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SUMMARY

Molecular data suggest that myriapods are a basal
arthropod group and may even be the sister group of
chelicerates. To find morphological indications for this
relationship we have analysed neurogenesis in the
myriapod Glomeris marginata(Diplopoda). We show here

Furthermore, we have identified anachaete-scutea Delta
and a Notch homologue in Glomeris. The genes are
expressed in a pattern similar to the spider homologues and
show more sequence similarity to the chelicerates than to
the insects. We conclude that the myriapod pattern of

that groups of neural precursors, rather than single cells as neural precursor formation is compatible with the
in insects, invaginate from the ventral neuroectoderm in a possibility of a chelicerate-myriapod sister group
manner similar to that in the spider: invaginating cell  relationship.

groups arise sequentially and at stereotyped positions in the
ventral neuroectoderm of Glomeris, and all cells of the
neurogenic region seem to enter the neural pathway.

Key words: Proneural genes, Neurogenic genes, Neurogenesis,
Myriapod, Glomeris marginata

INTRODUCTION differences. Similar to the generation of neuroblasts in
Drosophilg invagination sites arise sequentially and at
Recent molecular and morphological data have challenged tlséereotyped positions in regions that are prefigured by
traditional view that insects and myriapods are closely relategroneural genes (Stollewerk et al., 2001), while neurogenic
(Hwang et al., 2001; Friedrich and Tautz, 1995; Boore et algenes restrict the proportion of cells that adopt the neural fate
1995; Akam et al., 1988; Patel et al., 1989a; Patel et al., 1989t each wave of neural precursor formation (Stollewerk, 2002).
Abhzanov and Kaufman, 1999; Abhzanov and Kaufman, 200@4owever, in contrast tbrosophila groups of cells, rather than
Damen et al., 2000; Abhzanov et al., 1999; Damen and Tautgingle cells, adopt the neural fate at a given time. In addition,
1998; Damen et al., 1998; Telford and Thomas, 1998; Scholtneural stem cells, comparableDmsophilaneuroblasts, could
1990; Scholtz, 1992; Dohle and Scholtz, 1988; Harzsch anabt be detected in the ventral neuroectoderm of the spider.
Dawirs, 1996; Whitington et al., 1991). This view was basedrurthermore, there is no decision between epidermal and
on supposedly shared characters such as loss of secamglral fate in the ventral neuroectoderm of the spider as in
antennae, formation of Malpighian tubules, postantennabrosophilg instead all cells of the neurogenic region enter the
organs and trachea. However, a re-evaluation of theseeural pathway.
characters shows that they are prone to convergence (Friedrichin all four myriapod groups (Diplopoda, Chilopoda,
and Tautz, 1995; Dohle, 2001). Instead, it is possible to fin8ymphyla and Pauropoda), the general development of the
other characters that are strikingly similar between insects angntral neuroectoderm follows the same pattern. Ventral to the
higher crustaceans, but cannot be found in equivalent form limb buds, thickenings form as a result of cell proliferation.
myriapods (Dohle, 2001). The characters in common in inseci&/hen the embryo begins to bend about a transverse fold in the
and crustaceans are the presence of neuroblasts, patternsniddle of the trunk, these thickenings flatten (Anderson, 1973).
axonogenesis in early differentiating neurons, the fine structurfter completion of ventral flexure, the middle part of the
of ommatidia and the expression patterns of segmentatidremisegment sinks into the embryo forming a groove (Dohle,
genes (Dohle, 1997; Dohle, 2001). Some molecular data set964). Cell proliferation takes place within this groove pushing
even suggest that the chelicerates and the myriapods are sistewly formed cells towards the basal side and leading to the
groups (Friedrich and Tautz, 1995; Hwang et al., 2001)ormation of stacks of cells that project out as rays from the
However, morphological data supporting this hypothesis is stilkdges of the groove. This structure is called the ‘ventral organ’.
missing. During the course of neurogenesis the ventral organs are
It has been shown recently that neurogenesis in the spidgradually incorporated into the embryo while epidermal cells
Cupiennius salei(chelicerate) shares several features withovergrow the ventral nerve cord (Dohle, 1964). Neurogenesis
Drosophila, but that there are also several importanthas been analysed in a variety of representatives of all
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myriapod groups, but failed to reveal stem cell-like neurahJ36343;AsNotch AJ36344;AsAsh AJ36345;GmAsh AJ36346;
precursors with morphological characteristics of insect oiffcASH AJ36347).

crustacean neuroblasts (Heymons, 1901; Tiegs, 1940; Tiegg:é .

1947; Dohle, 1964; Whitington et al., 1991). Furthermore, quence analysis ) ) ) )
Whitington and co-workers (Whitington et al., 1991) showededuences were analysed and aligned with related amino acid

: : : : : sequences taken from the NIH Blast database in Bioedit. Trees were
that in the centipedéthmostigmus rubripetie earliest central constructed using the PAUP NJ minimum evolution algorithm with

axon pathways do not arise from segmentally rEpeate.d NeUrofizg bootstrap replicates. Positions where an amino acid insertion
as in insects but by the' posterior QfOWth of axons originating,q present in only one sequence were removed, as was the variable
from neurons located in the brain. In addition, the axonghart of the loop for the Ash alignment. Since the portion of the Ash
projections and the cell body positions of the segmentalequences that could be aligned is very short (the BHLH domain), the
neurons clearly diverge from the pattern described in insecfsesence or absence of a loop was used as an extra character (32/57
and crustaceans (Whitington et al., 1991). informative characters). For Delta, the DSL domain and EGF repeats

Here, we have analysed the pattern of early neurogenesislirand 2 were aligned (70/109 informative characters), for Notch the
the myriapodGlomeris marginataand compared it to the 5 sequences up to EGF repeat 12 were aligned (266/311 informative
recently obtained data for the spid@upiennius salei characters).

(Stollewerk et al., 2001; Stollewerk, 2002). In situ hybridization

Whole-mount in situ hybridizations were performed as described for
Danio rerio, with the modification that 20SSC pH 5.5 was used
instead of 28 SSC pH 7.4, to reduce the background (Bierkamp and
Campos-Ortega, 1993).

MATERIALS AND METHODS

Glomeris marginata

Adult Glomeris marginatdMyriapoda, Diplopoda) were collected in Histology and stainings

the city forest of Cologne, Germany, between April and August 2002Phalloidin-rhodamine staining @lomerisembryos was performed
Glomeris were kept in 2810 cm plastic containers at room as has been described for flies (Stollewerk, 2000).
temperature with high humidity provided by wet cloths and earth. Thémmunocytochemistry was performed as described previously
females made egg chambers out of earth to cover the eggs. The eggmllewerk et al., 2001). The anti-phospho-histone 3 (PH3) antibody
were collected daily and kept separately until they were between Gas provided by F. Sprenger (Institute for Genetics, Cologne).
and 12-days old. Histology was performed as described previously (Stollewerk et al.,

. 1996).
Archispirostreptus  sp.

Adult Archispirostreptus were obtained from the Aquazoo in

Dusseldorf, Germany. Ten adults were kept at 28°C in large terraria

filled to a depth of at least 20 cm with earth. Females laid a clutch S&RESULTS

eggs into the earth, approximately every 3 weeks, which were

collected, staged, cleaned with bleach (under 5%) and frozen at -80%the embryonic segments o6Glomeris marginata arise

for RNA extraction. sequentially. Shortly after formation of the germband [stage 1;

stages after Dohle (Dohle, 1964)], the first five anterior

segments that contribute to the head are visible: the antennal
gment, the premandibular segment, the mandibular segment,

washed several times in water. They were then dechorionated % e maxillar segment an(_:i t_he POStmaX'"aF segment. Three leg
leaving them in bleach (under 5%) for 2 minutes and rinsing sever gments can also be dlstlngu_lshed at this stage. The next_leg
times with water. Embryos were frozen at —80°C for RNA extractiorsegment forms from the posterior growth zone at stage 2, while
or fixed in 1 ml heptane, 50l formaldehyde (37%) for later use. OWing to the formation of intersegmental furrows the
Embryos for antibody stainings were fixed for 20 minutes on a whedemaining segments are more clearly visible (Dohle, 1964). At
and then washed several times with 100% ethanol and stored at —20%age 3 limb buds arise on the antennal, the mandibular and the
For in situ hybridizations, embryos were fixed for 4 hours on a wheghaxillar segments, as well as on the three leg segments. It is
and washed with 100% methanol before storage at —20°C. Aft§mportant to note that these anlagen are formed simultaneously.
storage, at least overnight, the embryos could be devitelinized witht the end of stage 3 limb buds are also visible on the fourth
tweezers for further staining. leg segment and a fifth segment has been generated by the
PCR cloning posterior growth zone. A thickening of the cephalic lobe and
GMASH GmNotch GmDelta, AsAshand AsDeltawere initially ~ the ventral neuroectoderm can be observed at stage 4. Limb
found by RT-PCR on cDNA synthesized from RNA extracted frombuds are now also visible on the fifth and sixth segment. At
7- to 12-dayGlomeris or 2- to 3-weelArchispirostreptusembryos, stage 5 a ventral-dorsal furrow forms at the level of the
respectively. Degenerate primers for the respective genes were uggdstmaxillar segment, so that the embryo curves inward and

as described by Stollewerk et al. (Stollewerk et al., 2001; Stollewerlfhe head eventua”y approaches the anal pads at Stage 6.
2002). The obtained PCR fragments were cloned into the pZero

vector (Stratagene) and sequenced. Larger fragments were obtairggrmation of invagination sites in the ventral

by rapid amplification of cDNA ends (Marathon cDNA neuroectoderm

Amplification Kit, Clonetech; GeneRacer Kit, Invitrogene). | h hol fth | d .
Sequence reactions were performed on plasmid preparations wiflp analyse the morphology of the ventral neuorectoderm in

BIG DYE and run on an Abi Prism automatic sequencer. Th&3lomeris we stained embryos at stage 4 with phalloidin-
sequences obtained were deposited with GenBank (Accessisdhodamine, a dye that stains the actin filaments, and
Numbers: GmDelta AJ36341; GmNotch AJ36342; AsDelta  investigated the cell shapes in the confocal laser-scanning

Dechorionization and fixation

Glomeriseggs were removed from their egg chambers by submergi
them in water. They were transferred to a 2 ml Eppendorf tube a
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microscope (LSM). At this stage a thickening of the
neuroectoderm is already visible (see above) and the extension
of the ventral neuroectoderm is clearly demarcated medially by
the ventral midline and laterally by the limb buds. We made
flat preparations of embryos stained with phalloidin-rhodamine
and scanned them from apex to the base using the LSM.
Similar to the situation in the spider, we detected dots of high
phalloidin-rhodamine staining in apical optical sections of the
neuroectoderm of the head segments and the first five leg
segments (Fig. 1, see also Fig. 3). More basal optical sections
of the same regions (at a depth of 1124 from the apical
surface of the embryo) revealed that groups of basally enlarged
cells are located underneath the strongly stained dots,
indicating that these dots mark the sites of invagination of
neuroectodermal cells (Fig. 1).

As in the spider, 30-32 invaginating cell groups are arranged
in a regular pattern of seven rows consisting of four to five
invaginaton sites each. However, analysis of serial transverse
sections revealed that up to 11 cells contribute to an individual
invagination site (Fig. 2), while in the spider only five to nine
cells were counted. Furthermore, in contrast to the spider, the
ventral neuroectoderm has a multi-layered structure: the apical
Fig. 1. (A-D) Comparison of the pattern of invagination sites in the region covereq by a single mvagmat.'on S't.e seems_to be. Iarger
myriapodGlomeris marginatand the spide€upiennius salei and the spacing betwegen the. individual invagination sites is
Confocal micrographs of flat preparations of embryos stained with narrower than in the spider (Fig. 1A,B). The reason for these
phalloidin-rhodamine. Anterior is towards the top, the midline morphological features is that the invaginating cell groups are
towards the left. (A) Pattern of invagination sites in the opisthosomalocated closer together and because of limited space come to
of the spider. The invagination sites are arranged in seven rows  lie over and above each other (Fig. 2B). The invaginating cells
consisting of four to five invagination sites each. The arrows point toof a group do not all occupy a basal position as in the spider,
two Iatera[ anterior invaginatipn sites_that can be easily identified in pt they also form stacks of cells (Fig. 2D). Since more cells
each hemisegment. (B) A strikingly similar pattern and number of contripute to an invagination site and the cell processes of the
invagination sites is visible in the leg segments of the myriapod. As invaginating cells are not as constricted as in the spider, the

in the spider, the invagination sites form seven rows consisting of apical region occupied by an individual invagination site is
four to five invagination sites each. The arrows point to two lateral p gio pI Y. 9
larger than in the spider (Fig. 2A).

anterior invagination sites. (C) Higher magnification of an apical h . ) .
optical section of invagination sites in the ventral neuroectoderm of A detailed analysis of different embryonic stages revealed
Glomeris.The arrowheads point to two invagination sites. (D) Basal that the invagination sites form sequentiallydn marginata

optical section of the same region shown in C. Basally enlarged cell§he same numbers of invaginating cell groups arise

are visible (asterisks) underneath the dots of high phalloidin- simultaneously in the five head segments and the first two leg
rhodamine staining. 03 to 05, opisthosomal segments 3 to 5; I1 to I3segments, while the invagination sites are formed in an anterior
leg segments 1 to 3. Scale bars: 160in A; 50um in B; 10pum in to posterior gradient in the remaining segments. A tight

C.D. comparison of the relevant embryonic stages showed that the

Fig. 2.(A-D) Apical-basal position of

invagination sites islomeris

Transverse sections of untreated embryos

(A,B) and embryos stained for a

digoxigenin (DIG)-labelledsmASH

probe (C,D). Basal is towards the top.

(A) After formation of the first

invagination sites, groups of up to 11

cells are visible on the basal side

(asterisks) that are attached to the apical

surface (arrow). (B) Groups of

_ invaginating cells are located over and

e . above each other (arrowheads) after
L formation of the third wave of neural

precursors (asterisks and crosses). The

cells are still attached to the apical

surface (arrow). (C,DEmMASH:s

transiently expressed in the invaginating cell groups, which are located at different apical-basal positions (arrows)h&amaginating

cell groups form stacks (arrowhead). Scale baprbdn A-D.
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Fig. 3.(A-J) Sequential
formation of invagination sites i
the myriapod. Confocal
micrographs of flat preparation
of whole embryos (A-E) and th
first two leg segments (F-J).
Anterior is towards the top, the
midline towards the left in F-J.
(A,F) No invagination sites are
visible at stage 1. (B,G) When
the limb buds form at stage 2,
first invagination sites arise in t
medial region of each
hemisegment (arrowhead in G
(C,H) New invagination sites
arise anterior, posterior and in-
between the existing invaginati
sites (arrowheads in H) during
the second wave of neural
precursor formation. (D,l) At
early stage 4, the next wave
generates invagination sites thi
form a semicircle around the
central region where invaginati
sites have already formed
(arrowheads in 1). (E,J) At stage
5, the embryo curves inwards and the ventral neuroectoderm stretches along the mediolateral axis. ant, antennal ségniegségoents
1to 7; md, mandibular segment; mx, maxillar segment; pmd, premandibular segment; pmx, premaxillar segment. ScalgrbansA120
50 um in F-J.

invagination sites are formed in four waves generating five tet al., 2001), inGlomeris mitotic cells are associated with
13 invaginating cell groups each, as in the spider (Fig. 3, séevagination sites and seem to prefigure the regions where
also Fig. 7A-E). When the Ilimb buds form, the firstinvagination sites arise in the ventral neuroectoderm (Fig. 4).
invagination sites arise in the medial region of eactDuring formation of the first invagination sites at least one
hemisegment in the five head segments and the first two legjtotic cell abuts the invaginating cell group (Fig. 4D-F), while
segments at stage 2 (Fig. 3B,G). During the second wave gfoups of cells and individual cells could be detected in the
invagination site formation at stage 3, new invaginating celiegions where invagination sites form hours later (Fig. 4A-C).
groups arise anteriorly, posteriorly and in-between the existinjlost cell divisions occur in the apical cell layer (data not
invagination sites (Fig. 3C,H). The next invagination sites teshown), as in the spider. It was not possible from these
arise form a semicircle around the central region wherexperiments to determine whether the cells of a particular
invagination sites have already formed (Fig. 3D,l). During thenvagination group are clonally related.
last wave of generation of invagination sites, invaginating cell
groups arise in an anterior medial region and in between tHgolation of proneural and neurogenic genes
existing invagination sites (compare also Fig. 7E). AlthougiThe sequential formation and the regular pattern of the
the embryo then curves inward and the ventral neuroectoderimvagination sites in the ventral neuroectodermGtdmeris
stretches along the mediolateral axis, the arrangement in sevauggest that, as iDrosophilaand the spide€Cupiennius salgi
rows is maintained (Fig. 3E,J). proneural and neurogenic genes regulate the recruitment of
In summary, the data show that, as in the spider, groups oéural precursor cells from the neurogenic region. It has been
invaginating cells are generated in four waves that show shown recently in the spider that the proneural ges®SH1
regular pattern strikingly similar to the arrangement ofis expressed before formation of the invagination sites in the

invagination sites in the spider. appropriate regions of the ventral neuroectoderm (Stollewerk
et al.,, 2001). Functional analysis revealed that the gene is

Proliferating cells are associated with invagination responsible for the establishment of the neural precursors.

sites Furthermore, onéNotch and two Delta homologues of the

The thickening of the ventral neuroectoderm is a result of celDrosophila neurogenic genes restrict the proportion of cells
proliferation (Anderson, 1973). To see whether there is that are recruited for the neural fate at each wave of neural
connection between cell proliferation and formation ofprecursor formation. To see whether a similar genetic network
invagination sites, we double stained embryos with the mitotigs involved in early neurogenesis Glomeriswe have cloned
marker anti-phospho-histone 3, to analyse the pattern of celchaete-scuteNotch and Delta homologues. We also cloned
divisions, and phalloidin-rhodamine, to visualize thehomologues fromArchispirostreptus sp.a distantly related
invagination sites. millipede, to ensure that the data collected fi@iomerisis

In contrast to the spider, in which cell proliferation does notepresentative of Diplopod millipedes. Conserved features
coincide with the formation of invagination sites (Stollewerkfound inNotch Delta andacheate-scutbomologues allowed
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Fig. 4. (A-F) Proliferating cells are associated with
invagination sites. Confocal micrographs of flat
preparations of embryos stained with phalloidin-
rhodamine (red) and anti-phospho-histone 3 antibodies
(green). Anterior is towards the top and the midline XA
towards the left in D-F. (A-C) Single mitotic cells are T i Y
associated with invagination sites that have already phalloidin — -FH8
formed. The arrow in A points to an invagination site. Th D
arrow in B points to a mitotic cell located at the same
position as the invagination site indicated in A. The
overlay of A and B is shown in C. (D-F) During formatio
of the first invagination sites in the central region of the
hemisegment (arrowheads and arrow in D), mitotic cells
are located at the centre of the invagination sites
(arrowheads in E and F) or close to the invagination site
(arrows in E and F). 11 to 12, leg segments 1 to 2. Scale 11 ) A1
bars: 5Qum in A-C; 10um in D-F. phalloidin — 0—PH3 phalloidin o—PH3

us to amplify small fragments of these genes f@lomeris A

and Archispirostreptus spcDNA. Only one fragment per [ basic | helix | loop [ _heix ]
SpeCieS was found f0r eaCh gene ?n‘&gf_‘ RRNARERNRVKQVNNG?SQLRQHI?M\VIRDLSNGRRGIGPG-QNWLSWETL?‘AVEYIR:L
. [ Kevswsnne Ressssns AN..vous NFIA.AFESNS. S ¢ PRI R | SR -

Rapid amplification of the'&nd 3 ends (RACE) oGmASH  STist k- oMo B RSLLD K
resulted in a 1000 bp fragment with an 804 bp open readir 4558 - : M. oK. 28..0.. -0
frame (ORF)Archispirostreptu$’ and 3 RACE led to a 1200  feAsHt ... coMe o ERS. A

bp fragment with an ORF of 864 bp. Both sequences have
Slngle Start COdon Wlth a Short Conserved mOtIf also found le Delta YDFRVTCDLNYYGSGCAKFCRPRDDSFGHSTCSETGEIICLTGWOQGDYCHIPKCAKG

the CsASHgenes, as well as upstream and downstream st(gg%elha &:Yu;-sgﬁﬁ‘-gmg; ------ i"'?""P(}'Qﬂ"E"?'E”gﬁi”ﬁ'
. . mUelta  FA...R.. ssPeeeVlaaesesBRoeoaluaas . sePasloaas «s P

codons. The deduced amino acids of full-lenGihASHand  aspeta .a......p....A...NL..K...Q...Y...PI..RV..S..L.E..TVAQ.TP.
1 1 1 1 Cs Deltal .AI..R.LD....ES5.E.L....N.EK...Y...P..DEV..R..T.E..T.AV.LP.

_ASAS_Hsequ_enceS _Sho_\Ned a Slmllarlty Of_ 61%’ Wlth 86%6:02“32 MY.,.Y.AT....PN.GNL......K...Y..K.D.QKL.KP..5.5..DKAL.LP.
identical amino acids in the bHLH domains. The deduce(Hsbeital .sY.Fv..EH...E..SV.......A...F..G.R..KV.NP..K.P..TE.I.LP.
Mm Delta-1 .SY.FV..EH...E..5V....... A...F..GDR..EM.DP..KE.Q..TD.I.LP.

amino acid sequence &mASHis 83% identitical toHomo
sapiensAchaete-Scute Complex homolog-like 1, while theFig. 5.(A,B) Comparison of the deduced amino acid sequences of
Archispirostreptussequence is 81% identical to ti@allus  the conserved domains GimASHandGmDelta and their

gallus transcriptional regulator CASH over the region of therelationships to the same protein regions of other species. (A) The
bHLH domain. Outside of this domain, it is only possible toalignment compares the basic domain, the two helices and the loop
align a short conserved domain at the end of the protein. THgdion ofGmASHwith the bHLH region of another diplopod, two
alignment of the bHLH domains with other ASH proteins'nseCtS’ two vertebrates and two spider sequehs that the loop
showed that, in contrast to insects, the millipede sequenc region ofGlomerisASH is reduced to the same extent as in the

; . X . ider and vertebrate bHLH domains. T@ASHoHLH domain
like their spider and vertebrate homologues, have a highly, s the highest similarity to the same region of the millipede

reduced loop (Fig. 5A). A tree was constructed from amchispirostreptusp. See text for further details. (B) The alignment
alignment of the bHLH domains of nine insect, five vertebratezompares the highly conserved DSL domain (Delta, Serrate, Lag2)
two Cupiennius saleand the myriapod sequences (Fig. 6A).of GmDelta with the DSL domains of the same species used for the
The node joining the myriapod, spider and vertebrat@lignmentin A. The&GmDelta DSL domain shows the highest
sequences has very high bootstrap support (94), while thaimilarity to the same protein regionAfiopheles gambia@7%
joining the insects has low support. identical amino acidsprchispirostreptusp. andCupiennius salei
Larger fragments of theémDeltaandGmNotchgenes were ~ Deltal (65% identical amino acids eaoky, Anopheles gambiae
amplified by 5 RACE. This resulted in a 850 bpmDelta  ~S A'.rCh'SpgosgethSp"Cs C”p'?\;‘n'us sa|e|(|3m, Glomeris
sequence with an open reading frame of 280 amino acidiarginata Hs, Homo sapiensMim, Mus musculus.
covering a part of the N-terminal signal sequence, the DSL
domain and EGF repeats 1 and 2, and a 111Groplotch
sequence with a 377 deduced amino acid sequence comprising
the N terminus and the first 12 EGF repeats. For botb2% withCDeltal. An alignment of the DSL domain shows
sequences, it was not possible to unambiguously identify thbat these sequences are highly conserved (Fig. 5B). The DSL
start codon. domain and EGF repeats 1 and 2 from two insect species, five
For Delta, arArchispirostreptusequence covering the DSL vertebrates, the two myriapods, the spi@epiennius saleand
domain and EGF repeats 1 and 2 with 81% similarity to thene ascidian sequendgi¢na savignywere aligned to create
Cdeltal protein was isolated. The comple@rDelta the tree shown in Fig. 6B. Here, the insects and the vertebrates
sequence shares 57% identical amino acids @#beltal, form two clear groups, while the myriapods and the spider
while the fragment similar tDelta has a similarity of only form another. All three of these groups have relatively high
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0122 Dm Ach 0053 Xl Delta 1 (0036 Hs Tan 1
] 1
ad 5555 CvL-Se . 0-0%0
0.050 78 CeL-Sc Mm Delta 1
0.007 0.114 Mm Notch 1
Dm L-S¢ 100 0.031
0.029 Dr Delta A 5,106
o076 19 Ash
Dm Sc Hs Delta 1 a0 I Xoteh
100['g.018 0.114
0.1 Uﬁ-'% Ce Sc 0.030
—__ TcAsh Gg Delta 1
Cs Notch
Go Casn 1 ge[ T80 A9 Delta 100 0398
Hs Hash 1 0.060
0.062
-D—OFES‘ Mm Mash 1 0189 Dm Delta
. Xl Xash 1
Cs Delta 2 — |
Dr Ash a 0.178 - 047 Bm Notch-l
XITh Cs Ash 1 7 77 [O775— CsDelta 1 —=
’ 0.037 Gm Notch
—5~ Cs Ash 2 0.042 ——— 4sDea —
Ash X
0023 Loggg AsAsh o755 Gm Delta S35 Dm Notch
AT Yo Ash - CsaDetta —— LoSca

Fig. 6.(A-C) Phylogeny of the conserved domains ofdlhaete-scuteéDeltaandNotchhomologues. The trees were constructed using the
neighbour-joining algorithm (see Materials and Methods for further details). The numbers at the nodes are the bootsiaenvadysscent
(1000 replicates). Nodes without numbers have bootstrap values below 50%. The numbers below the branches are the brgAgf lengths
tree was constructed from an alignment of the bHLH domains of nine insect, five vertebrate, two spider and two myriaposl Smjhence
myriapod homologues group outside the insect genes together with the spider and vertebrate homologues. (B) The treefioas ancated
alignment of the DSL domains and the adjacent highly conserved EGF-repeats 1 and 2 from two insect species, five vertepraigodwo
an ascidian and the two spider sequences. The insects and the vertebrates form two clear groups, while the myriapodthgrspidevith
sequences. (C) The tree was constructed from an alignment of the obtained GmNotch seqegme (p to EGF-repeat 12) with the same
region of four vertebrate and three invertebrate Notch homologues. The myriapod sequence groups with the Boelgighasemicroplus
while the spider homologue forms a group with the vertebrates. The node joining the chelicerates with the vertebrategrmpddhieas a
high bootstrap support (100%). Genlessg lethal of scuteSg scute Ac, achaete Ash achaete-scute homologugcal scalloped wings.
SpeciesAg, Anopheles gambiads, Archispirostreptusp.;Bm Boophilus microplusCc, Ceratitis capitata Cs Cupiennius saleiCsa Ciona
savigny Cv, Calliphora vicing Dm, Drosophila melanogastebDr, Danio rerio; Gg, Gallus gallus Gm, Glomeris marginataHs, Homo
sapiensJc, Junonia coeniglc, Lucilia cupring Mm, Mus musculusTc, Tribolium castaneumXI|, Xenopus laevis

bootstrap support: insects, 86%; vertebrates, 100%; spider aofl GmASH expression (Fig. 7C). Although the gene is
myriapods, 74%. simultaneously expressed in the head segments and the first
The obtainedslomerisNotch sequence, which shares 68%two leg segments, the expression domains in the antennal,
of its amino acids with thBoophilus microplugchelicerate) premandibular, mandibular and maxillar segments seem to be
Notch homologue, was aligned with seven Notch homologuesmaller than in the remaining segments (Fig. 8A-D). At stage
to create the tree shown in Fig. 6C. The high sequenc®the expression domains @mASHform a semicircle around
similarities between th&lomerisand theBoophilusproteins  the area where invagination sites have already formed (Fig. 7H,
are reflected by the tree, where the node joining th€&ig. 8B). This expression pattern again prefigures the regions
Chelicerates with the vertebrates @&ldmerishas a bootstrap where invagination sites will be formed hours later (Fig. 7D).
support of 100% (Fig. 6C). The insect sequences, in contraBefore the last wave of formatioBmASHis expressed in the
are joined by a node with less than 50% support. corresponding regions in between and anterior-medial to the
_ ) ) existing invagination sites. In addition, the gene is transiently
Expression pattern of  GmASH during neurogenesis expressed in the invaginating cell groups and in the neural
GmASHtranscripts were first detected before formation of therecursors of the peripheral nervous system (Fig. 7J, Fig.
limb buds at stage 1. At this time no invagination sites ar8C,D).
visible in the ventral neuroectoderm (Fig. 7A). The gene is In summary, the data show that tB®meris achaete-scute
expressed in neuroectodermal cells in the middle of eadimomologue is expressed prior to invagination of the neural
hemisegment in the head and the first two leg segments @tecursors in the appropriate regions, similar to the spider
heterogeneous levels (Fig. 7F). Groups of cells express higjene.
levels of the gene, while there is a weak uniform expression in )
the remaining regions (Fig. 7F). At stage 2 invagination siteExpression patterns of  GmbDelta and GmNotch
arise in the expression domains@ihASH(Fig. 7B). At this GmbDeltais first expressed during the first wave of neural
time transcripts can be detected anterior, posterior and precursor formation at stage 2. Transcripts can be detected at
between the first invagination sites (Fig. 7G, Fig. 8A). Agairow levels in all ventral neuroectodermal cells, but accumulate
the next invagination sites to arise are generated in the regioashigher levels in the invaginating cell groups, similar to the
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h 1
Fig. 7.(A-J) GmASHprefigures the regions where invagination sites arise. Confocal micrographs (A-E) and light micrographs of (F-J) of the
first leg hemisegment. Anterior is towards the top, the midline is towards the leftG/A&$Hs expressed at heterogeneous levels in the
central region of the hemisegment before formation of the invagination sites at stage 1 (arrowheads). (B,G) The firsbinsagimati
(arrowheads in B) arise in the expression domairidnoASHat stage 2. At this time the gene is expressed in distinct regions of the
hemisegment (arrowheads in G). In addit@mASHshows transient expression in the invaginating cells. (C,H) At stage 3, the second wave
generates invagination sites in the regions prefigurgggSH(arrowheads in C, compare to G). At this time, the expression domains of
GmASHform a semicircle around the central region where an invagination site have already formed (arrowheads in H). (D,l) Again
invagination sites arise in the expression domairdmASH(arrowheads). At this time the gene is re-expressed in distinct regions (arrowheads
in 1). (E,J). In these regions the last invagination sites arise during the fourth wave of neural precursor formatiteget 4eBsASH

expression is transiently maintained in the invaginating cell groups (arrowhead in J). Scalgibain 20J.

expression pattern of the spidésDelta2gene.GmbDeltais  of the embryo, lateral to the limb buds (Fig. 210BmNotch

also expressed in all invagination sites generated subsequeriyexpressed at weak levels in almost all cells of the ventral
(Fig. 9D-F). The expression seems to be rapidly dowmeuroectoderm up to leg segment 3 (Fig. 10D). During the next
regulated, since transcripts cannot be detected in allave of neural precursor formation at stage 3, there is a clear
invagination sites generated during different waves (Figheterogeneity in the expression levelsSonNotch(Fig. 10A).
9A,B,D,F). This expression pattern is maintained during subsequent waves

GmNotchis expressed in segmentally repeated stripes af neural precursor formatio@mNotchexpression extends to

stage 1, but shows a stronger expression in the ventralore posterior segments during the course of neurogenesis. As
neuroectoderm. During formation of the first invagination sitesn the anterior segments, the expression is uniform during the
the expression in stripes becomes restricted to the dorsal pfirst wave of neural precursor formation and shows

Fig. 8.(A-D) Expression pattern of .
GmASH Flat preparations of whole iA R B ' by .
embryos stained for a DIG-labelled - R . T A
GmASHprobe. Anterior is towards the tc - +ant “» .esant "., L ant
(A) An anterior to posterior gradient of < 2 pmd S, .~ pmd PR pmd
GmASHexpression is visible in the . P
neurogenic regions of the embryo. The , ok mx
mediolateral extension of tliemASH S s g o ?' pmx \
expression domain is smaller in the hee £ & ¥ i :
segments. An identic@mASHexpressiol - 'i? 11 F 1 e w12
pattern is visible in the leg segments 1 /g ¥ - B A e 13
2 (arrow), while the former expression % w 12 ; ? 12 .‘i;;‘&j

. L @ N
pattern of anterior segments can be : 13 = 3 3 5 5
detected in leg segment 3 (arrow; comy / 5 2 / o 5
to Fig. 7F,G). (B) At stage &mASH 4 2
expression forms a semicircle around t! . & 5 S .
central region of the hemisegments ¢.= & p S
(arrow). The former expression pattern
the anterior segments is now visible in leg
segment 3 (arrow). (CymASHexpression has extended posteriorly to leg segment 5. The arrow points to the transient exptase\SiHof
the invaginating cell groups. (D) After formation of all invagination sBBaASHs still expressed in about half of them. In addition, the gene is
expressed in the precursors of the peripheral nervous system (arrows). ant, antennal segment; I1 to |7, leg segmentadnidibylerd
segment; mx, maxillar segment; pmd, premandibular segment; pmx, premaxillar segment. Scalgibrain 220.
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Fig. 10.(A-F) Expression pattern @mNotch Flat preparations of
Fig. 9. (A-F) Expression pattern @mDelta Flat preparations of whole embryos (A,B) and leg segments (C-F) stained for a DIG-
whole embryos (A,B) and leg segments (C-F) stained for a DIG- labelledGmNotchprobe. (A,B) At stage &mNotchis expressed in
labelledGmDeltaprobe. (A,B)GmDeltatranscripts can be detected all neuroectodermal cells (arrows) at heterogeneous levels. (C) At
at low levels in all ventral neuroectodermal cells, but they stage IGmNotchis expressed in segmentally repeated stripes, but
accumulate at higher levels in the invaginating cell groups. In shows a stronger expression in the ventral neuroectoderm (arrow).
addition, the gene is expressed in groups of cells in the limb buds af) During the first wave of neural precursor formati@mNotchis
dorsal to the limb buds (arrowheads). These regions coincide with €Xpressed uniformly in the head segments and the first three leg

the generation sites of the peripheral nervous system. segments (arrow). (E) The uniform expression resolves into a
(C) Accumulation of higher levels @mDeltatranscripts is first heterogeneous expression pattern before formation of the next wave
visible during formation of the first invagination sites at stage 2 of invagination sites. The arrowhead points to a region of low

(arrow). (D-F) High levels omDeltaexpression correlate with the ~ GmNotchexpression, a higher expression is visible in the adjacent
formation of invagination sites throughout neurogenesis (arrows). egion (arrow). (FlsmNotchexpression has extended posteriorly and

The expression is rapidly downregulated during the process of still shows a heterogeneous expression pattern in the neuroectoderm.
invagination, although the low uniform expression in all The expression in the limb buds probably corresponds to the
neuroectodermal cells is maintained. 11 to 16, leg segments 1 to 6. formation of mesodermal tissue (arrowhead). ant, antennal segment;
Scale bars: 120m in A,B; 50um in C-F. gz, growth zone; 11 to 15, leg segments 11 to 15; md, mandibular

segment; mx, maxillar segment; pmd, premandibular segment; pmx,
premaxillar segment. Scale bars: 120 in A,B; 50um in C-F.

heterogeneous expression during formation of the remaining

invagination sites. Analyses of transverse and horizontal sections of the ventral
In summary, the data show that homologues of th@euroectoderm ofGlomeris embryos revealed that the

Drosophila NotchandDelta genes are expressed in the ventralinvaginating cell groups detach from the apical surface at stage

neuroectoderm during neurogenesis in a spatiotemporgl At this stage a medial thickening forms in each

pattern, suggesting that these genes are involved in thgmineuromere (Fig. 11C). Subsequently, the neuroectoderm

recruitment of neural precursors. thickens at the lateral border adjacent to the limb buds (Fig.
o . 11D) and the whole ventral neuromere sinks into the embryo
No decision between epidermal and neural fate while the epidermis overgrows the ventral nerve cord (Fig.

The cells in the ventral neuroectodermDobsophilahave a  11A D). At this time, a ladder-like axonal scaffold is already
choice between an epidermal and a neural fate. It has beeible on the basal side (Fig. 11B), suggesting that there is no
shown recently, that this decision does not take place in thgecision between epidermal and neural fate during the
neurogenic region of the spider. Rather, all cells of the ventrébrmation of neural precursors in the ventral neuroectoderm of
neuroectoderm enter the neural pathway (Stollewerk, 2002).Glomeris as is the situation in the spider.
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Fig. 11.(A-D) The epidermis overgrows the ventral nerve cord
after formation of the neuropil. Flat preparations (A,B) and
transverse semi-thin sections of the ventral nerve cords at stags
(A) Apical optical section of the ventral nerve cord of an embryd
stained with phalloidin-rhodamine. The ventral neuromeres sink
into the embryo (asterisk) and the epidermis overgrows the ner
cord (arrow). (B) Basal optical section of the same region show
in A. A ladder-like neuropil has been formed by the invaginated
cells (arrow). (C) Transverse section of the hemineuromere of I¢
segment 1 at early stage 6. At this stage a medial thickening
forms (arrowhead). The asterisk indicates the midline. (D) At lat
stage 6 an additional thickening has formed at the lateral borde
of the hemineuromere and the central part sinks into the embry @i
The asterisk indicates the midline. I1 to I3, leg segments 1 to 3. J
Scale bars: 1Qm.

DISCUSSION invaginating cell groups of the millipede are visible in the

middle of the hemisegment. The next wave of invagination
The pattern of invagination sites in  Glomeris is sites in the spider generates invaginating cell groups in
strikingly similar to the spider coherent medial and posterior regions abutting the former

Our results show that, as in the Spider, groups of Ce||'generati0.n sites. In contrast, iBlomeris nery formed
invaginate from the ventral neuroectoderm @fomeris  invagination sites are distributed all over the hemisegement.
Number and arrangement of the invagination sites arbBurthermore, the_ two most Iateral_ ante_rior invagination sites
strikingly similar to the spider pattern. In both the spider andhat occupy strikingly similar positions in the spider and the
Glomeris there are about 30 invaginating cell groups arrangefillipede (see Fig. 1A,B) are generated during the first wave
in a regular pattern of seven rows consisting of four to fiv®f invaginations in the spider, while they are not visible until
invagination sites each. In addition, in both species th&e third wave of neural precursor formatiorGlomeris
invaginating cell groups are generated in four waves. In However, the generation of neural precursors at stereotyped
contrast, in insects approx. 25 neuroblasts are generated positions seems to be an ancient feature that has been
hemisegment that delaminate as individual cells from th&aintained throughout the evolution of arthropods. Future
ventral neuroectoderm in five waves. The first two populationdhalysis will show if the cells of an individual invagination site
of neuroblasts are arranged in three longitudinal columns arfdve rise to an invariant pattern of neurons in spiders and
four rows per hemisegment' This regu|ar pattern is lost afté"f]l”lpedes similar to the progeny of an identified neuroblast in
delamination of the next population of neuroblasts, becaudgsects and crustaceans.
earlier born neuroblasts are shifted into a more basal position _ ] ) )
(Goodman and Doe, 1993). In summary these data show tHaeneration of neural precursors is associated with
the pattern of neural precursors and their mode of generati&gll divisions in - Glomeris
in Glomerisare more similar to those in the spider than in theéStudies of neurogenesis in different representatives of all
insects. myriapod groups have failed to reveal stem cell-like cells with
However, there are some special features in the millipeddse characteristics of insect or crustacean neuroblasts
that are different from spider neurogenesis. After formation ofHeymons, 1901; Tiegs, 1940; Tiegs, 1947; Dohle, 1964,
the first invagination sites, the ventral neuroectoderm forms Whitington et al., 1991). It is assumed that neurons are
multi-layered structure of small cells, while in the spider thergoroduced by a generalized proliferation of the ventral
is only one single cell layer. The reason for this morphologicaheuroectoderm. However, Knoll (Knoll, 1974) proposed that
difference is that because of limited space in the ventraleuroblasts are present in the apical layer of the centipede
neuroectoderm the invagination sites are located closé&cutigera coleoptratgenerating vertical columns of neurons;
together and come to lie over and above each other. In additiom,mode of neural precursor formation that would be very
the invagination sites iGlomerisconsist of up to 11 cells as similar to the crustacean pattern. Analysis of neurogenesis in
compared to a maximum of eight in the spider and they do nanother centiped&thmostigmus rubripesed Whitington and
all occupy a basal position. The invaginating cells do not alto-workers (Whitington et al., 1991) to the assumption that
have the typical bottle-like shape as in the spider, so that theieural precursors with the characteristics of insect neuroblasts
cell processes cover larger apical areas, and the dots of higle absent in this species. They could not detect sites of
phalloidin staining appear bigger in the millipede. concentrated mitotic activity or dividing cells that are
Furthermore, although the pattern of the invagination sitesignificantly larger than the surrounding cells. Similar results
is very similar in the spider ar@lomeris the relative timing have been obtained for the spider: scattered mitotic cells are
of generation of individual invagination sites is different. Whiledistributed over the neuroectoderm that do not prefigure
in the spider the first invagination sites arise in the mostegions where neural precursors form (Stollewerk et al., 2001).
anterior lateral region of the hemisegments, the firsHowever, our analysis of the mitotic pattern in the ventral
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neuroectoderm ofslomeris revealed that dividing cells are necessary for the formation of all neural precursors. However,
associated with invaginating neural precursors. Furthermoréhis has to be confirmed by functional analysis.
groups of dividing cells seem to prefigure the regions where During formation of neural precursors Drosophilg the
invagination sites arise. In contrast to the results fronmeurogenic gene8lotch and Delta appear to be uniformly
Ethmostigmushe dividing cells are significantly larger in size expressed in the neuroectoderm (Baker, 2000). Although it is
than the surrounding cells in the millipede. Therefore, weassumed that within a proneural cluster the cell expressing the
assume that stem cell-like cells are present in the apical laybkighest amounts dDelta is selected for the neural fate, no
of the ventral neuroectoderm @lomeris,although this has to variation in Delta expression has yet been observed in the
be confirmed by single cell labelling and BrdU injections.ventral neuroectoderm of fly embryos. In contrast, the
Since the dividing cell groups are located in the apical cekxpression patterns of the spidiltagenes can be correlated
layer and are present before formation of the invagination sitety the formation of neural precursors. WhilisDeltal is
they are different from insect and crustacean neuroblasts. &xclusively expressed in neural precursor€sDelta2
Drosophilathe neuroblasts do not divide until they delaminateranscripts are distributed uniformly throughout the
from the outer layer. In contrast, the crustacean neuroblasts deuroectoderm and accumulate in nascent neurons. The only
not delaminate but remain in the apical layer, dividing parallePelta gene we have found iGlomerisis expressed similarly
to the surface, so that the progenies are pushed to the basal $lghe spiderCsDelta2 gene: at low levels in almost all
(Dohle and Scholtz, 1988; Scholtz, 1990; Scholtz, 1992). neuroectodermal cells and at higher levels in the invaginating
The millipede pattern of neural precursor formation iscell groups. Furthermore, althou@tomeris Notchs initially
intermediate when compared between chelicerates and inseag¥pressed uniformly in the neuroectoderm, it resolves into a
While in the spider neuroectodermal cells seem to divid&eterogeneous expression during the first wave of neural
randomly and are recruited for the neural fate because of theglrecursor formation similar to the spidesNotchtranscripts.
positions in the hemisegment, the presence of neural stem cellsTo summarize, our data support the hypothesis that
in the millipede links cell proliferation and generation of neuramyriapods are closer to chelicerates than to insects. The spider
precursors in the apical cell layer. The necessity to single o@nd the millipede share several features that cannot be found
epidermal and neural precursor cells from the ventraln equivalent form in the insects: in both the spider and the
neuroectoderm in insects and crustaceans has led tondllipede, about 30 groups of neural precursors invaginate
separation of the generation sites: epidermal cells are produc@m the neuroectoderm in a strikingly similar pattern.
in the apical layer, while neural cells are generated on the badalrthermore, in contrast to the insects, there is no decision
side. Furthermore, the fact that neuroblasts are missing etween epidermal and neural fate in the ventral
almost all lower crustaceans analysed and that their mode @guroectoderm of both species analysed. The sequence data
neurogenesis seems to be similar to that of myriapods, i.e.280 suggest a closer relationship of the millipede to the spider
separation of the ganglia into the interior (Anderson, 1973fhan to the insects. However, to confirm a sister group
indicates that an entirely neurogenic ventral neuroectoderfglationship of these arthropod groups, more morphological
may be the ancestral state. data from different representatives of myriapods, chelicerates
and outgroups will be necessary.
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