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Integrative Taxonomy of the Micrura alaskensis Coe, 1901
Species Complex (Nemertea: Heteronemertea), with
Descriptions of a New Genus Maculaura gen.
nov. and Four New Species
from the NE Pacific

Terra Celeste Hiebert® and Svetlana Maslakova

Oregon Institute of Marine Biology, University of Oregon, Charleston, OR 97420, USA

Micrura alaskensis Coe, 1901 is a common intertidal heteronemertean known from eastern and
northwest Pacific (Alaska to Ensenada, Mexico and Akkeshi, Japan, respectively). It is an emerging
model system in developmental biology research. We present evidence from morphology of the
adults, gametes, and sequences of cytochrome ¢ oxidase subunit | and 16S rRNA genes that it is
not one, but a complex of five, cryptic species. All five of these species co-occur at least in part
of their geographic range (e.g. southern Oregon). Preliminary cross-hybridization experiments sug-
gest that at least some of these species are reproductively isolated. The five species share char-
acteristics of adult morphology (e.g. accessory buccal glands) and at least four are known to
possess a unique larval morphotype—pilidium maculosum. We propose that these characters
define a new genus, Maculaura gen. nov., which contains the following five species: Maculaura
alaskensis comb. nov., Maculaura aquilonia sp. nov., Maculaura cerebrosa sp. nov., Maculaura
oregonensis sp. nov., and Maculaura magna sp. nov. It is unclear which of the five species Coe orig-
inally encountered and described. We chose to retain the name “alaskensis” for the species that
current researchers know as “Micrura alaskensis’, although, presently, it is only known from
Washington and Oregon, and has not been collected from Alaska. Maculaura aquilonia sp. nov. is
the only member of the genus we have encountered in Alaska, and we show that it also occurs in
the Sea of Okhotsk, Russia.
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INTRODUCTION

Micrura alaskensis Coe, 1901 is an eyeless pink worm
with longitudinal cephalic slits and caudal cirrus. It is one of
the most common intertidal nemerteans found in sand flats
and under rocks along the Pacific coast of North America,
with reported northeastern Pacific occurrence from Alaska to
Southern California (Corréa, 1964; Gibson, 1995; Roe et al.,
2007). It was first described by Coe (1901) from several
locations in Alaska including Glacier Bay, Sitka, Yakutat,
and Prince William Sound. Coe (1905) re-described Micrura
alaskensis and adjusted the range southward to San Pedro,
California. Coe (1940) subsequently synonymized Micrura
griffini Coe, 1905 with Micrura alaskensis and reported
Micrura alaskensis from Alaska to southern California and
Mexico. At the same time, Japanese authors (Yamaoka,
1940; Ilwata, 1954) reported the presence of this species in
Akkeshi, Japan (Kajihara, 2007). In recent years, Micrura
alaskensis has become a model for studies of fertilization
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(e.g. Stricker and Smythe, 2000, 2001, 2003; Stricker et al.,
2001, 2013), larval function (Dassow and Maslakova, 2013;
Dassow et al., 2013), and development (e.g. Maslakova,
2010; Bird et al., 2014; Swider et al., 2014; Maslakova and
Dassow, 2014; Hiebert and Maslakova, 2015) due to its
abundance, accessibility, and amenability to embryological
work. This species has been used in molecular phylogenies
of the phylum (Thollesson and Norenburg, 2003), and its
developmental transcriptome has been sequenced and
assembled (Meyer et al., in prep.; Hiebert and Maslakova,
unpublished). Here, we show that worms that fit the descrip-
tion of Micura alaskensis and occur intertidally in southern
Oregon possess subtle morphological and not-so-subtle
reproductive differences, and form at least five genetically
distinct lineages. In other words, Micrura alaskensis is
clearly not one, but several closely related cryptic species.
Furthermore, our preliminary experiments on cross-fertiliza-
tion between some of these forms support their biological
species status. Coe’s original description (Coe, 1901) and
revisions thereafter (Coe, 1904, 1905, 1940) clearly com-
bine characters (e.g. body color, habitat) from several of
these species. Type material does not exist, which makes it
impossible to be certain which of the five species served as
the basis for the original species description (Coe, 1901). It
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Lineus, membership in Micrura is based
on combinations of non-unique characters
of internal anatomy, e.g. proboscis mus-
cle crosses, presence/absence of caudal
cirrus, etc. (Schwartz, 2009). The only
reasonable solution to this taxonomic
problem is to redefine the genus Micrura
to include only those species that are
closely related to the type species,
Micrura fasciolata Ehrenberg, 1828, and
to move all other species to other (new or
existing) genera, as appropriate. Although
Micrura alaskensis fits the rather vague
diagnosis of the genus Micrura (Ehrenberg,
1828; Mcintosh, 1873-1874; Birger,
1895), it is only distantly related to the
type species for this genus in molecular
phylogenies (Schwartz, 2009; Hiebert and
Maslakova, in prep). Incidentally, uncor-
rected sequence divergence values
between members of the Micrura
alaskensis species complex and Micrura
fasciolata are approximately 20% for 16S
and 18% for COI sequence data, nearing
or exceeding maximum interspecific divergence values for
congeneric nemertean species in well-supported monophyl-
etic genera e.g. Carinoma, Riserius, Nipponnemertes
(Hiebert and Maslakova, in prep). These five species of the
Micrura alaskensis complex constitute a monophyletic
group based on molecular phylogenies of the Pilidiophora
(Hiebert and Maslakova, in prep), and share characters of
adult anatomy and larval morphology, supporting the new
genus proposed here, Maculaura gen. nov.

MATERIALS AND METHODS

Material examined
Adults

We collected hundreds of adult individuals in the NE Pacific
that fit the broad description of Micrura alaskensis Coe, 1901 that
has emerged over the last hundred years. Collection sites ranged
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Fig. 1. (A-C) Collection sites for members of the “Micrura alaskensis” species complex
used in this study; (A) sampling sites along the shoreline of the northwestern United
States in Alaska (AK), Washington (WA), Oregon (OR), and California (CA), and the Sea
of Okhotsk in eastern Russia (RU, inset); (B) multiple collection sites in Juneau, AK; (C)
sampling sites in Coos Bay, OR (regions outlined by boxes on A); locations where adult
specimens were collected are indicated with closed circles, larval collection sites are
shown as diamonds. (D) Typical habitat of Maculaura spp. is silty sand or mud in pro-
tected coves or bays; shown here is North Spit (OR-C13), near Charleston, OR. (E) An
individual of Maculaura alaskensis comb. nov. stretched between mud clods.

from Juneau, AK to Crescent City, CA (Fig. 1) (collecting-permit
numbers: 18512, 18586, 19353, CF-14081). Maps showing geo-
graphic locations of all collection sites were generated using ArcGIS
ver. 10.2. One adult preserved for molecular analysis was collected
in the Sea of Okhotsk near the city of Magadan, Russia and kindly
provided by Dr. Alexei V. Chernyshev (Institute of Marine Biology,
Far East Branch of the Russian Academy of Sciences). The
descriptions herein are based on examination of over 100 speci-
mens (including those used for histology and molecular analysis).
See the species descriptions below for detailed information on loca-
tions and habitats of each species (Table 1). Type and voucher
material is deposited at the National Museum of Natural History,
Smithsonian Institution, in Washington, D.C., USA (All NMNH num-
bers are indicated below using notes) (Table 1). Additional material
is kept at the Oregon Institute of Marine Biology, in Charleston, OR,
USA (OIMB).

Thirty specimens collected near Juneau, AK were examined
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Collection information and associated GenBank and USNM numbers. Individual abbreviations correspond to those in Fig. 1 and Fig.

12. Larval specimens are indicated with bold text. The total number of sequences (n) used in phylogenetic analyses are shown for each spe-

cies.
) . ) ) ' NMNH Accession Number
Species Abbreviation Collection location Coordinate Collector(s) Number
16S COl
Maculaura OR-C1-A04 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682166 -
alaskensis  OR.C1-C04 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682167 -
OR-C1-D04 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682168 -
OR-C1-E03 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682169 -
OR-C1-E04 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682170 -
OR-C1-E5A6 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682171 -
OR-C1-E5A7 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682172 -
OR-C1-E5A8 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682173 -
OR-C1-E5A9 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682174 -
OR-C1-F03 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682175 -
OR-C1-F04 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682176 -
OR-C1-G03 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W S. Maslakova KP682177 -
OR-C1-M13 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert 1282107 KP682178 KP682051
OR-C1-M14 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert 1282106° KP682179 KP682052
OR-C1-M15 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert 1282108 KP682180 KP682053
OR-C1-M16 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert 1282109 KP682181 KP682054
OR-C1-M17 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682182 KP682055 2
OR-C1-M18 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682183 KP682056
OR-C1-M19 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682184 KP682057
OR-C1-MMB8 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert - KP682058
OR-C1-MMB9 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert - KP682059
OR-C10-M29 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert 1282110 - KP682062
OR-C10-M30 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert 1282111 - KP682063
OR-C10-M31 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert KP682189 KP682064
OR-C10-M33 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert KP682190 KP682065
OR-C10-M34 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert KP682191 KP682066
OR-C10-M35 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert KP682192 KP682067
OR-C12-M23 North Spit Boat Ramp, North Bend OR 43.4168°N, 124.2755°W T. Hiebert KP682193 KP682068
OR-C12-M22 North Spit Boat Ramp, North Bend OR 43.4168°N, 124.2755°W T. Hiebert KP682194 -
OR-C12-M24 North Spit Boat Ramp, North Bend OR 43.4168°N, 124.2755°W T. Hiebert KP682195 KP682069
OR-C15-M5 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682196 KP682070
OR-C2-103 High Tide Mudflat, Charleston OR 43.3379°N, 124.3247°W  T. Hiebert & S. Maslakova - KP682060
OR-C2-104 High Tide Mudflat, Charleston OR 43.3379°N, 124.3247°W  T. Hiebert & S. Maslakova KP682185 KP682061
OR-C4-E4G8 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682186 -
OR-C7-66 Domehouse Mudflat, Charleston OR 43.3691°N, 124.2981°W S. Maslakova KP682187 -
OR-C8-E2H6 Middle Cove Cape Arago, Charleston OR ~ 43.3033°N, 124.4017°W  T. Hiebert & S. Maslakova KP682188 -
OR-S1-E3B7 Necanicum River, Gearhart OR 46.0159°N, 123.9202°W T. Hiebert KP682197 KP682071
OR-S1-E3B8 Necanicum River, Gearhart OR 46.0159°N, 123.9202°W T. Hiebert KP682198 KP682072
OR-S1-E3B9 Necanicum River, Gearhart OR 46.0159°N, 123.9202°W T. Hiebert KP682199 KP682073
WA-F1-M11 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682200 KP682075
WA-F1-M12 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682201 KP682076
WA-F1-M13 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682202 KP682077
WA-F1-M14 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682203 KP682078
WA-F1-M15 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682204 KP682079
WA-F1-M16 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova - KP682080
WA-F1-M18 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682205 KP682081
WA-F1-M19 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682206 KP682082
WA-F1-M20 False Bay, San Juan Island WA 48.4855°N, 123.0699°W S. Maslakova KP682207 KP682074
n=42 n =32
Maculaura AK-J1-E4B7 Lena Beach, Juneau AK 58.3952°N, 134.7512°W L. Hiebert KP682208 KP682084
aquilonia  AK-J1-E4B8 Lena Beach, Juneau AK 58.3952°N, 134.7512°W L. Hiebert - KP682085
AK-J1-E4B9 Lena Beach, Juneau AK 58.3952°N, 134.7512°W L. Hiebert KP682209 KP682086
AK-J1-E4C1 Lena Beach, Juneau AK 58.3952°N, 134.7512°W L. Hiebert KP682210 KP682087
AK-J1-E4C2 Lena Beach, Juneau AK 58.3952°N, 134.7512°W L. Hiebert KP682211 KP682088
AK-J1-J1 Lena Beach, Juneau AK 58.3952°N, 134.7512°W T. Hiebert 12821132 KP682212 -
AK-J1-J5 Lena Beach, Juneau AK 58.3952°N, 134.7512°W T. Hiebert KP682213 KP682089
AK-J2-J10 Auke Bay, Juneau AK 58.3777°N, 134.7239°W T. Hiebert KP682214 KP682090
AK-J2-J11 Auke Bay, Juneau AK 58.3777°N, 134.7239°W T. Hiebert KP682215 KP682091
AK-J2-J12 Auke Bay, Juneau AK 58.3777°N, 134.7239°W T. Hiebert KP682216 KP682092
AK-J3-J15 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682217 KP682093
AK-J3-J16 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682218 KP682094
Continued.
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Table 1. Continued.
) o ) ) . NMNH Accession Number
Species Abbreviation Collection location Coordinate Collector(s) Number
16S COl
AK-J3-J17 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682219 -
AK-J3-J18 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682220 KP682095
AK-J3-J19 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682221 KP682096
AK-J3-J20 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682222 KP682097
AK-J3-J22 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682223 KP682098
AK-J3-J23 Auke Creek, Juneau AK 58.3806°N, 134.6433°W T. Hiebert KP682224 KP682099
AK-J4-J36 Bridget Cove, Juneau AK 58.6358°N, 134.9462°W T. Hiebert KP682225 KP682100
AK-J5-J45 Sheep Creek, Juneau AK 58.2608°N, 134.3256°W T. Hiebert KP682226 KP682101
AK-J5-J46 Sheep Creek, Juneau AK 58.2608°N, 134.3256°W T. Hiebert KP682227 KP682102
AK-J6-J48 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682228 KP682103
AK-J6-J49 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682229 KP682104
AK-J6-J50 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682230 KP682105
AK-J6-J51 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682231 KP682106
AK-J6-J52 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682232 KP682107
AK-J6-J53 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682233 KP682108
AK-J6-J54 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682234 KP682109
AK-J6-J55 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert 1282114 2 KP682235 KP682110
AK-J6-J56 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert 12821152 KP682236 KP682111
AK-J6-J57 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682237 KP682112
AK-J6-J58 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682238 KP682113
AK-J6-J59 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert KP682239 KP682114
AK-J6-J60 Outer Point Douglas, Juneau AK 58.3004°N, 134.6779°W T. Hiebert 1282116 2 KP682240 KP682115
OR-C10-E2G2  Collver Cove, Charleston OR 43.3272°N, 124.3263°W  T. Hiebert & S. Maslakova KP682244 KP682126
OR-C10-E2G3  Collver Cove, Charleston OR 43.3272°N, 124.3263°W  T. Hiebert & S. Maslakova KP682245 KP682127
OR-C10-E3A3  Collver Cove, Charleston OR 43.3272°N, 124.3263°W  T. Hiebert & S. Maslakova KP682246 KP682128
OR-C10-M32 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert 1282117 2 KP682247 KP682129
OR-C10-M37 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert 1282118 KP682248 KP682130 °
OR-C12-M20 North Spit Boat Ramp, North Bend OR 43.4168°N, 124.2755°W T. Hiebert KP682249 KP682131
OR-C2-102 High Tide Mudflat, Charleston OR 43.3379°N, 124.3247°W  T. Hiebert & S. Maslakova KP682241 KP682122
OR-C4-205 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W G. von Dassow KP682243 -
OR-C4-82 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W S. Maslakova KP682242 KP682124
RU-O1 Sea of Okhotsk, Magadan RUSSIA 59.5620°N, 150.7444°W A. Chernyshev KP682250 KP682133
AK-K1-A2 Kachemak Bay, AK 59.4677°N, 151.5565°W S. Maslakova & J. Norenburg - KP682116
AK-K1-C1 Kachemak Bay, AK 59.4677°N, 151.5565°W S. Maslakova & J. Norenburg - KP682117
AK-K1-C2 Kachemak Bay, AK 59.4677°N, 151.5565°W S. Maslakova & J. Norenburg - KP682118
AK-K1-D1 Kachemak Bay, AK 59.4677°N, 151.5565°W S. Maslakova & J. Norenburg - KP682119
AK-K1-E1 Kachemak Bay, AK 59.4677°N, 151.5565°W S. Maslakova & J. Norenburg - KP682120
AK-K1-F4 Kachemak Bay, AK 59.4677°N, 151.5565°W S. Maslakova & J. Norenburg - KP682121
AK-K1-G1 Kachemak Bay, AK 59.4677°N, 151.5565°W S. Maslakova & J. Norenburg - KP682083
OR-C16-M2 Qualman Mudlfat, Charleston OR 43.3382°N, 124.3206°W T. Hiebert 1282112" - KP682132
OR-C4-213 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W G. von Dassow - KP682125
OR-C4-81 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W L. Hiebert - KP682123
n=43 n =51
Maculaura CA-C1-E1A8 Crescent City, CA 41.7362°N, 124.1744°W G. Paulay KP682251 KP682134
cerebrosa OR.C10-M36 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert KP682259 KP682138
OR-C13-M11 North Spit, North Bend OR 43.4366°N, 124.2338°W T. Hiebert 12821202 KP682260 KP682139
OR-C13-M12 North Spit, North Bend OR 43.4366°N, 124.2338°W T. Hiebert 12821212 KP682261 KP682140
OR-C14-M10 Inner Boat Basin, Charleston OR 43.3465°N, 124.3272°W T. Hiebert KP682263 KP682142
OR-C14-M9 Inner Boat Basin, Charleston OR 43.3465°N, 124.3272°W T. Hiebert KP682262 KP682141
OR-C15-M3 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert 1282119 ' KP682264 KP682143
OR-C15-M4 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682265 KP682144
OR-C15-M6 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert 12821222 KP682266 KP682145
OR-C15-M7 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert 1282124 KP682267 KP682146 °
OR-C2-107 High Tide Mudflat, Charleston OR 43.3379°N, 124.3247°W  T. Hiebert & S. Maslakova 1282123 2 KP682252 -
OR-C4-196 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682253 -
OR-C6-2008 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W S. Maslakova KP682256 -
OR-C4-210 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682254 -
OR-C4-211 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682255 KP682135
OR-C5-173 North Cove Cape Arago, Charleston OR 43.3096°N, 124.3991°W S. Maslakova KP682257 KP682136
OR-C6-30 Sunset Bay, Charleston OR 43.3347°N, 124.3756°W S. Maslakova KP682258 KP682137
n=17 n=13
Maculaura OR-C1-M8 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert 1282125 ' KP682268 KP682147 *
magna OR-C2-105 High Tide Mudflat, Charleston OR 43.3379°N, 124.3247°W  T. Hiebert & S. Maslakova KP682270 KP682148
OR-C2-13 High Tide Mudflat, Charleston OR 43.3379°N, 124.3247°W S. Maslakova KP682269 =
Continued.
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Table 1. Continued.
) o ) ) . NMNH Accession Number
Species Abbreviation Collection location Coordinate Collector(s) Number
16S COl
OR-C3-93 Fisherman’s Grotto Mudflat, Charleston OR 43.3419°N, 124.3193°W  T. Hiebert & S. Maslakova KP682271 KP682150
OR-C83-95 Fisherman’s Grotto Mudflat, Charleston OR 43.3419°N, 124.3193°W  T. Hiebert & S. Maslakova KP682272 -
OR-C3-96 Fisherman’s Grotto Mudflat, Charleston OR 43.3419°N, 124.3193°W  T. Hiebert & S. Maslakova KP682273 KP682151
OR-C4-112 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682274 KP682152
OR-C4-131 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682275 -
OR-C4-177 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682276 -
OR-C4-E3A6 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682277 -
OR-C4-E3H4 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682278 -
OR-C4-E3H6 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682279 -
OR-C4-E3I1 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682280 -
OR-C4-E3I3 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682281 -
OR-C4-E3I5 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682282 KP682153
OR-C4-LWB7 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682283 -
OR-C4-LWBS8 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682284 -
OR-C4-LWB9 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682285 -
OR-C4-LWC1 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682286 -
OR-C4-LWC2 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682287 -
OR-C4-LWC7 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682288 -
OR-C4-LWC8 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682289 -
OR-C4-LWD7 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682290 -
OR-C4-LWE6 Outer Boat Basin, Charleston OR 43.3445°N, 124.3215°W T. Hiebert KP682291 -
OR-C5-162 North Cove Cape Arago, Charleston OR 43.3096°N, 124.3991°W S. Maslakova KP682292 -
OR-C5-163 North Cove Cape Arago, Charleston OR 43.3096°N, 124.3991°W S. Maslakova KP682293 KP682154
OR-C6-174 Sunset Bay, Charleston OR 43.3347°N, 124.3756°W S. Maslakova KP682294 KP682155
OR-C6-175 Sunset Bay, Charleston OR 43.3347°N, 124.3756°W S. Maslakova KP682295 KP682156
OR-C2-159 High Tide Mudflat, Charleston OR 43.3379°N, 124.3247°W  T. Hiebert & S. Maslakova - KP682149
OR-C3-M42 Fisherman’s Grotto Mudflat, Charleston OR 43.3419°N, 124.3193°W T. Hiebert 1282126 2 - -
OR-C1-M43 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W  T. Hiebert & S. Maslakova 1282127 2 - -
n=28 n=10
Maculaura OR-C10-M25 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert 1282128 ' KP682299 KP682159 4
oregonensis OR-C10-M26 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert 1282129 2 KP682300 KP682160
OR-C11-E2I6 Brown’s Cove, Charleston OR 43.3234°N, 124.3144°W  T. Hiebert & S. Maslakova KP682301 KP682163
OR-C13-E5B3  North Spit, North Bend OR 43.4366°N, 124.2338°W T. Hiebert KP682302 -
OR-C13-MMB12 North Spit, North Bend OR 43.4366°N, 124.2338°W T. Hiebert KP682303 -
OR-C13-MMB13 North Spit, North Bend OR 43.4366°N, 124.2338°W T. Hiebert KP682304 KP682164
OR-C3-94 Fisherman’s Grotto Mudflat, Charleston OR 43.3419°N, 124.3193°W  T. Hiebert & S. Maslakova KP682298 -
OR-C10-M27 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert - KP682161
OR-C10-M28 Collver Cove, Charleston OR 43.3272°N, 124.3263°W T. Hiebert - KP682162
OR-C1-E4A2 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682297 KP682158
OR-C1-E3G6 Portside Mudflat, Charleston OR 43.3428°N, 124.3218°W T. Hiebert KP682296 KP682157
n=9 n=38

holotype, 2paratype, 3topogenetype, “hologenetype, ®neotype

externally and preserved for molecular analysis at the University of
Alaska, Southeast (UAS). All other specimens were examined at
the OIMB. Live worms were kept in 150-ml glass dishes submerged
in a sea table with running seawater at ambient sea temperature.
Adults were photographed using a Leica DFC400 digital camera
mounted to a Leica MZ10F dissecting microscope and accompany-
ing software (Leica Application Suite ver. 3.6) at OIMB.

Larvae

Twenty-six pilidium larvae were collected using a plankton net
(SeaGear, 0.5-m diameter with 153-um mesh) in Coos Bay, from
the Charleston marina docks or by boat in the Charleston Channel
(OR-C4, Fig. 1C). Larvae were photographed individually using the
same camera and software as above and an Olympus BX51 com-
pound microscope equipped with differential interference contrast
optics. For photography, larvae were gently trapped between glass
slide and cover slip supported by small clay feet. Young wild-caught
larvae were reared in the lab on a diet of the unicellular cryptophyte
alga Rhodomonas lens (Pascher and Ruttner, CCMP739) in bowls
of filtered seawater (FSW, 0.45 pum) for up to 10 weeks and period-
ically photographed. Larval identity was confirmed using DNA
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sequence data as described below.

Embryonic cultures

To characterize development, embryonic cultures were estab-
lished in the lab when gravid males and females of each species
were available, and larvae were reared to metamorphosis as previ-
ously described by Maslakova (2010). To further confirm the spe-
cies status of the five lineages, we carried out cross-fertilization
experiments between different forms when reproductive adults of
more than one form were available. Cross-fertilization was initially
attempted with the same sperm concentrations (~1/1000) for
embryonic culturing of con-specifics but was increased over time to
ensure that sperm concentration was not a limiting factor and to
promote hybridization.

Molecular analysis

Tissue from 128 adults was preserved for molecular analysis.
Two small (2 x 2 mm) pieces of tissue were preserved from each
individual (one cryopreserved and kept at —80°C, and the other
immersed in 80% EtOH and kept at —20°C). DNA extraction from
adult tissue was carried out using a DNeasy Blood and Tissue Kit
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(Qiagen) or Wizard SV Genomic DNA Purification System (Promega).
Tissue lysis was performed in a Nuclei Lysis solution composed of
0.5 M EDTA and proteinase K (20 mg/ml) at 56°C for 6-12 h.
Twenty-six larvae were cryopreserved whole in a small volume (< 10
ul) of FSW at —80°C after being photographed. PCR-quality DNA
was obtained from larvae using Chelex matrix (InstaGene, BioRad)
with initial incubation at 56°C for 30 min followed by a short (8 min)
incubation at 98°C.

“Barcoding” regions of two mitochondrial genes were amplified:
16S rRNA (460-537 bp, 16S) and cytochrome ¢ oxidase subunit |
(658—-698 bp, COIl). PCR amplification was carried out with univer-
sal primers: 16SARL [5* CGCCTGTTTATCAAAAACAT 3] and 16S
BRH [5° CCGGTCTGAACTCAGATCACGT 3] (Palumbi et al,
1991); LCO 1490 [5* GGTCAACAAATCATAAAGATATTGG 3] and
HCO 2198 [5* TAAACTTCAGGGTGACCAAAAAATCA 3] (Folmer
et al., 1994). Occasionally, higher quality amplification was achieved
by pairing nemertean-specific reverse primers (16SKR [5” AATAGA-
TAGAAACCAACCTGGC 3], COIDr [5" GAGAAATAATACCAAAAC-
CAGG 3] (Norenburg, unpublished)) with corresponding universal
forward primers. PCR thermocycling was carried out using 1-8 pl
of DNA extract in a 20-ul reaction volume with the following param-
eters: 95°C initial denaturation for 2 min, 35 cycles of 95°C for 40 s,
45-55°C for 40 s and a 60-s extension at 72°C. Following the last
cycle there was an additional 2 min at 72°C for final extension after
which products were stored at 4°C. PCR products were purified
using Wizard SV Gel and PCR Cleanup kit (Promega) and
sequenced (Sequetech Inc, Mountain View, CA) in both directions
using forward and reverse primers to maximize sequence length
and accuracy. COIl sequence data from specimens collected near
the Kasitsna Bay Laboratory (NOAA) in Kachemak Bay, AK (AK-K1,
Fig. 1A) were provided by Dr. Jon L. Norenburg (Smithsonian Insti-
tution). Sequences were trimmed to remove primers, assembled in
contigs, proofread for quality using Geneious ver. 7.0.6, and depos-
ited in GenBank (accession numbers KP682050-KP682304).

Histology

Adults were relaxed in a 1:1 mixture of MgCl, and FSW for 30—
60 min and preserved for histology in 10% buffered formalin for at
least 24 h, then post-fixed in Hollande-Bouin’s Fixative (Electron
Microscopy Sciences, Hatfield, PA) for 24-72 h, rinsed in 70%
EtOH until all traces of Bouin’s were removed, as assessed by the
color of solution (solution exchanged at least once daily for 10 days)
and stored in 70% EtOH until processed. Specimens were dehy-
drated through an EtOH series, cleared with several washes in
xylene and embedded in paraffin (56°C, melting point). Slides with
serial sections of 7-8 um thickness were stained with Crandall’s
polychrome method—a combination of the Mallory, Gomori, Koneff
and Gurr-McConail techniques where time in red stain and counter
stain were slightly modified to 3 and 4 min, respectively—and
mounted using Permount (Electron Microscopy Sciences, Hatfield,
PA). Sections were imaged using an Olympus BX51 compound
microscope, Leica DFC400 digital camera and Leica Application
Suite ver. 3.6 software.

Alignment, phylogenetic analysis, haplotype networks, and
species delimitation

Our phylogenetic, statistical parsimony, and species delimita-
tion analyses were performed on 139 (16S) and 114 (COl)
sequences, which were trimmed to the same length to minimize
missing data (440 bp for 16S and 512 for COIl). Sequences were
aligned using ClustalW (gap opening and extension costs set to
default parameters, 15 and 6.66, respectively) as implemented in
Geneious ver. 7.0.6 (Biomatters Ltd). Sequence divergence values
were calculated as uncorrected p-distances (and converted to per-
centage) from pairwise sequence alignments in Geneious ver.
7.0.6. Maximum likelihood phylogenetic analysis was carried out
including 139 (16S) and 114 (COl) sequences using PhyML ver. 3.0
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(Guindon et al., 2010) with TN93 (Tamura and Nei, 1993) substitu-
tion model and default parameters. Clade support was estimated
using 1000 bootstrap replicates (Felsenstein, 1985). Bayesian phy-
logenetic analyses were conducted in MrBayes ver. 3.2.1 (Ronquist
et al., 2012) where evolutionary model parameters for each gene
region were TN93 (Tamura and Nei, 1993) selected by jModel-Test
ver. 2.1 (Posada, 2008) as the best-fit model. Four chains were run
for 1,000,000 generations, sampling trees every 1000 generations,
excluding the first 25% discarded as burn-in. Gene tree topologies
were viewed in FigTree ver. 1.3.1 (Rambaut, 2009) or Geneious
ver. 7.0.6. Sequences from another member of the family Lineidae,
Lineus flavescens Coe, 1904, were used as an outgroup to root the
trees. This individual (L. flavescens) was collected from along the
South Slough estuary in Charleston, OR (OR-C10, Fig. 1C, GenBank
accession numbers KP682165 (16S) and KP682050 (COl)). Haplo-
type networks were generated with TCS ver. 1.21 (Clement et al.,
2000) based on 95% confidence intervals using 136 (16S) and 115
(COI) sequences. Two additional DNA taxonomy methods were
used on the same 16S and COI sequences, including a Bayesian
implementation of the Poisson Tree Processes model (bPTP,
Zhang et al., 2013) and the Automatic Barcode Gap Discovery
(ABGD, Puillandre et al., 2012) method. ABGD analysis was carried
out using default parameters (P-min 0.001, P-max 0.1, steps 10,
gap width 1.5). Default parameters were also used for bPTP (thin-
ning 100, burn-in 0.1, seed 123), which was run on a maximum like-
lihood tree (PhyML), with 500,000 MCMC generations 500,000 with
convergence checked for each analysis (Zhang et al., 2013; Leasi
and Norenburg, 2014).

RESULTS

Taxonomy
PILIDIOPHORA Thollesson and Norenburg, 2003
Class HETERONEMERTEA
Family LINEIDAE Mclintosh, 1874

Genus Maculaura gen. nov.

Type species. Micrura alaskensis Coe, 1901, fixed by
original designation.

Etymology. The generic name is feminine in gender,
neologized by combining the first part of the Latin maculosus
(having spots, spotted) and aura (air, breeze) in reference to
the characteristic spotted pigmentation of the thin veil-like
amnion surrounding the juvenile inside the pilidium larva, a
suspected synapomorphy of this genus (pilidium maculosum
morphotype, Fig. 2A).

Diagnosis. Body wall of typical heteronemertean com-
position with outer and inner longitudinal muscle layers sep-
arated by middle circular layer; middle circular muscle layer
thickens in posterior esophageal region; outer dermis mark-
edly glandular; sub-epithelial foregut glands—referred to as
“accessory buccal glands” by Coe (1901)—associated with
buccal cavity and extending into ventral outer longitudinal
musculature; proboscis unbranched and unarmed, with four
muscle layers including outer and inner (endothelial) circu-
lar, longitudinal and, sometimes inconspicuous, diagonal
muscle layer—i.e., the musculature is “modified heterotype”
according to Chernyshev (2015); two proboscis muscle
crosses present, although sometimes thin; outer longitudinal
musculature in proboscis absent or present as two muscle
strands outside main proboscis nerves; rhynchocoel with
outer circular and inner longitudinal muscle layers, not
consistently interwoven with body wall musculature; dorsal
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Fig. 2. Comparison of five species in Maculaura gen. nov. (A) The pilidium maculosum larval morphotype. (B-F) External appearance of
adults: (B) Maculaura alaskensis (Coe, 1901) comb. nov., (C) Maculaura aquilonia sp. nov., (D) Maculaura cerebrosa sp. nov., (E) Maculaura
oregonensis sp. nov., (F) Maculaura magna sp. nov. Scale bars: 100 um (A) and 1 mm (B-F).

ganglia separate posteriorly into upper and lower neuropil;
neurochord cells absent; inner and outer neurilemma pres-
ent; external color of live worms pale to dark pink, some-
times white anteriorly; lateral cephalic slits relatively shallow
compared to those in other lineids (A. V. Chernyshev, pers.
comm.); ocelli lacking at all stages of development as well
as in adults; head shape ovate to rectangular, with obtuse
apex (Fig. 2B—F), not distinctly marked from the rest of body
(i.e. posterior margins of lateral slits linear), except when
contracted; body oval in cross-section in foregut region,
dorso-ventrally flattened in midgut region; lateral body mar-
gins not sharp; worms glide, but do not swim; caudal cirrus
present and regenerated easily if lost; gonochoric, with
gonads serially arranged and alternating with intestinal
diverticula; fertilization occurs externally in water column
(i.e. broadcast spawning); oocytes 75—125 um, with or with-
out chorion; sperm morphology modified or primitive with
headpiece size 5-15 um long (Fig. 3); with planktotrophic
pilidium larva of “gyrans” type with conspicuous reddish,
black, or brown pigment spots decorating the juvenile
amnion (pilidium maculosum).

Composition. This genus includes five species:
Maculaura alaskensis comb. nov., Maculaura aquilonia sp.
nov., Maculaura cerebrosa sp. nov., Maculaura magna sp.
nov., and Maculaura oregonensis sp. nov. (Fig. 2B-F).

Geographic distribution. The geographic distribution
of this genus, as confirmed by DNA sequence data, includes
the NE Pacific: Alaska (Juneau and Kachemak Bay),
Washington (False Bay, San Juan Island), Oregon (Seaside,
Coos Bay, Charleston), and California (Crescent City); and
the NW Pacific (the Sea of Okhotsk, Russia) (Fig. 1A). Addi-
tional records, awaiting confirmation by DNA sequence data,
include various locations in Alaska: Glacier Bay, Sitka,
Yakutat, Prince William Sound (Coe, 1901), British Columbia
(Coe, 1940), southern California to Ensenada, Mexico (Coe,
1940), and Hokkaido, Japan (Yamaoka, 1940; lwata, 1954;
Gibson, 1995; Roe et al., 2007; Kajihara, 2007). Numerous
larvae that were confirmed to belong to this genus have
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been collected from Coos Bay, OR. Larvae of this morpho-
type have also been found in plankton near Bamfield, B.C.,
Canada (Lacalli, 2005).

Maculaura alaskensis (Coe, 1901) comb. nov.
(Figs. 2B, 3A-B, 4A-B, 5, 6)

Micrura alaskensis Coe, 1901, in part.

Etymology. The specific epithet is an adjective (-ensis,
-ense), referring to the geographic origin of specimens orig-
inally described by Coe (1901).

Type material. Morphological types do not exist. We
hereby designate a series of transverse histological sections
(18 slides # 1282106) and associated ethanol-preserved
material from an individual collected from a mudflat in
Charleston, OR by T. Hiebert (Table 1) as the neotype,
according to Article 75.3 of the Code (ICZN, 1999). Neotype
is deposited at the NMNH. We further designate a partial
COI sequence from a different individual collected from the
same location as a topogenetype (GenBank accession num-
ber KP682055, Table 1).

Material examined. Forty-seven adult individuals
(collected from False Bay, San Juan Island, WA as well as
locations in or near Gearhart and Charleston, OR) and one
wild-caught larva were examined and their identification con-
firmed by DNA sequence data (see Table 1 for GenBank
accession numbers). These included serial transverse histo-
logical sections of two individuals (36 slides # 1282107 and
18 slides, neotype, # 1282106), and four whole specimens
preserved for histology (#s 1282108—1282111); ethanol-pre-
served tissue from all six specimens is deposited at the
NMNH (Table 1). Ethanol-preserved tissue and/or extracted
DNA from remaining individuals are held at the OIMB.

Diagnosis. Maculaura alaskensis comb. nov. differs from
M. magna sp. nov. and M. oregonensis sp. nov. by its smaller
size, narrower body, and not as pink body color. It most
closely resembles M. aquilonia sp. nov. and M. cerebrosa sp.
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Fig. 3. Primary oocytes and sperm dissected from the members in
Maculaura gen. nov. (A, B) Maculaura alaskensis comb. nov., (C,
D) Maculaura cerebrosa sp. nov., (E, F) Maculaura aquilonia sp.
nov., (G, H) Maculaura magna sp. nov., (J) Maculaura oregonensis
sp. nov. Scale bars: 50 um (A, C, E, G), 10 um (B, D, F, H, J).

nov. in body shape, color, and size. Maculaura alaskensis
differs from M. cerebrosa by having cerebral ganglia of the
same general hue as the body (as opposed to having a dis-
tinctly pink brain) and a relatively longer caudal cirrus with
an abrupt (as opposed to gradual) transition from posterior
body (compare Fig. 4B with 4J). Differentiating M. alaskensis
from M. aquilonia is challenging and best achieved with
freshly collected specimens, as colors can fade in the lab
over time. Whereas M. alaskensis is pale anteriorly, M.
aquilonia can have a brownish region near the brain (Fig.
4F). The easiest way to distinguish M. alaskensis from M.
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aquilonia and the other three species is by comparing their
eggs and sperm (Fig. 3). At 75 um in diameter, M. alaskensis
eggs are the smallest in the genus (M. oregonensis egg size
is not known), and they lack a chorion. Maculaura alaskensis
sperm is primitive with a short (5 um) headpiece, similar to
that in M. oregonensis, but distinctly different from the
sperm in the other three species, which have variously elon-
gated headpieces.

Habitat, type locality, and distribution. The known
range of this species confirmed by DNA sequences extends
from False Bay, San Juan Island, Washington to southern
Oregon (WA-F1 to OR-C, Fig. 1A), where it is common. Indi-
viduals are commonly encountered in the top 10-15 cm of
silty, relatively small-grained sand and mud from mid- to low
intertidal (e.g. Fig. 1D) in protected bays and estuaries.
Although patchy in distribution, several individuals can be
found in one shovel-load, stretched like threads between
clods and clumps of sand (Fig. 1E). It is quite possible that
this species occurs further north and south along the Pacific
coast of North America (including Alaska), but none of the
individuals from outside Oregon and Washington, that we
have sequenced, belong to this species. Coe (1901) did not
specify a type locality, but based his description on speci-
mens from a variety of locations in Alaska. Later, Coe (1904,
1940) revised the species range to include southern California
and Mexico. The type locality of M. alaskensis comb. nov.
is now regarded to be Charleston, OR, as the place of origin
of the neotype becomes the type locality of the nominal spe-
cies-group taxon, according to Article 76.3 of the Code
(ICZN, 1999).

Description. External appearance. Largest specimens
examined by us were 5 cm in length and 2-3 mm in width,
with average length 3—4 cm and width 1-2 mm (Figs. 2B,
4A, B), while gliding. Living worms are, generally, a uniform
pinkish or flesh-color. Body is rounded in the foregut region
and dorso-ventrally flattened in the midgut region. Sexually
mature individuals can appear pale yellow to white due to
the color of gametes visible through the body wall between
intestinal diverticula. The ventral surface is only slightly
lighter than dorsal, if at all. The tip of the head is narrow and
rounded, and head is not prominently demarcated from body
when worm is gliding. Relatively shallow horizontal cephalic
slits extend from anterior tip of the head to about the anterior
margin of the mouth. Ocelli are lacking. Mouth is slit-like and
elongated. The caudal cirrus is abruptly demarcated from
the posterior end of body, and tends to be relatively long and
thin compared to that in several other members of the genus
(e.g. compare Figs. 2B with 2D, E, and 4B with 4J). Move-
ment is without distinct peristalsis (Fig. 4A). Worms frag-
ment during collection, especially when sexually mature,
and posterior end regenerates routinely; anterior regenera-
tion has not been observed. To avoid fragmentation worms
should be collected with clumps of sand or mud, and
cleaned in the laboratory.

Body wall. The epidermis is ciliated and of uniform
thickness, situated on top of a thin dermis; the latter term
used here in reference to the thin layer of extracellular
matrix underlying the epidermis (Fig. 5E). Gland cells, stain-
ing red and blue, are interspersed within the cutis (subepi-
dermal glandular region between the dermis and outer lon-
gitudinal musculature, OLM) (Fig. 5A-D). The transition from
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Fig. 4. External appearance of live adults in Maculaura gen. nov. (A, B) Maculaura
alaskensis (Coe, 1901) comb. nov.: (A) entire body of non-type specimen; (B) anterior and
posterior ends of same individual as (A), relaxed in MgCl,. (C—F) Maculaura aquilonia sp.
nov., two different specimens: (C) paratype, entire body; (D) magnification of head, same
individual as (C), relaxed in MgClz; (E) magnification of tail, same individual as (C),
relaxed in MgClg; (F) reproductive male (topogenetype specimen) with testes visible
through the body wall (arrowhead), with magnification of head in upper-right inset. (G-J)
Maculaura cerebrosa sp. nov.: (G) non-type specimen, showing the distinctly pink brain
(indicated by arrowheads); (H) reproductive female (non-type specimen) with ovaries
(indicated by arrowhead) visible through the body wall; (I) head of a relaxed (topogene-
type) individual; (J) tail, same individual as (I). (K) Maculaura magna sp. nov., body of
holotype and close-up of anterior and posterior of the same individual after relaxation in
MgCl2 (upper right insets); the background has been removed using Adobe Photoshop to
emphasize the body color; bottom left inset shows the same individual on original back-
ground. (L-Q) Maculaura oregonensis sp. nov.: (L—0) body and anterior of holotype; note
coiled proboscis visible through the anterior body wall (O); (P-Q) anterior and posterior of
relaxed individual. Scale bars: 5.0 mm (K and left inset), 1.0 mm (A, C, F, G, H, K, L, O),
and 0.5 mm (B, D, E, F inset, |, J, K insets, M, N, P, Q). Topogenetypes are associated
with specimens pictured in F, |, J.

cutis to the OLM is gradual and visible only by the presence
of gland cells that are confined to the cutis anteriorly and
extend into the OLM immediately anterior and posterior to
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the mouth (compare Fig. 5A with 5C, E).
The OLM is slightly thinner than the inner
longitudinal muscle layer (ILM, e.g. Fig.
5E), but the two layers are of equal thick-
ness in the intestinal region where the cir-
cular musculature (CM) is thickest (Fig.
5F). The thick esophageal circular muscle
layer (1/2 as thick as body wall CM
reported by Coe (1901) was not observed.

Proboscis and rhynchocoel. The
rhynchocoel opening is slightly subtermi-
nal (ventral); proboscis is long and coiled.
The rhynchocoel musculature under the
vascular plug is not interwoven with body
wall musculature. The proboscis consists
of four distinct muscle layers including
inner (endothelial) circular, longitudinal,
diagonal, and outer circular; two thin mus-
cle crosses were observed in confocal
sections (A. Chernyshev, personal com-
munication). The proboscis epithelium
sits atop a thin layer of extracellular
matrix; glandular ridge present and with
red-staining gland cells (Fig. 5E, H).

Digestive system. The mouth is situ-
ated ventrally. The opening is a short
(80 um), thin slit that begins immediately
posterior to the cephalic slits. Just ante-
rior to the mouth opening, gland cells that
open into the foregut (“accessory buccal
glands”, following Coe’s terminology),
become apparent ventrally (Fig. 5D) and
remain prominent throughout the anterior
esophageal region. At least two types of
gland cells are associated with foregut
epithelium, one staining orange-red and
the other staining purple, and, at times,
their bodies may extend into the OLM
(Fig. 5D). The foregut is densely ciliated,
folded and packed with gland cells. The
transition from foregut to intestine is grad-
ual. Intestinal diverticula are not
branched. Short, unbranched hindgut
opens via a ventral anus anterior to the
caudal cirrus.

Excretory system. Relatively large
nephridia are found 5 mm from the ante-
rior tip (Fig. 5E) and extend as canals
before opening to the outside via two
dorso-lateral nephridiopores, one on each
side (Fig. 5G) near the transition between
foregut and intestine.

Vascular system. Two conspicuous
lateral blood vessels flank the rhynchoc-
oel, and a dorsal blood vessel is situated
within the ventral wall of the rhynchocoel
for the length of the foregut. The mid-dor-
sal blood vessel enters the rhynchocoel

near the brain and forms a single ventral vascular plug. Two
lateral cephalic blood lacunae are connected anteriorly via
an anastomosing lacuna and, at the level of the brain com-
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Fig. 5. Maculaura alaskensis (Coe, 1901) comb. nov., # 1282106 (neotype specimen), photomicrographs of transverse sections: (A) brain;
(B) left cephalic slit; (C, D) gland cells in ventral longitudinal musculature anterior to mouth opening; note four distinct gland cell types, two in the
cutis and two foregut (arrowheads, C); (E) nephridial collecting tubule (arrowhead) in intestinal region; (F) body-wall inner circular muscle layer
in intestinal region; (G) nephridiocanal; (H) ovary; note several oocytes and nuclei (arrowhead). Abbreviations: cm, circular musculature; cu,
cutis; de, dermis; dg, dorsal ganglion; ep, epidermis; In, lateral nerve; vec, ventral commissure. Scale bars: 100 pum.
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missures, surround the ventral rhynchocoel. These blood
lacunae are, at times, connected with the blood sinuses
surrounding the foregut and become distinct vessels poste-
riorly. The dorsal blood vessel originates from the commis-
sure between the two lateral vessels just posterior to the
ventral brain commissure and is easily observed ventral to
the rhynchocoel wall in the intestinal region.

Nervous system. Dorsal and ventral cerebral ganglia are
connected via dorsal and ventral commissures, respectively,
surrounding the anterior rhynchocoel. The brain is relatively
large, and the ventral commissure (Fig. 5A) is nearly twice
as thick as the dorsal commissure. The proboscis has two
lateral nerves clearly visible anteriorly, which arise from and
enter the proboscis anterior to the ventral brain commissure.
Lateral nerve chords are situated just outside the CM (Fig.
5F) and consist of a fibrous core and ganglionic region,
which are surrounded by blue-staining inner and outer neuri-
lemma, respectively. Two esophageal nerves originate from
the inner margin of ventral cerebral lobes at the level of the
cerebral organs and are apparent lateral and ventral of the
main lateral nerves.

Sense organs. Paired cerebral organs lie just posterior
to ventral brain commissure and their canals open into lat-
eral cephalic slits (Fig. 5B). The epithelium of each cerebral
organ canal is densely ciliated with underlying conspicuous
gland and nerve cells staining orange and fuchsia, respec-
tively (Fig. 5B). Each cerebral organ is connected to the dor-
sal cerebral ganglion via a cerebral organ nerve. Three api-
cal sense organs were observed in confocal sections (A.
Chernyshev, personal communication), but were not
observed with histological sections.

Reproduction and development. Reproductive females
and males have been collected March—September in OR
and WA, with ripest individuals found in summer months.
Gonads are arranged laterally between intestinal diverticula.
Ovaries contain dozens of oocytes (Fig. 5H). Once dis-
sected into seawater and rounded up, oocytes are 75 um in
diameter and without a chorion (Fig. 3A, Maslakova, 2010).
Sperm head pieces (Fig. 3B, Maslakova, 2010) are 5-um
long, cone-shaped i.e. not modified (Stricker and Folsom,
1998). The wild-caught larva, identified as belonging to this
species by DNA sequence data, was collected from Coos
Bay plankton in October (Fig. 1C). When reared in the lab,
first and second cleavage occurs at 2 and 3 hours after fer-
tilization, respectively, at 11-14°C and larvae begin feeding
on Rhodomonas lens at 3 days (Maslakova, 2010). They
have three pairs of imaginal discs as early as 14 days, and
the discs fuse to form a complete juvenile worm by as early
as 28 days (Maslakova, 2010). Metamorphosis has been
observed in lab culture as early as 35 days after fertilization.
Prior to metamorphosis larvae are approximately 500 um tall
and wide (Maslakova, 2010). The larva exhibits the charac-
teristic pilidium maculosum morphotype (Fig. 6), where the
amnion surrounding the juvenile worm is pigmented with a
polka-dot pattern consisting of red, black, and maroon pig-
ment spots (Maslakova, 2010).

Maculaura aquilonia sp. nov.
(Figs. 2C, 3E-F, 4C-F, 7A-D, 8, 9)

Etymology. This specific epithet is a Latin adjective
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Fig. 6. Larva of Maculaura alaskensis (Coe, 1901) comb. nov.,
wild-caught from plankton sample taken 13 October 2013 from Coos
Bay (diamonds, Fig. 1C) and identified using DNA sequence data.
Scale bar: 100 um.

(aquilonius, -a, -um; “northerly” or “northern”), in reference
to the geographic range of this species, reaching the north-
ernmost latitudes for this genus.

Type material. Type material is deposited at the NMNH
and includes serial transverse sections of the holotype
(male, 20 slides # 1282112) and one paratype (18 slides #
1282113) as well as additional ethanol-preserved tissue.
Additional paratypes include four un-sectioned paratypes
preserved for histology (#s 1282114—12821117) and asso-
ciated ethanol-preserved tissue (Table 1). We designate a
partial COl sequence from an individual collected from
Charleston, OR as a topogenetype (GenBank accession
number KP682130, Table 1); ethanol-preserved tissue from
this individual is also deposited at NMNH (# 1282118).

Material examined. Forty-three adult individuals,
including holotype and paratypes, and four wild-caught lar-
vae were examined and their identification confirmed by
DNA sequence data. These individuals were collected from
locations near Juneau, AK, and Charleston, OR, USA, as
well as from the Sea of Okhotsk near Magadan, Russia
(Table 1). COI sequence data from seven individuals col-
lected in Kachemak Bay, AK, by S. Maslakova and J.
Norenburg were supplied by J. Norenburg (Smithsonian
Institute) from archived specimens (Table 1). Ethanol-
preserved tissue and/or extracted DNA from remaining indi-
viduals are held at the OIMB.

Diagnosis. Maculaura aquilonia differs from M. magna
and M. oregonensis by its smaller size, narrower body, and
not as pink body color. It is similar to M. alaskensis and M.
cerebrosa in body shape, color, and size. Maculaura
aquilonia differs from M. cerebrosa by having cerebral gan-
glia of the same general hue as the body (Fig. 4C, D) (as
opposed to having a distinctly pink brain, Fig. 4G, 1) and a
relatively longer caudal cirrus with an abrupt (Figs. 2C, 4E)
(as opposed to gradual, Figs. 2D, 4J) transition from poste-
rior body. Maculaura aquilonia can be differentiated from M.
alaskensis by the presence of a subtle brownish region near



626 T. C. Hiebert and S. Maslakova

Fig. 7. Internal anatomy of Maculaura gen. nov. (A-D) Maculaura aquilonia sp. nov., USNM# 1282112 (holotype): (A) right cerebral organ
and cerebral ganglia, proboscis, and rhynchocoel; (B) anterior to mouth opening, showing ventral gland cells (arrowheads); (C) foregut region;
(D) intestinal region. (E-G) Maculaura cerebrosa sp. nov., USNM# 1282119 (holotype): (E) anterior to mouth opening, showing ventral gland
cells (arrowheads); (F) left dorsolateral nephridiocanal and pore; (G) posterior intestinal region. (H-L) Maculaura magna sp. nov., USNM#
1282125 (holotype): (H) apical sense organs (arrowheads); (I) ventral cerebral commissure; (J) anterior to mouth opening; (K) posterior to
mouth opening; (L) mid intestinal region, showing extremely thick circular musculature. (M-O) Maculaura oregonensis sp. nov., USNM#
1282128 (holotype): (M) anterior to mouth opening, showing ventral gland cells (arrowheads); (N) intestinal region, showing two proboscis mus-
cle crosses (arrowheads); (O) ovary. Abbreviations: bl, blood lacunae; em, circular musculature; cu, cutis; dg, dorsal ganglion; ep, epidermis;
Ibv, lateral blood vessel; In, lateral nerve; ne, nephridium; pn, proboscis nerves; rem, rhynchocoel circular musculature; ve, ventral commis-
sure; vg, ventral ganglion; vp, vascular plug. Scale bars: 100 pm.
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the brain, which is best observed in freshly collected speci-
mens (Fig. 4C, D, F). We observed this color in the majority
of freshly collected specimens, and it seemed to fade over
time in the lab. The most accurate way to differentiate M.
aquilonia from M. alaskensis and the other three species is
by comparing their eggs and sperm (Fig. 3). Maculaura
alaskensis eggs are the smallest in the genus (M. oregon-
ensis egg size is not known), and they lack a chorion (Fig.
3A). The eggs of M. aquilonia also lack a chorion, but are
larger, 90—100 um in diameter (Fig. 3E). M. alaskensis
sperm is primitive with a short (5 um) headpiece (Fig. 3B).
Maculaura aquilonia and M. oregonensis sperm are indis-
tinguishable, they both have slightly elongated but not
curved headpieces 7-8 um in length (Fig. 3F, J). In compar-
ison, the sperm headpieces of M. cerebrosa and M. magna
are longer (10-15 um) and slightly curved. Maculaura aqui-
lonia can also be differentiated from the latter two species
by body color; it is not as pink (compare Fig. 4C with 4L-Q).

Habitat, type locality, and distribution. Type locality is
in Juneau, AK (58.3952°N, 134.7512°W) (AK-J1, Fig. 1B).
This species exhibits the largest confirmed range for any
species in the genus Maculaura, including eastern Russia,
Alaska, and southern Oregon (RU-O1, AK-K1 to OR-C, Fig.
1A). This species is common in silty sand and mud from
mid- to low intertidal, sometimes even occurring in black
anoxic mud. However, in Juneau, AK, it is found under rocks
and within fine mud, where it appears to be the most com-
mon nemertean species. In the southern portion of its range,
this species is less common than the morphologically similar
M. alaskensis and was most abundant at one mudflat along
the South Slough estuary near Charleston, OR (OR-C10,
Fig. 1C).

Description. External features. Largest specimens were
5 cm in length and 2-3 mm in width, with average individu-
als on the order of 3—4 cm and 1-2 mm, in gliding (Fig. 4C—
F). Head is off-white and body color is pale yellowish pink to
brownish ochre. Posterior can be very pale yellow to off-
white in reproductive individuals where gametes are seen
through the body wall (Fig. 4F). Body color is the same dor-
sally and ventrally. Lightly colored brownish pigment near
the brain can be seen through the anterior body wall in
freshly collected specimens (Fig. 4F). The posterior-most
region of the body transitions abruptly to the caudal cirrus
(Fig. 4E). Movement is without distinct peristalsis and is led
with the head, which often turns dramatically to one side
forming a hook or ‘U-shape’ (Fig. 4C, F inset). Fragmenta-
tion occurs during collection, especially in sexually mature
individuals; posterior end regenerates routinely. Individuals
can be rather short and stout when ripe with gametes. Exter-
nal morphology is very similar and sometimes indistinguish-
able from M. alaskensis (compare Fig. 4A with 4C).

Internal features. Internal anatomy as in M. alaskensis
(see Fig. 7A-D).

Reproduction and development. Sexes are separate.
Gonads are regularly arranged between intestinal diverticula
(Fig. 4F). Reproductive individuals have been collected in
March 2013 in southern Oregon. Gametes from both sexes
are released when ripe through serially arranged dorsolat-
eral gonopores. Dissected primary oocytes are 90-100 um
in diameter and lack a chorion (Fig. 3E). Sperm headpiece
is cone-shaped, 7.5 um in length (n = 10, Fig. 3F). Wild-
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caught larvae identified as belonging to this species using
DNA sequence data were collected from plankton in Coos
Bay in April and May in 2009 and 2012 (Fig. 1C). The
amnion surrounding the juvenile worm inside the larva is
less pigmented in this species as compared to the others in
this genus (Fig. 8). However, we observed pigment spots in
the amnion of lab-reared larvae during and immediately fol-
lowing metamorphosis, when the amnion collapses and is
swallowed by the juvenile (Fig. 9). When reared in the lab at
12°C, first and second cleavage occur at approximately two
and three hours after fertilization, respectively, and larvae
begin feeding on Rhodomonas lens at 2 days (Fig. 8A).
Pilidia have three pairs of imaginal discs by 2.5 weeks and
the trunk and cerebral organ discs fuse by 42 days (Fig. 8C).
The larvae reach advanced-proboscis stage by 81 days
(Fig. 8D), and metamorphosis was observed as early as 95
days. Metamorphically competent larvae are approximately
550 um tall (Figs. 8E, F). Metamorphosis is catastrophic, as
in other pilidia, and the juvenile nemertean ingests the larval
body (Fig. 9).

Fig. 8. Development in Maculaura aquilonia sp. nov. (A) Two-day-
old larva with cephalic disc in focus and gut positioned at left. (B) An
11-day-old larva. (C) Forty-two-day old larva with trunk discs and
cerebral organ discs fused; the unpaired dorsal rudiment is also vis-
ible. (D—F) Larvae with juvenile; (D) 81-day old larva; (E) 91-day old
larva; (F) 95-day old larva. Abbreviations: am, amnion; ap, apical
tuft; cd, cephalic disc; co, cerebral organ disc; d, dorsal disc
(unpaired); ep, episphere; g, gut; juv, juvenile; td, trunk disc. Scale
bars 100 pm.
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Maculaura cerebrosa sp. nov.
(Figs. 2D, 3C-D, 4G-J, 7E-G, 10)

Etymology. The specific name is a com-
pound unorthodox adjective (cerebrosus, -a, -um)
rather freely formed by fusing two Latin words
(cerebrum = brain, roseus = pink), in reference to
the pinkish brain.

Type material. Serial transverse sections of
the holotype (ripe male, 37 slides # 1282119), four
paratypes (#s 1282120-1282123) and associated
ethanol-preserved tissue are deposited at the
NMNH (Table 1). We designate a partial COI
sequence from an individual collected in Charles-
ton, OR as a topogenetype (GenBank accession
number KP682146, Table 1) and ethanol-preserved
tissue from this individual is also deposited at
NMNH (# 1282124).

Material examined. Fourteen adult individu-
als, including holotype and paratypes, and three
wild-caught larvae were examined and their iden-
tification confirmed by DNA sequence data. These
individuals were collected from locations near
Charleston, OR, and Crescent City, CA (Table 1).
Ethanol-preserved tissue and/or extracted DNA
from remaining individuals are held at the OIMB.

Diagnosis. Maculaura cerebrosa differs from
M. magna and M. oregonensis by its smaller size,
narrower body, and not as pink body color. It is morpholog-
ically similar to M. alaskensis and M. aquilonia in body
shape, color, and size. Maculaura cerebrosa is distinguish-
able from the latter two species by having a distinctly pink
brain, which is visible through the body wall, and a short
caudal cirrus with gradual (as opposed to a relatively longer
caudal cirrus with an abrupt) transition from posterior body
(Figs. 2D, 4G-J). In addition to the conspicuous pink brain,
M. cerebrosa can be differentiated from M. alaskensis and
M. aquilonia by comparing their eggs and sperm (Fig. 3).
The eggs of M. cerebrosa and M. magna are both sur-
rounded by egg chorions (the eggs of M. oregonensis have
not been observed), but the egg diameter is distinctly differ-
ent: 95 um in M. cerebrosa and 125 um in M. magna (com-
pare Fig. 3C with 3G). The sperm headpieces in both spe-
cies are elongated, but are 10 um long in M. cerebrosa and
15 um long in M. magna (Fig. 3D and 3H). The remaining
species (for which we know gamete morphology) have eggs
without distinct chorions, and “primitive” (not elongated)
sperm (see Fig. 3).

Habitat, type locality, and distribution. The type local-
ity is a mudflat near the outer Boat Basin in Charleston, OR
(43.3445°N, 124.3215°W) (OR-C15, Fig. 1C). The known
range of this species confirmed by DNA sequences extends
from southern Oregon to northern California (OR-C to CA-
C1, Fig. 1A), although a larger range is expected. This spe-
cies can co-occur with other members in this genus, partic-
ularly M. alaskensis; however, M. cerebrosa is more com-
mon under rocks in mid-intertidal gravel and shell hash
rather than sand. Individuals are often found intertwined
under small rocks along the edges of mudflats (as in Coos
Bay, OR or Crescent City, CA) or on the open coast in shell
hash and amongst the roots of Phyllospadix sp. (e.g. in
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Fig. 9. Metamorphosis in Maculaura aquilonia sp. nov. (A-E) Pigment spots on
the amnion (am) become apparent as the amnion disappears into the juvenile
mouth (m) and collapses within the gut (arrowheads, B-D); (E) newly metamor-
phosed juvenile with caudal cirrus (cc). Scale bars: 100 um.

Sunset Bay, Middle Cove, South Cove, and North Cove at
Cape Arago, OR).

Description. External features. Overall body and head
shape as in M. alaskensis and M. aquilonia, but reaching
greater lengths than either species. Largest specimens are
10 cm in length and 3—4 mm in width, with average individ-
uals on the order of 5 cm long and 2 mm wide (Fig. 4G-J),
while gliding. Head is narrow anteriorly and not prominently
demarcated from body when worm is gliding (Fig. 2D). Head
shape changes dramatically when contracted, at which time
the head tip can be rather pointed. Body is generally a pale
pink, rounded anteriorly and dorso-ventrally flattened poste-
riorly. The posterior of reproductive individuals can be pale
pink to yellow, and gametes are visible through the body
wall (Fig. 4H). Ventral surface of body slightly lighter colored
than dorsal. The most notable exterior feature in this species
is a conspicuous pink or rose pigment of the brain (Fig. 4G—
). Caudal cirrus is distinct from those of the other species
in the genus as it is rather short and gradually tapers from
posterior of body instead of transitioning abruptly, e.g. as in
M. alaskensis and M. aquilonia (cf. Fig. 4B, E, J). Movement
is without distinct peristalsis and is led with the head, which
can contract and taper dramatically. Individuals often seek
out and attempt to burrow under objects in glass bowls (e.g.
rulers, rocks). Fragmentation occurs during collection, espe-
cially in sexually mature individuals, and posterior end
regenerates routinely as in M. alaskensis and M. aquilonia.

Internal features. Internal anatomy as in M. alaskensis.
(see Fig. 7E-G).

Reproduction and development. Sexes are separate.
Reproductive females and males have been collected March
through October, with sexually mature individuals mostly
found in spring months, slightly earlier than is seen in
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Maculaura alaskensis. Gametes are arranged serially
between intestinal diverticula, as in other Maculaura spe-
cies. Dissected oocytes are 95 um in diameter (n = 10) and
surrounded by a chorion (Fig. 3C). Sperm headpiece is
shaped like the blade of an agricultural scythe and is 10 um
in length (Fig. 3D).

When reared in the lab, first and second cleavage
occurs at roughly two and three hours post fertilization (at
12°C), respectively, and larvae begin feeding on Rhodomonas
lens at 2-3 days. The cephalic discs and trunk discs
develop at approximately one week (Fig. 10A) and polka-dot
pigment characteristic of the pilidium maculosum morpho-
type is apparent on the cephalic discs by 14 days (arrow-
head, Fig. 10B). Larvae have all three pairs of imaginal
discs as early as 18 days (Fig. 10C) and reach the torus
stage (Maslakova, 2010) as early as 25 days (Fig. 10D). In

Fig. 10. Development in Maculaura cerebrosa sp. nov. (A) A nine-
day-old larva with cephalic discs in focus and gut positioned at left.
(B) Polka-dot pigment spots on cephalic discs present at 14 days
(arrowhead). (C) An 18-day-old larva. (D) Twenty-five-day old larva
with fused discs. (E, F) The juvenile nemertean surrounded by a pig-
mented amnion (in focus in F) and competent to metamorphose at
approximately 45 days; note cerebral organs (F). Abbreviations: cd,
cephalic disc; co, cerebral organ disc; g, gut; juv, juvenile; td, trunk
disc. Scale bars: 100 um.

Downloaded From: https://bioone.org/journals/Zoological-Science on 24 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

a single cohort (fertilized in March 2014), metamorphosis
was observed after approximately 45 days post-fertilization.
Metamorphically competent larvae are approximately 500 um
from apical tuft to apex of lateral lappet (Fig. 10E).
Metamorphosis is catastrophic, as in other pilidia, and the
emerging juvenile devours the larval body. The amnion sur-
rounding the juvenile worm is decorated with red, black, and
maroon pigment spots (Fig. 10F). Wild-caught larvae, con-
firmed to belong to this species by DNA sequencing, were
collected from plankton in Coos Bay in August.

Maculaura magna sp. nov.
(Figs. 2F, 3G-H, 4K, 7H-L, 11)

Etymology. This specific nhame is a Latin adjective
(magnus, -a, -um; “great” or “large”) in reference to the large
size of this species, reaching sizes greater than any other
known member of this genus.

Type material. Type material is deposited at NMNH and
includes serial transverse sections of the holotype (56 slides
# 1282125) and two un-sectioned paratypes preserved for
histology and their associated ethanol-preserved tissue (#s
1282126-1282127) (Table 1). We designate a partial COI
sequence derived from the holotype as a hologenetype
(GenBank accession number KP682147, Table 1).

Material examined. Thirteen adult individuals, including
the holotype and paratypes, and 18 wild-caught larvae were
examined and in most cases their identification was con-
firmed by DNA sequence data. All individuals were collected
from locations near Charleston, OR (Table 1). Two para-
types lack good quality DNA sequence data, but were con-
fidently identified by morphology alone (#s 1282126-
1282127). Ethanol-preserved tissue and/or extracted DNA
from remaining individuals are held at the OIMB.

Diagnosis. Maculaura magna is the largest species in
the genus (Fig. 2B-F). It differs from M. alaskensis, M.
aquilonia, and M. cerebrosa by a pinkish-red body color
(Fig. 4K). Internally the cutis of M. magna has fewer gland
cells than in other members of this genus (Fig. 7I).
Maculaura magna is morphologically most similar to M.
oregonensis because both species have pink body color.
However, M. magna is overall larger and its body is more of
a dusty rose color compared to M. oregonensis, which is
brighter pink or reddish (compare Fig. 4K with 4L—Q). The
most accurate way to differentiate species in this genus is
by comparing their eggs and sperm (Fig. 3). The eggs of M.
magna are large (125 um in diameter), surrounded by an
egg chorion and sperm headpieces are elongated and
15 um in length (Fig. 3G—H). The only other species that has
gametes of similar morphology is M. cerebrosa; however,
the gametes of M. cerebrosa are smaller than those of M.
magna. The eggs of M.cerebrosa are 95 um and sperm
headpieces are 10 um in length (compare Fig. 3G—H with
3C-D).

Habitat, type locality, and distribution. The type local-
ity is a mudflat in Charleston, OR (43.3428°N, 124.3218°W)
(OR-C1, Fig. 1C). This species is currently only known from
southern OR where it is common in sand (e.g. Fig. 1D) and
mud from mid to low intertidal. Single individuals are usually
found, not occurring in groups, and they can be burrowed
quite deep (to 0.75 m). We have found specimens in a vari-
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ety of sandflats along the shores of Coos Bay,
north to Empire, as well as along South Slough
estuary near the Charleston Marina. Several
individuals have been collected from a sandy
beach at North Cove near Cape Arago, OR.
However, at these locations it is not nearly as
common as M. alaskensis or M. cerebrosa.

Description. External features. Resembles
species of Cerebratulus in being rather large,
broad, and dorso-ventrally flattened. Largest
specimens are up to 30 cm in length and 1 cm
in width, and average individuals are approxi-
mately 20 cm in length and 3—4 mm wide (Fig.
4K). Head is pale white and body can be rather
dark pink (Fig. 4K bottom left inset), with a
gradual transition in color from the anterior to
posterior. The foregut region is rounded in
cross-section, while the mid-body region is flat-
tened dorso-ventrally (Fig. 2F), but rounded in
individuals packed with gametes. Dorsal side
can be somewhat darker than the ventral side
in some individuals, with a sharp lateral transi-
tion between the dorsal and ventral color. Head
can be pointed and change shape dramatically
when contracted (Fig. 2F). The posterior region
of the body ends abruptly with caudal cirrus
(Figs. 2F inset, 4K upper right inset). Movement is with gen-
tle peristalsis and is led with the head, which can curve from
side to side. Fragmentation occurs frequently during collec-
tion in the field, due to the large size of this species. The
posterior end regenerates easily, but slower than in smaller
species (M. alaskensis, M. aquilonia, and M. cerebrosa),
and anterior regeneration has not been observed. Regener-
ated region is typically lighter in color than adjacent (non-
regenerated) body.

Internal features. Internal anatomy similar to M. alaskensis
(see Fig. 71-L). Three relatively large apical sense organs
are clearly visible just anterior to the proboscis pore in his-
tological sections (Fig. 7H). Mouth is ventral and quite long
(up to 1 mm). Transition from foregut to intestinal region is
met with a dramatic thickening of the circular musculature
(Fig. 7L). The proboscis musculature exhibits two distinct
crosses extending from the circular muscle to the proboscis
endothelium. The diagonal proboscis muscle layer is thin
and less conspicuous in M. magna than in the other four
species. The proboscis also contains two outer longitudinal
muscle strands outside the main proboscis nerves, which
were not observed in the other four species. The nephridial
canals are larger in this species than in other Maculaura
species, as is, perhaps, fitting, since it is a larger species.

Reproduction and development. Sexes are separate.
Ripe females were collected in June, and a reproductive
male was collected in January 2012. Gametes are arranged
laterally between intestinal diverticula. Dissected oocytes
are 125 um in diameter (n = 10), surrounded by a chorion
(Fig. 3G). Sperm headpiece is elongated, 15 um in length
(Fig. 3H). Wild-caught larvae, confirmed to belong to this
species by DNA sequence data, were collected from plank-
ton in Coos Bay March through December and exhibit the
pilidium maculosum morphotype (Fig. 11). The larval epi-
sphere is haystack-shaped and tall with relatively short lat-

Fig. 11.
July 2013; note polka-dot pigment spots on cephalic discs. (B) Larva collected 10
June 2013 with fused discs and apical tuft just out of focal plane. (C-E) Larva col-
lected 1 July 2013 with advanced juvenile, proboscis rudiment, and pigment spots
on amnion (D, arrowheads); a different focal plane shows the cerebral organ (E,
arrowhead). Abbreviations: ap, apical tuft; cd, cephalic discs; co, cerebral organ; g,
gut; juv, juvenile; pb, proboscis rudiment; td, trunk disc. Scale bars: 100 um.
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Wild-caught larvae of Maculaura magna sp. nov. (A) Larva collected 2

eral lappets (Fig. 11B, C).

Maculaura oregonensis sp. nov.
(Figs. 2E, 34, 4L-Q, 7M-0)

Etymology. The specific name is an adjective (-ensis,
-ense), referring to the type locality and currently known dis-
tribution of this species.

Type material. Serial transverse sections of the holo-
type (female, 39 slides # 1282128), one paratype preserved
for histology (# 1282129) and associated ethanol-preserved
tissue are deposited at NMNH (Table 1). We designate a
partial COI sequence from the holotype as a hologenetype
(GenBank accession number KP682159, Table 1).

Material examined. Eleven adult individuals, (all collected
from locations near Charleston, OR) including the holotype
and paratype were examined and their identification con-
firmed by DNA sequence data (Table 1). Ethanol-preserved
tissue and/or extracted DNA from remaining individuals are
held at the OIMB.

Diagnosis. Maculaura oregonensis differs from M.
alaskensis, M. aquilonia, and M. cerebrosa by its larger size,
wider body, and pink body color. Internally, M. oregonensis
differs from these three species further, in that more red and
fewer blue staining gland cells are present in the cutis (com-
pare Fig. 7E with 7M). External color in M. oregonensis
most closely resembles M. magna; however, the latter spe-
cies is significantly larger than M. oregonensis and the body
color differs slightly between the two species. Maculaura
oregonensis is bright pink or reddish in color while M.
magna exhibits more of a dusty rose body color (compare
Fig. 4K with 4L-Q). The sperm headpiece is shorter in M.
oregonensis compared to that in M. cerebrosa and M.
magna. The sperm of M. oregonensis has similar morphol-
ogy to M. alaskensis but is slightly longer (compare Fig. 3B
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with 3J). Maculaura oregonensis and M. aquilonia sperm
are indistinguishable; they both have slightly elongated
headpieces (although not as long as M. cerebrosa or M.
magna) that are 7-8 um in length. Instead, these species
can be differentiated by body color alone, in that M.
oregonensis is significantly darker pink (compare Fig. 4C
with 4L-Q). At present we lack information on size and pres-
ence of the chorion in oocytes of M. oregonensis.

Habitat, type locality, and distribution. The type local-
ity is a mudflat in Charleston, OR (43.3272°N, 124.3263°W)
(OR-C10, Fig. 1C). This species is, at present, only found in
southern Oregon where it is relatively rare. Individuals can
be found in sand and mud from mid- to low intertidal (e.g.
Fig. 1D). Several specimens were collected in north Coos
Bay, near the McCullough Bridge, and few individuals were
collected with other species of this genus at a variety of
mudflats along the South Slough estuary (Fig. 1C). In one
instance, several individuals were observed surrounding the
hoplonemertean, Paranemertes peregrina.

Description. External features. Largest specimens were
15 cm in length and 5 mm in width, while gliding, with aver-
age individuals about 8-10 cm long and 3 mm wide (Fig.
4L-Q). Head is pale white and body color is dark pink. The
dorsal side is the same color as ventral side. The body is
rounded in cross-section anteriorly and dorso-ventrally flat-
tened posteriorly. Head narrows to a point while worm is
gliding (Fig. 4L—0O). The proboscis is paler than the back-
ground color of the body and can easily be seen through the
body wall (Fig. 40). Brain is pink and shows through the
body wall, as a somewhat darker pink at the transition from
the pale color of the head to the bright pink of the body.
Caudal cirrus present, somewhat intermediate in shape
between that of M. cerebrosa and the other species in the
genus (Figs. 2E, 4Q). Movement is with gentle peristalsis,
as in M. magna, and is led with the head, which can curl
dramatically (Fig. 4N). Maculaura oregonensis is often seen
retracting its head within its body (Fig. 4M). Fragmentation
occurs during collection and posterior end regenerates rou-
tinely, but anterior regeneration has not been observed.

Internal features. Internal anatomy as in M. alaskensis
(see Fig. 7M-0). The two proboscis muscle crosses are
most conspicuous in this species and the nephridia are com-
paratively larger than in M. alaskensis, M. aquilonia and M.
cerebrosa, but smaller than in M. magna (Fig. 7N).

Reproduction and development. Sexes are separate.
The gametes of one ripe male were observed on 20 May
2014 (Fig. 3J). Sperm headpiece is approximately 7—8 um
(n = 10) in length. Reproductive females were observed in
the Summer 2014, but the size of the oocytes was not
recorded. Each ovary of the holotype contained approxi-
mately 35 oocytes (Fig. 70).

Phylogenetic analysis, haplotype networks, and species
delimitation

Bayesian (not shown) and ML analyses (Fig. 12) of the
16S and COI datasets each resulted in five well-supported
monophyletic clades, corresponding to the five species
described here (Fig. 12). Consistently between different
analyses, M. alaskensis and M. oregonensis were sister
species; however, the relationships between the other three
species differed depending on the gene region (compare
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Fig. 12A with 12B).

The average uncorrected intraspecific and interspecific
percent divergence values are reported in Table 2. Four of
the five species have intraspecific divergence values of < 1%
for both 16S and COIl gene regions (Table 2). Maculaura
magna is an exception; it exhibits the largest intraspecific
variation at 1.1% and 7.1% for the 16S and COI gene
regions, respectively. A sufficient barcoding gap (Meyer and
Paulay, 2005) exists, as the interspecific divergence between
the two most closely related species, M. oregonensis and M.
alaskensis, is 4.0% and 14.3% for the 16S and COI gene
regions, respectively.

A similar barcoding gap was detected using ABGD:
between 5% and 6% (16S) and between 3% and 7-9%
(COl). For the 16S gene region, the four species M.
alaskensis, M. aquilonia, M. cerebrosa, and M. oregonensis
were corroborated in ABGD using a cut-off value of 1.3%;
however, M. magna, the species that exhibits the greatest
degree of sequence divergence, was divided into five
groups (not shown). With a cut-off value from 2.2—6.0%,
ABGD reveals four species Maculaura magna, Maculaura
cerebrosa, Maculaura aquilonia, and a species composed
of both M. alaskensis and M. oregonensis (Table 3). ABGD
analysis of COI data (using cut off values from 1.7% to 10%)
consistently found nine taxa (Table 3). Maculaura alaskensis,
M. cerebrosa, and M. oregonensis were consistent with our
previous delimitation; however, M. magna was partitioned
into four species and M. aquilonia into two.

TCS networks were generated from the same align-
ments using a 95% confidence interval (Hart and Sunday,
2007) (Table 3). While analysis of 16S data revealed five
networks that correspond to the five species described
above, analysis of COI data revealed additional networks
within M. magna (3 total) and M. aquilonia (2 total). Four of
the five species show little intraspecific divergence with 10
or fewer haplotypes each (Fig. 13A-E). Haplotype networks
for M. cerebrosa reveal three haplotypes, separated by one
nucleotide change (Fig. 13C) and both M. alaskensis (Fig.
13A) and M. aquilonia (Fig. 13B) have 10 haplotypes each.
M. oregonensis has four haplotypes, separated by 1-5
nucleotide changes (Fig. 13D) and M. magna has eight 16S
haplotypes separated by the largest number of nucleotide
differences observed in these five species (Fig. 13E).

TCS analysis of COI data reveals a single haplotype net-
work for each of three species (M. alaskensis, M. cerebrosa,

Table 2. Inter- and intraspecific variation shown as uncorrected p-
distances for 16S rDNA and COI (bold text) gene regions.

M. M. M. M. M.

alaskensis aquilonia cerebrosa magna oregonensis
Maculaura 0.2 10.9 11.2 10.5 4.0
alaskensis 0.7 17.9 174 17.0 14.3
Maculaura 0.1 8.8 8.0 12.2
aquilonia 0.3 14.8 13.9 16.3
Maculaura 0.1 10.2 11.7
cerebrosa 0.6 12.9 18.0
Maculaura 1.1 11.0
magna 71 16.3
Maculaura 0.4
oregonensis 0.2
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Fig. 12. (A) 16S and (B) COI maximum likelihood phylogenies for the genus Maculaura gen. nov. Bootstrap support value (> 70%) in maxi-
mum likelihood analysis (above node) and Bayesian posterior probabilities (below node) are indicated for each clade. Individual collection loca-
tions are shown and correspond to those in Fig. 1. Larval sequences are indicated with closed circles.

and M. oregonensis) (Fig. 13F-H), while M. aquilonia con-
sists of two haplotype networks (Fig. 13l) and M. magna,
exhibiting the greatest amount of genetic variation, com-
prises three haplotype networks (Fig. 13J) that cannot be
connected using a 95% confidence interval. Maculaura
alaskensis comprises 15 haplotypes (Fig. 13F); M. cerebrosa,
eight haplotypes (Fig. 13G); and M. oregonensis, five hap-
lotypes (Fig. 138H). Maculaura aquilonia is divided into two
networks including 20 haplotypes; one network with one
haplotype (from individuals found in both eastern and west-
ern Pacific) and the other with 19 (Fig. 13I). The three hap-
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lotype networks for M. magna include one network with a
single haplotype, and two networks with two haplotypes
each, one separated by one nucleotide and the other sepa-
rated by seven nucleotide changes (Fig. 13J).

Nine species were revealed with the bPTP analysis
using 16S and ten species using COIl sequence data (Table
3). Analyses of 16S and COI sequences from M. alaskensis,
M. cerebrosa, and M. oregonensis grouped them into one
species each. Maculaura magna was partitioned into five
groups in both analyses. Maculaura aquilonia was a single
species according to 16S data, but was split into two spe-
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Table 3. Comparison between different species delimitation methods. The five species described here are indicated in the top row; the
number of taxa (i.e. species) suggested by each method are shown in the table. The total number of species in the genus Maculaura gen.

nov. suggested by each method is shown at far right.

Maculaura

Maculaura

Maculaura Maculaura

. . R Maculaura magna total
alaskensis  oregonensis  aquilonia cerebosa
morphology
adult [ | [ [ [ 5
gamete | | | | | 5
16S
reciprocal monophyly | | | | | 5
statistical parsimony (TCS) | | | | | 5
ABGD [ [ [ [ 4
bPTP | [ | | BN 9
COl
reciprocal monophyly | | | | | 5
statistical parsimony (TCS) | | | | | | | | 8
ABGD [ | [ | [ [ [ [ [ 9
bPTP [ | [ | [ | \ | [ [ [ 10

O

Fig. 13.
alaskensis comb. nov., (B, 1) Maculaura aquilonia sp. nov., (C, G) Maculaura
cerebrosa sp. nov., (D, H) Maculaura oregonensis sp. nov., (E, J) Maculaura
magna sp. nov. Sample sites are shown for each haplotype. Maculaura aquilonia
sp. nov. and Maculaura magna sp. nov. haplotypes did not group into a single net-
work for the COI gene region and haplotypes associated with these species are sur-
rounded by boxes (1, J).

cies in COI analysis.

Cross-fertilization experiments

Based on our observations, only three Maculaura spe-
cies have somewhat overlapping reproductive timing: M.
alaskensis, M. aquilonia, and M. cerebrosa. Reciprocal

Downloaded From: https://bioone.org/journals/Zoological-Science on 24 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

(A-E) 16S rDNA and (F-J) COI haplotype networks for (A, F) Maculaura

crosses were attempted between a single male

. - and female each of M. alaskensis and M.

cerebrosa on 8 July 2013 (one replicate each).
Although sperm appeared to be attracted to the
eggs, no cleavage occurred in either reciprocal
cross. Control crosses, however, developed
normally for both species. An additional cross
(one replicate) was attempted between a single
male M. aquilonia and female M. cerebrosa on
25 February 2014. This cross also resulted in
no cleavage. Due to the lack of availability of
both sexes during this time, control crosses
were not attempted for M. aquilonia and M.
cerebrosa; however, conspecific fertilization
and larval culturing has been successful in the
laboratory for each of these species at other
times (see Figs. 8-10).

DISCUSSION

Integrative taxonomy of the “Micrura
alaskensis” species complex

Although most species descriptions are lim-
ited to adult morphology, this information typi-
cally is not sufficient to differentiate between
closely related or cryptic species (e.g. Manchenko
and Kulikova, 1996; Hebert et al., 2004; Strand
and Sundberg, 2005; Lavoué et al., 2010;
Schulze et al., 2012). This, indeed, is the case
for the “Micrura alaskensis” species complex.
Often, cryptic species can be distinguished from
each other by using additional kinds of data
such as DNA sequences, gamete morphology,
or other reproductive characters, an approach
called integrative taxonomy (e.g. Chen et al.,
2010; Puillandre et al., 2014; Welton et al.,
2014). Here we present evidence from adult morphology,
partial sequences of 16S and COI, gamete morphology, and
interbreeding experiments to show that “Micrura alaskensis”
is not one but five different species.

Some of these five species can be distinguished from
each other based on external appearance of live adults
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using characters such as shape, size, and color of body,
and shape and size of the caudal cirrus. Other species are
difficult to distinguish based on adult morphology alone.
However, they can be easily differentiated using gamete
morphology. While we lack information on the egg size of
Maculaura oregonensis, the other four species can be dif-
ferentiated by characteristics of the eggs (size and presence
of chorion), with further support from sperm morphology.
Interestingly, the presence of the chorion in the eggs of M.
cerebrosa and M. magna correlates with modified sperm
morphology (scimitar or spear-shaped sperm head). It is
possible that a modified sperm head assists in penetrating
the egg chorion in these species. Because changes in gam-
ete morphology or other reproductive characteristics can
form a barrier to fertilization, such changes are among the
first differences one would expect to observe in recently
diverged species (e.g. Landry et al., 2003). Indeed, our pre-
liminary crossbreeding experiments (M. alaskensis x M.
cerebrosa; M. cerebrosa x M. aquilonia) provide evidence
that at least some of these species are reproductively iso-
lated.

DNA taxonomy methods based on reciprocal mono-
phyly, existence of separate haplotype networks in statistical
parsimony analyses, and the presence of a barcoding gap
are commonly used as evidence in support of separate spe-
cies hypotheses (Hebert et al., 2003; Meyer and Paulay,
2005; Mahon et al., 2009; Chen et al., 2010; Bucklin et al.,
2011). Here we show that the existence of five distinct lin-
eages, corresponding to the five species described by us, is
supported by reciprocal monophyly on both 16S and COI
phylogenies (Fig. 12). Furthermore, statistical parsimony
analysis of 16S sequence data supports the existence of the
same five species (Fig. 13). Haplotype network analysis of
COI sequence data results in one network for each of the
three species, M. alaskensis, M. cerebrosa, and M.
oregonensis. Maculaura aquilonia and M. magna are fur-
ther split into two and four networks, respectively. This is not
surprising because statistical parsimony analyses tends to
over-split species compared to other methods of species
delimitation (e.g. Jorer et al., 2012). The three species (M.
alaskensis, M. cerebrosa, and M. oregonensis) were also
supported by the bPTP and ABGD analyses of both data
sets. These latter methods tended to over-split the species
M. magna (both gene regions) and M. aquilonia (COI only)
(Table 3). The same five species are also supported by the
presence of a clear barcoding gap (Meyer and Paulay,
2005; Bucklin et al.,, 2011) between the maximum intra-
specific uncorrected sequence divergences (1.1% for 16S
and 7.1% for COI) and the minimum interspecific diver-
gences (4.0% for 16S and 12.9% for COI). Species delimi-
tation analyses suggest that M. magna and, to some extent
M. aquilonia, may represent multiple species or are in the
process of further speciation. In fact, we have noticed subtle
differences in morphology (e.g. body color) among speci-
mens of M. magna. However, we do not have sufficient
information to confidently split species further than we have
here. To sum it up, most of the molecular analyses support
our designation of five species. If anything, we are being
conservative, and it is possible that M. magna represents
more than one species. Future sampling and studies of
more individuals (their morphology, reproductive biology,
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and DNA sequence data) of this possibly diversifying spe-
cies are needed to confirm or exclude this possibility.

Micrura griffini Coe, 1905

Coe (1905) described Micrura griffini based on speci-
mens collected in San Pedro, California. This species
resembled Micrura alaskensis, but was larger, more reddish
in color and lacked accessory buccal glands (Coe, 1905).
Despite these differences in morphology, Coe (1940) later
synonymized these two species. We have not attempted to
sample Maculaura specimens south of Crescent City,
California and can only speculate on the identity of Micrura
griffini as described by Coe (1905). The external morphol-
ogy (e.g. size, body color), habitat, reproductive season and
oocyte size are similar to M. magna. The accessory buccal
glands are not as prominent in M. magna as they are in
other Maculaura species (e.g. compare Figs. 5D, 7B, 7E
with 7J), but are not lacking entirely, as Coe indicated for
Micrura griffini. Several characters are distinctly different
between the two species. First, the oocytes of Micrura
griffini are described as being remarkably clear (Coe, 1905),
which is not the case for M. magna (Fig. 3G). Second, Coe
(1905) described a distinctly pink brain region for Micrura
griffini. We have not observed this in M. magna, but only
see it in M. cerebrosa. Furthermore, the body color of
Micrura griffini was described as rosy, bright pinkish red or
purplish. We have never observed purplish color in M.
magna specimens. Thus it is possible that Micrura griffini
represents a distinct species, possibly within Maculaura
gen. nov. Future efforts must be directed toward obtaining
samples from California for morphological and DNA analy-
ses in order to assess the status of Micrura griffini Coe
1905.

Maculaura alaskensis versus Maculaura aquilonia
Although Coe (1901) originally described Micrura
alaskensis from Alaska, his later revisions (Coe, 1904, 1905,
1943) expanded the range of this species south to
Ensenada, Mexico, and his revised descriptions clearly
include characteristics of more than one species. In fact, all
the five species described here fit, at least in part, Coe’s
(1901, 1904, 1905, 1943) descriptions of “Micrura alaskensis”.
Because the type material does not exist, it is not clear
which of the five species Coe (1901) originally encountered
and described. DNA sequence data from Micrura alaskensis-
like specimens, collected from two different locations in
Alaska by ourselves and colleagues (albeit none of the loca-
tions mentioned in Coe’s original description), matches the
sequences of one of the five species described here (M.
aquilonia), but, confusingly, not the one that all recent stud-
ies refer to as Micrura alaskensis. A literature search for
“Micrura alaskensis” yields at least 29 publications by 26
authors (as of May 2015) ranging from 1987 to 2014
(Stricker, 1987, 2006; Stricker and Folsom, 1998; Stricker
and Smythe, 2000, 2001, 2003; Stricker et al., 2001, 2013;
Thollesson and Norenburg, 2003; Maslakova and Matz,
2005; Thiel and Junoy, 2006; Schwartz, 2009; Hiebert and
Maslakova, 2010; McDonald and Griinbaum, 2010;
Maslakova, 2010; Deguchi et al., 2011; Hiebert and
Maslakova, 2012, 2014; Hiebert et al., 2013; Dassow and
Maslakova, 2013; Dassow et al., 2013; Bartolomaeus et al.,
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2014; Bird et al., 2014; Maslakova and Dassow, 2014;
Mulligan et al., 2014; Swider et al., 2014; Maslakova and
Hiebert, 2014; Hiebert and Maslakova, 2015). The species
used in nearly every study can be linked by collection loca-
tion, DNA sequence data, or personal observation to the
only species of this complex that is currently known to occur
in False Bay, San Juan Island, WA (Maculaura alaskensis)
and also occurs in southern Oregon. It is distinct from the
only species of the genus that we have encountered in
Alaska.

We could, of course, assume that the species we found
in Alaska (Maculaura aquilonia) was the same species orig-
inally encountered by Coe (1901), and retain the epithet
“alaskensis” for it. This would be nomenclaturally straightfor-
ward. However, we believe that this would create a signifi-
cant problem for a community of researchers who know
“Micrura alaskensis” as a different species, and use it for
cell biology, developmental biology, and other types of bio-
logical research. Importantly, some of these researchers are
not systematists, and might find the name change confus-
ing. It would be especially confusing because the name
“alaskensis” would not be simply synonymized with another,
but would apply to a different, closely related, and morpho-
logically similar species.

In order to maintain nomenclatural stability and facilitate
future research using these species, we chose to retain the
specific epithet “alaskensis” for the species from Washington
and Oregon used in recent studies cited above (and desig-
nated a neotype and a topogenetype from one of these loca-
tions), even though it is possible that it is not the species
originally described by Coe (1901) from Alaska. It is possible
that this species does occur in Alaska, but we have not
encountered it. Moreover, even if it does not currently occur
in Alaska, it is not inconceivable that it may expand its range
northward in the future (e.g. Jones et al., 2012; Chust et al.,
2014). To sum up, Maculaura alaskensis may not occur in
Alaska, but it is the species that most researchers know as
“Micrura alaskensis”. On the other hand, M. aquilonia is the
only member of the genus we have encountered in Alaska
so far.

Support for the genus Maculaura

As members of the genus Maculaura all partially fit pre-
vious descriptions of Micrura alaskensis (Coe, 1901, 1904,
1905, 1940, 1943), characters previously considered exclu-
sive to this species may represent synapomorphies for the
new genus described here. For example, Coe (1901, 1940)
noted peculiar species-specific “accessory buccal glands”
(Coe, 1901, plate 13, fig. 1) in “Micrura alaskensis”. These
foregut glands are sub-epithelial, associated with the buccal
cavity and their bodies often penetrate into the inner longi-
tudinal musculature or extend beyond the circular muscula-
ture and into the ventral outer longitudinal musculature.
Such glands occur in all Maculaura species, to varying
degrees (Figs. 5, 7). Importantly, these glands are not
observed in Micrura fasciolata (USNM# 1098168, Hiebert,
Maslakova and Norenburg, personal observation), the type
species of the genus Micrura. Furthermore, none of the nine
species that are described (e.g. Riser, 1998) or coded in
character matrices (Schwartz, 2009) as having similar
glandular morphology to Maculaura (Micrura wilsoni

Downloaded From: https://bioone.org/journals/Zoological-Science on 24 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

USNM# 1107414, Cerebratulus marginatus USNM#s
1098145-46, Zygeupolia rubens USNM# 1098190, Lineus
viridis USNM# 1098162, Lineus rubescens USNM#
1098157, Fragilonemertes rosea USNM# 170035, Eousia
verticivarius USNM#s 1098166-67, Micrura formosana
USNM# 1098170-71, Notospermus geniculatus USNM#
1098180) exhibit the accessory buccal gland cells observed
in Maculaura spp. (Norenburg, personal communication).
These glands were also not observed in two local unde-
scribed lineiform species (Micrura sp. “dark” and Micrura sp.
“not coei”, Hiebert, personal observation).

Another morphological synapomorphy of the genus
Maculaura may be the pilidium maculosum larval form char-
acterized by the pigment spots on the juvenile amnion (Figs.
6, 10, 11). Larval development is known in four of the five
species (Maslakova, 2010; this study). Three of those
exhibit typical pigmentation pattern described here, and one
species exhibits less prominent pigmentation (Maculaura
aquilonia; Figs. 8, 9). To our knowledge this type of pigmen-
tation has not been observed in any other species of pilidio-
phoran nemertean, whose larva is known. The development
in the type species for the genus Micrura — Micrura fasciolata,
is currently unknown. Lacalli (2005) described larvae of
pilidium maculosum type from Bamfield Inlet, BC, Canada.
Based on the fact that Bamfield is within the geographical
range of Maculaura, it is very likely that those larvae belong
to one of the species described here.

Aside from these morphological characters, the mono-
phyly of Maculaura is supported by phylogenetic analyses of
COlI, 16S rDNA, and 28S rDNA sequence data, and the
clade is only distantly related to Micrura fasciolata (Hiebert
and Maslakova, in prep).
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