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Abstract: To establish a rapid identification method for ivory and its imitations based on amino acid compositions, the com-

ponents and contents of 18 amino acids in 56 samples of African ivory, mammoth ivory, deer bone, cow bone and wild

boar tooth were analyzed by using orthogonal partial least squares-discriminant analysis (OPLS-DA), analysis of variance

and hierarchical cluster analysis, and the differential characteristics of amino acid compositions among samples of different

origins were investigated. The results demonstrated that there were significant differences in amino acid compositions

among samples of different origins. Five differential amino acids, including isoleucine, phenylalanine, lysine, histidine and

cystine were screened out by OPLS-DA model. The descending order of the mean total contents of the five differential

amino acids was deer bone, mammoth ivory, wild boar tooth, cow bone and African ivory. When the Euclidean distance

was five, the 56 samples were classified into five categories by hierarchical cluster analysis, and the clustering results were

consistent with the OPLS-DA model. This study indicated that the combination of amino acid composition analysis and che-

mometric pattern recognition models would effectively identify ivory and its imitation products, which provided a new techni-

cal support for related species identification, customs supervision and conservation law enforcement.
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Table 1 Gradient elution program

LS LA 1%
il /min Mobile phase ratio
Time
A B c D

0 100 0 0 0
10.0 100 0 0 0
11.0 79 21 0 0
30.0 79 21 0 0
41.0 62 38 0 0
63.0 0 100 0 0
64.0 0 100 0 0
69.0 0 0 100 0
79.0 0 0 100 0
82.0 0 0 86 14
84.0 0 0 86 14
84. 1 0 0 78 2
96.0 0 0 76 24
102.0 0 0 76 24
102. 1 0 0 0 100
106.5 0 0 0 100
106. 6 100 0 0 0
108. 0 100 0 0 0
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Table 2 Linear parameters for 35 amino acids and related nitrogenous compounds

TR AR
SRIE ) " ALV /
Amino acids and Py g I (mg-L’l)

Regression equation

related nitrogenous Linearity range

IR KA
TRAEY " LRMEVEE /
Amino acids and AT r (mg-L’])

Regression equation

related nitrogenous iinearity range

compounds compounds

Ser-p Y=318.50X+74.09 0.9991 0.216~43.200 | Leu Y=606.64X -34.03 0.9997 0.131 ~26.240
Tau Y=584.65X+32.24 0.9996 0.125~25.030 || Tyr Y=425.14X-68.36  0.9994 0.181 ~36.240
PETH Y=327.51X-19.48 0.999 8 0.141~28.212 | Phe Y=438.38X+61.09 0.9993 0.165~33.040
Urea Y=553.13X+12.59  0.9995 0.060 ~12.012 | B-Ala Y=275.96X+13.16 0.9996 0.089~17.818
Asp Y=693.14X-62.16 0.9996 0. 133 ~26.620 | B-Aiba Y=265.98X-19.76  0.9994 0.103 ~20. 624
Thr Y=77.06X-45.97  0.9997 0.119~23.820 | vy-Aba Y=669.53X +43.47 0.9996 0.103 ~20. 620
Ser Y=728.86X+51.36 0.9996 0.105~21.020 | His Y=473.98X+36.59 0.9993 0.155~31.040
Asn Y=383.94X-8.18  0.9992 0.132~26.424 | 3-MeHis Y=409.06X -27.18 0.9995 0.169 ~33.836
Glu Y =545.52X-88.68 0.9993 0. 147 ~29.420 | 1-MeHis Y=374.78X +16.34  0.9992 0. 169 ~33.836
a-Aaa Y=476.95X-49.87 0.9995 0. 144 ~ 28. 804 || carnosine Y=233.85X+50.20 0.9993 0.226 ~45.246
Gly Y=1014.00X-17.93 0.9994 0.0751~15.020 | Trp Y=286.91X+62.93 0.9991 0.204 ~40. 846
Ala Y=2850.85X-18.61 0.9993 0.0891~17.820 | Orn Y=547.10X +63.90  0.9994 0. 149 ~29. 838
Cit Y=471.39X+64.19 0.9996 0.175~35.038 || Lys Y=510.03X-26.50 0.9998 0.146 ~29.240
a-Aba Y=741.98X+63.15 0.9993 0.103 ~20. 624 | Ammonia Y=5525.90X+83.22 0.9992  0.017 ~3.406
Val Y=649.68X +39.30 0.9995 0.117~23.440 | Arg Y=388.82X-18.75 0.9994 0.174 ~34.840
Cys, Y=342.26X +42.58 0.9992 0.240 ~48.060 | Hyp Y=064.16X +5.74 0.9991 0.131~26.220
Met Y=503.54X+71.99 0.9991 0.149~29.840 | Pro Y=140.82X-2.14 0.9996 0.115~23.020
Ile Y=594.63X-36.97 0.9998 0. 131 ~ 26. 240
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Table 3 Results of repeatability test (African ivory sample J1,n = 6)
AR A BRI /(mgeg ") ARSI A 22 /% LR ST /(mg-g ™) AR IR 22 /%

Amino acid Average mass fraction RSD Amino acid Average mass fraction RSD
Asp 16.08 0.71 Ile 3.94 2.18
Thr 6. 67 1.32 Leu 10.78 0.92
Ser 12.54 1.09 Tyr 0.52 1.33
Glu 32.67 0.43 Phe 6.09 1.54
Gly 73.27 2.26 His 1.56 1. 11
Ala 30. 36 0.95 Lys 8.34 1.40
Val 7.94 1.87 Arg 21.76 1.59
Cys, 0.45 1.14 Hyp 38. 12 1.81
Met 1. 69 1. 60 Pro 43.17 1.28

i 2% RSD K7 ) o S5 R W , & A A [ ks K7 e 2t o BAEIR IR B 0 IR SRR Y 835 0 2

N 181 4 A 90. 67% ~ 101. 35%, RSD A 1. 07% ~
1.94% , K5 % B RSD 4 0. 52% ~ 1. 94% , 2 W1i% )5 =
V%) VA SRR 2 B 8T R4
2.2 FEmE RN

FEHR L. 2. 1 7kl A AR A T, TR 1. 2.3 (8
TSRS AR S () SRR B . AR AT
FE 3, G5 BT BHEAE R izbE il vh 45 2 BRI 41 4y

BIULIET 1o 5 56 iy R 5F Bl db A s AR RR s A6
IS PR BER , o i A5 R WL AR 4. IRTE = AL R
T RE 55 45 A R A R LR 0 O R 1 = TR (Asp
Glu) . H P& FEBR (Thr, Ser, Gly . Ala, Val, Leu . Ile
Tyr.Phe) Bl P 2 3 /2 (His . Lys . Arg) . 75 i 20 3L 12
(Cys, Met) FIV. 2 2 (Hyp Pro) L2

x4 RAREMGHRERD ISHEIERNSE

MELR(n=3)

Table 4 Determination results of 18 amino acids in ivory and imitation samples(n = 3)

SRR (mg-g™)

FEA I HAGS Amino acid mass fraction
Sample type Sample

number  aoh Thr  Ser  Glu Gly Ala Val Cys, Met Te Len Ty Phe His Lys Ag  Hyp Pro

J1. 16.08 6.67 12.54 32.67 73.27 30.36 7.94 0.45 1.69 3.94 10.78 0.52 6.09 1.56 8.34 21.76 38.12 43.17

20 1562 6.49 12.15 32.09 71.38 29.32 8.21 0.51 1.71 430 10.61 2.60 6.09 2.01 11.76 26.54 36.40 43.27

J3 1584 6.10 11.94 31.52 70.33 29.40 8.11 0.53 1.66 3.99 10.30 2.79 573 2.15 11.90 26.90 37.60 44.34

J4 1592 6.59 12.37 32.43 70.73 28.94 8.32 0.43 1.75 4.10 10.83 2.66 6.28 2.11 12.04 24.39 36.40 42.14

J5 1544 6.43 12.16 31.93 71.33 29.19 8.09 0.40 2.00 3.70 10.26 2.15 6.22 1.77 10.66 22.69 37.18 42.61

J6 1547 6.40 12.18 32.08 71.25 29.18 8.30 0.43 1.71 3.79 10.29 1.47 6.12 1.61 9.02 23.95 37.48 43.03

J7 1521 6.35 11.67 31.56 68.72 27.91 8.03 0.41 1.44 3.76 10.15 2.14 6.42 1.89 10.98 25.64 35.15 40.86

e F J8 1574 6.57 12.09 32.54 71.18 30.31 7.98 0.38 2.03 4.08 10.98 2.45 6.62 1.70 11.11 24.26 36.70 41.51
African ivory J9  15.89 6.66 12.38 32.58 72.16 30.47 8.26 0.44 1.23 4.01 10.86 2.40 6.57 2.08 12.14 25.37 38.57 42.70
JI0 15.40 6.37 11.98 31.69 71.34 30.30 8.05 0.47 1.38 3.56 10.42 2.44 6.56 1.98 12.23 23.56 36.38 42.20

JIL 1479 6.14 11.57 31.03 68.82 29.33 7.85 0.26 1.28 3.59 9.98 2.39 6.22 1.73 10.73 24.45 35.73 40.88

J12 14.85 6.20 11.52 31.43 69.43 29.40 8.01 0.26 0.95 3.78 10.19 2.60 6.14 1.51 7.61 24.50 35.83 41.44

J13 15,09 6.36 12.10 31.63 69.88 29.68 8.13 0.22 1.51 3.85 10.35 2.60 6.08 1.90 11.33 23.59 37.75 41.26

J14 1574 6.05 11.90 31.33 68.94 29.46 7.94 0.37 1.55 3.83 10.05 2.11 6.80 2.25 11.04 24.93 35.30 42.14

JI5 1545 6.49 12.15 31.76 69.9 29.74 8.08 0.44 1.88 4.00 10.72 2.49 6.11 2.15 12.04 23.09 35.79 41.88

Pfti Mean 15.50 6.39 12.05 31.88 70.58 29.53 8.09 0.40 1.58 3.89 10.45 2.25 6.27 1.89 10.86 24.37 36.69 42.23
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Sample type Sample
number  Ac Thr  Ser Glu Gy Ala  Val Cys, Met lle Lew Tyr Phe His Lys Arg Hyp Pro
M60  14.28 5.81 10.56 29.27 64.74 27.58 7.80 0.43 1.65 3.44 9.47 2.07 7.28 1.42 12.10 24.70 33.38 40.28
M6 13.77 5.24 10.19 29.14 65.73 28.15 7.42 0.30 1.83 3.96 9.45 2.46 7.98 2.17 11.39 25.39 34.37 40.11
M62  14.26 5.66 10.50 29.82 66.95 28.19 7.90 0.31 1.61 3.40 9.40 2.19 7.32 1.75 11.29 25.11 34.76 40.48
M63  14.35 5.92 10.90 30.15 68.98 28.81 7.83 0.25 1.64 3.44 9.39 1.77 8.85 1.65 12.33 24.75 34.19 39.69
M64 1418 5.79 10.79 29.63 67.74 28.31 7.62 0.19 1.35 3.40 9.10 1.41 7.20 1.54 12.20 24.08 33.84 40.17
M65  14.08 5.39 10.29 29.20 66.96 29.04 7.11 0.26 1.40 3.75 9.02 2.03 7.68 1.80 12.35 25.13 33.70 40.46
M66  14.45 5.33 10.90 28.81 67.48 28.64 6.88 0.33 1.76 3.85 8.86 1.59 8.37 1.59 12.17 24.52 33.01 40.26
M67  14.19 5.51 10.31 28.96 65.62 26.75 7.76 0.40 1.56 3.39 9.05 1.62 7.35 1.59 11.71 24.54 32.96 39.46
i‘/‘j“:jiimy M68  13.68 5.77 10.47 28.75 64.15 27.46 7.74 0.33 1.82 3.37 9.09 1.90 7.78 1.77 10.85 23.10 34.00 38.10
M69  14.46 5.61 11.01 29.39 66.54 29.32 7.58 0.26 1.58 3.79 9.37 2.15 8.27 2.38 12.93 24.27 35.24 40.64
M70 1512 5.70 10.86 28.31 64.66 28.70 7.17 0.30 0.95 4.09 9.81 2.40 9.21 1.57 12.58 23.87 34.57 39.58
M71  13.46 5.41 10.23 27.69 61.63 25.46 7.14 0.17 1.54 3.21 879 1.06 7.17 0.95 10.25 21.88 32.87 38.03
M72  14.48 5.36 10.66 29.86 66.83 26.36 7.04 0.39 1.76 3.76 9.73 2.0l 8.00 1.43 12.10 23.76 33.31 40.18
M73  13.67 5.35 9.94 27.89 62.63 26.15 6.91 0.16 1.58 3.04 8.32 1.42 6.53 1.57 10.92 22.03 33.48 37.77
M74  13.63 5.48 10.49 29.09 65.75 27.27 7.51 0.23 1.27 3.28 897 1.73 7.16 1.30 11.72 23.98 33.24 38.39
M75  14.32 5.86 10.41 29.70 64.94 28.01 6.57 0.57 1.71 4.04 9.20 2.01 7.56 2.20 12.14 23.21 33.99 40.56
P Mean 14.15 5.57 10.53 29.10 65.71 27.76 7.37 0.31 1.56 3.58 9.19 1.86 7.73 1.67 11.81 24.02 33.81 39.64
Y1 1421 4.84 9.60 26.66 60.23 25.13 6.96 0.72 1.54 3.34 8.66 2.20 9.66 2.53 8.58 17.35 29.16 31.88
Y2 1559 5.14 10.48 30.37 66.11 28.29 7.93 0.67 1.07 3.94 8.64 2.40 10.45 2.79 8.34 16.86 29.26 32.66
Y3 1452 5.77 9.45 25.24 69.67 26.47 6.71 0.43 1.30 3.97 819 2.45 10.50 2.64 8.58 17.17 28.29 32.21
Y4 15.52 5.65 10.13 29.71 64.46 27.20 7.89 0.78 0.97 3.83 9.47 2.45 10.30 2.72 9.18 19.18 28.17 33.95
WL YS 1409 4.89 9.80 25.97 67.78 27.10 6.84 0.38 1.23 3.17 7.93 2.08 9.44 2.30 8.94 18.36 29.41 32.81
Wildboartooth Y6 14.43 4.39 9.28 27.84 65.88 26.11 6.69 0.52 1.3 2.99 7.74 1.90 9.81 2.30 8.15 17.72 29.00 31.96
Y7 14.61 5.56 9.43 27.58 63.48 26.55 7.82 0.47 1.15 3.65 9.36 2.43 811 2.67 9.05 17.76 28.79 33.73
Y8 1410 5.20 9.07 27.12 61.50 26.19 7.18 0.78 0.86 3.14 815 1.99 9.16 2.75 8.17 17.37 29.43 30.92
Y9 1450 4.61 9.07 25.59 64.72 26.87 6.51 0.64 1.27 3.0l 7.69 1.97 9.11 2.91 8.43 18.39 29.11 33.13
Pt Mean 14.62 5.12  9.59 27.34 64.87 26.66 7.17 0.60 1.19 3.45 8.43 2.21 9.62 2.62 8.60 17.80 28.96 32.58
L1 16.58 6.89 10.17 32.33 72.43 30.49 7.96 0.58 1.20 4.44 10.79 2.76 10.58 2.66 11.20 20.62 31.87 35.10
B 2 16,5 7.01 10.6 32.21 72.32 30.11 8.40 0.72 1.34 4.61 10.40 2.32 10.89 2.74 11.32 20.90 31.26 37.61
E'Zb(me I3 16.20 6.73 10.41 32.02 72.84 30.77 7.83 0.48 0.97 4.35 10.38 2.11 10.31 2.20 11.02 20.21 31.56 37.26
4 16,17 6.79 10.43 32.08 72.63 30.17 8.71 0.57 1.31 411 10.87 2.84 10.22 2.45 11.53 20.72 32.03 36.39
Y Mean 16.36 6.86 10.40 32.16 72.56 30.39 8.23 0.59 1.21 4.38 10.61 2.51 10.50 2.51 11.27 20.61 31.68 36.59
NI 12,09 4.88 7.34 26.44 57.66 24.61 6.65 0.20 0.59 4.07 7.93 1.93 9.82 1.22 8.71 17.60 27.14 30.52
N2 13.97 4.79 8.08 26.81 59.72 24.82 6.51 0.27 0.58 3.98 8.57 1.73 9.71 1.13 8.98 18.54 28.11 30.21
N3 13.53 4.78 7.81 26.14 57.50 23.77 6.43 0.21 0.82 4.00 832 1.82 9.55 1.34 9.10 18.56 27.95 29.70
N4 13.00 4.52 7.52 25.17 55.69 22.93 6.18 0.40 0.57 3.72 7.85 1.77 9.23 1.08 8.13 17.12 25.86 29.84
N5 13.20 4.91 7.72 26.84 56.38 24.30 6.23 0.30 0.58 4.07 811 1.79 890 1.15 8.57 18.18 27.58 30.10
N6 12,93 4.57 8.17 25.21 55.25 22.78 6.02 0.43 0.50 3.75 7.90 1.76 9.44 1.17 8.45 16.78 26.26 28.6l
é'fbone N7 13.01 5.04 8.03 26.72 58.23 24.51 6.73 0.36 0.88 3.98 801 2.02 862 2.04 9.01 17.48 26.61 29.26
N8 13.81 5.11 8.14 26.59 58.61 24.70 6.69 0.43 0.84 4.10 8.02 2.11 872 1.91 8.86 16.90 25.92 30.57
N9 1211 4.56 7.60 24.28 54.66 22.43 5.77 0.35 1.12 3.56 7.82 2.27 879 1.82 8.62 18.03 27.78 28.09
NIO  12.90 4.91 8.19 26.21 59.76 25.68 6.42 0.38 0.72 3.95 8.48 2.30 9.48 2.14 9.18 17.93 27.32 30.27
NIT 12,77 4.66 7.74 25.56 56.86 23.63 6.21 0.26 0.47 3.82 8.04 1.92 9.76 2.11 8.49 18.44 26.54 30.43
NI2 12,62 4.59 7.63 25.18 55.67 23.25 6.21 0.36 0.77 3.71 8.05 2.06 9.63 2.06 8.19 18.19 26.56 29.71
Pfti Mean 13.00 4.78  7.83 25.93 57.17 23.95 6.34 0.33 0.70 3.89 8.09 1.96 9.30 1.60 8.69 17.81 26.97 29.78
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1. Ser-p;2. Tau;3. PETH;4. Urea;5. Asp;6. Thr;7. Ser;8. Asn;9. Glu; 10. a-AAA;11. Gly; 12. Ala;13. Cit; 14. «-ABA; 15. Val;
16. Cys,; 17. Met; 18. Ile;19. Leu;20. Tyr;21. Phe;22. B-Ala;23. B-Aiba;24. y-Aba;25. His;26. 3-MeHis;27. 1-MeHis; 28. carnosine;

29. Trp;30. Orn;31. Lys;32. Ammonia;33. Arg;34. Hyp;35. Pro,
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Figure 1 Chromatographic separation profiles of amino acid mixed reference standards and samples of ivory and imitations
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Figure 2 Scores of OPLS-DA in ivory and imitations
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Figure 3 Results of permutation test of the OPLS-DA model
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Figure 4 VIP plot of OPLS-DA model
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) T A 4 LR S (P < 0.05), ATE N
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BEEBESIEMRT RBR A KR F Z 61
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R5 RFREMHGRPERTEVNTHEEGR=3)

Table 5 The average content of differential biomarkers in ivory and imitations (n = 3) mg-g!
N bR R R o
FEAR A Biomarker mass fraction BRI
Sample type Total mass fraction
Ile Phe His Cys,
LIS African ivory 3.89 +0.02 6.27+0.03'  10.86+0. 14" 1.89 +0.02 0.40+0.01" 23.31+0. 15°
HEAG % F Mammoth ivory 3.58 +0.03° 7.73 £0.07° 11.81+0.07° 1.67+0.04 0.31+0.01" 25.10+0.11°
WP Wild boar tooth 3.45+0.04° 9.62+0.08 8. 60 + 0. 04° 2.62 +0.02" 0.60 +0.02" 24.89 +0. 10"
JEH Deer bone 4.38 +0.02" 10. 50 = 0. 03" 11.27 £ 0. 02" 2.51+£0.02" 0.59 +0.01" 29.25 +0. 05"
24 Cow bone 3.89£0.02" 9.30£0.04"  8.69+0.03  1.60x0.04"  0.33+0.01" 23.81£0.07"

T SR/ NE TR IR o = 0. 05 KF- 225 % .

Note: Different small letters in the same column indicate significant difference among different samples at o = 0. 05 level.

2.3.3 RBBELSMN

HT 56 P FEAS Y 18 P HE IR o s A s , R4
(R AT R G RIS, IR IR & (181 5) o
p &1 5 RO, B B L LA B B N, A
Ay AERRL AFEE B 10 I, 2 3R A4 53
2, R A RO —2 Bl AR S AU
MG o BN — 28 TE R L AR IR 5 240 8 I, At
— o A Al B R S A RO — 28,
T A AU G2 2RISR AR G2 A RE A U 3R Sl — 288 FEBR
JURARIE BN SHF FEARB 525 Rl B .
R AR A FIE ISR A 4 A RN —35 , RIFHA
LR 2H B A WY AN RRAE SRS R 5 OPLS-
DA 73 —3.

3 it

IR A AL Rh AN 5 18 25 5 LR PE T H
JoE A 45 6 5 T RERFE , AL 02 S8 B Ml Ry S 4l Y
KEA S AKE o B8 R A AR S EAEAEA
L, AEHC R P 2 AT R I D P ) 2 A 5
A RE WA 2 2T e Ak by g B A R S

PRIt , S R T 2 B IR 20 43 W b o A ARG T 3, A
EING A A G 2 K w UL il i Can i 4B
M) Z R &R 22 5 P L 5B A% B
B AL G N T G & A B T A R
SN E RS Ty NI AR 82 18 A e (751 0 78 4]
BRI E R R B SEBR T K

ABIESE T S ST T R T R Y 2 S R A2 T
P TELREV ] A RS R nSCR Sy T8
FILRAT fe il 2 2 A B0 i i b 2 BRI 43 1)
ERANITE R, TEBLIERE I, 51 A AR R i
A OPLS-DA BIAUFNI R G R A/ Hr, S T 528
HEFRE AR B B X 4y . OPLS-DA 52U 7F i % R
(R*X = 0. 872,R*Y = 0. 801 ) 5 Tl i fefe f: (' 46046 56
USUETC I FAA ) O T R, LA 0 PR A 2 TR
FEREA ST B2, W] I 0 326 1 Tle . Phe  Lys \ His F1
Cysa FLFP X 7328 DTk e K A9 22 S An i (VIP > 1) .
RGBT A R — 0 He IR G50 AERR L
TRHE B Ry S B REAR [ R 53 525, 5 OPLS-DA 4328
1R B — S, Uk B [ 5 J A 2 R AR A b LA
Al X A3 A 2E R AE .




358 o4 3 B % W AT

T2 Cluster distance
5 10 15 20 25
T T

Z
=
A Y

~<
O
]

FEAR 45 Sample number
>

S5
T

M72
M75
M68
M70

[ I ]

Es5 ETIBWHERERIENSOMRTREMFRBERARERENTER
Figure S Dendrogram of hierarchical cluster analysis for 56 ivory and imitation samples based on the contents of 18 amino acids
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