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Supplementary Table 1. cFD vs. tbx16 cMO + cFD comparison at 9 hpf:  64 downregulated genes ranked by fold-change 
Sequences were aligned to zebrafish genome assembly Zv8. False-discovery rate < 0.01. 
*Confirmation by whole-mount in situ hybridization 
 

Entry RefSeqID Gene symbol Gene description Fold 
change 

Expression pattern  
during gastrulation 
and somitogenesis 

Embryonic 
function 

Functional 
annotation in 

IPA 

Previously 
known 
Tbx16 
target? 

 
Validated 

in this 
study?* 

 

1 NM_214786 asic4b 
acid sensing (proton-gated) ion channel 
family member 4b -19.83      

2 NM_001204257 ppp1r13ba 
protein phosphatase 1, regulatory subunit 
13Ba -7.17 

ventral anterior 
mesoderm1   

  

3 NM_182885 pcdh10b protocadherin 10b -4.80 paraxial mesoderm somitogenesis2  Yes3,4 Yes 
4 NM_001166446 si:dkey-261j4.4 si:dkey-261j4.4 -4.48      
5 NR_030084 mir133b microRNA 133b -4.45  myogenesis5    
6 NM_001039109 ripply2 ripply2 -4.17 paraxial mesoderm somitogenesis6   Yes 

7 NM_131209 pcdh8 protocadherin 8 -4.17 ventrolateral margin7 
gastrulation 
movements8  Yes3,4  

8 NM_001166445 si:dkey-261j4.3 si:dkey-261j4.3 -3.80      

9 
NM_130972 tcf15 

transcription factor 15 (basic helix-loop-
helix) -3.68 paraxial mesoderm9  

AP patterning, 
myogenesis, 
somitogenesis 

  

10 NM_001003886 her11 hairy-related 11 -3.56 paraxial mesoderm somitogenesis10   Yes 

11 NM_001113337 cyp27c1 
cytochrome P450, family 27, subfamily C, 
polypeptide 1 -3.39 margin11     

12 NM_173227 sebox SEBOX homeobox -3.12 margin12     

13 NM_200965 atp2a2a 
ATPase, Ca++ transporting, cardiac 
muscle, slow twitch 2a -3.09 

paraxial mesoderm, 
tailbud    Yes 

14 NM_212733 tpd52l2a tumor protein D52-like 2a -3.05 unspecified13     

15 NM_001082947 nr0b1 
nuclear receptor subfamily 0, group B, 
member 1 -2.99 ubiquitous14     

16 NM_182882 msgn1 mesogenin 1 -2.96 tailbud somitogenesis15,16 
myogenesis, 
somitogenesis Yes3,4 Yes 

17 NM_001110166 calcoco1a calcium binding and coiled-coil domain 1a -2.64      

18 NM_213274 cldn5a claudin 5a -2.62 
axial mesoderm, 
tailbud13     

19 

NM_153650 has2 hyaluronan synthase 2 -2.55 ventrolateral margin9 
gastrulation 
movements17 

myogenesis, 
epithelial-
mesenchymal 
transition 

  

20 NM_001080012 hhip hedgehog interacting protein -2.51 
adaxial, lateral 
mesoderm18 myogenesis18    

21 NM_178307 cxcl12a 
chemokine (C-X-C motif) ligand 12a 
(stromal cell-derived factor 1) -2.51 paraxial mesoderm myogenesis19   Yes 

22 NM_131037 fsta follistatin a -2.43 paraxial mesoderm  myogenesis  Yes 
23 NM_001033727 draxin dorsal inhibitor axon guidance protein -2.38 paraxial mesoderm20     

24 NM_200860 arl4aa ADP-ribosylation factor-like 4aa -2.34 
axial, paraxial 
mesoderm13     

25 NM_213153 dnase1l3 deoxyribonuclease 1-like 3 -2.11 Kupffer's vesicle13     

26 NM_173283 igfbp1a 
insulin-like growth factor binding protein 
1a -2.11 adaxial mesoderm1     

27 NM_198911 sept9a septin 9a -2.08 axial, ventral     
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mesoderm1 
28 NM_001001409 actc1a actin, alpha, cardiac muscle 1a -2.07 adaxial mesoderm  myogenesis  Yes 
29 NM_001098388 zcchc24 zinc finger, CCHC domain containing 24 -2.06      

30 NM_205585 sfrp1a secreted frizzled-related protein 1a -2.03 paraxial mesoderm21  
AP patterning, 
somitogenesis   

31 NM_001002366 tjp2b 
tight junction protein 2b (zona occludens 
2) -1.98 paraxial mesoderm13     

32 NM_131728 foxc1a forkhead box C1a -1.96 paraxial mesoderm13 somitogenesis22 myogenesis Yes22  

33 NM_201174 rem1 RAS (RAD and GEM)-like GTP-binding 1 -1.93 
paraxial mesoderm, 
tailbud    Yes 

34 NM_001003532 desi2 desumoylating isopeptidease 2 -1.93 dorsoventral margin1 
gastrulation 
movements23    

35 NM_131233 gata2a GATA binding protein 2a -1.89 ventral region24     

36 

NM_131850 aldh1a2 aldehyde dehydrogenase 1 -1.87 paraxial mesoderm25 AP patterning26 

AP  
patterning, 
myogenesis, 
somitogenesis 

Yes4  

37 NM_131729 foxc1b forkhead box C1b -1.86 
adaxial, paraxial 
mesoderm  myogenesis  Yes 

38 
NM_001115094 notch2 notch homolog 2 -1.86 

axial, paraxial 
mesoderm  

epithelial-
mesenchymal 
transition 

 Yes 

39 NM_001013521 enah enabled homolog (Drosophila) -1.84 paraxial mesoderm27     
40 NM_130917 fzd10 frizzled class receptor 10 -1.84 tailbud     

41 NM_131269 tcf7l1a transcription factor 7-like 1a -1.80 
axial, paraxial 
mesoderm13     

42 NM_001013555 aoc2 amine oxidase, copper containing 2 -1.79      

43 NM_130960 lft1 lefty1 -1.79 
axial mesoderm, 
margin1 

gastrulation 
movements28    

44 NM_131052 tbx6l T-box 6, like -1.78 
paraxial mesoderm, 
tailbud   Yes3,4 Yes 

45 NM_001265583 mespab mesoderm posterior ab -1.74 paraxial mesoderm    Yes 
46 NM_001002389 ip6k2b inositol hexakisphosphate kinase 2b -1.74 axial mesoderm13     

47 NM_182871 fgf24 fibroblast growth factor 24 -1.74 
margin, prechordal 
plate9 AP patterning29  Yes29   

48 NM_001007063 magi1b 
membrane associated guanylate kinase, 
WW and PDZ domain containing 1b -1.73      

49 NM_001042746 tshz1 teashirt zinc finger -1.71 neural tube30  AP patterning   
50 NM_131893 meis1b Meis homeobox 1 b -1.71 paraxial mesoderm     
51 NM_213495 cul1b cullin 1b -1.71 unspecified13     

52 NM_199429 pigq 
phosphatidylinositol glycan anchor 
biosynthesis, class Q -1.68 ventral mesoderm1     

53 NM_001075105 aplnra apelin receptor a -1.67 adaxial mesoderm 
gastrulation 
movements31   Yes 

54 NM_213248 arl4cb ADP-ribosylation factor-like 4Cb -1.64 eye, neural tube13     
55 NM_001013261 fn1b fibronectin 1b -1.62 paraxial mesoderm13 somitogenesis32    

56 
NM_001077794 dact2 

dishevelled-binding antagonist of beta-
catenin 2 -1.61 

tailbud, notochord, 
intermediate 
mesoderm33   

  

57 NM_001006044 cldn5b claudin 5b -1.60 ventral mesoderm13     

58 NM_199521 siah1 siah E3 ubiquitin protein ligase 1 -1.60 
ventrolateral 
margin27     

59 NM_001030197 aplnrb apelin receptor b -1.57 adaxial mesoderm 
gastrulation 
movements34   Yes 

60 NM_131718 six4a SIX homeobox 4a -1.55 paraxial mesoderm35  myogenesis   
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61 NM_001172683 tcf3b transcription factor 3b -1.55      
62 NM_131078 her1 hairy-related 1 -1.54 ventrolateral margin9 somitogenesis36  Yes3,4  

63 NM_170763 fzd7b frizzled class receptor 7b -1.50 paraxial mesoderm 
gastrulation 
movements37   Yes 

64 NM_131564 appa amyloid beta (A4) precursor protein a -1.50      
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Supplementary Table 2. cFD vs. tbx16 cMO + cFD comparison at 9 hpf:  60 upregulated genes ranked by fold-change 
Sequences were aligned to zebrafish genome assembly Zv8. False-discovery rate < 0.01. 
*Confirmation by whole-mount in situ hybridization 
 

Entry RefSeqID Gene symbol Gene description Fold 
change 

Expression pattern  
during gastrulation 
and somitogenesis 

Embryonic 
function 

Functional 
annotation in 

IPA 

Previously 
known 
Tbx16 
target? 

 
Validated 

in this 
study?* 

 

1 NM_214777 b3gnt7l 
UDP-GlcNAc:betaGal beta-1,3-N-
acetylglucosaminyltransferase 7, like 4.83      

2 
NM_213184 nfkbiaa 

nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, alpha 
a (nfkbiaa) 4.75 tailbud13  

myogenesis, 
epithelial-
mesenchymal 
transition 

  

3 NM_001030164 hivep2a 
human immunodeficiency virus type I 
enhancer bindingprotein 2a 4.58 paraxial mesoderm9    Yes 

4 NM_001014353 alpi.1 
alkaline phosphatase, intestinal, tandem 
duplicate 1 4.27 adaxial mesoderm13     

5 NM_001126448 lect1 leukocyte cell derived chemotaxin 1 4.26 axial mesoderm1     
6 NM_001128784 sst6 somatostatin 6 4.09      
7 NM_131290 foxd3 forkhead box D3 3.65 ubiquitous, dorsal38     

8 NM_131063 shha sonice hedgehog a 3.62 axial mesoderm39 Myogenesis39 
AP patterning, 
myogenesis   

9 
NM_001012367 mcamb melanoma cell adhesion molecule b 3.57 

lateral mesoderm, 
tailbud27  

epithelial-
mesenchymal 
transition 

  

10 NM_131155 hoxa10b homeobox A10b 3.17 tailbud AP patterning40 AP patterning  Yes 
11 NM_001089454 zgc:162707 zgc:162707 3.11      
12 NM_001002219 htra1a HtrA serine peptidase 3.08 ubiquitous13 AP patterning41    
13 NM_001020514 ncs1b neuronal calcium sensor 1b 2.85      

14 NM_001202417 marveld1 MARVEL domain containing 1 2.80 
ubiquitous, higher in 
neural plate 13     

15 

NM_131359 bmp2a bone morphogenetic protein 2a 2.69 margin, tailbud  

myogenesis, 
epithelial-
mesenchymal 
transition 

 Yes 

16 NM_131194 hoxa13b homeobox A13b 2.67 tailbud 
AP patterning, 
myogenesis40   Yes 

17 NM_001029963 ppp1r14c 
protein phosphatase 1, regulatory 
(inhibitor) subunit 14C 2.66      

18 NM_131691 s1pr1 sphingosine-1-phosphate receptor 2.62  
gastrulation 
movements42   Yes 

19 NM_131533 hoxa9b homeobox A9b 2.54 tailbud AP patterning40   Yes 

20 NM_001100039 arid3c 
AT rich interactive domain 3C (BRIGHT-
like) 2.50      

21 NM_201332 rab32a RAB32a, member RAS oncogene family  2.43 axial mesoderm1     
22 NM_001254944 hoxc10a homeobox C10a 2.36 tailbud AP patterning40 AP patterning  Yes 
23 NM_199720 tagln3b transgelin 3b 2.26 tailbud    Yes 
24 NM_001099344 kirrel3l kin of IRRE like 3 like 2.09 axial mesoderm myogenesis 43    
25 NM_199658 insm1b insulinoma-associated 1b 2.04 neural tissue44     
26 NM_200637 adam8a ADAM metallopeptidase domain 8a 2.03 tailbud    Yes 
27 NM_001130818 tspan7b tetraspanin 7b 2.02 axial mesoderm13     
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28 NM_200810 ppp1r14ab 
protein phosphatase 1, regulatory 
(inhibitor) subunit 14Ab 2.02 

ventral mesoderm, 
neural tissue13 AP patterning45    

29 NM_001077282 nedd9 
neural precursor cell expressed, 
developmentally down-regulated 9 2.01      

30 NM_205670 tmem88a transmembrane protein 88 a 1.99 ventral mesoderm 13     

31 NM_001114437 brinp3a 
bone morphogenetic protein/retinoic acid 
inducible neural-specific 3a 1.95      

32 NM_199534 zgc:65851 zgc:65851 1.94      

33 NM_001008648 foxj1b forkhead box J1b 1.93 
otic vesicle, lateral 
mesoderm46     

34 NM_001014333 cdcp1a CUB domain containing protein 1a 1.90      

35 NM_131166 hoxd10a homeobox D10a 1.90 tailbud AP patterning40 
AP patterning, 
myogenesis  Yes 

36 NM_131690 atp1a1b 
ATPase, Na+/K+ transporting, alpha 1b 
polypeptide (atp1a1b) 1.89      

37 
NM_213118 sox2 SRY (sex determining region Y)-box 2 1.79 neural plate, tailbud1  

epithelial-
mesenchymal 
transition 

  

38 NM_001001402 enc3 ectodermal-neural cortex 3 1.79 
lateral mesoderm, 
tailbud27 AP patterning47    

39 NM_001193651 ctnnd2b 
catenin (cadherin-associated protein), 
delta 2b 1.75      

40 NM_001006021 amt aminomethyltransferase 1.73 yolk syncytial layer13     

41 NM_214816 tcf12 transcription factor 12 1.72 
adaxial, lateral 
mesoderm  myogenesis  Yes 

42 NM_131146 cyp26a1 
cytochrome P450, family 26, subfamily A, 
polypeptide 1 1.72 

tailbud, anterior 
region AP patterning48 

AP patterning, 
somitogenesis  Yes 

43 NM_131126 hoxd9a homeobox D9a 1.71 tailbud AP patterning40 
AP patterning, 
myogenesis  Yes 

44 
NM_001077370 prkar2aa 

protein kinase, cAMP-dependent, 
regulatory, type II, alpha A 1.70   

epithelial-
mesenchymal 
transition 

  

45 
NM_131070 mdka midkine a 1.69 paraxial mesoderm49  

epithelial-
mesenchymal 
transition 

  

46 NM_001030074 kcnk6 
potassium channel, subfamily K, member 
6 1.67 

yolk syncytial layer, 
notochord13     

47 NM_130971 lfng 
LFNG O-fucosylpeptide 3-beta-N-
acetylglucosaminyltransferase  1.64 

neural plate, neural 
tube13  somitogenesis   

48 NM_131541 hoxb10a homeobox B10a 1.64 tailbud AP patterning40   Yes 
49 NM_200111 arhgap29b Rho GTPase activating protein 29b 1.62 periderm, tailbud1     

50 NM_001030098 prickle1b prickle homolog 1b 1.60 
tailbud, axial 
mesoderm9 AP patterning50    

51 NM_131125 hoxd3a homeobox D3a 1.60 tailbud AP patterning40 AP patterning  Yes 

52 NM_199643 coro2a coronin, actin binding protein, 2A 1.58 
neural plate, 
epidermis13     

53 NM_131281 fgf8a fibroblast growth factor 8a 1.58 margin, tailbud1 somitogenesis51  Yes52  
54 NM_194388 tuba1b tubulin, alpha 1b 1.54 trigeminal placode1     

55 NM_199733 tsku 
tsukushi small leucine rich proteoglycan 
homolog (Xenopus laevis) 1.54 margin, tailbud14     

56 NM_001190982 tuba1a tubulin, alpha 1a 1.54 ubiquitous13     

57 
NM_001242996 mthfd1l 

methylenetetrahydrofolate 
dehydrogenase (NADP+ dependent) 1-
like 1.54    

  

58 NM_001077153 zfp36l1a zinc finger protein 36, C3H type-like 1a 1.52 optic primordium,     
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tailbud1 
59 NM_213634 ptgdsb prostaglandin D2 synthase b 1.52      
60 NM_199980 itm2cb integral membrane protein 2Cb 1.50      
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Supplementary Table 3. Phenotypic statistics (in order of presentation) 
 

Figure  Micrograph Phenotypic criteria Total number of 
embryos  

Number with 
phenotype  % Penetrance 

Fig. 1b tbx16 cMO –UV Trunk somites present; normal tailbud 12 12 100 
Fig. 1b tbx16 cMO +UV Loss of trunk somites; enlarged tailbud 13 13 100 
Fig. 1e cFD only Ventral progenitors become trunk somites 19 19 100 
Fig. 1e cFD + tbx16 cMO Ventral progenitors located posteriorly 20 19 95 
Fig. 3a hoxa9b (8 hpf), WT Expression in ventrolateral margin 11 0 0 
Fig. 3a hoxa9b (8 hpf), tbx16 MO Expression in ventrolateral margin 11 5 45 
Fig. 3a hoxa9b (10 hpf), WT Weak expression in tailbud 7 7 100 
Fig. 3a hoxa9b (10 hpf), tbx16 MO Strong expression in tailbud 6 6 100 
Fig. 3a hoxa9b (13 hpf), WT Strong expression in tailbud and paraxial mesoderm 7 7 100 
Fig. 3a hoxa9b (13 hpf), tbx16 MO Strong expression in tailbud and paraxial mesoderm 6 6 100 
Fig. 3a hoxa10b (8 hpf), WT Expression in ventrolateral margin 13 0 0 
Fig. 3a hoxa10b (8 hpf), tbx16 MO Expression in ventrolateral margin 11 0 0 
Fig. 3a hoxa10b (10 hpf), WT Expression in tailbud 7 0 0 
Fig. 3a hoxa10b (10 hpf), tbx16 MO Expression in tailbud 7 7 100 
Fig. 3a hoxa10b (13 hpf), WT Expression in tailbud and paraxial mesoderm 7 7 100 
Fig. 3a hoxa10b (13 hpf), tbx16 MO Strong expression in tailbud and paraxial mesoderm 7 7 100 
Fig. 3a hoxa13b (8 hpf), WT Expression in ventrolateral margin 10 0 0 
Fig. 3a hoxa13b (8 hpf), tbx16 MO Expression in ventrolateral margin 11 10 91 
Fig. 3a hoxa13b (10 hpf), WT Expression in tailbud 15 0 0 
Fig. 3a hoxa13b (10 hpf), tbx16 MO Expression in tailbud 12 11 92 
Fig. 3a hoxa13b (13 hpf), WT Weak expression in tailbud 16 15 94 
Fig. 3a hoxa13b (13 hpf), tbx16 MO Strong expression in tailbud 13 13 100 
Fig. 3a hoxb6a (8 hpf), WT Expression in ventrolateral margin 13 9 69 
Fig. 3a hoxb6a (8 hpf), tbx16 MO Expression in ventrolateral margin 10 9 90 
Fig. 3a hoxb6a (10 hpf), WT Expression in tailbud 18 18 100 
Fig. 3a hoxb6a (10 hpf), tbx16 MO Expression in tailbud 13 13 100 
Fig. 3a hoxb6a (13 hpf), WT Expression in tailbud and paraxial mesoderm 14 14 100 
Fig. 3a hoxb6a (13 hpf), tbx16 MO Expression in tailbud and paraxial mesoderm 12 12 100 
Fig. 3a hoxb10a (8 hpf), WT Expression in ventrolateral margin 10 4 40 
Fig. 3a hoxb10a (8 hpf), tbx16 MO Expression in ventrolateral margin 8 6 75 
Fig. 3a hoxb10a (10 hpf), WT Expression in tailbud 7 7 100 
Fig. 3a hoxb10a (10 hpf), tbx16 MO Elevated expression in tailbud 6 6 100 
Fig. 3a hoxb10a (13 hpf), WT Expression in tailbud and paraxial mesoderm 8 8 100 
Fig. 3a hoxb10a (13 hpf), tbx16 MO Expression in tailbud and paraxial mesoderm 6 6 100 
Fig. 3a hoxc10a (8 hpf), WT Expression in ventrolateral margin 10 1 10 
Fig. 3a hoxc10a (8 hpf), tbx16 MO Expression in ventrolateral margin 11 8 73 
Fig. 3a hoxc10a (10 hpf), WT Expression in tailbud 14 0 0 
Fig. 3a hoxc10a (10 hpf), tbx16 MO Expression in tailbud 11 11 100 
Fig. 3a hoxc10a (13 hpf), WT Expression in tailbud 15 15 100 
Fig. 3a hoxc10a (13 hpf), tbx16 MO Expression in tailbud and paraxial mesoderm 13 13 100 
Fig. 3a hoxd9a (8 hpf), WT Expression in ventrolateral margin 8 0 0 
Fig. 3a hoxd9a (8 hpf), tbx16 MO Expression in ventrolateral margin 10 0 0 
Fig. 3a hoxd9a (10 hpf), WT Expression in tailbud 13 0 0 
Fig. 3a hoxd9a (10 hpf), tbx16 MO Expression in tailbud 13 12 92 
Fig. 3a hoxd9a (13 hpf), WT Expression in tailbud 15 15 100 
Fig. 3a hoxd9a (13 hpf), tbx16 MO Expression in tailbud 13 13 100 
Fig. 3a hoxd10a (8 hpf), WT Expression in ventrolateral margin 11 0 0 
Fig. 3a hoxd10a (8 hpf), tbx16 MO Expression in ventrolateral margin 8 1 13 
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Fig. 3a hoxd10a (10 hpf), WT Expression in tailbud 14 0 0 
Fig. 3a hoxd10a (10 hpf), tbx16 MO Expression in tailbud 13 11 85 
Fig. 3a hoxd10a (13 hpf), WT Expression in tailbud 14 14 100 
Fig. 3a hoxd10a (13 hpf), tbx16 MO Expression in tailbud 15 15 100 
Fig. 4a cFD only Upregulation of hoxa9b in irradiated cells 16 1 6 
Fig. 4a cFD + tbx16 cMO Upregulation of hoxa9b in irradiated cells and flanking tissues 12 10 83 
Fig. 4b bmp2a, WT No detectable expression 34 30 88 
Fig. 4b bmp2a, tbx16 MO Expression in ventrolateral margin 26 25 96 
Fig. 4b fsta, WT Strong expression in anterior mesoderm 35 32 91 
Fig. 4b fsta, tbx16 MO Reduced expression in anterior mesoderm 28 28 100 
Fig. 4c 0 µM dorsomorphin Precocious expression of hoxa13b  14 14 100 
Fig. 4c 10 µM dorsomorphin Precocious expression of hoxa13b, slightly weaker 12 12 100 
Fig. 4c 25 µM dorsomorphin Precocious expression of hoxa13b, faint 13 3 23 
Fig. 4c 50 µM dorsomorphin Precocious expression of hoxa13b  14 0 0 
Fig. 5b mCherry-NLS EGFP observed in trunk somites 36 26 72 
Fig. 5b hoxa13b EGFP observed in trunk somites 26 0 0 
Fig. 5b hoxa13b mutant EGFP observed in trunk somites 33 23 70 
Supp. Fig. 7a msgn1, WT Strong expression in tailbud 5 5 100 
Supp. Fig. 7a msgn1, tbx16 MO Reduced expression in tailbud 5 5 100 
Supp. Fig. 7a tbx6l, WT Strong expression in tailbud 18 18 100 
Supp. Fig. 7a tbx6l, tbx16 MO Reduced expression in tailbud 13 13 100 
Supp. Fig. 7a fzd10, WT Strong expression in tailbud 20 20 100 
Supp. Fig. 7a fzd10, tbx16 MO Reduced expression in tailbud 15 13 87 
Supp. Fig. 7a rem1, WT Strong expression in tailbud and paraxial mesoderm 18 18 100 
Supp. Fig. 7a rem1, tbx16MO Reduced expression in tailbud and paraxial mesoderm 15 15 100 
Supp. Fig. 7a atp2a2a, WT Strong expression in tailbud and head 18 18 100 
Supp. Fig. 7a atp2a2a, tbx16 MO Reduced expression in tailbud and head 15 15 100 
Supp. Fig. 7b adam8a, WT Expression in tailbud 18 18 100 
Supp. Fig. 7b adam8a, tbx16 MO Elevated expression in tailbud 15 13 87 
Supp. Fig. 7b bmp2a, WT Weak expression in tailbud 15 15 100 
Supp. Fig. 7b bmp2a, tbx16 MO Strong expression in tailbud 12 12 100 
Supp. Fig. 7b hivep2a, WT Weak expression in tailbud 18 18 100 
Supp. Fig. 7b hivep2a, tbx16 MO Strong expression in tailbud 15 13 87 
Supp. Fig. 7b s1pr1, WT No detectable expression in tailbud 19 19 100 
Supp. Fig. 7b s1pr1, tbx16 MO Expression in tailbud 15 15 100 
Supp. Fig. 7b tagln3b, WT Expression in tailbud 20 20 100 
Supp. Fig. 7b tagln3b, tbx16 MO Elevated expression in tailbud 15 14 93 
Supp. Fig. 7b hoxd3a, WT Expression in tailbud 14 14 100 
Supp. Fig. 7b hoxd3a, tbx16 MO Elevated expression in tailbud 12 12 100 
Supp. Fig. 7b cyp26a1, WT Expression in tailbud and anterior mesoderm 19 19 100 
Supp. Fig. 7b cyp26a1, tbx16 MO Elevated expression in tailbud and anterior mesoderm 16 14 88 
Supp. Fig. 7b tcf12, WT Expression in anterior, paraxial mesoderm 18 18 100 

Supp. Fig. 7b tcf12, tbx16 MO 
Increased expression in tailbud and anterior mesoderm; loss of expression in adaxial and 
lateral mesoderm 13 11 85 

Supp. Fig. 8 actc1a, WT Adaxial expression 21 21 100 
Supp. Fig. 8 actc1a, tbx16 MO Loss of adaxial expression 14 12 86 
Supp. Fig. 8 cxcl12a, WT Paraxial expression 5 5 100 
Supp. Fig. 8 cxcl12a, tbx16 MO Loss of paraxial expression 5 5 100 
Supp. Fig. 8 foxc1b, WT Adaxial and tailbud expression 5 5 100 
Supp. Fig. 8 foxc1b, tbx16 MO Reduced adaxial and tailbud expression 5 5 100 
Supp. Fig. 8 fsta, WT Anterior paraxial mesoderm expression 20 20 100 
Supp. Fig. 8 fsta, tbx16 MO Reduced anterior paraxial mesoderm expression 15 15 100 
Supp. Fig. 8 mespab, WT Expression in forming somite 19 19 100 
Supp. Fig. 8 mespab, tbx16 MO Loss of expression in forming somite; some adaxial expression 12 12 100 
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Supp. Fig. 8 notch2, WT Axial and paraxial mesoderm expression 20 20 100 
Supp. Fig. 8 notch2, tbx16 MO Reduced axial and loss of paraxial mesoderm expression 15 15 100 
Supp. Fig. 8 pcdh10b, WT Paraxial mesoderm expression 5 5 100 
Supp. Fig. 8 pcdh10b, tbx16 MO Loss of paraxial mesoderm expression; ectopic expression in axial domain 5 5 100 
Supp. Fig. 8 ripply2, WT Expression in forming somite 19 19 100 
Supp. Fig. 8 ripply2, tbx16 MO No detectable expression 14 14 100 
Supp. Fig. 8 aplnra, WT Expression in adaxial mesoderm and anterior region 19 19 100 
Supp. Fig. 8 aplnra, tbx16 MO Loss of expression in adaxial mesoderm; expression maintained anteriorly 15 15 100 
Supp. Fig. 8 aplnrb, WT Adaxial, lateral, and tailbud mesoderm expression 20 20 100 
Supp. Fig. 8 aplnrb, tbx16 MO Loss of expression in adaxial, lateral mesoderm; elevated expression in tailbud 14 14 100 
Supp. Fig. 8 fzd7b, WT Expression in paraxial mesodem and anterior region 20 20 100 

Supp. Fig. 8 fzd7b, tbx16 MO 
Loss of expression in paraxial mesoderm; expression maintained in anterior region; 
ectopic expression in axial domain 11 10 91 

Supp. Fig. 8 her11, WT Cyclic expression in paraxial mesoderm; expression in anterior structures. 18 18 100 
Supp. Fig. 8 her11, tbx16 MO Loss of paraxial expression; expression maintained in anterior structures. 15 15 100 
Supp. Fig. 8 meis1, WT Expression in paraxial mesoderm and anterior structures 20 20 100 
Supp. Fig. 8 meis1, tbx16 MO Loss of expression in paraxial mesoderm; expression maintained in anterior structures 15 15 100 
Supp. Fig. 9 hoxa9b No detectable expression 34 9 26 
Supp. Fig. 9 hoxa9b Weak expression in ventral margin 34 17 50 
Supp. Fig. 9 hoxa9b Strong expression in ventrolateral margin 34 8 24 
Supp. Fig. 9 hoxa13b No detectable expression 34 25 73 
Supp. Fig. 9 hoxa13b Expression in ventral margin 34 9 26 
Supp. Fig. 9 hoxb10a Weak expression in germ ring 33 7 21 
Supp. Fig. 9 hoxb10a Strong expression in germ ring 33 27 79 
Supp. Fig. 9 hoxc10a No detectable expression 33 8 24 
Supp. Fig. 9 hoxc10a Expression in ventrolateral margin 33 25 76 
Supp. Fig. 10 hoxa10b, WT Expression in mesodermal and neural tissues 7 7 100 
Supp. Fig. 10 hoxa10b, tbx16 MO Expression pattern disrupted in mesodermal tissues but maintained in neural tissues 6 6 100 
Supp. Fig. 10 hoxb10a, WT Expression in mesodermal and neural tissues 7 7 100 
Supp. Fig. 10 hoxb10a, tbx16 MO Expression pattern disrupted in mesodermal tissues but maintained in neural tissues 6 6 100 
Supp. Fig. 10 hoxc10a, WT Expression in mesodermal and neural tissues 13 13 100 
Supp. Fig. 10 hoxc10a, tbx16 MO Expression pattern disrupted in mesodermal tissues but maintained in neural tissues 12 12 100 
Supp. Fig. 10 hoxd10a, WT Expression in mesodermal and neural tissues 15 15 100 
Supp. Fig. 10 hoxd10a, tbx16 MO Expression pattern disrupted in mesodermal tissues but maintained in neural tissues 10 10 100 
Supp. Fig. 11 bmp2a No detectable expression 34 8 24 
Supp. Fig. 11 bmp2a Expression in the entire germ ring, including the dorsal margin  34 18 53 
Supp. Fig. 11 bmp2a Expression in ventrolateral margin 34 8 24 
Supp. Fig. 11 fsta Strong expression in anterior mesoderm 32 24 75 
Supp. Fig. 11 fsta Reduced expression in anterior mesoderm 32 8 25 
Supp. Fig. 11 bmp2a + fsta No bmp2a expression and strong fsta expression 34 8 24 
Supp. Fig. 11 bmp2a + fsta bmp2 expression in entire germ ring and strong fsta expression 34 19 56 
Supp. Fig. 11 bmp2a + fsta bmp2 expression in ventrolateral margin and reduced fsta expression  34 7 21 
Supp. Fig. 14b EGFP only EGFP-positive cells with Tbx16 expression 3 3 100 
Supp. Fig. 14b hoxa13b EGFP-positive cells with Tbx16 expression; aggregation of EGFP-positive cells 3 3 100 
Supp. Fig. 14b hoxa13b mutant EGFP-positive cells with Tbx16 expression 3 3 100 

 
 
 

 



6 hpf 7 hpf 8 hpf 9 hpf 10 hpf

–UV

+UV

Tbx16

Supplementary Figure 1. Tbx16 protein turnover after global tbx16 cMO photoactivation. Whole-mount immunostaining of 
Tbx16 protein in embryos injected with the tbx16 cMO at the 1- to 4-cell stage and either cultured in the dark (–UV) or globally 
irradiated at 6 hpf (+UV).  Tbx16 levels at the designated time points are shown, demonstrating maximum protein knockdown 
within 2-3 hours after cMO photoactivation. Scale bar: 500 μm. 
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cFD

cFD + tbx16 cMO 

6 hpf

 8 hpf

6 hpf

 8 hpf

FD Tbx16 Merge

Supplementary Figure 2. Optochemical suppression of Tbx16 expression in ventral margin-derived MPCs. Co-immuno- 
staining of FD (green) and Tbx16 protein (red) in embryos injected with cFD or a cFD/tbx16 cMO mixture and then regio- 
specifically irradiated within the ventral margin at 6 hpf.  Tbx16 protein levels are significantly reduced in the optically targeted 
MPCs of cFD/tbx16 cMO-injected embryos at 8 hpf, whereas Tbx16 expression is unaffected in equivalently irradiated cFD- 
injected embryos. Embryo orientations: ventral view, animal pole up. Scale bar: 100 μm.
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Kaede-NLS mRNA + tbx16 cMO 

6 hpf 

9 hpf 

Kaede-NLS mRNA 

Supplementary Figure 3. Tbx16 knockdown does not alter the movement of ventral margin-derived cells during gastru-
lation. Zebrafish zygotes were injected with Kaede-NLS mRNA alone or in combination with the tbx16 cMO and then 
spot-irradiated in the ventral margin at 6 hpf. Micrographs of representative embryos at 6 and 9 hpf are shown, revealing two cell 
populations with distinct migratory behaviors: A, epiblast cells that move directly to the margin; B, hypoblast cells that migrate 
toward the animal pole. Neither population exhibited Tbx16-dependent movements during this developmental phase. Embryo 
orientations: ventral view, animal pole up. Scale bar: 200 μm. The depicted embryos are identical to those shown in Supplemen-
tary Figures 4 and 5, and complete time-lapse videos of these cell movements during gastrulation (6 to 9 hpf) are available as 
Supplementary Movie 1.

A

B

A

B

Kaede
Photoconverted Kaede

14



10.5 hpf

13 hpf

17 hpf

Kaede-NLS mRNA + tbx16 cMO  Kaede-NLS mRNA 

TB

PSM

TB

PSM

TB

PSM

S

TB

PSM

S

TB

Kaede
Photoconverted Kaede

TB

Supplementary Figure 4. Tbx16 knockdown inhibits egression of ventral margin-derived cells from the tailbud during 
early somitogenesis.  Zebrafish zygotes were injected with Kaede-NLS mRNA alone or in combination with the tbx16 cMO and 
then spot-irradiated in the ventral margin at 6 hpf. Micrographs of representative embryos at 10.5, 13, and 17 hpf are shown, 
demonstrating the Tbx16-dependent migration of ventral margin-derived MPCs from the tailbud into the presomitic mesoderm. 
Tailbud (TB), presomitic mesoderm (PSM), and somitic (S) tissues are labeled. Embryo orientations: lateral view, dorsal up, 
posterior right. Scale bar: 200 μm. The depicted embryos are identical to those shown in Supplementary Figures 3 and 5, and 
complete time-lapse videos of these cell movements during early somitogenesis (10.5 to 17 hpf) are available as Supplementary 
Movie 2.
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Supplementary Figure 5. Somite phenotypes associated with localized Tbx16 knockdown in ventral margin-derived 
cells. Zebrafish zygotes were injected with Kaede-NLS mRNA alone or in combination with the tbx16 cMO and then 
spot-irradiated in the ventral margin at 6 hpf. Micrographs of representative embryos at 24 hpf are shown, demonstrating the 
Tbx16-dependent differentiation of ventral margin-derived MPCs into trunk somitic muscle. Note that localized Tbx16 knockdown 
does not cause significant changes in gross morphology. Embryo orientations: lateral view, anterior left. Scale bar: 200 μm. The 
depicted embryos are identitical to those shown in Supplementary Figures 3 and 4.

Kaede-NLS mRNA + tbx16 cMO 

Kaede

Photoconverted Kaede

Merge

Brightfield

Kaede-NLS mRNA 

16



a b

c d
0 102 103 104 105

0
102

103

104

105

FITC-A

S
S

C
-A

0 102 103 104 105

0
102

103

104

105

FITC-A

S
S

C
-A

0 102 103 104 105

0
102

103

104

105

FITC-A

S
S

C
-A

0 102 103 104 105

0
102

103

104

105

FITC-A

S
S

C
-A

Uninjected control 50% uninjected; 50% FD injected

cFD only; ventral irradiation cFD + tbx16 cMO; ventral irradiation

0% 47.1%

9.63% 8.01%

Supplementary Figure 6. Purification of irradiated ventral margin-derived cells by flow cytometry. Representative 
log-scale FACS plots obtained from embryos injected with cFD or a cFD/tbx16 cMO mixture, spot-irradiated in the ventral margin, 
cultured until 9 hpf, and then dissociated into single cells. Fluorescence intensity (FITC-A: Ex: 488 nm, Em: 530 nm) and 
side-scatter area (SSC-A) measurements are shown for the following conditions: (a) uninjected embryos, (b) 1:1 ratio of uninject-
ed embryos and FD-injected embryos; (c) spot-irradiated embryos injected with cFD alone, and (d) spot-irradiated embryos 
injected with a cFD/tbx16 cMO mixture. The percentage of total cells within the sorting gate (dashed lines) for each condition is 
shown.
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Supplementary Figure 7. Validation of selected Tbx16-dependent genes that are expressed in the tailbud. Analysis of 
candidate Tbx16 targets in wild type and tbx16 morphant embryos by in situ hybridization. Genes that are downregulated (a) and 
upregulated (b) in tbx16 morphants at 10-hpf are shown. Embryo orientations: posterior view, dorsal up; dorsal view, anterior up; 
or anterior view, dorsal down. Scale bar: 200 μm.
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Supplementary Figure 8. Validation of selected Tbx16-dependent genes that are expressed in paraxial or adaxial meso-
derm. Analysis of candidate Tbx16 targets in wild type and tbx16 morphant embryos by in situ hybridization. Genes that are 
downregulated in tbx16 morphants at 10 hpf are shown. Embryo orientations: posterior view, dorsal up; dorsal view, anterior up; 
or anterior view, dorsal down. Scale bar: 200 μm.
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Supplementary Figure 9. Tbx16 regulates hox gene activation during gastrulation. (a) hox gene expression in wild type and 
tbx16 morphant embryos during mid-gastrulation (8 hpf), tailbud formation (10 hpf), and early somitogenesis (13 hpf) as deter-
mined by in situ hybridization. Representative posterior hox genes identified in our transcriptome-wide survey for Tbx16 targets 
are shown. pitx2 expression in the prechordal mesoderm was used as a dorsal marker. Embryo orientations: lateral view, dorsal 
left; ventral view, anterior up; and posterior view, dorsal up.  Scale bar: 200 µm. 
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Supplementary Figure 10. Genetic loss of tbx16 function upregulates posterior hox gene expression. Posterior hox gene 
expression patterns in progeny obtained by incrossing tbx16 mutant heterozygotes. 9-hpf embryos are shown, and their pheno-
typic distributions reveal that wild type tbx16 can be haploinsufficient with respect to its regulation of certain transcripts. Embryo 
orientations: posterior view, dorsal up. Scale bar: 200 μm.
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Supplementary Figure 11. Tbx16 regulates mesodermal but not neural hox gene activation. Comparison of posterior hox 
gene expression in wild type and tbx16 morphant embryos by in situ hybridization. Expression patterns of selected group 10 para- 
logs in 24-hpf embryos are shown, and the anterior limits of neural and mesodermal transcription are labeled with black and red 
arrowheads, respectively. Embryo orientations: lateral view, anterior left. Scale bar: 200 μm.
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Supplementary Figure 12. Genetic loss of tbx16 function upregulates BMP signaling. Expression of bmp2a and/or fsta in 
progeny obtained by incrossing tbx16 mutant heterozygotes. 8-hpf embryos are shown, and their phenotypic distributions reveal 
that wild type tbx16 is haploinsufficient with respect to bmp2a suppression. Embryo orientations: vegetal pole view, dorsal up; or 
dorsal view, animal pole up. Scale bars: 200 μm.
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Supplementary Figure 13. Bicistronic expression of a tbx16:EGFP-P2A-transgene construct. (a) Construct used for MPC- 
targeted bicistronic expression of transgenes and an EGFP reporter. (b) Brightfield and fluorescence micrographs of zebrafish 
embryos injected with a pDestTol2-tbx16:EGFP-P2A-mCherry-NLS plasmid at the one-cell stage. The mosaic expression of 
cytoplasmic EGFP and nuclear mCherry-NLS in trunk somite cells at 24 hpf confirms mesoderm-specific expression and high- 
efficiency P2A linker “cleavage” via ribosomal skipping. Embryo orientations: lateral view, anterior left. Scale bar: 100 μm.
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Supplementary Figure 14. Multiple posterior hox genes can alter paraxial MPC localization. (a) Representative anterior- 
posterior distributions of EGFP-positive cells in 22- to 24-hpf embryos injectd with the designated tbx16:EGFP-P2A-transgene 
constructs at the 1- to 4-cell stage. (b) Anterior (red), trunk (orange), and posterior (green) regions of the body axis as delineated 
by the yolk extension boundaries and box-and-whisker plots of EGFP signals localized to each domain (excluding yolk cells) in the 
mosaic tbx16:EGFP-P2A-transgene embryos. Median values (horizontal lines), upper and lower quartiles (boxes), and maximum 
and minimum limits (whiskers) are shown. Five planned comparisons  with the mCherry-NLS control were made for each region to 
obtain raw uncorrected P-values: *, P < 0.05; **, P < 0.01. Embryo orientations for a and b: lateral view, anterior left. Scale bar: 
200 μm.
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Supplementary Figure 15. hoxa13b overexpression inhibits MPC movement without disrupting Tbx16 expression. (a) 
Zebrafish zygotes were injected with tbx16:EGFP-P2A-mCherry-NLS or tbx16:EGFP-P2A-hoxa13b constructs and then tracked 
by differential interference constrast (DIC) and epifluorescence imaging throughout gastrulation. Robust Tbx16-dependent trans-
gene expression could be observed by 5 hpf. (b) Epifluorescence and confocal imaging of immunostained mosaic embryos at 
12 hpf, with regions demarcated by the dashed lines shown at higher magnification. Cells overexpressing hoxa13b retained the 
EGFP marker and maintained Tbx16 expression at this stage, by which point, they exhibit movement defects (see Supplementa-
ry Figure 16 and Supplementary Movie 3). Embryo orientations: a, margin view, animal pole up; b, lateral view, dorsal up. Scale 
bars: a, 200 μm; b, 100 μm.
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Supplementary Figure 16. hoxa13b overexpression inhibits MPC egression from the tailbud during early somitogenesis. 
Zebrafish zygotes were injected with tbx16:EGFP-P2A-mCherry-NLS or tbx16:EGFP-P2A-hoxa13b constructs and then imaged 
during early somitogenesis. Micrographs of representative embryos at 11, 13, and 16 hpf are shown, demonstrating the 
hoxa13b-suppressed movement of MPCs from the tailbud into the presomitic mesoderm. Tailbud (TB), presomitic mesoderm 
(PSM), and somitic (S) tissues are labeled. Embryo orientations: lateral view, dorsal up, posterior right. Scale bar: 200 μm. The 
complete time-lapse videos of these cell movements during early somitogenesis (10.5 to 16.25 hpf) are available as Supplemen-
tary Movie 3.
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SUPPLEMENTARY MOVIES 

Supplementary Movie 1. Ventral MPCs lacking Tbx16 function do not exhibit movement 

defects during gastrulation. Time-lapse imaging of embryos injected with either Kaede-NLS 

mRNA alone or in combination with the tbx16 cMO and spot-irradiated in the ventral margin at 

6 hpf. Optically targeted cells can then be identified by the red fluorescence of photoconverted 

Kaede-NLS protein. Morphogenetic movements from 6 hpf to 9 hpf were imaged at a rate of 

1 frame/5 minutes, and the movie is shown at a rate of 10 frames (50 minutes of 

development)/second. Embryo orientations: ventral view, animal pole up. Scale bar: 200 µm. 

The same embryos were imaged at later stages to generate Supplementary Movie 2.  

 

Supplementary Movie 2. Ventral MPCs lacking Tbx16 function exhibit movement defects 

during somitogenesis. Time-lapse imaging of embryos injected with either Kaede-NLS mRNA 

alone or in combination with the tbx16 cMO and spot-irradiated in the ventral margin at 6 hpf. 

Optically targeted cells can then be identified by the red fluorescence of photoconverted Kaede-

NLS protein. Morphogenetic movements from 10.5 to 17 hpf were imaged at a rate of 

1 frame/5 minutes, and movie is shown a rate of 10 frames (50 minutes of development)/second. 

Embryo orientations: lateral view, dorsal up. Scale bar: 200 µm. The same embryos were imaged 

at earlier stages to generate Supplementary Movie 1. 

 

Supplementary Movie 3. MPCs overexpressing hoxa13b exhibit movement defects during 

somitogenesis. Time-lapse imaging of embryos injected with either tbx16:EGFP-P2A-mCherry-

NLS or tbx16:EGFP-P2A-hoxa13b-NLS constructs at the 1- to 4-cell stage. Morphogenetic 

movements from 10.5 to 16.25 hpf were imaged at a rate of 1 frame/5 minutes, and movie is 
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shown a rate of 10 frames (50 minutes of development)/second. Embryo orientations: lateral 

view, dorsal up. Scale bar: 200 µm.  
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