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Abstract

The single amphioxus Hox cluster contains 15 genes and may well resemble the

ancestral chordate Hox cluster. We have sequenced the Hox genomic complement of

the European amphioxus Branchiostoma lanceolatum and compared it to the American

species, B. floridae, by phylogenetic footprinting, to gain insights into the evolution of

Hox regulation in chordates. We found that Hox intergenic regions are largely

conserved between the two amphioxus species, especially in the case of genes located at

the 3° of the cluster, a trend previously observed in vertebrates. We further compared

the amphioxus Hox cluster with the human HoxA and HoxD clusters finding several

conserved non-coding regions, both in intergenic and intronic regions. This suggests

that the regulation of Hox genes is highly conserved across chordates, consistent with

the similar Hox expression patterns in vertebrates and amphioxus.

Key words: amphioxus, Hox genes, conserved non-coding regions, phylogenetic

footprinting.
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Introduction

Hox genes are master developmental genes first discovered in Drosophila

(Lewis, 1978), and so far identified in all studied eumetazoans. Their main function is

the anterior-posterior patterning, both of the body axis and of other secondary axes as

those of vertebrate limbs (Zakany and Duboule, 2007) and genital system (Podlasek et

al., 2002; Wagner and Lynch, 2005).

Humans have a total of 39 Hox genes located in four clusters that were

originated by the two rounds of whole genome duplications that took place during early

vertebrate evolution. They are organized in 13 paralogous groups (PG), whose

numbering reflects their position in the cluster. The cephalochordate amphioxus has a

single continuous array of 15 Hox genes (Ferrier ef al., 2000; Garcia-Fernandez and

Holland, 1994; Holland et al., 2008), the richest (in terms of gene content) Hox cluster

isolated to date, with the same transcriptional orientation for all genes. Each amphioxus

Hox gene from the anterior and central groups (Hox1 to Hox8) represents a vertebrate

PG, whereas the relationship between posterior genes (from Hox9) is difficult to

establish due to their high evolutionary divergence, a phenomenon called ‘deuterostome

posterior flexibility’ by Ferrier ef al. (2000). Amphioxus is the one of the few extant

clades among metazoans with a single Hox cluster that has not been broken or is in the

process of disintegration, a critical step in the evolution of the small and highly meta-
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regulated mammalian clusters (Duboule, 2007). Due to these features, the amphioxus

Hox cluster is probably the best model to study and understand the origin and evolution

of the regulation of vertebrate Hox gene clusters.

The most striking characteristic of Hox genes is the spatiotemporal collinear

expression, i.e. genes located at 3’ of the cluster are expressed in the anterior part of the

body and earlier in development than 5° genes (Duboule, 1994; Duboule and Dollé,

1989). The expression pattern of Hox genes is conserved between amphioxus and

vertebrates, at least at the level of the central nervous system (CNS). Vertebrate Hox

genes are expressed in the posterior part of the CNS, with a sharp and nested anterior

expression limit in the rhombencephalon, hence each rhombomere presents a different

combination of expressed Hox genes (the Hox code; Kessel and Gruss, 1991).

Amphioxus Hox genes are also expressed in a spatiotemporal collinear manner in the

central nervous system (CNS), with expressions restricted to the posterior CNS and

excluding the cerebral vesicle (Wada et al., 1999; Schubert et al., 2006).

The similar expression in the CNS of Hox genes of vertebrates and amphioxus

suggests that the regulation of these genes may also be conserved between the two

lineages. Consistently, previous studies identified several conserved non-coding regions

(CNRs) within the different vertebrate Hox clusters (Kim et al., 2000; Chiu et al., 2002;

Santini et al., 2003; Richardson et al., 2007) and between amphioxus and vertebrates

(Amemiya et al., 2008) using phylogenetic footprinting, an approach based on the
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principle that functional non-coding sequences are under strong purifying selection, and

thus accumulate less mutations than the non-functional non-coding stretches (reviewed

in Wasserman and Sandelin, 2004). Nonetheless, phylogenetic footprinting between not

closely related clades has been rarely performed because long phylogenetic distances

dilute similarities of non coding regions to the extent that identification of conservation

is not possible at the primary sequence level, as is generally the case for amphioxus and

vertebrates. A way to improve this methodology over these long phylogenetic distances

may be the inclusion of another amphioxus species, in order to break the long branch

from the chordate ancestor to the extant amphioxus.

Here, we report the sequence of ~192 Kb of the Hox genomic sequences of the

European amphioxus Branchiostoma lanceolatum including the 15 Bl/Hox coding

regions and surrounding areas. We have compared it to the American B. floridae cluster

(Amemiya et al., 2008; Holland et al., 2008) and with the vertebrate clusters. We

identified several blocks of conservation with human Hox clusters which may probably

be ancestral regulatory regions of the primitive chordate cluster.

Material and methods

Genomic library screening
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A Lambda Fix II/Xho I genomic library (Stratagene) of B. lanceolatum
(Cafiestro et al., 2000) was intensively screened with [*32PIJCTP labelled probes by
random-hexamer priming. 6x10° recombinant phages were screened at high-stringency
conditions (65° C). As a probe for the primary screening an equimolecular mixture
corresponding to the sequence from the second and third helixes of the homeobox from
B. floridae Hox10 (BfHox10) to BfHoxI genes, amplified by PCR using degenerated
primers SO1 (5’-GARYTNGARAARGARTT-3) and SO2 (5-
CKNCKRTTYTGRAACCA-3’) (Garcia-Fernandez and Holland, 1994) was used. This
strategy allowed the isolation of the corresponding Hox-containing phages at once, and
then a specific secondary screening for each gene was performed. Missing genes were
isolated individually by screening of the genomic library using the correspondent
labelled exon 1. Sixteen positive phage clones were isolated and DNA was extracted as
described by (Yamamoto et al., 1970). The genomic insert was subcloned into Nofl
restriction site of pBlueScript SKII" vector. All the clones were tested by Southern
hybridization. Inserts were characterized by restriction mapping and entirely sequenced
on both strands by chromosome-walking or by randomly interspersed primer-binding
sites technology using a Tn7 transposon-based system (GPS®-1 Genome Priming
System, NewEngland BioLabs) and the assembly made by Phred, Phrap and Consed

software (Ewing and Green, 1998; Ewing et al., 1998; Gordon et al., 1998).
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Each B. lanceolatum Hox (BlHox) gene was annotated by aligning it with the

coding region of the correspondent gene from B. floridae from Amemiya et al. (2008)

(accession numbers AC129909, AC129910, AC124817, AC124805 and AC214474) by

CLUSTALW. B.lanceolatum sequences reported here have been deposited in GenBank

under the accession numbers XXXXX to XXXXX.

Phylogenetic footprinting analyses

For interspecies DNA sequence comparison, we used the B. floridae Hox cluster

sequence from Amemiya et al. (2008) and the B. floridae genome assembly (v. 1.0)

(http://genome.jgi-psf.org/Brafl1/Brafll.home.html) for the BfHox!5 genomic locus

(Holland et al., 2008). We retrieved the human HoxA, and HoxD clusters from NCBI

database (accession numbers NT 007819, and NT 005403, respectively; (Int. Human

Genome Seq. Con., 2004).

Phylogenetic footprinting was performed using the mVISTA (Mayor et al.,

2000) through the program AVID (Bray et al., 2003) when comparing B. floridae and

B. lanceolatum sequences,with parameters values of 100bp for window size, and 70%

for identity threshold; and SHUFFLE-LAGAN (Brudno et al., 2003) when comparing

amphioxus and vertebrates, with lower stringency conditions of window size of 50 bp,

and identity threshold of 60%.
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Results and discussion

The Hox complement of the European amphioxus

We characterized the Hox genes of the European species B. lanceolatum

and the surrounding genomic sequences and compare them to the orthologous

sequences of B. floridae and vertebrates. We isolated 16 clones from a lambda-phage

genomic library from B. lanceolatum (Canestro et al., 2000) (Fig.1), with an average

insert length of 15 Kb. In total, we have sequenced 191825 unique bp of the putative

Hox cluster of B. lanceolatum, which corresponds to ~40% of the complete cluster

length in B. floridae. Our study is the largest genomic sequence analyses of the B.

lanceolatum genome.

Altogether, they comprise 14 complete Hox genes and a part of B/Hox11, for

which we were able to recover a phage with B/Hox12, the intergenic region between

BlHox11 and BlHox12, and the first exon of B/HoxI1 (Fig. 1). Moreover, the clone

containing B/Hox4 also contains the microRNA miR-10 which was previously noted in

the B. floridae genome analyses (Amemiya et al., 2008). We also found the ortholog of

the new reported Hox15 gene (Holland et al., 2008), confirming that B. floridae Hox15
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was not a species-specific oddity. Therefore, B. lanceolatum most probably possesses

the 15 Hox genes, as B. floridae, grouped in a single cluster.

The coding regions of Hox genes are highly conserved between the two

amphioxus species, with more than 96.14% of average similarity, and almost 100%

identity in the homeodomain at the amino acid level. Gene length in both species is

almost identical, with some indels that comprise no more than 4 amino acids. This

extremely high conservation, suggests that a strong selective pressure maintain intact

this family in cephalochordates, mainly in the homedomain, the main functional domain

of the protein.

Conserved non-coding sequences between amphioxus species and vertebrate Hox

clusters.

Phylogenetic footprinting allows narrowing down putative functional elements

by identifying conserved non-coding regions (CNRs) (reviewed in Wasserman and

Sandelin, 2004). Using this strategy, we first performed comparative genomic analysis

between the two sibling amphioxus species. We aligned both upstream and downstream

intergenic regions of BfHox's with our sequences of B/Hox genes (~15 Kb of genomic

sequence for each gene including the open reading frame) using the mVISTA (see

Materials and Methods). Strikingly, the intergenic regions between the two amphioxus
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species are extremely conserved (Fig. 2), despite 100 Myr of independent evolution

(Nohara et al., 2005; Kon et al., 2007). The percentage of identity in the intergenic

regions averages 70%, with some stretches reaching more than 80%, as the ~5Kb

between BlHox2 and BlHox3, suggesting that some of these regions may be under

functional constraints. This analysis comprises the first comparative genomic analysis

between two amphioxus species made so far.

Interestingly, the conservation of intergenic regions is higher for genes located at

3’ of the cluster compared to genes located in the 5' portion (Fig. 3). A similar 3’-to-5’

gradient has been reported in vertebrate Hox clusters (Santini et al., 2003). Santini et al.

(2003) suggested that this different conservation between anterior and posterior parts of

the cluster is due to the fact that anterior and central Hox genes are expressed in and are

important for the patterning of the rhombencephalon, whereas posterior genes are

involved in the development of relatively less constrained structures. Our group

previously named this relaxing constraint of the posterior part of the Hox cluster

‘posterior flexibility’ (Ferrier et al. 2000). Similarly, anterior and central amphioxus

Hox genes are responsible for neural tube A-P patterning (Wada et al., 1999; Schubert

et al., 2006), and thus mutations in the regulatory elements controlling these genes may

be under stronger negative selective pressures.
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We also compared B. lanceolatum sequences with the corresponding regions of

the vertebrate counterparts of the human HoxA and HoxD clusters by means of

mVISTA. We identified several short regions conserved between B. lanceolatum and at

least one human Hox cluster (summarized in tables 1 and S1), using unrestrictive

conditions (see material and methods). Some of these CNRs are located close to the 5’

end of the coding sequences, being proximal promoter or UTR elements. For example,

we identified a conserved element in the 5' UTR of BlHox3, coincident with a

previously described putative functional element, conserved throughout vertebrate

evolution (Santini et al., 2003).

Another subgroup of identified CNRs was located within introns. Particularly

interesting is the case of Hox4. Members of PG4 and PG7 in vertebrates and Drosophila

(Dfd and Ubx gene, respectively) harbor a highly conserved element, the HB1 (Haerry

and Gehring, 1996; 1997; Santini et al., 2003) that consists of a cluster of 3 homeobox

recognition sites. HB1 is responsible for the autoregulation of Hox4 and cross-

regulation by other Hox genes (Haerry and Gehring, 1997; Packer ef al., 1998).

Interestingly, we have identified non-coding sequences that are conserved

between B. lanceolatum and both HoxA and HoxD intergenic sequences (highlighted

elements in tables 1 and S1), strongly suggesting a functional role for these elements.

Previously, Amemiya et al. performed a similar analysis comparing B. floridae and

vertebrates (Amemiya et al. 2008) using tracker software to detect CNRs (Prohaska et
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al., 2004), finding little conservation of non-coding sequences between amphioxus and

gnathostome Hox clusters, being the majority of these footprints conserved between

amphioxus and one of the four paralogous vertebrate Hox clusters. The finding of these

likely functional elements (e.g. HB1, that has the same function in both Drosophila and

mouse), using both types of software, shows that these kind of analyses are useful to

identify functional CNRs, even among distantly related species.

An interesting fact is that most of the elements are found to be conserved with

just one human cluster. This suggests that after cluster duplication, both genes and

regulatory elements were differentially lost in the different clusters, consistent with a

DDC model (duplication-degeneration-complementation; Force et al., 1999). Therefore,

the results of this study and previous works (Amemiya et al., 2008) underscore the

importance of the amphioxus Hox cluster to unravel the regulatory complement of the

ancestral chordate Hox cluster.

In summary, we have confirmed the ancient origin of the posterior amphioxus

Hox genes (i. e. Hox15) since they are present in both cephalochordate species. We

have performed the first large-scale genomic comparison in non-vertebrate chordates,

providing insights into the different pathways that non coding sequences and gene

regulation have followed within the chordate phylum. Amphioxus-human comparison
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revealed several CNRs despite more than 500 million years of separate evolution,
strongly indicating a functional relevance for these elements. These results, together
with the similar expression patterns of amphioxus and vertebrates Hox genes, suggest
that some of the elements regulating Hox genes and shaping the basic vertebrate

bauplan date back to the origin of chordates.
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373 with B. lanceolatum Hox genes isolated in this study with respect the B. floridae
374 Hox cluster (black line). Asterisk indicates PCR-amplified fragment.
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Figure 2. VISTA plot of the comparison between Hox genes of B. lanceolatum (base
genome) and B. floridae. Boxes represent exons in the base genome and dot-
lines the introns. Conservation in intergenic regions (pink) is higher in the 3’
part (anterior) of the clusters. Exons are in purple in the plot.
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383  Figure3. Percentage of identity between the intergenic regions of B. lanceolatum
384 obtained in this work, and the corresponding ones of B. floridae. 1t is significant
385 the difference of conservation between anterior and posterior intergenic regions,
386 including the outside proximal regions of the cluster. The stretch between Hox1
387 and Hox2 escape for such conservation, a result also observed when comparing
388 HoxA clusters of vertebrates (Santini ez al., 2003).
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Figure 4

BlHox4 CCITCTGATTGG

HsHoxC4 CCGIGIGATTIGG

HsHoxD4 CCECGCCATTGGC]

MmHoxC4 CGGIGIGATTGGC]

MmHoxD4 TCTTCCTATTG

GgHoxC4

GgHoxD4

XtHoxC4

XtHoxD4

DrHoxC4a

DrHoxD4a

FrHoxCda GCCCGCCATTGGC

FrHoxDda CACCHCCATTGGC]

HfHoxA4 [fCACCCCATTGGC]

BlHox4 CCCTAGAAATTAATG
HsHoxC4 * CTCCAGAAATTAATG
HsHoxD4 GCCCTATGGAAGGAGAAAAAAARGACAACACGAGAAAAATTAGTATTTTCTACCTTCTGAAATTAATG
MmHoxC4 GCTTTATGGANEGCAGAAAAACGACAAAGCGAGAAAAATTATTTTCCARCTCCAGAAATTAATG
MmHox D4 GCCCAATGGAAGGAGAAAAAAMBGACAACACGAGAAAAATTAGTATTTTCTACCTTCTGAAATTAATG
GgHoxC4 GCCICGCCGARGCCCAGAAAAACGACAACGCGAGAAAAATTAGTATTTTTGCACTTCACAAATTAATG
GgHoxD4 GCTCTATGGAAGGAGAAAAAAARGACAACACGAGAAAAATTAGTATTTTCTACCTTCCGAAATTAATG
XtHoxC4 GCTTTATGGANEEGCAGAAAAACGACAAAGCGAGAAAAAT TARETTTTCCARCTCCAGAAATTAATG
XtHoxD4 GCTTTATGGAGGGAGAAAAAAARGACAACACGAGAAAAATTAGTATTTTCTATCCTCAGAAATTAATG

DrHoxCda GCTTTATGGANMGCAGAAAAACGACAAAGCTAGAAAAATTANMTTTTCCAMCTCCAGAAATTAATG
DrHoxD4a GCTTTATGGAGGGAGGAAAAAAAGACAACTCGAGAAAAATTAGTATTTCCTACCTTCAGAAATTAATG
FrHoxC4a GCTTTATGGANMGCAGAAAAACGACAAAGCTAGAAAAATTANEETTTTCCARCTCCAGARATTAATC]
FrHoxD4a GCTTTATGGAGGGAGGAAAAAARCACAACTCGAGAAAAATTAGTATTTTCTACCTTCAGAAATTAATG
HfHOXA4L GITTTATGGAREEACAGAAAAACGACAACGCGAGAAAAATTAGTATTTTGCARCTTCAGAAATTAATG

390

391  Figure4. Alignment of Hox4 upstream CNR sequence conserved with amphioxus
392 (Branchiostoma lanceolatum), human (Homo sapiens), mouse (Mus musculus),
393 chicken (Gallus gallus), frog (Xenopus tropicalis), tish (Danio rerio and Fugu
394 rubripes), and shark (Heterodontus francisci)
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396  Table 1. This CNEs are obtained using VISTA software with a window size of 50 bp

397 and a identity of 60%. Highlighted regions in amphioxus are conserved also in
398 cluster HoxD.

399 ®The positions in amphioxus are calculated for a virtual B. lanceolatum’s cluster
400 that resulted of the joining of the different sequences of this work in order.

401 ®The positions in Human HoxA cluster correspond to the sequence from
402 NT 007819.

403  Table S1. This CNEs are obtained using VISTA software with a window size of 50 bp
404 and a identity of 60%. Highlighted regions in amphioxus are conserved also in
405 cluster HoxA.

406 ®The positions in amphioxus are calculated for a virtual B. lanceolatum’s cluster
407 that resulted of the joining of the different sequences of this work in order.

408 ®The positions in Human HoxD cluster correspond to the sequence from

409 NT _005403.
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411
412  Tabla 1. CNEs between Hox sequences of B. lanceolatum and Human HoxA cluster.

Amphioxus? Human® Length (bp) % Identity Position in B/[Hox cluster
Initial position Final position Initial position Final position

4547 4596 3177 3226 50 62.0% intron BIHox15

4828 4893 3903 3973 71 67.6% intron BIHox15
31255 31311 8659 8713 58 60.3% intergenic 14-13
31918 31982 9356 9422 67 65.7% intergenic 14-13
32939 32991 10219 10270 55 61.8% intergenic 14-13
33015 33064 10275 10317 50 60.0% intergenic 14-13
33663 33734 10641 10714 74 60.8% intergenic 14-13
57840 57911 33781 33848 73 63.0% intergenic 12-11
59113 59185 36655 36727 79 62.0% intergenic 12-11
70912 70973 50828 50891 64 60.9% intergenic 9-10
71558 71604 53262 53312 51 60.8% intergenic 9-10
71840 71889 54825 54871 50 60.0% intergenic 9-10
72896 72975 57573 57652 80 67.5% intergenic 9-10
72974 73058 35084 35001 87 65.5% intergenic 9-10
73676 73725 34402 34354 50 60.0% intergenic 9-10
75154 75239 33182 33102 86 60.5% intergenic 9-10
75734 75776 32563 32514 50 62.0% intergenic 9-10
76880 76927 36736 36790 57 63.2% intergenic 9-10
77371 77420 37091 37141 51 62.7% intergenic 9-10
83196 83241 24921 24870 53 62.3% intergenic 9-10
93418 93479 51316 51377 62 61.3% intergenic 9-8
94507 94552 55104 55152 51 60.8% intergenic 9-8
95027 95077 56700 56754 55 60.0% intergenic 9-8
106935 106986 33948 33996 55 65.5% intergenic 8-7
107094 107161 34097 34156 69 60.9% intergenic 8-7
107218 107276 34191 34252 62 62.9% intergenic 8-7
110364 110423 36948 37010 67 61.2% intergenic 8-7
110968 111018 37730 37779 51 60.8% intergenic 8-7
113262 113344 42194 42280 92 63.0% intergenic 8-7
114534 114584 43200 43251 52 63.5% intergenic 8-7
133507 133558 59907 59958 53 62.3% intergenic 6-5
146515 146569 66071 66124 61 62.3% intergenic 5-miR10
147779 147849 67462 67523 71 63.4% intergenic 5-miR10
154120 154169 74072 74123 52 78.8% intergenic miR10-4
154742 154787 74986 75035 50 64.0% intron BIHox4
157789 157841 82989 83035 53 62.3% intergenic 4-3
171553 171601 97469 97519 52 63.5% intergenic 3-2
178992 179039 104929 104978 50 64.0% intergenic 2-1
182229 182280 107490 107543 54 61.1% intergenic 2-1
182701 182746 108854 108903 52 63.5% intergenic 2-1

185125 185206 113618 113703 88 62.5% Downstream




413
414  Tabla S1. CNEs between Hox sequences of B. lanceolatum and Human HoxD cluster.

Amphioxus? Human® Length (bp) % Identity Position in B/[Hox cluster
Initial position Final position Initial position Final position

4843 4911 23739 23671 69bp 68.1% intron BIHox15
4931 4989 23591 23527 65bp 61.5% intron BIHox15
12010 12060 8266 8320 55bp 61.8% intergenic 15-14
12236 12282 8459 8507 50bp 60.0% intergenic 15-14
14181 14230 9224 9268 50bp 62.0% intergenic 15-14
19642 19688 10992 11043 52bp 61.5% intergenic 15-14
61190 61243 34550 34598 54bp 63.0% intergenic 11-10
67474 67523 36691 36740 52bp 65.4% intron BIHox10
72934 73037 19324 19434 113bp 61.9% intergenic 10-9
75385 75447 23668 23730 63bp 71.4% intergenic 10-9
76837 76891 30387 30442 57bp 63.2% intergenic 10-9
77438 77485 31857 31907 51bp 60.8% intergenic 10-9
87560 87614 39044 39095 56bp 60.7% intergenic 9-8
88796 88845 39340 39391 52bp 61.5% intergenic 9-8
99832 99899 48211 48277 69bp 65.2% intergenic 8-7
116515 116566 65555 65599 52bp 67.3% intron BIHox7
118511 118561 52430 52481 52bp 61.5% intergenic 7-6
118808 118858 66420 66467 51bp 60.8% intergenic 7-6
119166 119214 66523 66573 51bp 66.7% intergenic 7-6
126645 126692 59109 59152 50bp 60.0% intergenic 7-6
127861 127919 69669 69728 60bp 63.3% intergenic 7-6
128500 128550 60523 60578 57bp 61.4% intergenic 7-6
130097 130145 62287 62337 54bp 64.8% intergenic 7-6
132806 132852 56187 56237 51bp 60.8% intergenic 6-5
133475 133539 57043 57111 70bp 61.4% intergenic 6-5
134265 134315 68987 69029 51bp 64.7% intergenic 6-5
135548 135608 70374 70427 61bp 63.9% intergenic 6-5
136285 136328 74821 74869 50bp 60.0% intergenic 6-5
139161 139223 63028 63089 64bp 60.9% intergenic 6-5
145746 145793 56160 56207 50bp 60.0% intergenic 5-miR10
147159 147203 57798 57847 50bp 60.0% intergenic 5-miR10
148047 148103 59009 59064 57bp 63.2% intergenic 5-miR10
154089 154169 64525 64608 86bp 70.9% intergenic miR10-4
170143 170189 86177 86224 50bp 60.0% intergenic 3-2
170649 170692 79497 79546 50bp 60.0% intergenic 3-2
170843 170892 79658 79708 52bp 61.5% intergenic 3-2
171376 171436 87227 87286 62bp 62.9% intergenic 3-2
171595 171642 87430 87480 51bp 60.8% intergenic 3-2
174425 174472 90181 90230 50bp 60.0% intergenic 3-2
177628 177683 88704 88758 56bp 62.5% intergenic 2-1
178347 178404 90188 90250 64bp 60.9% intergenic 2-1
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