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Tab. 1 Phylogenetic signals of 10 continuous and 2 discrete characters of the Acipenseriformes

TELRFIE RARKEETK RAREES A
Continuous character Phylogenetic signal K Phylogenetic signal lambda P
B g 2 HDorsal fin rays 0.252 0.003 0.951 0.009
R 1% 2% % Anal fin rays 1.074 0.001 0.960 <0.001
HEFEHGill rakers 1.754 0.001 1.002 <0.001
5 18 J5 & A B Posterior dorsal fin scutes 0.239 0.006 0.772 0.024
R I B AR B Posterior anal fin scutes 0.250 0.007 0.786 0.009
WHE P fj K8 7E AR K Maximum female body size 0.290 0.005 0.976 0.037
Y12 Egg size 0.166 0.013 0.759 0.003
WEPE T VR A E % Female first maturity age 0.168 0.024 <0.001 1.000
TERT VR ME B AEE iy Male first maturity age 0.164 0.039 <0.001 1.000
7% G A B ) 6] Spawning interval 0.095 0.114 <0.001 1.000
B URHIE RARBIESD P P LYEEE
Discrete character Phylogenetic signal D (D=1) (D=0) Number
A2 15 77 X\ Habitat /K 2 JE A Potamodromous 0.302 0.016 0.256 13
T 7 Anadromous -0.281 0.001 0.686 6
2l /K Vi 24 Brackish —0.320 0.001 0.767 8
B iDiet 1 £ Fish diet 0.997 0.485 0.009 9
JEMIBhY) . /M4 Benthic and small fish diet 0.877 0.325 0.007 13
Bt 4k & Pk Insect larva diet 0.666 0.152 0.267 3
Z% & :Omnivorous 1.320 0.469 0.294 1
JE £ P Filtering diet -2.318 0.000 0.739 1




128 £ g

==

I H 10 R E EY A 5 A SR AR R 5 18 N SR

1941

(Post.mean=0.66, CI=0.02—1.30, P,,,,.=0.044"),
RAE B M7 10, £ MR 6 28 O A% Bl A 4 b B K
(Post.mean=0.60, C1=0.16—1.03, P,,.,,.=0.008 ); /=
G B 8] 1) [ 5 B PR A7 AE SURH DG, 2 £ 1 0 2 =
(1] o F<F 1] B 4 (Post. mean=—2.60, CI=—5.05— —0.25,
P.nc=0.034").
3 g
31 BEBRZLAEXARSLAE

i3 H AR ARG K ERRCEB R Z
Ft, HTEFE H AR Amyu ), SRR, b
TR T3 T B f SR 8R ik 4 5 A it 7, A
ARG HEE T AT H 27 Fh 28 58 ) 2R AR 4
JEDRIZ 7 3, AR AR ORI TR B 7, S8 T AL
JE S ANIF. T REKBEEESRS
T R Gk B T4 R B, SRR H 2
RV GV W BFRHE . KRR A
AR VUFEIRAE), SCRE™ 69 & 70 K P01 R I 22 50
{7, WAESE 7™ 63 & 5 N i34 T K P8 28
W, JFH R . BFTEHMN ARG K E RRN

(Rl W) 8 sk (S W) 3 ST (O R B (™ 6 8 (BRI
e (PP 63w, PR AT, TR EF, /N 6T (LA 6]
ESVE

ST R B IR, 6378 B # S AH S 1 E s I [A] AT
BWEIZ380FH FIHERT AL . KRATEI94H 1
ERTREAR D 4, 63T H 1 0 e A N B RR
W3 AL, 532 KRG FUG 5324, K PEEE H BL I TE] AH
W&, 1X—Hb BT A T Re s 1 I B 8 R4
o TEAHFFH, FE KLk 467 5K 7T 63
KRLITE6.9 T FIAERT I LE AL, TiPengZs ! HE 5 o
b 5T ET 1 A0 I 18] 10,5 5 J34FH1, B
et 5RYTE o] gefE Rt s C 2 .
it R AR A IE B, BT R R R AR A ER
A B S A, XA S VA B R (RN AT
R AT 5 T ) 3 A 1 52 B X — AR 52 .
32 SHBEB&AETEIFEAENES

AT RN, 639F B #2812 REIE 4L
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Tab.2 Correlations among the 12 investigated characters of the Acipenseriformes

JE 42454 Continuous character

B BURFiE Discrete character

4 7% 75 A Habitat £ Diets

AF PD PA FA MA Sl ES MS GR —— o oo Y

DF 087 004 -022 036 027 0.4 047 081 _004 — 122 935 204 743 361 571 —
AF 1003 023 0.2 007 -0.13 028 06 015 — 012 264 179 5427 130 166 —
PD 0927 041" 035 _0.06 045 04" 005 — -174 228 301" 030 380 302 —
PA 034 026 002 043 051" 010 — -1.84 -142 221" 038 297 236 —
FA 0947065 0557 0617 006 — 670 358 190 349 178 651 —
MA 0657 040" 0517 006 — 464 167 043 476 327 739 —
SI 032 035 009 — 036 050 015 129 067 -2.60
ES 0547 005 — 066 048 060 0.0 031 043
MS ~0.13 — 198.11 138.00 92.64° -98.50° 1739 -198.17 _
GR 13.80 511 182 —0.71 354927 1815
. -300.7° 3326 -39.91 —
f‘%‘{iﬁf B4 9211036 —
P 944 6490 3625 _

VE: “7RIRP<O.1, “*7FRIRP<0.05, “**LIRP<0.01, “*** 3LIRP<0.001; DF. 1§

g 26K, AF. JEHE 2R3 PD. WHE /5 H AL PAL G

8 5 B AR E MS. MEME I ORI FE /R K GR. BEAE; ES. U4, FA. MEPER)CHE BURAERS; MA. BREPERT UM SO AR S ST 7= G 8] B B[]
F. K& R AL AL, P2 Bk AL, DI A, D2. R R4AMA S, D3, SR, D4. Z+ & 1H; DS, JRMHGsh P Al 1
e BURHE [T S 6 R8s B HURFE 5 1 SRR AT, BSHURFE 5 B BURHE 2 AT 5US B35 {6 Post.mean; “—. meme R AFE i 78 v T 43 4k
TAERE A &5

Note: “” means P<0.1, “*” means P<0.05, “**” means P<0.01, “***” means P<0.001; DF. dorsal fin rays; AF. anal fin rays; PD. posterior
dorsal fin scutes; PA. posterior anal fin scutes; MS. the maximum female body size; GR. gill rakers; ES. egg size; FA. female first maturity
age; MA. the first maturity age of male; SI. spawning interval; F. potamodromous; A. anadromous; P. brackish; D1. fish diet; D2. insect
larva diet; D3. filtering diet; D4. omnivorous; D5. benthic and small fish diet. The correlation between continuous characters uses r. The
correlation between continuous and discrete characters, and the correlation among discrete characters use the empirical mean Post.mean;
“—”. some data of the sampling process of mecmc are burned as aging samples
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EVOLUTIONARY PATTERN AND ADAPTIVE STRATEGIES OF KEY
MORPHOLOGICAL AND ECOLOGICAL CHARACTERS
IN THE ACIPENSERIFORMES

JIANG Mingl’ *and LIU Huan-Zhang2

(1. College of Fisheries and Life Science, Dalian Ocean University, Dalian 116023, China; 2. The Key Laboratory of Aquatic
Biodiversity and Conservation, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China)

Abstract: In this study, we downloaded complete mitochondrial genome sequences of 27 Acipenseriformes species,
with Polypteriformes species as outgroups, to construct molecular phylogenetic trees. Based on these trees, we ana-
lyzed macroevolutionary pattern of 12 morphological and ecological traits with the phylogenetic comparative methods
(PCMs), such as reconstructing ancestral character states, analyzing character phylogenetic constraints and testing the
character correlations. The results showed that § traits such as habitat, body size, dorsal fin rays, anal fin rays, posterior
dorsal fin scutes, posterior anal fin scutes, gill rakers and egg size, were phylogenetically constrained, indicating that
the evolution of these characters were associated with phylogeny and strongly affected by natural selection. Four traits
including diets, female first maturity age, male first maturity age and spawning interval, showed no phylogenetic sig-
nals, indicating their adaptations to the environments. Reconstruction of ancestral character states showed that many
Acipenseriformes species exhibited a pattern of evolution from the intermediate state of ancestral species evolving to
two directions: becoming larger and smaller respectively. For example, body size, dorsal fin rays, anal fin rays, first ma-
turity age all showed this pattern. For the adaptive strategies, the Acipenserformes showed the constraints of some mor-
phological characters such as gill rakers, egg size and the flexible adaptations to different environments for the coor-
dinating ecological characters such as diets, first maturity age, egg size, spawning interval. Results of this study can
provide valuable information for understanding macroevolutionary pattern of the Acipenseriformes and give hints for
species conservation.

Key words: Acipenseriformes; Character evolution; Phylogenetic signal; Macroevolution; Ancestral state reconst-
ruction; Adaptive strategy



Mk 1 AMRABTRELE Y MKEGenBankE RS
Appendix 1  Species and GenBank accession numbers used for phylogenetic analysis in this study
4 J& Tif Fro 5 K SR
Family Genus Organism 1D Length(bp) Reference
Acipenseridae Acipenser Acipenser baerii NC_017603.1 16763 [75]
Acipenser brevirostrum MKO078263.1 16596 [6]
Acipenser dabryanus MK078262.1 16439 [6]
Acipenser fulvescens NC _030325.1 16542 [76]
Acipenser gueldenstaedtii NC 012576.1 16594 [77]
Acipenser medirostris NC_028405.1 16611 Unpublished
Acipenser mikadoi NC 031188.1 16610 [78]
Acipenser nudiventris NC 030344.1 16543 [79]
Acipenser oxyrinchus NC_028290.1 16565 Unpublished
Acipenser persicus MK213065.2 16587 Unpublished
Acipenser ruthenus NC 022453.1 16790 [80]
Acipenser schrenckii NC_021757.1 16684 [81]
Acipenser sinensis MKO078261.1 16524 [6]
Acipenser stellatus NC_005795.1 16537 [82]
Acipenser sturio NC_027417.1 16555 [83]
Acipenser transmontanus NC_004743.1 16692 [84]
Acipenser naccarii MKO078265.1 16759 [6]
Huso Huso dauricus MKO078264.1 16766 [6]
Huso huso NC_005252.1 16760 Unpublished
Scaphirhynchus Scaphirhynchus albus NC 030324.1 16494 [85]
Scaphirhynchus platorynchus NC_030326.1 16495 Unpublished
Scaphirhynchus suttkusi NC_036060.1 16495 Unpublished
Pseudoscaphirhynchus Pseudoscaphirhynchus hermanni NC _058992.1 16640 [86]
Pseudoscaphirhynchus fedtschenkoi NC_058991.1 16613 [86]
Pseudoscaphirhynchus kaufmanni NC_050885.1 16597 [87]
Polyodontidae Polyodon Polyodon spathula MKO078260.1 16521 [6]
Psephurus Psephurus gladius NC_005834.1 16483 [1]
Polypteridae Erpetoichthys Erpetoichthys calabaricus NC_005251.1 16674 Unpublished
Polypterus Polypterus ornatipinnis NC_001778.1 16624 [88]
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Appendix 2 12 investigated traits of the Acipenseriformes

B e MEMEART  EEEEAT

AL fre Ui AL fre e Vid Ve 6l Ta1 e
wip e e U wp TR RME Cop s U UOE T

Species Habitate Diets = - HGR H R EfRK (mm) AT IR

DF  AF PD PA" MS (em) FA MA  (Year)

(Year) (Year)

Acipenser HAKGEE RN, 43 25 35 0 0 200 3.65 2350  21.00 4.50
baerii /N
Acipenser e R K I Rt 39 26 26 1 2 230 3.25 1500  11.00 450
gueldenstaedtii
Acipenser e R K I Rt 39 26 23 1 2 240 3.50 10.50 8.00 3.00
persicus
Acipenser K ARSI . 42 28 33 6 5 200 2.20 10.00 7.00 3.00
naccarii /Nl
Acipenser BKGESE  TRWEI. 36 21 26 2 2 140 325 12.00 8.50 5.50
brevirostrum N
Acipenser BAGENE  RMEEI. 40 28 33 2 2 240 3.10 18.00  20.50 4.50
fulvescens /N
Acipenser K RAREN ). 48 27 35 0 0 200 225 15.00 9.00 2.50
nudiventris /N
Acipenser HKER  BREYE 41 25 19 0 0 110 2.44 6.50 4.00 1.50
ruthenus
Acipenser e K TR e 47 29 27 0 0 220 2.60 11.00 9.00 3.50
stellatus
Pseudoscaphir RKERE RIS 32 20 9 5 3 30 1.55 9.00 9.00 —
hynchus )y
fedtschenkoi
Pseudoscaphir WAEE  EMZ. 30 19 10 5 2 30 — 6.00 6.00 —
hynchus Nl
hermanni
Pseudoscaphir WKEE JRIMEST. 32 20 16 5 3 40 2.10 7.00 6.00 4.50
hynchus N
kaufmanni
Huso huso e AR IEE Rt 65 32 27 0 0 850 3.57 18.00  13.00 5.50
Scaphirhynchus i AGEIE TR, 40 26 10 9 8 180 2.75 10.00 7.00 3.00
albus /N
Scaphirhynchusi® /K€ & BRIk 33 21 17 9 9 90 2.50 10.50 8.00 3.50
platorynchus
Scaphirhynchusi® /K€ & B HRHE 32 20 10 8 8 80 2.70 9.00 5.00 2.50
suttkusi
Acipenser HoKEE etk 45 33 44 2 — 120 3.15 9.00 4.00 1.50
dabryanus
Acipenser W ARk 54 34 21 2 2 400 4.50 20.00  13.00 6.00
Sinensis
Acipenser HKGEE R, 46 26 41 7 7 290 3.26 13.00 8.50 4.00
schrenckii /N
Acipenser W AR 47 28 35 0 0 610 4.00 22,50 15.00 4.00
transmontanus
Acipenser W RS, 38 26 19 2 2 210 3.85 11.00 9.00 4.00
medirostris N
Acipenser W A 38 27 19 2 2 200 3.80 11.00 9.00 2.50
mikadoi
Huso dauricus RKER AT 50 31 20 2 2 560 4.00 20.00  17.50 4.50
Acipenser W RS, 42 27 21 6 6 430 2.75 26.00  22.00 4.00
oxyrinchus /N
Acipenser FHEGE ORI, 40 28 22 6 4 500 2.70 1450  11.00 2.00
sturio N,
Polyodon woKElE  wEEh 53 58 400 0 0 250 2.55 10.00 7.00 3.00
spathula
Psephurus woKkElE et 54 53 53 0 0 300 2.50 10.50 7.50 —
gladius

TE: DF. W § 5540 AF. B4 GR. S8AL; PD. 1568 )5 B ARG PA. B8 5 B BOEG MS. MEYE S KT /E IR K ES. BI4%; FA. MEME
MR BGAAAERE s MA. BRI B RS s S 7™ B 6] R IR 1] «“— 2Rk R B

Note: DF. dorsal fin rays; AF. anal fin rays; GR. gill rakers; PD. posterior dorsal fin scutes; PA. posterior anal fin scutes; MS. maximum
female body size; ES. egg size; FA. female first maturity age; MA. male first maturity age; SI. spawning interval; “—" means missing data
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Appendix 3 Results of topological tests for phylogenetic trees

##EData $h 45 # Treetopology ~In likelihood KH SH WKH WSH AU

e ML ~58708.975 0.481 0.963 0.481 0.961 0.663
LRI AR )

BI# —58712.136 0.388 0.632 0.388 0.804 0.474
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Appendix 4 Detailed results of divergence times of the Acipenseriformes(Nodes are corresponding to Figure 3, each unit represents one

million years)

A JRI¥ME 95% B 15 X 7] R SRR ¥IE 95% B 15 X 7]
Node Posterior mean 95% credibility interval Node Posterior mean 95% credibility interval
Cl 379.66 346.01—414.04 N11 0.87 0.08—2.08
C2 194.82 190.71—199.29 N12 63.68 38.94—92.99
C3 76.85 70.47—83.24 N13 49.96 27.52—73.40
C4 126.26 122.34—130.23 N14 43.14 22.46—65.10
N1 101.45 75.22—123.63 N15 24.14 9.51—40.23
N2 40.82 8.54—83.61 N16 10.72 2.71—21.38
N3 61.39 31.31—95.29 N17 0.68 0.04—1.82
N4 26.06 8.08—49.52 NI18 31.02 12.08—52.57
N5 3.58 0.44—8.56 N19 28.45 12.00—49.10
N6 3.75 14.36—64.73 N20 16.77 6.16—29.65
N7 9.75 1.38—22.69 N21 13.34 4.86—24.66
N8 6.90 1.14—15.30 N22 5.52 1.48—11.08
N9 81.23 53.00—106.65 N23 3.06 0.47—6.53
N10 1.82 0.25—3.68
M5 E3HE&IFHEMDRARERFRET NEMERAEREER
Appendix 5 Results of MCMCglmm modles for 12 investigated traits of the Acipenseriformes
Modle post.mean 95%CI ESS  Pmcmc Modle postmean  95%CI ESS  Pmcmc
DF Habitat Intercept 45.04 30.1—59.38 18000 <6e-05***||SI Habitat Intercept 336  2.33—4.41 18000 0.001***
A 1.22 -5.38—8.11 18000  0.710 A 036 —0.97—1.67 18000 0.571
P 9.35 1.63—17.19 18000  0.019* P 0.50  -0.74—1.7 18000 0.403
Diets Intercept  46.40  29.33—64.13 16623 0.000%*** Diets  Intercept 3.78 2.48—4.9 17057 0.001%**
D2 -743  -11.12—3.46 9092  0.012* D2 -1.29 -2.82—0.18 18000 0.088
D3 3.61 -20.8—28.19 18000  0.765 D3 -0.67 -3.34—2.06 16807 0.585
D1 2.04 —2.19—6.23 6285 0.297 D1 0.15 -0.79—1.17 18000 0.748
D4 -5.71 -1542—3.16 7284 0.208 D4 -2.60  —5.05—0.25 16638 0.034*
AF Habitat Intercept 37.18  25.93—48.21 17129 0.000*** |[ES Habitat Intercept 5.08 1.05—9.42 18000 0.021%*
A 0.12 —4.47—4.76 17379  0.955 A 0.80 —0.55—2.22 18000 0.247
P 2.64 -3.11—8.49 18000  0.353 P 036 —1.66—2.33 18000 0.720
Diets Intercept  35.15  24.49—46.14 17515 <6e-05*** Diets  Intercept 6.80 3.75—9.92 17165 0.000%**
D2 —5.42 —7.57—3.03 18000 0.003** D2 -0.15  -0.92—0.61 18123 0.671
D3 13.08 -2.16—28 17596  0.090 D3 -8.60  —13-—4.28 18000 0.000***
D1 1.79 -0.62—4.12 18000  0.121 D1 0.62 -0.07—1.33 18000 0.075
D4 1.66 -3.84—7.21 18000  0.536 D4 -0.63 —2.28—1.01 18000 0.428
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Modle post.mean 95%CI ESS Pmcmce Modle post.mean 95%ClI ESS  Pmcmc
PD Habitat Intercept  3.21  —2.24—8.84 18000 0.196 |MS  Habitat Intercept 24520 —203.15—705.56 18000 0.271
A -1.74  -4.66—0.94 17458 0.217 A 198.11 42.91—350.11 18000 0.015*
P —2.28 -5.3—0.81 18000 0.132 P 138.01 —-81.04—354.71 18000 0.210
Diets Intercept  4.49 —0.5—9.02 18000 0.060 Diets Intercept 274.60 -123.14—675.81 18000  0.166
D2 -0.30  -3.15—2.63 16628 0.797 D2 -98.47 —164.14—-30.54 18000 0.011*
D3 -3.79 -11.11—3.58 18614 0.272 D3 17.39 —543.96—587.49 18000  0.943
D1 -3.01 —4.86—-1.21 18000 0.002** D1 92.64 8.12—174.87 16261 0.026*
D4 -3.02 -7.28—1.26 18000 0.153 D4 —198.18 —386.27—-3.68 18000 0.044*
PA Habitat Intercept  2.85 —2.19—7.7 18000 0.198 ||GR  Habitat Intercept 10525 -1.77—212.98 17614 0.053
A -1.84 —4.27—0.68 16170 0.143 A -13.80  —48.1—19.91 18000 0.412
P -1.42  -4.08—1.36 18686 0.286 P 511 —47.8—55.59 18000 0.841
Diets Intercept  3.68  -0.41—S8.01 18000 0.077 Diets Intercept  32.73  11.92—54.28 18000 0.005**
D2 038 —2.29—299 17131 0.771 D2 -0.71 -10.83—7.73 15520  0.949
D3 -2.97  -9.41—3.67 18000 0.341 D3 35491 323.66—385.64 16032 <6e-05%**
D1 -2.21 -3.9—-0.65 18000 0.012* D1 -1.82  -832—4.51 14699  0.532
D4 -2.36  —6.34—1.45 17449 0.217 D4 18.15 3.07—31.83 18000 0.017*
FA Habitat Intercept 10.77  1.44—19.75 17181 0.032* | Habitat Intercept —269.08 —459.06——53.6 5.37 0.001***
A 6.70  1.47—11.93 14574 0.017* F D2 270.81 46.88—470.31 6.736 0.002%**
P 3.58 -1.9—9.18 17361 0.176 D3 208.63 —5.23—453.67 14.175 0.051
Diets Intercept 12.89  1.83—23.22 18592 0.036* D1 136.12 -98.17—370.61 86.972 0.197
D2 -3.49 -10.63—2.96 9649 0.299 D4 131.62 -70.1—356.67 8.968  0.260
D3 -1.78 -17.72—15.57 14209 0.778 A D2 165.60 —29.43—333.12 29.196  0.098
D1 1.90 -2.61—6.23 17604 0.375 D3 —31.27 -326.54—290.58 31.945 0.860
D4 -6.51 —17.47—4.45 11533 0.238 D1 237.85 —90.96—628.63 69.767 0.119
MA Habitat Intercept  8.50 —0.14—16.16 18000 0.044* D4 —29.05 -265.74—182.54 25.533  0.840
A 464 -0.44—9.89 17177 0.079 P D2 19294 -2.88—398.38 38.722 0.043*
P 1.67 —4.35—7.04 7985 0.495 D3 15.02 -350.04—370.55 19.333 0916
Diets Intercept 10.76 29—17.2 15559 0.027* D1 293.10 -47.05—671.76 58.347 0.071
D2 —4.76  —11.63—1.76 10086 0.157
D3 -3.27 -17.28—9.74 14748 0.561
D1 0.43 -3.93—4.8 16691 0.828
D4 -7.39 -18.01—2.76 18000 0.150

T P FTIRP 1eme<0. 1, “F7"RIRP e <0.05, “F¥7FRIRP, 1ne<0.01, “¥¥¥°FIZXP - <0.001; Post.mean. J5 311 ; 95%CIL. 95% B 15 X
6], ESS. fIFEA R . DF. WHEKK AF. U84 PD. W85 B PA. 685 F UCE MS. MENE S OGEAEAR K, GR. B8AL; ES. 5P
125 FA. MEPER] N SOV s MA. PR O B RS s SL. 7= SR RIRG I ()5 F. WK € FE Y, AL TR Y, P. B BUKIE Y, D1.
ik D2, B g th; D3, JE & ; D4. Ze et DS. JRAlish A/ itk

Note: “.” means Ppemc<0.1, “*” means P,,<0.05, “**” means P,,;,<0.01, “***” means P,,.,.<0.001; Post.mean. posterior means;
95%CI. 95% credibility interval; ESS. effective sample size. DF. dorsal fin rays; AF. anal fin rays; PD. posterior dorsal fin scutes; PA.
posterior anal fin scutes; MS. maximum female body size; GR. gill rakers; ES. egg size; FA. female first maturity age; MA. male first
maturity age; SI. spawning interval; F. potamodromous; A. anadromous; P. brackish; D1. fish diet; D2. insect larva diet; D3. filtering diet;
D4. omnivorous; D5. benthic and small fish diet
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