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18  Abstract

19  Unlike the Hox genes in arthropods and vertebrates, those in molluscs show diverse
20  expression patterns and, with some exceptions, have generally been described as
21  lacking the canonical staggered pattern along the anterior-posterior (AP) axis. This
22 difference is unexpected given that almost all molluscs share highly conserved early
23 development. Here, we show that molluscan Hox expression can undergo dynamic
24 changes, which may explain why previous research observed different expression
25  patterns. Moreover, we reveal that a key character of molluscan Hox expression is that
26  the dorsal and ventral expression is dissociated. We then deduce a generalized
27  molluscan Hox expression model, including conserved staggered Hox expression in
28  the neuroectoderm on the ventral side and lineage-specific dorsal expression that
29  strongly correlates with shell formation. This generalized model clarifies a
30 long-standing debate over whether molluscs possess staggered Hox expression and it
31 can be used to explain the diversification of molluscs. In this scenario, the
32 dorsoventral dissociation of Hox expression allows lineage-specific dorsal and ventral
33 patterning in different clades, which may have permitted the evolution of diverse
34 body plans in different molluscan clades.

35
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36 A conserved role of Hox genes in body patterning across bilaterian animals has
37 been extensively discussed'” and even extended to cnidarians to some extent®’.
38 However, conservation has limits, and there is considerable variation between animal
39 lineages in the composition and expression patterns of Hox genes®!2. These
40  differences are particularly evident in Spiralia, which together with Ecdysozoa and
41  Deuterostomia, forms the three major clades of Bilateria. With the exception of
42 Annelida, which shows clear canonical staggered Hox expression along the
43 anterior-posterior (AP) axis (similar to arthropods and vertebrates)'¥!°, staggered Hox
44  expression has been observed less frequently in spiralians than in other bilaterian
45  clades'®!16:17,

46 Mollusca is the most species-rich phylum of Spiralia and comprises seven or
47  eight “class”-grade clades'®?° (Fig. 1a). Hox expression in molluscs shows diverse
48  patterns. Although staggered expression has been reported, it is observed in a variety
49  of tissues in different clades?!**. The observation of a staggered Hox pattern in
50  phylogenetically distant molluscan clades suggests that staggered Hox expression is
51  widespread in molluscs. However, it remains unclear why such expression has been
52 observed in some species (polyplacophorans, scaphopods and bivalves)*'">* but not

2527 and cephalopods®®, although evidence has recently

53  others (e.g., in gastropods
54  suggested staggered expression in the two clades?®). In addition, even without seeking
55 a common staggered pattern, molluscan Hox expression is still too diverse to
56  conclude a general model. Although correlations between Hox expression and the
57 larval shell field, foot and nervous system are frequently observed®'®, the Hox
58  expression in these particular organs shows few common patterns except that the
59  expression in the nervous system in late-stage larvae seems to be common in different
60  clades?>?32528,

61 One possible explanation for the diverse Hox expression in molluscs is that the
62  Hox genes may have been recruited to regulate the development of lineage-specific

63  structures (lineage novelties). This recruitment might, for example, underpin the roles

64 of Hox genes in the development and evolution of the brachial crown in
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65  cephalopods®®. However, despite the contribution of lineage-specific expression, the
66  great diversity of molluscan Hox expression is still unexpected given that all molluscs
67  share highly similar early development, including spiral cleavage and highly
68  conserved primary larvae (trochophore) (the conchiferan molluscs also share late
69 larvae, or veligers)*32. We propose an additional explanation for the diverse
70  molluscan Hox expression patterns: there could be some “cryptic” similarities in Hox
71  expression that remain unrevealed. In this scenario, Hox expression may undergo
72 dynamic changes during development, and different molluscan lineages may share
73  common expression patterns at particular stages. Dynamic Hox expression in
74  molluscs is supported by the fact that distinct Hox expression patterns can be
75  observed at different developmental stages in a single species?>?°. If correct, such
76  dynamic expression may explain why staggered expression has been observed in
77  some species but not in others. Indeed, previous studies on molluscan Hox expression

78  focused on very different developmental stages?!-3

, which may have contributed to
79  the poor consistency of the results.

80 To test our hypothesis, it is necessary to investigate Hox gene expression at
81  multiple developmental stages in individual molluscan species and then compare
82  expression among different clades. Here, we performed a comprehensive investigation
83  of various developmental stages of a gastropod mollusc (the limpet Lottia goshimai)
84  (Fig. 1b). We paid special attention to a gastropod species because previous studies on
85  gastropod Hox expression revealed the most diverse results and a general lack of
86  staggered expression®>’. For comparison, we included a polyplacophoran, the chiton

87  Acanthochitona rubrolineata (Fig. 1c¢), which belongs to the aculiferan molluscs and

88  is phylogenetically distant from L. goshimai (Fig. 1a).
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90  Fig. 1 a. A phylogenetic tree of Mollusca (based on a previous article'®). The phylogenetic

91 positions of the two species used in this study (the gastropod and polyplacophoran) are highlighted.

92 b and c. The gastropod Lottia goshimai and the polyplacophoran Acanthochitona rubrolineata.

93  The morphology of adults and the timing of development (length not to scale) are shown.

94 Asterisks indicate the time points at which samples were collected for gene expression analysis in

95  the present study.

96  Results

97  The molluscan Hox: general remarks.

98 We identified 11 and 10 Hox genes from the developmental transcriptomes of L.

99  goshimai and Ac. rubrolineata, respectively (Fig. 4c and supplemental figures
100 S13-S14). The two species both possessed complete anterior (hoxs/-3) and central
101 (hoxs4-5, lox5, antp, lox4 and lox2) classes of Hox genes. For the posterior class, two
102  genes were identified in L. goshimai (post2 and postl), whereas only post? was
103 observed in Ac. rubrolineata. No postl gene was retrieved when we further searched
104  against an adult transcriptome. Given that postl is also not found in the chiton
105  Acanthochitona crinita®*, this gene may have been lost in this lineage.
106 In L. goshimai, we sampled five developmental stages (two gastrula stages, two
107  trochophore stages and one veliger stage) in short time intervals (as short as every two
108  hours) and confirmed that its Hox expression changed rapidly (see Fig. 2 for
109  examples). These changes correlated with early developmental events, including
110  gastrulation as well as shell and foot development (supplemental figures S1-S4). In
111  the late larva (28 hours post fertilization (hpf) veliger), the expression of most Hox

112 genes was detected in the neural tissues of the foot and internal organs (supplemental
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113 figure S5). In Ac. rubrolineata, we sampled two larval stages and detected minor
114 changes in Hox expression. Although other developmental stages (e.g., the embryos
115 and very early larvae) may exhibit different Hox expression, we believe that the two
116  stages are sufficiently representative because they showed Hox expression patterns
117  similar to those of L. goshimai (see details below). In the late larva (48 hpf,
118  comparable to the veliger larva of L. goshimai), Hox expression was readily detected
119  in the shell field in addition to high Hox expression in the neural tissues in the foot.
120 Other noticeable results included asymmetrical left-right expression and mesodermal
121  expression of some L. goshimai Hox genes. Nevertheless, because we focused on an
122 inter-species comparison in the present study, we will not describe the details of each
123 Hox expression pattern here; instead, we provide this information in supplemental

124 figures S1-S7.
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126  Fig. 2 Hox expression in L. goshimai changes rapidly in early development. Here, four genes
127  are presented as examples, and information on other genes is provided in supplemental figures
128 S1-S5. A dorsal view is shown for 6-8 hpf, and a ventral view is shown for 12-28 hpf, as these are
129 the views showing the greatest Hox expression. Both dorsal and ventral views are shown for 10

130  hpf. The bar represents 50 pm.
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131  The key characteristic of molluscan Hox expression: dorsoventral dissociation.
132 After analysing the complex Hox expression at multiple developmental stages,
133 we concluded that a key characteristic of molluscan Hox expression is the dissociation
134 of dorsal and ventral expression (see examples in Fig. 3). At a given time point, a Hox
135  gene can be expressed solely in dorsal or ventral tissues (e.g., L. goshimai hox5 and
136 lox4 at 10 hpf, see Fig. 3e, h) or in both tissues while showing distinct expression
137  patterns (e.g., L. goshimai hox4 at 10 hpf and most Ac. rubrolineata Hox genes at 24
138  hpf, see Fig. 3d, i-u). This spatial dissociation is crucial for recognizing both
139  conserved and lineage-specific patterns of molluscan Hox expression. As we will
140  describe in detail below (Figs. 4 and 5), in both molluscan species, ventral Hox
141  expression may contribute to neuroectoderm/foot development, and dorsal expression
142 correlates with shell formation.

143 In addition to spatial dissociation, Hox expression in L. goshimai also showed
144 obvious temporal dissociation. As shown in Fig. 3x, the dorsal and ventral expression
145  showed no obvious correlation in L. goshimai, and there was a tendency for earlier
146  dorsal expression. Most Hox genes were expressed in dorsal tissues at early
147  developmental stages (6-8 hpf) and were activated in ventral tissues later (after 10
148  hpf), although the dorsal expression was still sustained to a certain level in late stages
149  (Fig. 3x and supplemental figures S1-S5). Two exceptions included antp, which
150  showed only ventral expression (in the late larva), and /ox4, which showed earlier
151  ventral expression (supplemental figures S2-S5). The dorsal and ventral Hox
152 expression in Ac. rubrolineata did not show temporal dissociation at the two

153  developmental stages that were investigated (Fig. 3x and supplemental figures S6-S7).
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155  Fig. 3 Dorsoventral dissociation of molluscan Hox expression. All panels except x are lateral
156  views. Spatial dissociation is observed in both species (b-l: L. goshimai; n-w: Ac. rubrolineata),
157  while temporal dissociation is observed in L. goshimai but not obvious in Ac. rubrolineata (x).
158 The dashed lines separate the dorsal (D) and ventral (V) parts in panels b-1 and n-w. Panels a and
159  m show schematics of the trochophore larvae of the two species (lateral view), respectively. ne,
160  neuroectoderm; sf, shell field. Bars represent 50 um. Here, two representative stages (one for each

161 species) are provided as examples, and all data are provided in supplemental figures S1-S7.
162  Ventral Hox expression: conserved staggered expression in the neuroectoderm.

163 Ventral Hox expression showed conservation in different molluscan clades and was
164  correlated with the development of the neuroectoderm (the majority of which later

165  developed into the foot). In Ac. rubrolineata, ventral Hox expression showed a
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166  staggered pattern similar to that previously reported in its close relative (Ac.
167  crinita)*"*. In L. goshimai, despite the quick changes, we recognized a stage when
168  generally staggered Hox expression could be detected in ventral tissues (early
169  trochophore 10 hpf, Fig. 4a). In both species, the staggered ventral Hox expression
170  was along the AP axis according to the sequence of a presumptive Hox cluster (spatial
171  collinearity) (Fig. 4b, c). We then found that the ventral tissues showing the most Hox
172 expression in both species were neuroectodermal tissues because they expressed the
173 pan-neural marker soxb (Fig. 4d). In Ac. rubrolineata, although a proportion of
174  ventral signals were observed in subepidermal cells (Fig. 3n-w), these tissues are
175  likely also neural tissues, because the tissues of its close relative Ac. crinita express
176  the pan-neural marker elav??. Overall, staggered Hox expression was detected along
177  the AP axis of the ventral neuroectoderm in both molluscan species, indicating that
178  Hox genes play conserved roles in neurogenesis.

179 However, Hox expression in the neural tissues of L. goshimai lost its staggered
180  pattern in as little as two hours (from 10 to 12 hpf, see Fig. 2 and supplemental figures
181  S3-S4) and exhibited no obvious relationship with the AP axis in later larvae
182  (supplemental figures S4-S5). This finding demonstrates that staggered Hox
183  expression is restricted to the early phase of neurogenesis in L. goshimai. In Ac.
184  rubrolineata, the staggered expression in ventral tissues was stable at the two stages

185  examined (supplemental figures S6-S7).
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187  Fig. 4 Conserved staggered Hox expression along the AP axis of the neuroectoderm. The
188  larvae are at the same stage as in Fig. 3a-w, and all panels are ventral views. Panel a shows the
189  Hox expression in the trochophores of L. goshimai and Ac. rubrolineata. Schematic diagrams are
190  presented in b that show the staggered Hox expression along the AP axis according to a
191  presumptive Hox cluster (¢). Note that expression of hoxI, hox2 and hox5 of L. goshimai (white
192  triangles) is not neuroectodermal and expression of anfp is not detectable (see details in
193 supplemental figure S3). Panel d shows the soxb expression in the two species, indicative of the
194 neuroectoderm. In L. goshimai, soxb expression does not cover the most posterior ectoderm that

195  expresses post2 and postl. Bars represent 50 pm.

196  Dorsal Hox expression: tight correlation with the shell field.

197 Although highly conserved staggered expression was detected in ventral tissues,
198  dorsal Hox expression showed few common characteristics. Nevertheless, we noticed
199  that dorsal Hox expression correlated with shell development in a lineage-specific
200  manner. To provide comparable descriptions, we use the term “shell field” to refer to
201  the whole area of the dorsal ectoderm that contributes to shell development, although
202  this term may have had more specific meanings in previous literature®>. In L.
203 goshimai, the trochophore larva (10 hpf) possessed a single round shell plate (Fig. 5a).

204  In accordance, hox1-3 were expressed in a circular (or partially circular) pattern that
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205  surrounded the shell field (Fig. 5d-f). The other three genes, namely, hox4, hox5 and
206  lox5, were expressed in the central regions of the shell field (Fig. 5g-1). An association
207  between the shell field and more Hox expression was detected in other developmental
208  stages. In earlier stages (6- and/or 8-hpf gastrulae), the expression of lox2 was
209  detected in the dorsal ectoderm and thus may play a role in shell-field patterning
210  (supplemental figures S1-S2). In the later trochophore larva (12 hpf), although the
211 hox3 expression in the shell field vanished, expression of /lox4, lox2 and post2 in the
212 leading edge of the shell field was evident (supplemental figure S4). In general, most
213 Hox genes of L. goshimai showed a correlation with the shell field on the dorsal side
214  atparticular developmental stages.

215 In Ac. rubrolineata, in accordance with its larval shell field being composed of
216  seven repeated shell plates/pseudosegments (Fig. Sb, c), hoxI-5 and lox2 were
217  expressed in particular bands in the dorsal ectoderm (Fig. 5j-0, j’-0’). For each of the
218  other Hox genes, the expression covered a continuous region of the dorsal ectoderm,
219 and a specific correlation between the expression and the shell field was difficult to
220  determine (supplemental figures S6-S7). In summary, similar to the expression in L.
221  goshimai, the dorsal Hox expression in Ac. rubrolineata also showed a tight
222 correlation to the shell field, while the correlation was more specific for hox/-5 and

223 lox2 and less specific for the other Hox genes.
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224
225 Fig. 5 Dorsal Hox expression was correlated with the lineage-specific shell field in L.
226  goshimai and Ac. rubrolineata. Most larvae are at the same developmental stage as in Fig. 3a-w
227  (except j’-0°), and all panels are dorsal views. Panels (a-¢) show the scanning electronic
228  microscope images of the larvae of the two species. The round shell plate in L. goshimai (a) and
229  the seven pseudosegments where the shell plates will form in Ac. rubrolineata (b-¢) are easily

230  distinguished. The dashed circles in d-i indicate the shell field. In some panels (f, i, m and n), the
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231 dorsal and ventral expression is indicated by black arrowheads and grey triangles, respectively,
232 since the ventral expression is very intense and may interfere with the discrimination between
233 dorsal and ventral expression. See the text and supplemental figures S1-S7 for dorsal expression
234 of other Hox genes. Bars represent 50 um.

235  Discussion

236 A generalized model of molluscan Hox expression.

237 From our results, we deduce a generalized model of molluscan Hox expression
238  based on dissociated dorsal and ventral expression. First, ventral Hox expression
239  shows a conserved staggered pattern at particular developmental stages (i.e., during
240  early neuroectoderm patterning). Second, dorsal Hox expression correlates with the
241  shell field and is highly lineage-specific. Lastly, in later larval stages of conchiferans,
242  most Hox genes are exclusively expressed in the nervous system (yet no longer in a
243  staggered manner). By closely examining previous reports, we conclude that this
244  generalized model is compatible with known Hox expression data from various
245  molluscan clades. It is particularly evident in the scaphopod Antalis entalis, in which
246  Hox expression at most developmental stages has been reported?’. Hox expression in
247  this species matches the generalized model, including the staggered ventral expression
248  in early larvae (mid-trochophore), evident expression in the shell field at early stages,
249  and exclusive neural expression in later larvae (in a non-staggered manner)®. In the
250  polyplacophoran Ac. crinita, ventral expression in the neural tissues and dorsal
251  expression in the shell field have also been described separately, although the

d?'?2, Particular aspects of Hox

252 dorsoventral dissociation was not emphasize
253  expression have been reported in other species, which are actually snapshots of the
254  generalized model, including the expression in the brachial crown (the modified foot)
255  and the nervous system in the embryos of the cephalopod Euprymna scolopes®, the
256  dorsal expression in the shell field of the gastrula in the bivalve Patinopecten

24 and the neural expression in the late larvae in the gastropod Haliotis

257  yessoensis
258  asinina®. The only species whose Hox expression does not match the model is the

259  gastropod Gibbula varia***’. Given that Hox expression in G varia shows very
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260  uncommon characteristics (e.g., expression in the prototroch or velum?’, which is
261  never observed in other molluscs), further investigations on more developmental
262  stages of G varia and more gastropod species are needed to explain these unusual
263  Hox expression patterns.

264 Based on these results, we propose that the relatively quick changes in molluscan
265 Hox expression, in particular in conchiferans, have obscured the commonalities
266 among different clades and that the dorsoventral dissociation further adds to the
267  complexity. Although Hox expression has been described in much detail in previous
268  studies, a generalized model has not been uncovered, likely because these studies
269  focused on a single species and/or investigated limited developmental stages, making
270  them insufficient for cross-species comparisons.

271  Molluscan Hox genes: roles in neurogenesis and shell formation.

272 The molluscan dorsal and ventral Hox expression patterns, despite their
273  dissociation, indicate roles of Hox genes in neurogenesis and shell formation. The
274  staggered expression in ventral neural tissues is reminiscent of the conserved
275  staggered Hox expression in the nervous system of other bilaterian clades®***. The
276  potential roles of Hox genes in molluscan neurogenesis is consistent with a conserved
277  mechanism of early neural patterning involving Hox genes in a wide range of animal
278  lineages®®*’. Moreover, because a large proportion of the neuroectoderm contributes
279  to foot development, the roles of Hox genes in molluscan foot development are also
280  indicated. On the dorsal side, although Hox expression in the shell field is frequently
281  observed, the particular genes showing this expression pattern vary greatly among
282  different clades?""*3°2°. While expression of most Hox genes can be detected in the

283  shell field of the polyplacophoran Ac. crinita*"-*

, shell-field expression was limited to
284 a small number of Hox genes in conchiferan molluscs (gastropod, bivalve and
285  scaphopod)**?*?°, Here, we show that, similar to polyplacophorans, the expression of
286 most Hox genes can be detected in the gastropod shell field at particular

287  developmental stages. This result indicates that the involvement of Hox genes in

288  shell-field patterning is far greater than previously realized and thus suggests a deep
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289  integration of Hox functions in molluscan shell development. The expression of more
290  Hox genes in the shell field of other conchiferans is expected to be revealed as more
291  developmental stages are investigated.

292 Lastly, although we use the general terms dorsal and ventral patterning for
293  convenience, caution should be taken when discussing specific processes. Referring to
294  these processes more generally as neural and non-neural patterning may be preferred.
295  Posterior ectoderm patterning should also be paid special attention because, in
296  particular species (e.g., L. goshimai), this region, unlike other ventral tissues, may not
297  contain neuroectodermal tissues (indicated by the lack of soxb expression, see Fig. 4d)
298 and does not exhibit the same obvious dorsoventral dissociation of Hox gene
299  expression (Fig. 3k-1).

300 The dissociated Hox expression in molluscs: evolutionary implications.

301 Given that Hox genes play important roles in body patterning and that molluscan
302 Hox expression shows both conserved and lineage-specific characteristics, this
303  generalized Hox expression model provides useful information for inferring how
304  diverse body plans evolved in molluscs. The expression data strongly suggest that the
305 Hox genes contributed to patterning the nervous system (foot) ventrally and the shell
306 field dorsally in the last common ancestor of molluscs. Nevertheless, regardless of the
307  particular pattern (i.e., dorsal or ventral expression), we propose that the most
308 important part is the dissociation itself because it allows the potential lineage-specific
309  dorsal or ventral patterning, which may underlie the vast diversity of molluscan body
310 plans. For instance, as we propose in Fig. 6, dorsal pseudosegments may have been
311 formed in the lineage leading to polyplacophorans (assuming a non-segmented
312  molluscan ancestor), and the dorsal part would have rotated in the lineage leading to
313 gastropods. The unique shell shapes and structures in bivalves, scaphopods and
314  cephalopods as well as the sclerites in aplacophorans represent other types of
315  diversified dorsal structures (Fig. 6). Similarly, the diverse foot types in bivalves,
316  scaphopods, cephalopods and aplacophorans might result from the lineage-specific

317  patterning of the primitive ventral foot in the common molluscan ancestor that is
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318 likely still maintained in monoplacophorans, gastropods and polyplacophorans (Fig.
319 6). This lineage-specific ventral patterning does not contradict the conserved
320 staggered Hox expression observed in early neurogenesis because this pattern can
321  disappear quickly (e.g., in L. goshimai), and ventral Hox expression exhibits
322 lineage-specific characteristics later in development. Together, the dissociated dorsal
323  and ventral Hox expression, in combination with the robust involvement of Hox genes
324  in morphogenesis, may underpin the diversification of the molluscan body plans.

325 In addition to spatial dissociation, dorsal and ventral Hox expression also
326  exhibited obvious temporal dissociation in L. goshimai (earlier dorsal expression).
327  Similar earlier dorsal Hox expression has also been observed in a scaphopod®® and
328 likely in a bivalve (solely dorsal expression at the early gastrula stage)**. Considering
329  the speculated functions of Hox genes in the shell field and neuroectoderm/foot on the
330  dorsal and ventral sides, respectively, the temporal dissociation of Hox expression
331  suggests temporally dissociated dorsal and ventral patterning. Indeed, the earlier
332 dorsal Hox expression in the three molluscan clades coincides with the bias towards
333 earlier dorsal development in which the dorsal structure (shell field) develops earlier
334  than the ventral structure (foot) (Fig. 6, inserts iii-v). In L. goshimai, this bias is
335 reflected by postl expression that separates the dorsal and ventral tissues. When the
336  shell field on the dorsal side expands quickly and encloses the larval body during the
337  period from the gastrula to early veliger larvae, the ventral neuroectoderm/foot anlage
338  remains small (supplemental figure S8). Such an earlier dorsal developmental strategy
339  may provide survival advantages because it results in the quick formation of a large
340 larval shell that can protect the larva from external threats. This developmental
341  strategy seems to be common in indirectly developed conchiferans but not in
342  aculiferans (compare inserts iii-v and i-ii in Fig. 6). The temporal dissociation of
343  dorsal and ventral patterning represents a type of heterochrony and may contribute to
344  the plasticity of developmental strategies in molluscan evolution.

345
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347  Fig. 6 Evolutionary implications of dissociated dorsal and ventral patterning in molluscs.
348 Spatially dissociated dorsal and ventral patterning may contribute to the diversity of the body
349  plans characteristic of lineage-specific dorsal tissues (blue) and ventral tissues (orange). The
350  nervous system (red) derived from the embryonic neuroectoderm is incorporated into the ventral
351 tissues. Moreover, in conchiferans, the temporally dissociated dorsal and ventral patterning may
352 allow earlier dorsal development and generate early larvae with large shells that can enclose the
353  whole body (iii-v), which is not observed in aculiferans (i-ii). The diagrams of the larvae of
354  aplacophorans and scaphopods are derived from previous studies>**.

355 Common staggered hox expression in other spiralians.

356 Similar to Hox expression in molluscs, Hox expression in other spiralians
357  (except annelids) also shows diverse patterns and generally lacks staggered
358  expression'%!116173% The demonstration of the dissociated Hox expression in dorsal
359 and ventral tissues in molluscs provides a novel perspective for analysing spiralian
360  Hox expression. Therefore, we re-analysed published data with the aim of recovering
361 potential common characteristics (e.g., staggered expression) of spiralian Hox
362  expression. When focusing on the ventral side, we recognized strikingly common
363  staggered Hox expression at particular developmental stages of various spiralians,
364 such as a rotifer'!, nemertean® and brachiopod'® (Fig. 7 and supplemental figures
365  S9-S11). In annelids, although researchers have paid more attention to staggered Hox
366  expression in segments, Hox expression is often observed in ventral tissues before

367  segment formation'*!*4%4 To the best of our knowledge, the only two exceptions are
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368  the platyhelminth Schmidtea'® and the nemertean Micrura'’, which may be due to the
369  very unusual development of the animals (asexual reproduction in Schmidtea and the
370  highly modified larval type in Micrura). As in molluscs, the ventral tissues of these
371  spiralians showing staggered Hox expression are all neural tissues!'!:!3141639-41 (i
372  brachiopods, this idea was suggested subsequently by showing expression of neural
373  patterning genes*’). This result indicates that staggered Hox expression is largely
374  maintained in various spiralians, which has long been debated. Similar to chordates®,
375 combined Hox expression patterns including conserved staggered expression in AP
376  patterning of neural tissues and extra expression in lineage-specific features seem to

377  be widespread in spiralian lineages, indicating the roles of Hox genes in the evolution

378  of the diverse spiralian body plans.

[
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380  Fig. 7 Staggered Hox expression in neural tissues in spiralians. The schematic diagrams of the

Rotifera Nemertea Brachoipoda

379

381 rotifer, nemertean, brachiopod and annelid are derived from published data, and the details are

382  provided in supplemental figures S9-S12.

383  Methods

384  Animals and larvae collection. Adults of L. goshimai Nakayama, Sasaki & Nakano,
385 2017 and Ac. rubrolineata (Lischke, 1873) were collected from intertidal rocks in
386  Qingdao, China. Spawning occurred after the animals were transferred to the
387  laboratory. For L. goshimai, which spawned relatively quickly after collection, each
388  adult was placed into a single 100-ml cup for gamete collection. Artificial fertilization
389  was conducted by mixing sperm and oocyte suspensions, and the fertilized eggs were
390 cultured at 25°C. This procedure ensured the precise description of their
391  developmental stages by referring to hpf. For Ac. rubrolineata, whose spawning was

392  unpredictable, multiple individuals were put into the same container (20-25°C), and
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393  the embryos or larvae were collected on the second day. The developmental stages of
394  the larvae were estimated based on their morphological characteristics. Trochophore
395 larvae at two stages were used, which corresponded to the larvae ~24 hpf and ~48 hpf
396  when cultured at 25°C (metamorphosis occurred 60-72 hpf). Specimens at the
397  designated developmental stages of the two species (asterisks in Fig. 1b, ¢) were fixed
398  in 4% paraformaldehyde in PBS containing 100 mM EDTA and 0.1% Tween-20 (pH
399  7.4). The veliger larvae of L. goshimai were anaesthetized by adding 1M magnesium
400  chloride solution before fixation.

401  Genes. Hox and SoxB genes were retrieved from the developmental transcriptomes of
402  the two species by a BLAST search. Gene orthologies were verified by phylogenetic
403  analysis (supplemental figures S13 and S15). For the Hox genes, characteristic
404  residues of each orthologue were examined to confirm their orthologies as previously
405  described*** (supplemental figure S14).

406  In situ hybridization. Gene-specific primers containing a T7 promoter sequence
407  (taatacgactcactataggg) were used to amplify the cDNA fragment of each gene. The
408  resultant PCR products were used as templates in subsequent in vitro transcription to
409  synthesize the digoxigenin-labelled probes. In situ hybridization was performed as
410  previously described®* except that, after specimen rehydration, an additional protease
411 K treatment was performed (20 min at room temperature with continuous shaking)
412  before the incubation in 1% triethanolamine. Different concentrations of protease K
413  (diluted in PBST) were used for different specimens: 25 ug/ml for L. goshimai
414  embryos (8 hpf and before) and early larva (10 hpf), 50 pg/ml for L. goshimai
415  mid-larvae (12 and 14 hpf) and all Ac. rubrolineata larvae, 75 pg/ml for L. goshimai
416 late larvae (17 and 28 hpf).

417  Scanning electronic microscopy. The specimens were fixed in 2.5% glutaraldehyde
418 at 4°C overnight and then dehydrated in 100% ethanol. Drying, coating and
419  observations under a scanning electronic microscope were performed as described
420  previously®.

421
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422  Data availability
423 L. goshimai and Ac. rubrolineata sequence data generated during the current
424  study have been deposited in GenBank with the primary accession numbers

425 MK637053 to MK637075.
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