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Hemichordates (1870s): 
a worm pulled in two directions

Most people T H Huxley

Kowalevsky

Balanoglossus



Enter a young student called William Bateson

• Undergraduate Cambridge 1879-1882 
dissected Balanoglossusas part of Natural 
Science course

• Summers of 1883, 1884 – studied 
Balanoglossusanatomy and development in 
Chesapeake Bay, USA

• The work (published 1884-5) won him a 
Fellowship at Cambridge
… all this despite him describing 
Balanoglossusas having a smell that 
“is very penetrating and persistent, 
resembling that of chloride of lime with a 
faecal admixture”



But what did Bateson himself think 
of his foul-smelling worms?

“The Balanoglossusbusiness was a very easy victory.. Five 
years hence no-one will think anything of that work, which 
will be very properly despised. It hasn’t any bearing whatever 
on the things we want to know. It came to me at a lucky 
moment and was sold at the top of the market”

(William Bateson, 1886, letter to mother)



But what did Bateson himself think 
of his foul-smelling worms?

“Facts of the same kind will take us no further…. 

If facts of the old kind will not help, let us seek facts of a new 
kind.”

(William Bateson 1894)



But what did Bateson himself think 
of his foul-smelling worms?

“Variation, whatever may be its cause.. is the essential 
phenomenon of Evolution. Variation, in fact, is evolution. The 
readiest way, then of solving the problem of Evolution is to 
study the facts of variation”

(William Bateson 1894)



Materials for the Study of Variation treated with Especial 
Regard to Discontinuity in the Origin of Species

William Bateson (1894)



Homeosis

“The essential phenomenon is not that there 
has merely been a change, but that 
something has changed into the likeness of 
something else”

Bateson 1894



Proposes term ‘homeosis’
(1894)

Proposes term ‘genetics’
(1905)

Letter from William Bateson 
to Adam Sedgwick (1905))

Spiny lobster: eye to antenna

Sawfly: eye to leg   Burnet moth: leg to wing?

Figures from: 
Materials for the 

Study of Variation 
treated with Especial 

Regard to 
Discontinuity in the 
Origin of Species
William Bateson 

(1894)



But homeotic mutations are too drastic to play common 
role in evolution

Would almost certainly cause lethality 
(or at least massive drop in competitive ability)

Even so, study of homeotic mutations resulted in some 
major breakthroughs in understanding evolution 
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See 

Ed Lewis (1950s, 1960s, 1970s)
Thomas Kaufman (1970s, 1980s)

& colleagues

Mapped homeotic (Hox) genes in 
fruitfly Drosophila

Antp mutant photo Dr Rudi Turner, Indiana University
http://www.sdbonline.org/fly/aimain/images.htm#dafka1



HOX (homeotic) genes
Figure from Scott F. Gilbert, Developmental Biology
Sinauer Associates, Inc., Sunderland, MA
ISBN 0-87893-258-5 It’s a great book - buy it! 



Diagram modified from Sean Carroll. Nature 376: 479-485. 
Based on research by Anthony Graham, Robb Krumlauf, Denis Duboule, Pascal Dolle, Jordi Garcia-Fernandez, Peter Holland and others

HOX genes

Wikipedia



Hox cluster and A-P patterning

Modified from Holland, Nature (1999) 402, C41-C44. (‘Impacts of foreseeable science’’)



Becoming 
a worm
the 3-D world ���������	
��

Modified from Holland, Nature (1999) 402, C41-C44. (‘Impacts of foreseeable science’’)



Homeotic (Hox) genes in evolution

• Underlying homology of head-tail axis

• Body patterning genes conserved deep into animal 
evolution 

Ignore ‘homeotic mutations’ in evolution, but do not 
ignore ‘homeotic genes’: they can evolve in stepwise, 
small-scale manner



mouse chick

goose

frog

Hoxc-6
expression

Burke, A.C., C.E. Nelson, B.A. Morgan and 
Tabin, C. (1995) Development 121: 333-346.



Chicken skeleton (left) and goose skeleton (right), Photos from MAKAB (Sweden) where they can be bought for 
educational purposes. Website http://tinyurl.com/yc6y9jg
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Modified from Holland, Nature (1999) 402, C41-C44



Amphioxus

Diagram from Lankester, E.R. (1889) 



2006: Draft sequencing and assembly of amphioxus genome 
2007: Annotation of amphioxus genome
2008: Version 2 assembly and publication

Consortium including: 
Dan Rokshar and Nik Putnam (JGI, California)
Linda Holland (UCSD), Nori Satoh (Kyoto), Peter Holland (Oxford)
Many involved in annotation and analysis

Holland, L.Z., (60 others) and Holland, P.W.H., (2008) Genome Research 18:1100-1111 
Putnam, N.H., (32 others),  Holland, L.Z., Holland, P.W.H., Satoh, N. and Rokhsar, D.S. (2008) Nature 453, 1064-1072.



Diagram modified from Sean Carroll. 
Research by Anthony Graham, Robb Krumlauf, Denis Duboule, Pascal Dolle, Jordi Garcia-Fernandez, Peter Holland 

HOX genes

Wikipedia



Holland, L.Z., (60 others) and Holland, P.W.H., (2008)
Genome Research. In press.

Tom Butts

Amphioxus
Branchiostoma floridae

Garcia-Fernandez & Holland (1994) Nature 370, 563-566
Ferrier et al. (2000) Evol. Devel. 2, 284-293
Holland, L.Z., (60 others) and Holland, P.W.H., (2008) Genome Research 18:1100-1111 



Diagram modified from Nature 376: 479-485.  Amphioxus research: Jordi Garcia-Fernandez, Peter Holland et al. 
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4 to 8 4

Duplication of Hox gene
cluster: 
extra genes for
extra functions??



1       1       8       4       4        4        4

1

1

4 to 8 4

Actually every gene
duplicated here
(= 2 x genome duplication)



A B C                D                E                F



A B C                D                E                F



A B C                D                E                F
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Putnam, N.H., (32 others),  Holland, L.Z., Holland,  P.W.H., Satoh, N. and Rokhsar, D.S. (2008) Nature 453, 1064-1072
Supplementary Table 18
.

Function of gene family
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Extra genes 
for evolution 
of elaborated 

body 
plan???

Extra ‘developmental genes’ in vertebrates

What about 
these 

lineages?

Modified from Holland, Nature (1999) 402, C41-C44



The ‘homeobox’

• Homeotic/HOX genes have a ‘homeobox’ sequence 
• Codes for ‘homeodomain’

• Many other developmental control genes also 
have a homeobox
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DrosophilaClass Human Amphioxus

ANTP 100 60

PRD 50 29

LIM 12 7

POU 16 7

HNF 3 4

SINE 6 3

TALE 20 9

CUT 7 4

PROS 2 1

ZF 14 5

CERS 5 1

Other 3

Total 235 133

Zhong, Y.-F., Butts, T. and Holland, P.W.H. (2008) Evolution and Development 10, 516-518 HomeoDB (find it via Google)
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Modified from Holland, Nature (1999) 402, C41-C44



Homeobox gene families at base of Chordates

• Hox1
• Hox2
• Hox3
• Hox4
• Hox5
• Hox6-8
• Hox9-15
• Cdx
• Nk6
• Tlx
• Hmx
• Nk4
• Gsx
• Meox
• Evx
• Gbx
• En
• Nk1

• Vax
• Emx
• Dbx
• Barh
• Barx
• Lbx
• Msx
• Nk3
• Nk2-2
• Nk2-1
• Dlx
• Pdx
• Noto
• Hhex
• Hlx
• Bsx
• Mnx
• Vent 

• Nedx
• Ro
• Bari
• Msxlx
• Abox
• Nk7 
• Pax2/5/8
• Pax3/7
• Pax4/6
• Arx
• Alx
• Vsx
• Isx
• Dmbx
• Drgx
• Gsc
• Otp
• Otx

• Phox
• Prop
• Pitx
• Prrx
• Rax
• Shox
• Uncxa
• Hopx
• Repo
• Uncxb
• Onecut
• Cux 
• Satb/Cmp
• Lhx2/9
• Isl
• Lhx1/5
• Lhx3/4
• Lhx6/8

• Lmx
• Prox
• Six1/2
• Six3/6
• Six4/5
• Iro
• Meis
• Mkx
• Pbx
• Pknox
• Tgif
• Zfhx
• Zeb
• Tshx
• Zhx 
• Cers
• Pou1
• Pou2

• Pou3
• Pou4
• Pou6
• Hdx
• Hnf1
• Hmbox 

Takatori, N., Butts, T., Candiani, S., Pestarino, M., Saiga, H. and Holland, P.W.H. (2008) Devel. Genes Evol. 218, 579-590
Holland, L.Z., (60 others) and Holland, P.W.H., (2008) Genome Research. 18:1100-1111
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Modified from Holland, Nature (1999) 402, C41-C44



Homeobox gene families LOST in vertebrates

• Hox1
• Hox2
• Hox3
• Hox4
• Hox5
• Hox6-8
• Hox9-15
• Cdx
• Nk6
• Tlx
• Hmx
• Nk4
• Gsx
• Meox
• Evx
• Gbx
• En
• Nk1

• Vax
• Emx
• Dbx
• Barh
• Barx
• Lbx
• Msx
• Nk3
• Nk2-2
• Nk2-1
• Dlx
• Pdx
• Noto
• Hhex
• Hlx
• Bsx
• Mnx
• Vent 

• Nedx
• Ro
• Bari
• Msxlx
• Abox
• Nk7
• Pax2/5/8
• Pax3/7
• Pax4/6
• Arx
• Alx
• Vsx
• Isx
• Dmbx
• Drgx
• Gsc
• Otp
• Otx

• Phox
• Prop
• Pitx
• Prrx
• Rax
• Shox
• Uncxa
• Hopx
• Repo
• Uncxb
• Onecut
• Cux 
• Satb/Cmp
• Lhx2/9
• Isl
• Lhx1/5
• Lhx3/4
• Lhx6/8

• Lmx
• Prox
• Six1/2
• Six3/6
• Six4/5
• Iro
• Meis
• Mkx
• Pbx
• Pknox
• Tgif
• Zfhx
• Zeb
• Tshx
• Zhx 
• Cers
• Pou1
• Pou2

• Pou3
• Pou4
• Pou6
• Hdx
• Hnf1
• Hmbox 

(and duplication of the remaining)



Homeobox gene families LOST in tunicates

• Hox1
• Hox2
• Hox3
• Hox4
• Hox5
• Hox6-8
• Hox9-15
• Cdx
• Nk6
• Tlx
• Hmx
• Nk4
• Gsx
• Meox
• Evx
• Gbx
• En
• Nk1

• Vax
• Emx
• Dbx
• Barh
• Barx
• Lbx
• Msx
• Nk3
• Nk2-2
• Nk2-1
• Dlx
• Pdx
• Noto
• Hhex
• Hlx
• Bsx
• Mnx
• Vent

• Nedx
• Ro
• Bari
• Msxlx
• Abox
• Nk7
• Pax2/5/8
• Pax3/7
• Pax4/6
• Arx
• Alx
• Vsx
• Isx
• Dmbx
• Drgx
• Gsc
• Otp
• Otx

• Phox
• Prop
• Pitx
• Prrx
• Rax
• Shox
• Uncxa
• Hopx
• Repo
• Uncxb
• Onecut
• Cux
• Satb/Cmp
• Lhx2/9
• Isl
• Lhx1/5
• Lhx3/4
• Lhx6/8

• Lmx
• Prox
• Six1/2
• Six3/6
• Six4/5
• Iro
• Meis
• Mkx
• Pbx
• Pknox
• Tgif
• Zfhx
• Zeb
• Tshx
• Zhx
• Cers
• Pou1
• Pou2

• Pou3
• Pou4
• Pou6
• Hdx
• Hnf1
• Hmbox 



No homeobox gene families were 
LOST in amphioxus

• Hox1
• Hox2
• Hox3
• Hox4
• Hox5
• Hox6-8
• Hox9-15
• Cdx
• Nk6
• Tlx
• Hmx
• Nk4
• Gsx
• Meox
• Evx
• Gbx
• En
• Nk1

• Vax
• Emx
• Dbx
• Barh
• Barx
• Lbx
• Msx
• Nk3
• Nk2-2
• Nk2-1
• Dlx
• Pdx
• Noto
• Hhex
• Hlx
• Bsx
• Mnx
• Vent 

• Nedx
• Ro
• Bari
• Msxlx
• Abox
• Nk7 
• Pax2/5/8
• Pax3/7
• Pax4/6
• Arx
• Alx
• Vsx
• Isx
• Dmbx
• Drgx
• Gsc
• Otp
• Otx

• Phox
• Prop
• Pitx
• Prrx
• Rax
• Shox
• Uncxa
• Hopx
• Repo
• Uncxb
• Onecut
• Cux 
• Satb/Cmp
• Lhx2/9
• Isl
• Lhx1/5
• Lhx3/4
• Lhx6/8

• Lmx
• Prox
• Six1/2
• Six3/6
• Six4/5
• Iro
• Meis
• Mkx
• Pbx
• Pknox
• Tgif
• Zfhx
• Zeb
• Tshx
• Zhx 
• Cers
• Pou1
• Pou2

• Pou3
• Pou4
• Pou6
• Hdx
• Hnf1
• Hmbox 



Genetic change on the vertebrate branch
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Extra genes 
for evolution 
of elaborated 

body 
plan???

Genome 
largely 

unchanged 
from 

ancestral 
chordate.

Anatomy 
also largely 
unchanged?

Modified from Holland, Nature (1999) 402, C41-C44



So was Bateson right to leave 
his foul-smelling worms? 



Yes!

1. Developmental genetics (born from Bateson’s 
homeosis) reveals underlying homology of 

developmental patterning 

2. Comparing Hox genes (born from Bateson’s 
homeosis) - and other developmental genes - gives 

insight into the genetic basis of evolutionary 
differences between species/taxa
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“If facts of the old kind will not help, let us seek facts of a new kind.”
(William Bateson 1894)


