i
B, 494 (0.718+0.026) mm F1(0.402+0.029) mm .
BV/TV. TMD F1 BMD Bl il it A4 4 5t SRS T
s, et T IEHES T EAL, 2518 (62.620+
13.223)% . (460.300+102.825) mg/mL  Fl (678.052+
4.417) mg/mL; H A& a 1A e He s s fERith
I AT S84 HE B b BV/TV Fl TMD feis, 435k
(86.473+1.029)%H1(654.797+7.031) mg/mL; BMD 7£4);
T B HEE PR, h(820.527+5.003) mg/mL.

23 ARAXBEHIIEEHEETHIS, MTESE

4R R BT EESS 1~6 TTEHEE S, BiTR
i /W T S (R R IR AR ML AR 3.
HE A5 | B e AR K R B R b AT e R AR
fad, Horb, g 11RO MTBER HEE R . BiocR

N =

ShiE, @4 711.1214567.948) F1(3 649.488+

446.961) umol/g. AL, 5 HER H A AT/ BT i L FES
/B (B JR J5 e (D) 24 B 0 %) A K L I 3 T e i 3
(P<0.05).

3 i

AR A B RO AR S RIES 5, bk
SRR Ry f 2 Rl S I BRI 2 — . ABEST
T B AE R A H 2R 63 1y, b, AKMEE 33 5. 2
HEH 30 35 ; K PG i (Salmo salar)(Fjelldal et al, 2012)
HHER L H G R 57~60 1530 WARMEE, 27~30 15
BHEE). o WRAE Lk 2 A fhEE &R
(Salmonidae), {HAEMEE A L HHMHES B, 1]
s AT P A A 1] o X6 T B B B R A Y [
2%, W38 o B S8 S RRE A T — 25 X4y, filan
Huber %£(2011) & 8, nlE N EHHEEOKE . S
FH B/ B 45 00 [ & T - £k J& (Oncorhychus)
FA R KBRS #8.(Oncorhynchus - tshawytscha) il 5 417 5
KRG (O, clarkiD#EATIX 35 SR, Lk SEAER]
e 1) S At #1023 A AE I e A T, E DX [ 1)
JI A AP AT A R . JEAER, B Micro-CT 44
TR AR TE B 8 WSS A S b i iz N T AE
B SRS AR 028 0 2 5 AR 2 A A DGR
1H . Sakashita %5(2019)F| ] Micro-CT fI4H AR 4L
SRTT 32 R RN E T 10 BB R—T 5 Y
THELER, S5, BB 1A KBRS RS HEE B
J R/ INGE I 3 25 I G AR AR A () 0 288 A A B 2
S, H LA, 3% BEZE R REAE AT I F 2 i 0 o
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Fl 2 4 NAFRKE I EEES 4~6 T HER 1) =4

Fig.2 Three-dimensional scanning of the 4~6th vertebrae in O. mykiss at four different developmental stages

A gt THPEMESMIE ; B: 4hfa [ 055 4 TR HER MBI, C. 4hfa ILUPEHEE M ; D: 4 LIS 4 955 Mg R
s Ee i [ WPEAESMm s F.oonlf TS 4 WS HER M ; G nlfa IUBAHEE M s He ief D2 4 55 F e
BB, BIREA T AR A AL, A~F ILEIRY 1.0 mm, G HH AR 5.0 mm,

A: Lateral view of vertebrae collected at young stage [ ; B: Cross section view of the 4th vertebra collected at young stage 1 ;
C: Lateral view of vertebrae collected at young stage II; D: Cross section view of the 4th vertebra collected at young stage I ;
E: Lateral view of vertebrae collected at adult stage [ ; F: Cross section view of the 4th vertebra collected at adult stage I ;

G: Lateral view of vertebrae collected at adult stage 1l ; H: Cross section view of the 4th vertebra collected at adult stage 1II.
Scale bar was the white line in the lower right corner, A~F scale bar=1.0 mm, G and H scale bar=5.0 mm.

1 mm

B3 4 AR A& B AT A 5 1 AR ) = 4 E Al

Fig.3 Three-dimensional reconstruction of the 5th vertebra in O. mykiss at four different developmental stages
A ghfn TWPEHES s B: 2 IUEMER; C. Bl [ WA HEE s D ali LA HES .

A: Vertebra of O. mykiss at young stage | ; B: Vertebra of O. mykiss at young stage I ;
C: Vertebra of O. mykiss at adult stage [ ; D: Vertebra of O. mykiss at adult stage II.

ACE AR R Hh s . BRI (Mylopharyngodon piceus) /i (& /K Jit i HEAE)
WRAE, HEARMEPOEA —ER2E5, R 1.40, S a5/ 0 /R T ) 1.38, gl
i, 76 2~3 kg MR IO KR Z MRy EHME T, #f (Aristichthys nobilis)y 1.27, fif ff1 (Hypophthal michthys
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K2 ANTEARERUEEHET ERMSBENIEIR

Tab.2 Comparison of micro structural vertebrae index of O. mykiss at four different developmental stages

FehR St 1 o 11 1) Wt 1 i 11 4

Index Young stage [ Young stage Il Adult stage [ Adult stage Il
HLURF TV/mm? 0.159+0.006° 1.207+0.009* 20.442+4.224° 117.080+0.749¢
B BV/mm? 0.119+0.003° 0.877+0.014° 12.243+0.471° 101.235+0.698°

74.857+0.943%

19.9150.758¢
0.060£0.001°
0.0680.004
0.887+0.090°
8.767+0.633¢

BIERBSE BV/TV/%

H/NEEH - Tb.N/(ind./mm)

‘B/NEIEE Tb. Th/mm

B/NGEA B FE Tb.Sp/mm

B £ BS/mm?

B 2R AN B AR Z . BS/BV/(ind./mm)
B Y % E BMD/(mg/mL) 820.527+5.003¢
ZH 405 4 i 5 BE TMD/(mg/mL) 636.001+7.432°

86.473+1.029°
1.960+0.043°
0.718+0.026°
0.402:0.029°
179.551+14.606°
1.814+0.157°
743.855+0.307°
654.797+7.031°

62.620£13.223°
4.341£0.107°
0.254+0.003°
0.206+0.006°
79.175+7.980°
6.74120.855"
678.052+4.417°
460.300+102.825°

72.720+0.628%
10.115£0.290¢
0.105+0.004°
0.10620.010°
7.958+0.449°
9.815+0.717°
707.532+2.201°

564.469+1.332%

T Fl— 48 A TR 2257 8% (P<0.05), TR,

Note: Different letters of the same index represent significant difference (P<0.05). The same below.

K3 ANMTEALAEHUEEEEFEBRIRSE

Tab.3 Comparison of calcium and phosphorus contents in vertebrae of O. mykiss at four different developmental stages

LD
Index

g 1 )
Young stage |

e 111
Young stage Il

R
Adult stage |

i fa 1T HA
Adult stage 1l

2 407.686+291.485%

2 060.279+258.932°
1.622+0.008"
1.169+0.006*

45 Ca /(umol/g)

% P /(umol/g)

5 /1% i 5 E Ca/P mass ratio
Y5/ (PBE O J i LU 1)

Ca/P molar mass ratio

4711.121£567.948°

3 649.488+446.961°
1.791+0.013°
1.291+0.010°

3 794.687+802.197%

2 695.399+514.384%
1.944+0.051°
1.401+0.037¢

4 461.943+543.106°

3262.772+392.678%°
1.897+0.006°
1.367+0.005°

molitrix)hy 1.25 GRS, 2020), HLAT I, B8
B BEOCE M S T MR A A B R 2 — o AR
g, MCEEEAE R ES . B R EAE R AT SR
BT E R R R, KRBT R S A i %
YA, frubrl i, H8545 . Bhou RS BEa Mk
AR S5 e W5 P B — 5 1 R 3

0 2B AR 1R B G5 TEAN R & & B 0 0T g 2%
KAHEARE, M SCRRAEE AR IS S i o v B W TR
N FHE . AFFEFIH Micro-CT HifiH A X) 4 A
[ & B IS 4~6 R MHEE R L EEL R
R(F 2A~H FIE 3A~D), @88 e K/ NEE K &
BRI E R IN(P<0.05), [RIEH:BE & B A (R B
W SCEHE B R ZE R B AR {L; BEAk, TV, BV,
BV/TV Fl BS(H 2 M) 55 BT 68 1 4E Kk F W T
F(P<0.05); AHEE BMD 7e4hfi [ 18 2w T Hih
KB II(P<0.05), LRGSR EH, HAMEE L5+
PRAE & B iR AR Ak 2 I R T e R A A
K& B AR IR Z DR G 2h) T 10 25 5 T3

EA MR I, FRLkiif sl T 35 42 i a2 B s o
FE(P<0.05), N, Frekiifsh ol 3 5 o i 6 A
A4 o 5 s R 2 M %% B2 (Totland et al, 2011), 2

o RV A B ) E B R B (Y tteborg et al, 2013); g%
BE O f1 (Brachydanio rerio var) B e B 10 Al B 40 i 15
PEES R, BoE MR B REREL K TV,
BV % i i 45 #9354 28 45 0 3% 5 i (Suniaga et al,
2018), HLAb, K 0 7 A B HEB 1 BV/TV . BMD
L TMD S5 8% 5 B2 DF A0 38 b 24 40 3 o 1 95 A e A4
(P<0.05), Ff 0 H: J5 R AT fi S B9 A AR T A7 R IR i
Bl LA 13 PH RN Bk B AR AT Ol (R BEAE, 2016); 7E
i JF Bl I LA LT S . I EE R ) Y Bk
BT Y S BMD Hl BV/TV 2535 T HAl 20 4L
(KT, 2012), LIRBFITEM, R IS
Tt M L RE I 5 H I RE i sh) B WA OG , L H2
TEAGHER b, RSl vikos sh T i 5 280 HEB ik
w1k

AREFFE, NP IS S IEN ISR TN
Bt T 1) A K K 2 AR (P<0.05), Tfif Tb.Th Al
Tb.Sp 7Kk & i 2 Hr 34 52 B 3 T i i i 95(P<0.05)
LRSS R, T HE T A N A R S 2 A A
KB AR ARLE R PR, AR E N
[EE AL 5 TR (s ) B VIMI G, Flin, fefifh
HUMR G for 5 A Sk B B L 1T 68 R B 2567 Tb.N
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BN, TETSHE | 6 0 R 68 A5 R AR e AR S A A
A X IR T Th 88 (5K T 55, 2012) 7R 15 3l 58 B 3K
PIEF AR, KRB E A Tb.Sp BAT(TE LA,
2016), SR, bR EER WSS H ARG 5 AR n] 75 15
TR YT | B SE B e 45 TAE IR A Ff
E—AH5T .

4 it

AT I FH AR R B AU 3 RN X B A
AR 3 50 o W SR £ 1 £ 4 R R R SR AT R SR
HA T W A ME S W TE SRR . S, R Micro-CT
J ICP-MS $ AR 43 X 4 AR K& B A e A 4 -
T =S50 4 . WSS R bR o b S8 . BT R
B, 4558 EW, TV, BV, BV/TV., BS. Tb.Th
1 Tb.Sp 555 25 [ B 25 45 K4 B9 VAN 18 b Fe e 6 1
KEISRER R E, ToN BB, BT
Hrdghr BMD W) 2 BUERACS THE i, B
S FEAR TR & B W) 3% 22 5 T R 5 o setE &
YIAHG . wr 8 es . SR S RAANF LB M
ST 5 R R B, A5/ (B8 JR S5 o LU A B o 6
P A R I S, R B R AR KR
AW R UL, B S AR AR R
S | W0 R O A A AT A e 0 9% v B T AR
FME, BLsh, LaRTabate i T iR 4 K oy

U TE S5 TAR I 5 B A8 TN R A2
2 % X M

AKHAN S, OKUMU, SONAY F D, et al. Growth, slaughter
yield and proximate composition of rainbow trout
(Oncorhynchus mykiss) raised under commercial farming
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Calcium and Phosphorus Contents, and Microstructure of Vertebraein
Rainbow Trout (Oncorhynchus mykiss) at Different Developmental Stages

ZHOU Qiling', WANG Liuyong', YANG Yunsheng', MA Qian"?", WU Yuwei', CHEN Gang'?

(1. College of Fisheries, Guangdong Ocean University, Zhanjiang 524088, China;
2. Southern Marine Science and Engineering Guangdong Laboratory (Zhanjiang), Zhanjiang 524025, China)

Abstract The skeletal system of fish consists of the axial skeleton (skull, vertebral column, ribs,
and intermuscular bones) and the appendicular skeleton, which are essential for behavioral and
physiological functions such as locomotion, feeding, predator avoidance, and load-bearing. As for the
vertebral column of teleosts, it is composed of many vertebrae connected from the head to the caudal
base. The morphological characteristics of the vertebrae (such as the number and structure) vary
among different fish species. These characters (especially the vertebrae number) provide an important
basis for species identification. For instance, the number of vertebrae in Salmo salar is 57-60 (30
trunk vertebrae, 27-30 caudal vertebrae), while rainbow trout (Oncorhynchus mykiss) has a total of
63 vertebrae (including 33 trunk vertebrae and 30 caudal vertebrae), which can be used for species
identification. Fish with a similar number of vertebrae require further skeletal morphological features
to distinguish them. For instance, the three-dimensional structure of the same vertebra segment from
32 different teleost species (belonging to 10 different orders) were compared and analyzed using
Micro-computed tomography (Micro-CT) scanning technology. The results showed that the lamellar
trabeculae and its internal cavity structure on the spine differed between the species, suggesting that
these structural characteristics can serve as additional evidence to classify and identify fish species.
In addition, calcium (Ca) and phosphorus (P) are the most important mineral elements in a fish
skeleton, and their contents vary among different fish. Therefore, there is potential to use the skeletal
Ca and P contents in classifying and identifying fish and their life history characteristics.

To examine the vertebrae number in O. mykiss, specimens of juvenile O. mykiss of body weight
(1.27+£0.21) g were cleaned and double-stained to obtain the whole skeletal image. A total of 63
vertebrae were identified, and all were completely ossified at this developmental stage. X-ray scanner
technology scanned and photographed the entire skeletal structure of adult O. mykiss. The adult
results were similar to the juvenile results of 63 vertebrae with both ends connected with the head or
tail, and the ribs were attached to the trunk vertebrae. The ventral sides of the 1-33 trunk vertebrae
were arranged in an arc, which was downward and separate. No intermuscular spine was evident. On
the dorsal side of the vertebrae, the neural arches surrounding the neural canal were fused with the
neural spines. Unlike the ribs, the caudal vertebrae had vascular arches, which formed passages for
blood vessels and nerves and were fused with the vascular spines on the ventral side.

The calcium and phosphorus content, and microstructure of the vertebrae in O. mykiss at different
developmental stages were assessed. Vertebrae samples were collected at four developmental stages
(young stage I, young stage II, adult stage 1, and adult stage I ; with an average body weight of 4, 35,
644 and 2 129 g, respectively). The calcium and phosphorus contents in the 1-6th vertebrae were assessed
by inductively coupled plasma mass spectrometry (ICP-MS). The 4—6th vertebrac were scanned using

D Corresponding author: MA Qian, E-mail: maq@gdou.edu.cn
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Micro-CT technology. The results revealed the calcium and phosphorus contents of the vertebrae initially
increased and then decreased during development. The highest levels of calcium and phosphorus in the
vertebrae was at young stage 1, (4 711.121+567.948) and (3 649.488+446.961) umol/g, respectively. The
Ca/P molar mass ratio increased significantly with the growth of O. mykiss (P<0.05). These results
indicated that the degree of mineralization in the vertebrae increased with growth and development.
Micro-CT scanning results indicated that the bone volume and surface of the vertebrae increased
significantly with the growth of O. mykiss. The vertebrac segments became more obvious, and the
structure became more complete. The vertebral microstructure indexes in O. mykiss at the different
developmental stages suggested the trabecular number (Tb.N) significantly decreased with the growth of
O. mykiss (P<0.05). The highest levels occurred at young stage I with (19.915+0.758) ind./mm, the
lowest levels occurred at adult stage I with (1.960+0.043) ind./mm. The trabecular thickness (Tb.Th)
and trabecular separation/spacing (Tb.Sp), both significantly increased with O. mykiss growth (P<0.05).
Tb.Th and Tb.Sp of the vertebrae in O. mykiss were the lowest, (0.060+0.001) mm and (0.068+0.004) mm,
respectively at young stage [, and the highest levels, (0.718+0.026) mm and (0.402+0.029) mm,
respectively) were at adult stage II. In addition, the bone volume fraction (BV/TV), tissue mineral
density (TMD), and bone mineral density (BMD) showed a trend of initially decreasing and then
increasing. The lowest levels were at adult stage 1, (62.620+13.223)%, (460.300+102.825) mg/mL and
(678.052+ 4.417) mg/mL, respectively, and the highest BV/TV and TMD, (86.473+1.029)% and
(654.797+ 7.031) mg/mL were at adult stage II. Conversely, the highest BMD, (820.527+5.003)
mg/mL, was at young stage [ . The evaluation indexes of the bone spatial morphological structures (such
as TV, BV, BV/TV, BS, Tb.Th, and Tb.Sp) increased significantly during the growth and development of
rainbow trout, while Tb.N decreased significantly. The bone strength evaluation index, BMD initially
decreased and then increased. The significant variation in the vertebra microstructure at the different
developmental stages might be closely related to its function. These results indicate that the
microstructure and element contents of vertebrae in O. mykiss changes significantly during development
and the relative results could provide more reliable data for age, group, and taxonomic identification of
fish.

Key words Oncorhynchus mykiss; Vertebrae; Growth and development; Microstructure; Element
content



