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Abstract 

Background:  The clade of protostome animals known as the Spiralia (e.g., mollusks, annelids, nemerteans and poly-
clad flatworms) shares a highly conserved program of early development. This includes shared arrangement of cells 
in the early-stage embryo and fates of descendant cells into embryonic quadrants. In spiralian embryos, a single cell 
in the D quadrant functions as an embryonic organizer to pattern the body axes. The precise timing of the organizing 
signal and its cellular identity varies among spiralians. Previous experiments in the annelid Chaetopterus pergamenta-
ceus Cuvier, 1830 demonstrated that the D quadrant possesses an organizing role in body axes formation; however, 
the molecular signal and exact cellular identity of the organizer were unknown.

Results:  In this study, the timing of the signal and the specific signaling pathway that mediates organizing activity 
in C. pergamentaceus was investigated through short exposures to chemical inhibitors during early cleavage stages. 
Chemical interference of the Activin/Nodal pathway but not the BMP or MAPK pathways results in larvae that lack a 
detectable dorsal–ventral axis. Furthermore, these data show that the duration of organizing activity encompasses 
the 16 cell stage and is completed before the 32 cell stage.

Conclusions:  The timing and molecular signaling pathway of the C. pergamentaceus organizer is comparable to 
that of another annelid, Capitella teleta, whose organizing signal is required through the 16 cell stage and localizes 
to micromere 2d. Since C. pergamentaceus is an early branching annelid, these data in conjunction with functional 
genomic investigations in C. teleta hint that the ancestral state of annelid dorsal–ventral axis patterning involved an 
organizing signal that occurs one to two cell divisions earlier than the organizing signal identified in mollusks, and 
that the signal is mediated by Activin/Nodal signaling. Our findings have significant evolutionary implications within 
the Spiralia, and furthermore suggest that global body patterning mechanisms may not be as conserved across bila-
terians as was previously thought.
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Background
During early development, embryos become polar-
ized either by signaling among cells or by inheritance of 
asymmetrically localized determinants, and an overall 
body plan emerges in which anterior–posterior, dorsal–
ventral, and left–right axes are defined [1, 2]. In many 
organisms, the signaling molecules that govern body axes 
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patterning are emitted by a cell or cluster of cells known 
as an embryonic organizer [3]. An embryonic organizer 
is a signaling center that has the capacity to induce the 
fates of surrounding embryonic cells and dictate the posi-
tion of various tissue types [4–6].

In embryos of spiralians, a group of animals con-
sisting of mollusks, annelids, nemerteans, polyclad 
flatworms and several other clades, there is a highly ste-
reotypic developmental program called spiral cleavage. 
This shared, conserved, cleavage program allows for the 
identification of individual cells, and for making inter-
taxonomic comparisons among homologous cells. Such 
comparisons are facilitated by a standard nomenclature 
[7]. In unequal cleaving spiralian embryos, the first cleav-
age division results in two unequal-sized cells called AB 
and a larger cell, CD (Fig. 1a, left schematic). At the sec-
ond cleavage division, these cells give rise to four mac-
romeres called A, B, C and a larger cell, D (Fig. 1a, center 
schematic). The macromeres define the four quadrants 
of the embryo and the D quadrant macromere is usu-
ally the first to divide. The subsequent daughter cells are 
then named relative to the four embryonic quadrants. 
For instance, at the third cleavage division, cells A, B, C, 
and D divide, and each gives rise to two daughter cells; 
a large macromere at the vegetal pole, and a smaller 
micromere toward the animal pole. The vegetal pole 
macromeres are named 1A, 1B, 1C, and 1D, while the 
micromeres are named 1a, 1b, 1c, and 1d (Fig. 1a, right 
schematic). These micromeres are also known as the 1st 
quartet micromeres. Multiple sets of quartets are ulti-
mately produced from the macromeres, and the birth of 
each micromere quartet alternates between a clockwise 
and counterclockwise position due to shifts in the angle 
of the mitotic spindles in relation to the animal–vegetal 
pole of the embryo [8]. At the fourth cleavage division, 
the macromeres again give rise to two daughter cells, 
a larger macromere and a smaller micromere, while 
the 1st quartet micromeres give rise to two daughter 
micromeres. Therefore, macromeres 1A, 1B, 1C, and 1D 
divide to form macromeres 2A, 2B, 2C, and 2D and the 
2nd quartet micromeres 2a, 2b, 2c, and 2d, respectively. 
At the same time, the 1st quartet micromeres 1a, 1b, 1c, 
and 1d also divide, and give rise to cells 1a1, 1b1, 1c1, and 
1d1 and 1a2, 1b2, 1c2, and 1d2, respectively. Micromeres 
with a “1” superscript are positioned closer to the animal 
pole than those denoted with a “2” superscript. A similar 
spiral cleavage pattern is followed through to the onset of 
gastrulation.

In early cleavage stages of spiralian embryos, the D 
quadrant typically gives rise to a single cell with organiz-
ing activity, which functions to pattern the body axes. In 
equal cleaving forms, the specification of the D quadrant 
occurs by induction, and the timing of induction often 

closely precedes the action of the organizer, sometimes 
within the same cell cycle [9, 10]. In contrast, in unequal 
cleaving spiralians, the identity of the D quadrant is vis-
ibly apparent as the largest cell at the four cell stage, sev-
eral cell cycles prior to the requirement for the organizer 
signal. While the precise onset of the organizing activity 
signal is experimentally difficult to establish, the timing 
of its completion has been determined in several species. 
Both the timing and the cellular localization of the signal 
vary. For example, the earliest completion of organizing 
activity reported to date occurs in the annelid Capitella 
teleta. In C. teleta, the requirement for organizing activ-
ity is completed during the 2nd quartet, when embryos 
typically have 16 cells, and is localized to micromere 2d 
(Fig. 1b, left schematic) [11]. In mollusks such as the mud 
snail Trita obsoleta (formerly Ilyanassa obsoleta), and 
the limpet Patella vulgata, organizing activity is com-
pleted when the 3rd quartet of micromeres is present, 
when the embryos typically have 24 cells, and is localized 
to macromere 3D (Fig.  1b, center schematic) [12–17]. 
In the slipper shell snail Crepidula fornicata, organizing 
activity is completed even later, when the 4th quartet of 
micromeres is present. Organizing activity is localized 
to micromere 4d, a cell that is typically born at the 25 
cell stage (Fig. 1b, right schematic) [18–20]. It is further 
reported that in the oligochaete Tubifex tubifex, organ-
izing activity is completed during the 4th quartet, when 
embryos typically have 22 cells, and is localized to not 
one, but two cells named 2d11 and 4d [21].

The identity of the organizer is currently unknown in 
the early branching annelid Chaetopterus pergamenta-
ceus Cuvier, 1830 [22, 23]. Also called parchment tube 
worms, C. pergamentaceus are filter feeders that live in 
U-shaped tubes buried beneath the surface of coastal 
habitats (Fig. 2a) [24]. They are amenable to in vitro fer-
tilization, and their embryological development has pre-
viously been described [25–28]. Following fertilization, 
the first cleavage is unequal and each subsequent cleav-
age division occurs at intervals of 15–20  min at 22  °C 
(Fig.  1c, left image). Cells undergo almost synchronous 
divisions through to the 32 cell stage [28]. At the 16 cell 
stage, micromeres 1d1 and 2d are larger than their sis-
ter micromeres (Fig.  1c, center schematic) [27]. All 16 
cells then divide, almost synchronously, to give rise to a 
32 cell stage embryo in which the 3rd quartet cells are of 
similar size (Fig. 1c, right schematic). The transition from 
the 32 to 64 cell stage is less uniform. While the D mac-
romere divides soon after the completion of the 32 cell 
stage, other cells in the embryo are slower to divide [28]. 
Embryos become ciliated around the gastrula stage, and 
later give rise to larval forms [27].

A C. pergamentaceus larval staging system was previ-
ously described by Irvine et al. [29]. Embryos give rise to 
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Fig. 1  Unequal spiral cleavage. Schematics of unequally cleaving spiralian embryos during early development. All schematics are in animal view. 
a The first cleavage gives rise to two unequally sized cells (left). At second cleavage, four macromeres A (green), B (purple), C (pink) and a larger 
cell, D (blue) are born (center). At third cleavage, the micromeres of the 1st quartet are born (1a, 1b, 1c, 1d) (right). b The embryonic organizer 
in spiralians is typically derived from the D quadrant (cells in blue). Blue cells with asterisks mark cells that have been identified as embryonic 
organizers in various spiralian species (see text). Cells in green, purple, pink and blue are descendants from the A, B, C and D quadrants, respectively. 
c C. pergamentaceus cleavage pattern. Cropped DIC image of live C. pergamentaceus embryo (left). At 2nd quartet stage, there are 16 cells in the 
embryo, and micromeres 1d1 and 2d are larger than the corresponding micromeres in the other quadrants (center schematic). At 3rd quartet stage, 
there are 32 cells in the embryo (right schematic)
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L1 larvae at 18 h post-fertilization at 22 °C, and by 36 h 
post-fertilization, larvae are at the L2 stage. At L2, lar-
vae possess several morphological features that enable 
the clear detection of an anterior–posterior axis, a dor-
sal–ventral axis, and bilateral symmetry (Fig.  2b) [28, 
29]. These larvae are approximately 180 × 90 μm in size, 
possess two larval ocelli (Fig.  2c; lo), and develop cili-
ary structures such as an anterior apical tuft (Fig. 2c; at) 
and a pair of lateral hooked bristles (Fig. 2c; lhc) [29]. In 
addition to these specialized and visually distinct ciliated 
structures, the larval ectoderm surface is covered with 
cilia (Fig.  2b). L2 larvae actively feed, and their gut has 
a tripartite organization with visually distinct gut com-
partments. At its anterior end is the stomodeum, which 
opens to the exterior on the ventral surface of the body 

(Fig. 2b, c; st). The stomodeum is connected to the large 
and medially positioned midgut (Fig. 2b, c; mg) through a 
narrow junction, and posterior to the midgut is the hind-
gut, which exits the body just anterior to the pygidium 
(Fig. 2b, c; hg). Development of the larval gut has previ-
ously been characterized [30].

Previous experimental investigations in C. pergamen-
taceus have demonstrated that the D quadrant possesses 
organizing activity [27, 31]. Blastomeres isolated from 
embryos at the 2 cell stage indicated that cells AB and CD 
have different developmental potential [27]. Although 
both isolates develop into partial larvae, only larvae 
resulting from CD isolates form an eye. Lineage tracing 
of blastomeres at the 4 cell stage determined that the 
left and right larval eyes are derived from the A and C 

Fig. 2  Morphology of C. pergamentaceus. Anterior is to the left in all panels. a Adult. b DIC image in fixed L2 larva (lateral view). c Schematics 
depict lateral (left) and dorsal (right) views of larvae at L2 stage, approximately 36 h post-fertilization. Schematics adapted from [29]. d–j are of 
a single L2 larva in dorsal view and e–k are of a second L2 larva in lateral view. d–k are merged confocal-stacked images of larvae labeled for 
nuclei with Hoechst (d, e), actin filaments with phalloidin (f, i), and neurons with anti-FMRFamide (j, k). Stacks of confocal micrographs of actin 
staining are displayed at two different depths in the body to show muscles (f, g, i) and the tripartite gut (h, i). at: apical tuft attachment point; 
cc: circumesophageal connective nerve; cbr: cerebral commissure; cup: cupule; dor: dorsal; mnf: modified neuropodia fans; hg: hind gut; lat: 
lateral; lhc: lateral hooked cilia; lo: larval ocellus; mc: main connective; mg: midgut; peri: peristomium; pp: posterior parapodia; pyg: pygidium; sc: 
subesophageal commissure; st: stomodeum; white arrows: cilia; white arrowheads: dorsal longitudinal muscle fibers
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macromeres, respectively [31]. In most other spiralians, 
the left and right larval eyes are derived from cells 1a and 
1c, descendants of the A and C macromeres [10, 32, 33]. 
Therefore, although cell AB has the potential to form an 
eye, its formation seems to be dependent upon an induc-
tive signal from cells derived from the D quadrant [27].

The organizing role of the D quadrant in C. perga-
mentaceus was further demonstrated through twinning 
experiments [31]. Uncleaved zygotes were lightly com-
pressed with a glass cover slip to equalize the first cleav-
age division. Instead of the normal pattern of division 
into two unequal-sized cells, AB and a larger CD cell, the 
pressure of the cover slip forced the equal distribution of 
cytoplasmic determinants across both cells. This resulted 
in two equally sized cells, both with CD identity. These 
divided into four cell stage embryos that possessed two 
larger, presumptive D cells, and two C cells [31]. Four cell 
stage embryos in which both D quadrants were located 
diagonally to each other developed into larvae with two 
trunks, a shared mouth, and several other duplicated 
structures. Furthermore, bilateral symmetry and dors-
oventral polarity were distinguishable in these twinned 
larvae [31]. These results suggest that the D quadrant 
not only possesses the ability to influence the C quadrant 
into contributing to the formation of a second body axis, 
but is also able to establish dorsal–ventral polarity of the 
newly induced tissues. Together, both studies sufficiently 
demonstrate the presence of organizing ability in C. per-
gamentaceus, specifically the ability of the D quadrant 
to influence the fate of other cells, and induce a second 
body axis.

Investigations into the identity of the molecular sig-
nals that mediate organizing activity in spiralians have 
revealed variation among species. In mollusks, activa-
tion of the MAPK pathway has been linked to organiz-
ing activity in T. obsoleta [17], Tectura scutum [14], and 
Haliotis asinina [34], as well as to the specification of 
the organizer in C. fornicata [18]. However, in the anne-
lids Platynereis dumerilii [35], and C. teleta [11], MAPK 
has no detectable function in axis specification. Besides 
MAPK signaling, studies in T. obsoleta [36] and Cras-
sostrea gigas [37] have provided experimental support 
to suggest that the BMP signaling pathway functions in 
dorsal–ventral axis patterning. Interestingly, in C. tel-
eta, BMP signaling does not have a primary function in 
organizing activity; rather it is the Activin/Nodal path-
way, a sister branch to BMP signaling, that is required to 
pattern the dorsal–ventral axis [38, 39].

In this study, we investigate the molecular mechanisms 
driving axis specification in the early branching annelid 
C. pergamentaceus. Through short exposures of early-
stage embryos to chemical inhibitors, we investigate both 
the molecular identity and timing of organizing activity 

during early development. Since C. pergamentaceus is an 
early branching annelid, our findings provide phyloge-
netically relevant insights of the ancestral mechanism for 
dorsal–ventral axis patterning in Annelida.

Methods
Animal care and in vitro fertilization
Live adult C. pergamentaceus were obtained from the 
Marine Resources Center at Marine Biological Labora-
tory (MBL) in Woods Hole, MA and maintained in tanks 
of running sea water. The Woods Hole species of Chae-
topterus has been identified as C. pergamentaceus Cuvier, 
1830 using genetic data [40]. Embryos were obtained 
through in  vitro fertilization procedures as previously 
outlined by Henry (1986). Adults were partially removed 
from their tubes using a pair of forceps and surgical scis-
sors. Sexually mature male and female C. pergamen-
taceus are easily identifiable via the color of gametes 
visible through the wall of posterior parapodia [29]. 
In females, these segments appear yellow if filled with 
mature oocytes, and in males they appear white if filled 
with sperm. For fertilizations, a single parapodium was 
cut from the female and its contents were sifted through 
a 150-µm Nitex sieve with filtered seawater (FSW) into a 
60-mm petri dish. This removed mucus and tissue debris. 
Oocytes were rinsed 3× with FSW to further remove 
mucus and then left for 20  min in FSW to trigger egg 
activation via the breakdown of germinal vesicles. Typi-
cally, thousands of eggs can be collected from a single 
parapodium. Sperm was collected during the 20 min egg 
activation interval. A single parapodium was cut from a 
male, and approximately 150  µl of sperm was collected 
using a 1-ml transfer pipette into a 1.5-ml Eppendorf 
tube. Sperm was diluted at a 1:1000 sperm:FSW ratio. 
Sperm became motile after about 5 min in FSW. Motility 
could be visually verified by observing a drop of diluted 
sperm on a glass slide using a compound microscope. To 
initiate fertilization, eggs were swirled into the middle 
of the petri dish and a single drop of motile sperm was 
added to the center, and then the dish left undisturbed. 
The eggs were exposed to sperm for 10 min, followed by 
3× FSW washes to remove excess sperm and prevent 
polyspermy. Zygotes were monitored for first cleavage, 
which typically occurred 1  h post-fertilization at 22  °C. 
Subsequent cleavages occurred every 15–20 min at 22 °C.

Chemical inhibition
For chemical exposure experiments, embryos from a 
single fertilization were aliquoted for use at each time 
interval, and divided into experimental and control 
conditions. Control embryos were exposed to Dimethyl 
sulfoxide (DMSO) as a solvent control, while experi-
mental embryos were exposed to a pathway-specific 
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chemical inhibitor. Embryos from a single fertilization 
were used in one time series experiment, and this is 
defined as a single technical replicate. Approximately 
100 embryos were used per replicate.

Activin/Nodal signaling was inhibited using 
SB431542 (Santa Cruz; Cat No: SC-204265A), a chemi-
cal inhibitor that prevents the phosphorylation of the 
Activin/Nodal type 1 receptors ALK4, ALK5, and 
ALK7. BMP signaling was inhibited using two different 
chemical inhibitors, DMH1 (Sigma; Cat No: D8946), 
an inhibitor of ALK2, a BMP type 1 receptor, and dor-
somorphin dihydrochloride (Tocris; Cat No: 3093), an 
inhibitor of both ALK2 and ALK3 BMP type 1 recep-
tors. The ERK/MAPK pathway was inhibited using 
U0126 (Sigma, Saint Louis, MO), an inhibitor of MEK1 
and MEK2. Each drug was resuspended in 100% DMSO 
to a 10-mM stock, and was further diluted in filtered 
seawater (FSW) to working concentrations. To monitor 
for potential toxic effects of the DMSO solvent, control 
embryos were exposed to DMSO in FSW at a concen-
tration equivalent to the experimental condition (0.05–
0.5% DMSO).

Initial experiments included exposure of early-stage 
embryos to a range of inhibitor concentrations between 5 
and 50 µM. Exposures above 20 μM with all drugs tested 
resulted in arrested development. Detailed analysis of 
exposure to SB431542 was performed at a concentration 
of 20 μM in FSW. Exposure to SB431542 was conducted 
during the following time intervals: 4–32 cell stage; 8–32 
cell stage; 16–32 cell stage; 32 cell to late cleavage stage; 
late cleavage to early gastrula stage. Embryos were visu-
ally monitored with a dissecting microscope for the birth 
of each quartet. Only when embryos were at the appro-
priate stage they were individually pipetted into or out of 
a petri dish prefilled with 3 ml of the appropriate chemi-
cal inhibitor. This allowed us to make fine adjustments 
to any variation in the timing of cell division among 
embryos. In C. pergamentaceus, the D quadrant is the 
first to divide, and so micromeres of the D quadrant are 
born first [27]. Furthermore, in C. pergamentaceus, all 
cells divide synchronously up to the 32 cell stage [28].

Embryos exposed to 20  μM SB431542 during the 
interval between the 8 and 32 cell stage did not survive 
development past larval stage L1 to larval stage L2 (data 
not shown; 4 technical replicates, approximately 100 
embryos used per replicate). As such, deductions could 
not be made about the effects of Activin/Nodal inhibition 
during this time interval. Dorsomorphin dihydrochlo-
ride, DMH1, and U0126 were all used at a concentra-
tion of 20 μM in FSW. Exposures with these drugs were 
conducted for 90 min time intervals at the following cell 
stages: 4 cell to late cleavage stage; late cleavage to early 
gastrula stage.

Following exposure to inhibitors, embryos were washed 
with FSW for 4× 1 min, followed by 4× 15 min to remove 
drug or DMSO. Embryos were raised for approximately 
72  h to larval stage 2 (L2) at room temperature (22  °C) 
in FSW with 60 μg/ml penicillin (Sigma-Aldrich Co., St 
Louis, MO, USA) and 50  μg/ml streptomycin (Sigma-
Aldrich Co., St Louis, MO, USA). Specimens were fixed 
for immunolabeling as described below.

Immunolabeling
Larvae were exposed to a 1:1 dilution of 0.37  M 
MgCl2:FSW for 10 min to prevent larval muscle contrac-
tions upon fixation. Larvae were then fixed using 3.7% 
paraformaldehyde (PFA) in FSW for 30  min. Fixation 
was terminated via 2× quick exchanges with phosphate-
buffered saline (PBS), followed by 2× washes in PBS with 
0.1% Triton X-100 (PBT). Animals were stored in PBS 
at 4 °C for up to 1 month, whereby immunolabeling and 
phalloidin staining were conducted.

Fixed animals were placed in a 3-well depression 
glass spot plate, and treated with a blocking solution of 
PBT + 10% heat-inactivated goat serum (Cat No. G9023, 
Sigma-Aldrich Co., US) for 1  h at room temperature 
(RT). Primary antibody diluted in blocking solution was 
added to samples and incubated at 4 °C overnight (O/N). 
The primary antibody was a rabbit anti-FMRFamide 
antibody used at 1:800 dilution (Cat No: 20091, Immu-
nostar). Following incubation, the primary antibody was 
removed via five washes with PBT over the course of an 
hour. Specimens were incubated a 1:400 dilution of goat 
anti-mouse secondary antibody conjugated with the fluo-
rescent tag Alexa Fluor 488 (Cat No. A11001, Molecular 
Probes) for 2  h at RT. Following incubation, unbound 
secondary antibody was removed via five washes with 
PBT over the course of an hour. Larval muscles were vis-
ualized by staining with a 1:200 dilution of Alexa Fluor 
488-phalloidin (Cat No. A12379, Thermo Fisher Scien-
tific, US) for 2 h at RT, then washed five times with PBT 
over the course of an hour. Specimens were equilibrated 
in 80% glycerol in 1 × PBS plus 0.125  μg/ml Hoechst, a 
DNA visualization stain.

Microscopy, scoring, and imaging
The fixed experimental and control animals in each well 
of the plate were observed at low magnification for con-
sistency of the phenotypes within a sample. For detailed 
phenotypic analysis, a random subset of the resulting 
specimens was placed on microscope slides and viewed 
from multiple orientations to analyze features that indi-
cate the presence of an anterior–posterior axis, dorsal–
ventral axis and bilateral symmetry. Only specimens 
examined in this level of detail were scored and formally 
counted in the sample size. Following fluorescent staining 
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or immunohistochemistry, animals were imaged using 
an LSM 710 confocal microscope (Zeiss). To determine 
the position of various structures within the body, scans 
through the entire larval body were taken. 3D recon-
structions were generated using Fiji (Fiji Is Just ImageJ) 
[41], and images were processed in Adobe Photoshop 
CC (version 2017.1.1). Image of the  live 16 cell embryo 
in Fig.  1c (left) was closely cropped and put on a solid 
background.

Statistical analysis
Each larva analyzed was categorized according to treat-
ment groups: DMSO control, U0126 during 4 cell to late 
cleavage stage, U0126 during late cleavage to early gas-
trula stage, DMH1 during 4 cell to late cleavage stage, 
DMH1 during late cleavage cleave to early gastrula stage, 
dorsomorphin dihydrochloride during 4 cell to late cleav-
age stage, dorsomorphin dihydrochloride during late 
cleavage stage to early gastrula stage, SB431542 dur-
ing 4–32 cell stage, SB431542 during 16–32 cell stage, 
SB431542 during 32 cell to late cleavage stage, SB431542 
during late cleavage to early gastrula stage. For statisti-
cal analyses, larval phenotypes were sorted into one of 
two categories: dorsal ventral axis detected or no dorsal 
ventral axis detected. To determine which of the condi-
tions differ from each other, an omnibus Chi square test 
of homogeneity was performed, followed by post-hoc 
pairwise comparisons using a z test of two proportions. 
Bonferroni correction was applied to account for multi-
ple comparisons.

Results
Chaetopterus pergamentaceus body plan
We analyzed organ system organization and differenti-
ated tissue types in C. pergamentaceus larvae by labe-
ling for nuclei with Hoechst (Fig.  2d, e), muscle fibers 
(Fig.  2f, g) and cell cortices (Fig.  2h, i) with phalloidin, 
and neuronal processes with the cross-reactive antibody, 
anti-FMRFamide (Fig. 2j, k). Specifically, the distinct sto-
modeum, midgut, and hindgut compartments are visible 
in animals labeled for nuclei (Fig.  2d, e) and filamen-
tous actin (Fig. 2h, i). Phalloidin staining also allows for 
the visualization of the larval body wall musculature. L2 
larvae have numerous circumferential and longitudinal 
muscle fibers throughout the body. Notably, there are 
two prominent, bilaterally symmetric longitudinal mus-
cles that straddle the dorsal midline and span the length 
of the body (Fig. 2f, g, i; white arrow heads). Also visible 
by actin staining is the position of the apical tuft, and its 
attachment point is clearly located on the dorsal, anterior 
surface of the head (Fig.  2f, g, i). Actin labeling is simi-
larly used to identify the attachment point of the apical 
tuft in the larvae of nemerteans [42–44]. In the head of 

C. pergamentaceus larvae, there is a bilateral pair of cer-
ebral ganglia visible via the spatial expression of COE; a 
transcription factor involved in neural specification [45]. 
We further characterized the organization of the nervous 
system by visualizing a subset of nerves using an anti-
FMRFamide antibody. There is a medial cluster of FMR-
Famide immunoreactive cells positioned between the 
cerebral ganglia (Fig. 2j, k; cbr). From the cerebral com-
missure, a pair of neuronal processes circumvents the 
stomodeum as the circumesophageal connective (Fig. 2j, 
k; cc). The pair of anti-FMRFamide immunoreactive pro-
cesses is visible along the length of the ventral side of the 
trunk as the main connective (Fig. 2j, k; mc) and termi-
nates in the pygidium. The two longitudinal connectives 
are positioned closer together in the midbody and poste-
rior end relative to their lateral position in the head and 
anterior portion of the trunk. This more medial position 
of the connectives begins at the approximate position of 
the posterior face of the midgut. A subesophageal com-
missure is also visible, just posterior to the stomodeum 
(Fig.  2j; sc). These features are bilaterally symmetric 
and mark the ventral side of the larva. In addition, the 
subesophageal commissure and the FMRFamide immu-
noreactive cells in the head mark the anterior of the larva.

Together, the anterior apical tuft, stomodeum and cer-
ebral commissure, along with the posterior hindgut, are 
all morphological features that enable the detection of an 
anterior–posterior axis. The dorsal position of both the 
apical tuft attachment point and the pair of longitudinal 
muscles, along with both the ventral stomodeum opening 
and ventral neuronal processes, likewise indicate a clear 
dorsal–ventral axis. Although L2 larvae have bilaterally 
symmetric eye spots, we could not reliably detect them 
since exposure to detergents during the antibody labeling 
process causes the loss of eye pigment. Bilateral symme-
try is therefore confirmed by the presence of the pair of 
ventral neuronal processes and the pair of dorsal longitu-
dinal muscles.

Inhibition of the ERK/MAP kinase pathway results 
in abnormal gut and muscle formation
To investigate the identity and timing of the signaling 
pathway involved in axis specification in C. pergamen-
taceus, we exposed embryos at early cleavage stages to 
small chemical inhibitors of specific signaling pathways. 
Experiments were performed at various time inter-
vals and drug concentrations (Fig.  3). Initial treatments 
included exposure to each drug at concentrations ranging 
from 5 to 50 μM. The lowest concentration at which there 
was a consistently reproducible larval phenotype was 
selected for detailed analysis. Exposures above 20  μM 
with any drug tested resulted in arrested development. 
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For all experiments, embryos were exposed to concentra-
tions of DMSO equivalent to experimental conditions to 
control for nonspecific effects of the solvent.

Experimental evidence showing that activation of the 
ERK/MAPK pathway is associated with patterning of the 
dorsal–ventral axis of some spiralians led us to investi-
gate the role of this pathway during early development 
in C. pergamentaceus using the small molecule inhibitor 
U0126. U0126 functions by inhibiting the kinase activ-
ity of both MEK1 and MEK2 [46]. As a result, MEK1/2 
is unable to phosphorylate and activate MAPK, and 
thereby inhibits the ERK/MAP kinase pathway. In experi-
ments investigating the effects of inhibiting the ERK/
MAP kinase pathway with U0126, exposures were con-
ducted during two independent time intervals: the 4 cell 
to late cleavage stage and from late cleavage stage to early 
gastrula (Fig. 3). The duration of each time interval was 
90  min, during which approximately five cleavage divi-
sions occurred. Following drug exposure, embryos were 
raised in sea water to larval stage L2, and then scored for 
axial anomalies.

Embryos exposed to 0.2% DMSO during the interval 
between the 4 cell stage and the early gastrula stage result 
in phenotypically normal larvae (Fig. 4a–d; n = 3 techni-
cal replicates). These larvae have differentiated cell types, 
and were morphologically analyzed following visualiza-
tion of nuclei, filamentous actin, and anti-FMRFamide 

immunoreactive cells. Identifiable anterior features such 
as the stomodeum (Fig.  4a and c), apical tuft attach-
ment point (Fig. 4b and c), and the cerebral commissure 
(Fig. 4d) are present. A posterior hindgut is also present 
(Fig. 4a and c). A dorsal–ventral axis is detectable via the 
presence of the dorsal position of the apical tuft attach-
ment point (Fig.  4b and c) and the pair of dorsal longi-
tudinal muscles (Fig.  4b), while ventral is identifiable 
by the presence of a stomodeum, and ventral neuronal 
processes (Fig. 4d). Bilateral symmetry is also detectable 
by the presence of the bilateral pair of dorsal longitudi-
nal muscles (Fig.  4b), and the pair of ventral neuronal 
processes circumventing the stomodeum and midgut 
(Fig.  4d). All three body axes were detectable in 99% 
(n = 69/70) of larvae.

Larvae resulting from exposure to 20  μM U0126 dur-
ing the 4 cell to late cleavage stage (Fig.  4e–h) are phe-
notypically abnormal, but have differentiated cell types 
and possess all three body axes (n = 3 technical repli-
cates). Anteriorly, the stomodeum (Fig. 4e and g), apical 
tuft attachment point (Fig. 4f ), and cerebral commissure 
(Fig. 4h) are present. However, a gut with a clear tripartite 
organization is not visible, and a hindgut is not detect-
able (Fig.  4e and g). Instead, larvae exhibit an abnor-
mal gut cavity in place of a midgut (Fig. 4e–g; agc). The 
dorsal apical tuft attachment point (Fig.  4f ) along with 
the ventral opening of the stomodeum (Fig.  4e, g), and 

Fig. 3  Experimental design for drug exposure experiments. Diagram depicts the early developmental stages of C. pergamentaceus from zygote to 
larval stage L2 (larval schematic adapted from [29]). Drug exposures were conducted during multiple time intervals. Exposures to U0126 (orange 
bars), DMH1 (teal bars), and dorsomorphin dihydrochloride (green bars) were conducted during the 4 cell to late cleavage stage (T1), and the late 
cleavage stage to early gastrula time intervals (T2). Exposures to SB431542 (purple bars) were conducted during the 4–32 cell (T1); 16–32 cell (T2); 
32 cell to late cleavage stage (T3); and late cleavage stage to early gastrula (T4) time intervals. After removal of the chemical inhibitor, embryos were 
raised in sea water for approximately 72 h to L2 larvae, and then fixed for phenotypic analysis (vertical gray line on right hand side). Horizontal gray 
lines indicate duration of the experiment. Cells labeled as 2d, 3D, and 4d have been identified as organizers in other spiralians (see text)
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Fig. 4  Larval phenotypes resulting from early embryonic exposure to U0126. Each column contains merged confocal-stacked images from a single 
L2 larva. Each row depicts labeling for nuclei with Hoechst, actin filaments with phalloidin, or neurons with anti-FMRFamide. Stacks of confocal 
micrographs of actin labeling are displayed at two different depths in the body to show both muscles and gut cavity organization. a–d are of a 
control larva exposed to 0.2% DMSO during the interval between the 4 cell stage and the early gastrula. e–l are larvae resulting from exposure to 
20 μM U0126. e–h depict a larva resulting from exposure during the interval between the 4 cell to late cleavage stage. i–l depict a larva resulting 
from exposure during the interval between late cleavage stage and early gastrula. All panels are dorsal views with anterior to the left. agc: 
abnormal gut cavity; at: apical tuft attachment point; cc: circumesophageal connective; cbr: cerebral commissure; dor: dorsal; hg: hindgut; mc: 
main connective; mg: midgut; sc: subesophageal commissure; st: stomodeum; white arrowhead: dorsal longitudinal muscle fibers; white arrows: 
disorganized muscle fibers
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the ventral pair of circumesophageal and main connec-
tives (Fig. 4h) indicate presence of a dorsal–ventral axis. 
Dorsal longitudinal muscles are not detected and there 
is a general disorganization of the muscle fibers (Fig.  4f 
and g). Bilateral symmetry is seen via the ventral pair of 
circumesophageal and main connectives circumvent-
ing the stomodeum and abnormal gut cavity (Fig.  4h). 
Altogether, despite abnormalities in gut formation and 
muscle organization, an anterior–posterior axis, dorsal–
ventral axis, and bilateral symmetry are detectable in 98% 
(n = 98/100) of the resulting larvae.

Similarly, larvae resulting from exposure to 20  μM 
U0126 during the interval between late cleavage stage 
and early gastrula exhibit abnormal phenotypes and 
have differentiated cell types and possess all three body 
axes (Fig.  4i–l) (n = 3 technical replicates). The ante-
rior stomodeum (Fig. 4i, k), apical tuft attachment point 
(Fig.  4j  and k), and cerebral ganglia (Fig. 4l) are all pre-
sent. These larvae exhibit a single abnormal gut cavity in 
place of a midgut (Fig. 4i and k), and there is no detect-
able hindgut (Fig. 4i and k). The dorsal apical tuft attach-
ment point (Fig.  4j and k), together with the ventrally 
opened stomodeum (Fig.  4i, k) and the ventral pair of 
circumesophageal and main connectives (Fig. 4l) indicate 
the presence of a dorsal–ventral axis. Notably, actin fib-
ers are generally disorganized, and there are few muscles 
present (Fig.  4j). The ventral pair of circumesophageal 
and main connectives circumventing the stomodeum and 
abnormal gut cavity (Fig.  4l) indicates bilateral symme-
try. Altogether, all three body axes are detectable in 98% 
(n = 111/113) of resulting larvae.

An omnibus Chi square test of homogeneity was used 
to compare the proportions of larvae with and without a 
dorsal–ventral axis resulting from experimental and con-
trol conditions. Our analysis shows no statistically sig-
nificant difference (p > 0.05) in the proportions of larvae 
with and without a dorsal–ventral axis following U0126 
exposures at either developmental interval in compari-
son to those larvae resulting from DMSO control con-
ditions. These results indicate that exposure to U0126 
prior to gastrulation does not affect dorsal–ventral axis 
formation.

BMP inhibition with DMH1 or dorsomorphin does 
not affect axes formation
BMP signaling has been shown to mediate organizing 
signaling and dorsal–ventral axis formation in some 
mollusks, a sister taxa to annelids [36, 37]. Since C. per-
gamentaceus is an early branching annelid, we were 
interested in investigating whether C. pergamentaceus 
uses the same molecular signal to mediate organizing 
activity as mollusks. We inhibited the BMP signaling 
pathway using two different chemical inhibitors, DMH1 

and dorsomorphin dihydrochloride (Fig. 3). The chemical 
inhibitor DMH1 functions by preventing the phospho-
rylation of the BMP type 1 receptor ALK2 [47]. Similarly, 
dorsomorphin dihydrochloride functions by preventing 
the phosphorylation of BMP type I receptors, ALK2 and 
ALK3 [48].

Larvae resulting from exposure to 20  μM DMH1 
(n = 3 technical replicates) during the interval between 
either the 4 cell to late cleavage stage (n = 78/81) or the 
late cleavage to early gastrula stage (n = 89/95) are phe-
notypically normal with no detectable abnormalities 
(Additional file 1: Figure S1E–L). Likewise, larvae result-
ing from exposure to 20 μM dorsomorphin dihydrochlo-
ride (n = 3 technical replicates) during either the 4 cell 
to late cleavage stage (n = 73/74) or the late cleavage to 
early gastrula stage (n = 115/117) are also phenotypically 
normal (Additional file 1: Figure S1M–T). There is no sta-
tistically significant difference (p > 0.05) between larvae 
exposed to DMH1 or dorsomorphin dihydrochloride and 
control larvae exposed to DMSO (omnibus Chi square 
test of homogeneity). As these exposures do not elicit 
detectable phenotypic effects in larvae, these inhibitors 
cannot be confirmed to be effective at inhibiting BMP 
signaling in C. pergamentaceus.

Inhibition of Activin/Nodal signaling results in abnormal 
axial development
The Activin/Nodal branch of the TGF-beta signaling 
pathway mediates dorsal–ventral axis patterning in the 
annelid C. teleta, [38, 39]. To determine if Activin/Nodal 
signaling also mediates dorsal–ventral axis patterning in 
C. pergamentaceus, we used the small molecule inhibitor 
SB431542, which functions by inhibiting the phospho-
rylation and activation of Activin/Nodal type I receptor, 
ALK4/5/7 [49]. Initial experiments indicated that expo-
sures to 20 μM SB431542 during the interval between the 
4 cell to late cleavage stage but not the late cleavage to 
early gastrula stage resulted in larvae with axial defects 
(data not shown). Therefore, subsequent drug exposure 
experiments were conducted to more accurately deter-
mine the timing of axis specification (Fig. 3). The original 
time interval (4 cell to late cleavage stage) was shortened 
by serially delaying when the inhibitor was added, there-
fore moving the beginning of the exposure timeframe 
forward one cleavage stage at a time. Specifically, the 4 
cell to late cleavage time interval was subdivided as fol-
lows: 4–32 cell, 16–32 cell, and 32 cell to late cleavage 
stage (Fig.  3). The duration of these time intervals was 
approximately 45, 15, and 45  min, respectively (cleav-
age divisions occur at 15-min intervals). Embryos were 
visually monitored for the birth of each quartet prior to 
adding them to the inhibitor. This experimental design 
allowed us to be confident about the cell stage at which 
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the inhibitor was added to the embryos, and accounts 
for any uncertainty regarding the time required for the 
chemical inhibitor to diffuse out of the embryonic tissue.

Exposures were also conducted during the late cleav-
age to early gastrula stage (approximately 90-min long) 
as a control time interval, during which anomalies in axis 
patterning were not expected. Embryos were exposed 

to concentrations of DMSO equivalent to experimental 
conditions to control for nonspecific effects of the solvent 
during the interval between the 4 cell stage and the early 
gastrula stage (3  h). Following drug exposure, embryos 
were raised to L2 larvae and morphologically analyzed.

A defect in dorsal–ventral axis formation occurs when 
embryos are exposed to SB431542 during a restricted 

Fig. 5  Early embryonic exposure to SB431542 affects axes formation in larvae. Each column contains images from a single L2 larva. The first row 
shows DIC micrographs. Fluorescent images are merged confocal stacks. b, g, l, q, v depict labeling for nuclei with Hoechst, c, d, h, i, m, n, r, s, w, 
x show actin filaments with phalloidin, and e, j, o, t, y depict neurons with anti-FMRFamide. Stacks of confocal micrographs of actin labeling are 
displayed at two different depths in the body to show both muscles and gut cavity organization. a–e are control larvae exposed to 0.2% DMSO 
during the interval between the 4 cell stage and early gastrula. f–y are larvae resulting from exposure to 20 μM SB431542. f–j are of a larva resulting 
from exposure during the interval between the 4 and 32 cell stage. k–o are of a larva resulting from exposure during the interval between the 16 
and 32 cell stage. p–t are of a larva resulting from exposure during the interval between the 32 cell stage and late cleavage stage embryo. u–y 
are of a larva resulting from exposure during the interval between the late cleavage and early gastrula stage. Anterior is to the left in all panels. al: 
abnormal lumen; at: apical tuft attachment point; black arrows: cilia; cc: circumesophageal connective; cbr: cerebral commissure; dor: dorsal; hg: 
hindgut; mc, main connective; mg: midgut; sc: subesophageal commissure; st: stomodeum; white arrowheads: dorsal longitudinal muscle fibers; 
white arrows: disorganized muscle fibers; yellow arrows, disorganized neuronal processes
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time interval (Fig.  5). Control embryos exposed to 0.2% 
DMSO during the 4 cell to early gastrula stage result 
in 52/53 phenotypically normal larvae with differenti-
ated cell types and three clearly distinguishable body 
axes (n = 3 technical replicates) (Fig.  5a–e). In contrast, 
embryos exposed to 20 μM SB431542 during the interval 
between the 4 and 32 cell stage result in severely abnor-
mal larvae that have differentiated cell types and a cir-
cular morphology (n = 4 technical replicates) (Fig. 5f–j). 
In general, abnormal larvae are missing an identifiable 
stomodeum, midgut, and hindgut (Fig. 5f, g, i). However, 
larvae do possess a small abnormal internal lumen in the 
trunk (Fig. 5i; al). The number of actin fibers is reduced 
and the fibers present have a disorganized arrangement 
(Fig. 5h; white arrows). There is no detectable apical tuft 
attachment point (Fig. 5h). Although there are a few neu-
ronal processes, these are disorganized (Fig.  5j; yellow 
arrows) and there is no identifiable cerebral commissure, 
subesophageal commissure, circumesophageal nerve 
or main connective nerves. As such, all three body axes 
were detectable in only 11% (n = 6/56) of larvae and were 
undetectable in 89% of cases (n = 50/56).

Embryos exposed to 20 μM SB431542 during the inter-
val between the 16–32 cell stage resulted in abnormal 
larvae, with elliptical morphology and differentiated cell 
types (n = 3 technical replicates) (Fig.  5k–o). Larvae are 
missing an identifiable stomodeum, midgut, and hindgut 
(Fig. 5k, l, n), but do possess an abnormal gastric lumen 
within the larval trunk (Fig. 5n; al). There are numerous 
actin fibers present that are highly disorganized (Fig. 5m; 
white arrows), and there is no detectable apical tuft 
attachment point. A cerebral commissure is detectable 
in these larvae indicating anterior polarity (Fig. 5o; cbr); 
however, the other anti-FMRFamide immunoreactive 
neuronal processes present in the trunk are disorganized 
(Fig.  5o; yellow arrows). All three body axes are detect-
able in 14% (n = 6/44) of larvae and undetectable in 86% 
(n = 38/44) of larvae.

Embryos exposed to 20  μM SB431542 during the 
interval between the 32 cell to late cleavage stage result 
in abnormal larvae with differentiated cell types (n = 3 
technical replicates) (Fig.  5p–t). These larvae have an 
elliptical shape (Fig. 5p). An abnormal stomodeum open-
ing is detected by DIC  optics, and through nuclear and 
actin staining (Fig. 5p, q, s). Larvae also possess an abnor-
mal gastric lumen within the larval trunk (Fig.  5q and 
s). There is no detectable apical tuft attachment point 
(Fig.  5r). Most of the actin fibers present are disorgan-
ized (Fig.  5r; white arrows); however, a partial pair of 
dorsal longitudinal muscles is detectable (Fig.  5r; white 
arrowheads). The cerebral commissure and main connec-
tives are present and show bilateral symmetry (Fig.  5t). 
Altogether, these anti-FMRFamide immunoreactive 

components indicate anterior identity by the presence 
of the cerebral commissure as well as bilateral symmetry 
via the bilateral neuronal processes. Bilateral symme-
try is further indicated via the anterior-most portion of 
the pair dorsal longitudinal muscles (Fig. 5r). A dorsal–
ventral axis is present as evidenced by the combination 
of the dorsal longitudinal muscles on the opposite face 
of the larvae in relation to the stomodeum opening and 
the FMRFamide immunoreactive neuronal processes. As 
such, all three body axes are detectable 89% (n = 35/39) 
of resulting larvae, and undetectable in 10% (n = 4/39).

Last, embryos exposed to 20  μM SB431542 during 
the interval between the late cleavage and early gastrula 
stage result in the least phenotypically abnormal larvae 
of all the time intervals tested (n = 3 technical replicates) 
(Fig.  5u–y). The overall shape of these larvae resembles 
wild-type larvae (Fig.  5u). That is, they are elongated 
along one axis, with one end broader in width rela-
tive to the other end, and the widest part of the body is 
positioned approximately half way along the longest 
axis. In the gut, distinct stomodeum, midgut, and hind-
gut compartments are detectable, although the gut is 
not completely normal (Fig. 5v, x). An apical tuft attach-
ment point (Fig. 5w), cerebral commissure (Fig. 5y), and 
bilateral main connectives (Fig. 5y) are all present. Some 
of the actin fibers present are disorganized (Fig.  5w; 
white arrows); however, in the anterior-most portion of 
the body there is a pair of dorsal longitudinal muscles 
(Fig.  5w; white arrowheads). These altogether indicate 
anterior identity via presence of the cerebral commissure 
(Fig. 5y) and apical tuft attachment point (Fig. 5w). The 
apical tuft attachment point and the partial formation of 
the dorsal longitudinal muscles indicate dorsal identity. 
The stomodeum opening and main neuronal connectives 
likewise indicate ventral identity. Bilateral symmetry is 
visible via the presence of a bilateral pair of main connec-
tives and of dorsal longitudinal muscles in the anterior 
portion of the body. For this time interval, all three body 
axes are detectable in 96% (n = 48/50) of larvae and unde-
tectable in only 4% (n = 2/50) of cases.

Experimental and control conditions were compared 
using an omnibus Chi square test of homogeneity fol-
lowed by post-hoc pairwise comparisons using a z test 
of two proportions. The results of these tests indicate 
that exposures during the 4–32 cell stage and the 16–32 
cell stage are not significantly different from each other 
(p > 0.05). However, both conditions result in a signifi-
cantly lower proportion (p < 0.05) of larvae with a detect-
able dorsal–ventral axis when compared to larvae of the 
DMSO control condition, the 32 cell to late cleavage stage 
condition, or the late cleavage to early gastrula stage con-
dition. Conversely, exposures during the 32 cell to late 
cleavage stage and the late cleavage to early gastrula stage 
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are not statistically significantly different from each other 
(p > 0.05), nor from animals in the DMSO control condi-
tion. These data suggest that signaling via the Activin/
Nodal pathway functions in dorsal–ventral axis forma-
tion prior to the 32 cell stage, likely completing its organ-
izing activity at the end of the 16 cell stage.

Discussion
The D quadrant organizing activity is completed 
prior to the end of the 32 cell stage and involvement 
of the Activin/Nodal pathway is implicated
We investigated the identity of the C. pergamentaceus 
organizing signal and its timing of action via short embry-
onic exposures to chemical inhibitors during different 
developmental time intervals. Chemical interference of 
the Activin/Nodal pathway but not the BMP or MAPK 
pathway results in larvae that lack a detectable dorsal–
ventral axis. It will be important that future studies use 
functional genomic knockdown approaches to demon-
strate the role of Activin/Nodal signaling in dorsal–ven-
tral patterning to verify the specificity of SB431542. We 
also identified a narrow time interval during which axis 
specification occurs. Inhibition of Activin/Nodal signal-
ing using SB431542 results in a loss of all detectable body 
axes in larvae resulting from treatment during the 4–32 
cell stage. In treatments during the 16–32 cell stage, an 
anterior–posterior axis is detectable; however, bilateral 
symmetry and a dorsal–ventral axis are not distinguisha-
ble. In contrast, in larvae resulting from treatment during 
either the 32 cell to late cleavage stage or between the late 
cleavage and early gastrula stage, all three body axes are 
identifiable. As such, it is unlikely that these latter time 
intervals are involved in organizing activity. Altogether, 
these data provide experimental evidence suggesting that 
organizing activity in C. pergamentaceus encompasses 
the 16 cell stage and is completed prior to the end of the 
32 cell stage.

In all cases thus far for spiralians, the cell with organiz-
ing activity is localized to a descendant of the D quadrant. 
The D quadrant of C. pergamentaceus fits this pattern 
since it has been experimentally demonstrated to have 
organizing abilities [27, 31]. Future investigations could 
seek to conduct single cell ablations, whereby individual 
cells of the D quadrant between the 8 and 32 cell stages 
are systematically ablated to determine the cellular iden-
tity of the C. pergamentaceus organizer. We hypothesize 
that the organizing signal is localized to micromere 2d at 
the 16 cell stage as is the case for C. teleta [11].

The results of this study suggest that Activin/Nodal 
signaling is involved in establishing the dorsal–ven-
tral body axis in C. pergamentaceus, and that organiz-
ing activity is completed during the 16 cell stage, when 
the second quartet of micromeres is present. Our data 

further indicate that there are similarities regarding the 
timing of organizing activity between C. pergamenta-
ceus and C. teleta, two annelids that undergo unequal 
spiral cleavage yet occupy very different positions in the 
annelid phylogeny. In both annelids, organizing activ-
ity occurs one to two cell divisions earlier than observed 
in several mollusks in which organizing activity is local-
ized to either cell 3D or 4d (reviewed in [50]). The dif-
ferences in timing across species mean that in different 
animals, organizing activity is localized to different cells 
that have distinct descendant fates. For example, 3D, the 
cell with organizing activity in several mollusks, gener-
ates endoderm and trunk mesoderm. In contrast, the cell 
with organizing activity in C. teleta, 2d, generates all of 
the ectoderm of the trunk and pygidium [51]. It will be 
important in future studies to determine the fate of 2d 
in C. pergamentaceus using intracellular lineage tracers, 
although general conservation in the fate of 2d across 
annelids suggests that 2d in C. pergamentaceus will also 
give rise to trunk ectoderm [10, 52, 53].

Variation in spiralian axes patterning signals
Investigations into the molecular signals that mediate 
organizing activity in spiralians have revealed varying 
roles for signaling pathways of the TGF-β superfamily 
and the ERK/MAPK signaling pathway. For example, in 
the polychaete C. teleta, signaling via the Activin/Nodal 
branch of the TGF-β superfamily pathway, not the BMP 
branch, is the primary dorsal–ventral axis patterning sig-
nal [38, 39]. Like in C. pergamentaceus, embryonic expo-
sure to the Activin/Nodal chemical inhibitor SB431542 
during the time of organizer activity in C. teleta results 
in larvae lacking bilateral symmetry and a detectable 
dorsal–ventral axis [38]. These larvae are phenotypi-
cally similar to those resulting from ablations of organ-
izer cell 2d [11]. While wild-type C. teleta larvae at stage 
6 are elongated along the anterior–posterior axis, have 
an anterior and posterior ciliary band, a bilaterally sym-
metric central nervous system in the head and trunk, a 
ventral mouth and a clear dorsal–ventral axis; SB431542-
treated and 2d-ablated animals are spherical, have a 
single ciliary band, possess radialized neuronal head fea-
tures, and have reduced specification of the trunk [11, 
38]. Activin/Nodal was further confirmed to function in 
C. teleta dorsal–ventral patterning by morpholino knock-
down of Ct-Smad2/3 and Ct-Smad1/5/8, transcription 
factors specific to the Activin/Nodal and BMP pathways, 
respectively [39]. These resulted in a significant loss of 
dorsal–ventral patterning in Ct-Smad2/3 morphants 
but not in Ct-Smad1/5/8 morphants [39]. Furthermore, 
Smad2/3 MO morphants possess a similar but less severe 
phenotype than larvae resulting from 2d ablations or 
SB431542 exposures. For instance, Smad2/3 morphants 
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have radialized head features, but a greater proportion of 
morphants have more defined trunk structures, despite 
lacking dorsal–ventral patterning [39].

In contrast to its conserved role in dorsal–ventral pat-
terning of many bilaterians, the BMP signaling pathway 
does not appear to mediate dorsal–ventral axis patterning 
in some spiralians. In this study, exposures to the BMP 
inhibitors DMH1 and dorsomorphin dihydrochloride 
during multiple early developmental time intervals did 
not elicit any phenotypic effects in C. pergamentaceus. 
This could suggest that BMP signaling is not involved in 
the development of any of the morphological features 
analyzed; however, it is also possible that these inhibitors 
are ineffective in C. pergamentaceus. Differences in the 
molecular architecture of the targets of DMH1 (ALK 2) 
and dorsomorphin dihydrochloride (ALK 2 and ALK 3) 
could account for the lack of effectivity in C. pergamenta-
ceus, despite eliciting reproducible phenotypes in several 
other spiralian species. For instance, in C. teleta, DHM1 
exposures do not elicit any phenotypic effects; however, 
embryonic exposures to dorsomorphin dihydrochloride 
result in abnormal larvae, which maintain their normal 
body axes [38]. The MO knockdown of Ct-Smad1/5/8, a 
transcription factor specific to the BMP pathway, further 
supports this finding in C. teleta. In these experiments, 
larvae resulting from zygotic injection of Smad1/5/8 
MO result in a phenotype similar to those resulting from 
treatment with dorsomorphin dihydrochloride, and 
the dorsal–ventral axis is clearly distinguishable [39]. A 
recent investigation in the slipper snail Crepidula forni-
cata similarly demonstrated that BMP signaling does not 
appear to play a role in organizer function [54]. In C. for-
nicata, ectopic addition of recombinant BMP4 protein or 
the inhibition of BMP signaling by exposure to DMH1 
results in larvae with normal body axes in the trunk. 
Embryonic exposure to DMH1 does, however, result in 
head defects [54].

In contrast, BMP signaling has been implicated in dor-
sal–ventral axis patterning of other spiralians. For exam-
ple, although brachiopods do not develop according to a 
stereotyped spiral cleavage program [8], BMP signaling 
affects embryonic dorsal–ventral patterning. In Novo-
crania anomala and Terebratalia transversa, continu-
ous exposure to the BMP inhibitor DMH1 between the 
2 cell stage and early larval stages causes the expression 
of ventral ectodermal markers to expand dorsally [55]. 
Similarly, in early-stage embryos of the oyster Crassos-
trea gigas, the ligand and its antagonist, BMP2/4 and 
Chordin, are expressed in restricted and complementary 
patterns along the dorsal–ventral axis, and were hypoth-
esized to function antagonistically to each other during 
dorsal–ventral patterning [56]. Support for this hypoth-
esis comes from embryonic exposures to dorsomorphin 

dihydrochloride, which result in expansion of ventral 
gene expression dorsally in gastrula stage animals, while 
dorsal gene expression is abnormally restricted [37].

Interestingly, in Trita obsoleta, both the ERK/MAPK 
and BMP pathways appear to function in organizing 
activity. Ablation experiments in T. obsoleta have dem-
onstrated that the D quadrant macromere possesses 
organizing capabilities through the 32 cell stage and 
that the organizing activity is localized to cell 3D [12, 
15, 16]. Ablation of 3D results in larvae that are missing 
structures not directly descended from the D quadrant, 
implying the need for an inductive, axial patterning sig-
nal. Investigations into the T. obsoleta organizing signal 
revealed that the inhibition of MAPK signaling by U0126 
results in larvae phenotypically similar to those follow-
ing D quadrant ablations [17]. Further investigations 
revealed that morpholino knockdown of loDpp, a ligand 
in the BMP signaling pathway, also results in larvae that 
are phenotypically similar to those larvae resulting from 
embryonic ablations of the D quadrant or exposure to 
U0126 [36]. Since both the ERK/MAPK and BMP path-
ways are implicated in T. obsoleta organizing activity, it is 
possible that the receptors function using non-canonical 
signaling via the MAPK pathway [57, 58].

Activation of the MAPK pathway has also been linked 
to organizing activity in the limpet Tectura scutum, and 
activated MAPK is detectable in macromere 3D at the 32 
cell stage [14]. Inhibiting MAPK activation with U0126 
prevents the differentiation of 3D and reveals a role for 
MAPK in inducing the fates of surrounding cells and 
facilitating normal axis specification. In the gastropod 
Haliotis asinina, activated MAPK is also detectable in 
macromere 3D [34]. Embryonic exposures to U0126 pre-
vent the activation of MAPK in macromere 3D and result 
in abnormal trochophore larvae. In these larvae, how-
ever, the dorsal–ventral expression of ectodermal genes 
is only affected in the head, but not in the posttrochal 
(trunk) region [34]. This leaves open the possibility that 
another pathway is involved in H. asinina dorsal–ven-
tral patterning. From these limited investigations and 
the findings of this study, it is evident that the molecular 
pathways orchestrating axis patterning vary even within 
the Spiralia.

Chaetopterus pergamentaceus gut and muscle 
development is affected by MAPK inhibition
The results presented in this study demonstrate that 
unlike some of the aforementioned spiralians, the MAPK 
signaling pathway does not play a role in C. pergamenta-
ceus dorsal–ventral axis formation. Instead, larvae result-
ing from treatment with the MAPK inhibitor U0126 
during both the 4 cell to late cleavage stage and the late 
cleavage stage to early gastrula time intervals exhibit 
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abnormal muscle and gut development. In particular, lar-
vae exhibit a disorganization and reduction in the num-
ber of muscle fibers. A similar phenotype is also observed 
in the annelids P. dumerilii, Alitta virens, and C. teleta. 
In these species, inhibition of the ERK/MAPK pathway 
through embryonic exposure to U0126 results in several 
defects, but does not affect dorsal–ventral axis pattern-
ing [11, 35, 59]. In P. dumerilii, MAPK is activated during 
gastrulation. Inhibition of MAPK signaling with U0126 
during gastrulation results in larvae that have a reduced 
number of muscles, and a disorganized muscle pattern 
[35]. Similarly, in C. teleta, larvae resulting from embry-
onic treatments with U0126 have a decreased number of 
muscle fibers [11]. In A. virens, the differentiation and 
morphogenesis of the mesoderm are similarly reliant on 
MAPK signaling since early embryonic treatment with 
U0126 disrupts the spatial organization of mesodermal 
genes [59]. In addition to exhibiting a muscle pheno-
type, C. pergamentaceus larvae resulting from embry-
onic exposure to U0126 lack a detectable tripartite gut. 
Instead, these larvae possess a stomodeum and an abnor-
mal gut cavity. Moreover, larvae resulting from exposures 
during the late cleavage to early gastrula time interval 
present a slightly more severe gut phenotype. In C. teleta, 
larvae resulting from embryonic treatments with U0126 
also exhibited gut abnormalities in the form of a reduced 
foregut [11]. Altogether, the similarities in phenotype 
shared among these four annelids strongly suggest that in 
Annelida, the ERK/MAPK pathway functions in muscle 
and gut development.

Conclusions
Across Bilateria, embryonic dorsal–ventral axis pattern-
ing has widely been attributed to BMP signaling [60]; 
however, there now exist a growing number of examples, 
particularly within the Spiralia, demonstrating that there 
is more molecular diversity in dorsal–ventral patterning 
than was previously appreciated. Our findings here sug-
gest a second instance in which Activin/Nodal signaling 
functions in dorsal–ventral axis patterning within Spi-
ralia. The data from this study together with results in C. 
teleta suggest that the ancestral state of annelid dorsal–
ventral axis patterning involved Activin/Nodal signaling, 
although further sampling within annelids will be neces-
sary to strengthen this argument.

Both the Activin/Nodal and BMP pathways have been 
implicated in dorsal–ventral axis patterning in different 
members of the Spiralia. Since these signaling pathways 
are branches within the TGF-β superfamily, it is intrigu-
ing to consider that the ancestral mode of dorsal–ven-
tral axis patterning in spiralians utilized both branches. 
In this scenario, molecular evolutionary changes would 
lead to loss of function of one branch of the signaling 

pathway to induce the dorsal–ventral body axis in some 
animal lineages, whereas in other lineages, loss of func-
tion would occur in the other branch of the signaling 
pathway. Thus, one would expect either BMP or Activin/
Nodal signaling to be utilized throughout the Spiralia. 
Furthermore, the phylogenetic node(s) at which these 
genetic changes occurred would dictate the exact pattern 
of which pathway is utilized. For example, there may be 
an annelid-specific pattern. Alternatively, if there were 
multiple independent evolutionary changes within either 
annelids or mollusks, each of these clades may contain 
species that utilize Activin/Nodal or BMP signaling to 
mediate organizing activity. One hint of possible intra-
clade variation comes from comparisons of C. teleta and 
C. pergamentaceus with that of the annelid Hydroides 
hexagonus. The activation of MAPK in 4d in H. hexago-
nus led to the proposal that 4d is the embryonic organizer 
in this annelid, and if this is the case, it hints variation in 
both the identity and possibly molecular signaling of the 
embryonic organizer within annelids [14]. The molecular 
differences across species would most likely be regulatory 
changes rather than loss of genes from the genome since 
both signaling pathways have pleiotropic roles during 
development.

To determine the extent of variability in the molecular 
signal that mediates organizing activity within Spiralia, 
and reconstruct the ancestral state for the embryonic 
organizer, future investigations should seek to sample 
other animals. To our knowledge, experimental investiga-
tions into the molecular signal orchestrating organizing 
activity have only been conducted in two annelids, C. tel-
eta [38, 39] and C. pergamentaceus. As such, it will be of 
particular interest to sample other annelids such as mem-
bers from the Errantia clade, as well as from other early 
branching annelid taxa such as the Sipuncula. Though 
current phylogenomic studies show a clear alliance of 
sipunculids with annelids (reviewed in [61]); historically, 
a close phylogenetic affinity between sipunculids and 
mollusks was argued based upon the shared presence 
of a ‘molluscan cross’ [62]. The molluscan cross refers 
to a particular arrangement of micromeres during early 
cleavage stages in some mollusks, and contrasts with a 
different arrangement of micromeres observed in some 
annelids and known as the ‘annelid cross’ [43, 63]. The 
strong concordance in phenotype between the chemi-
cal inhibition and morpholino knockdown studies in C. 
teleta suggests that it may be possible to substantially 
increase our sampling with commercially available chem-
ical inhibitors [38, 39]. Of course, other spiralian phyla 
such as the equal cleaving Nemertea should also be inves-
tigated. Only with increased sampling will we be able to 
understand and reconcile the relationship between the 
high conservation in the cleavage program and fate map 
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of many spiralian taxa with variation in the molecular 
signals utilized during early development and formation 
of diverse body plans of the Spiralia.
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Additional file 1: Fig. S1. Early embryonic exposure to DMH1 or dorso-
morphin dihydrochloride does not affect larval morphology. Each column 
contains merged confocal-stacked images of a single L2 larva. Each row 
depicts labeling for nuclei with Hoechst, actin filaments with phal-
loidin, or neurons with an anti-FMRFamide antibody. Stacks of confocal 
micrographs of actin staining are displayed at two different depths in the 
body to show muscle and the tripartite gut. Panels A–D are control larvae 
exposed to 0.2% DMSO during the interval between the 4 cell stage and 
early gastrula. Panels E–L are larvae exposed to 20 μM DMH1. Panels E–H 
depict a larva resulting from exposure during the 4 cell to late cleavage 
stage. Panels I–L depict a larva resulting from exposure during the late 
cleavage and early gastrula stage. Panels M–T are larvae exposed to 20 μM 
dorsomorphin dihydrochloride. Panels M–P are of a larva resulting from 
exposure during the 4 cell to late cleavage stage. Panels Q–T are of a larva 
resulting from exposure during the late cleavage and to early gastrula 
stage. All panels are dorsal views with anterior to the left. Abbreviations: 
at, apical tuft attachment point; cc, circumesophageal connective; cbr, 
cerebral commissure; dor, dorsal; hg, hindgut; mc, main connective; mg, 
midgut; sc, subesophageal commissure; st, stomodeum; white arrow-
heads, dorsal longitudinal muscle fibers.

Acknowledgements
Thanks to Andrea Murillo for her assistance with SB431542 drug exposure 
experiments, and Sondre Skarsten for statistical analyses. We acknowledge our 
former REU summer interns Joseph Biddle and Robert Walsmith for perform-
ing pilot BMP and ERK/MAPK inhibition experiments.

Authors’ contributions
Both authors conceived of the study. AL collected the data, and both authors 
performed data analysis. AL generated the figures and drafted the manuscript. 
Both authors contributed to writing and editing of the manuscript. Both 
authors read and approved the final manuscript.

Funding
This research was supported by the National Science Foundation (IOS1457102 
to ECS).

Availability of data and materials
All data analyzed or generated in this study are included in this manuscript

Ethics approval and consent to participate
Research with the annelid Chaetopterus pergamentaceus does not require 
ethics approval or consent to participate.

Consent for publication
Not applicable.

Competing Interests
The authors declare that they have no competing interests.

Received: 24 April 2020   Accepted: 22 July 2020

References
	1.	 Bier E, De Robertis EM. BMP gradients: a paradigm for morphogen-medi-

ated developmental patterning. Science. 2015;348:aaa5838.

	2.	 Goldstein B, Freeman G. Axis specification in animal development. BioEs-
says. 1997;19:105–16.

	3.	 Martinez Arias A, Steventon B. On the nature and function of organizers. 
Development. 2018;145:159525.

	4.	 Harland R, Gerhart J. Formation and function of Spemann’s Organizer. 
Annu Rev Cell Dev Biol. 1997;13:611–67.

	5.	 Spemann H, Mangold H. über Induktion von Embryonalanlagen durch 
Implantation artfremder Organisatoren. Arch für Mikroskopische Anat 
und Entwicklungsmechanik. 1924;100:599–638.

	6.	 Browne EN. The production of new hydranths in Hydra by the insertion of 
small grafts. J Exp Zool. 1909;7:1–23.

	7.	 Conklin EG. The embryology of Crepidula: a contribution to the cell 
lineage and early development of some marine gasteropods. J Morphol. 
1897;13:1–226.

	8.	 Hejnol A. A twist in time—the evolution of spiral cleavage in the light of 
animal phylogeny. Integr Comp Biol. 2010;50:695–706.

	9.	 Freeman G, Lundelius JW. Evolutionary implications of the mode of D 
quadrant specification in coelomates with spiral cleavage. J Evol Biol. 
1992;5:205–47.

	10.	 Henry JJ, Martindale MQ. Conservation and innovation in spiralian devel-
opment. Hydrobiologia. 1999;402:255–65.

	11.	 Amiel AR, Henry JQ, Seaver EC. An organizing activity is required for head 
patterning and cell fate specification in the polychaete annelid Capitella 
teleta: new insights into cell–cell signaling in Lophotrochozoa. Dev Biol. 
2013;379:107–22.

	12.	 Clement AC. Development of Ilyanassa following removal of the D mac-
romere at successive cleavage stages. J Exp Zool. 1962;149:193–215.

	13.	 Damen P, Dictus WJAG. Spatial and temporal coincidence of induction 
processes and gap-junctional communication in Patella vulgata (Mol-
lusca, Gastropoda). Roux’s Arch Dev Biol. 1996;205:401–9.

	14.	 Lambert JD, Nagy LM. The MAPK cascade in equally cleaving spiralian 
embryos. Dev Biol. 2003;263:231–41.

	15.	 Clement AC. Experimental studies on germinal localization in Ilyanassa. I. 
The role of the polar lobe in determination of the cleavage pattern and 
its influence in later development. J Exp Zool. 1952;121:593–625.

	16.	 Clement AC. Cell determination and organogenesis in molluscan devel-
opment: a reappraisal based on deletion experiments in Ilyanassa. Am 
Zool. 1976;16:447–53.

	17.	 Lambert JD, Nagy LM. MAPK signaling by the D quadrant embry-
onic organizer of the mollusc Ilyanassa obsoleta. Development. 
2001;128:45–56.

	18.	 Henry JJ, Perry KJ. MAPK activation and the specification of the D 
quadrant in the gastropod mollusc, Crepidula fornicata. Dev Biol. 
2008;313:181–95.

	19.	 Henry JQ, Perry KJ, Martindale MQ. Cell specification and the role of 
the polar lobe in the gastropod mollusc Crepidula fornicata. Dev Biol. 
2006;297:295–307.

	20.	 Hejnol A, Martindale MQ, Henry JQ. High-resolution fate map of the snail 
Crepidula fornicata: the origins of ciliary bands, nervous system, and 
muscular elements. Dev Biol. 2007;305:63–76.

	21.	 Nakamoto A, Nagy LM, Shimizu T. Secondary embryonic axis formation 
by transplantation of D quadrant micromeres in an oligochaete annelid. 
Development. 2011;138:283–90.

	22.	 Cuvier G, Dall WH, Goode GB, Latreille PA, Laurillard CL, Louvet GP, et al. 
Le règne animal distribué d’après son organisation : pour servir de base a 
l’histoire naturelle des animaux et d’introduction a l’anatomie comparée/
par M. le cher. Cuvier ; avec figures, dessinées d’après nature. Paris: Déter-
ville & Crochard; 1830;3:1–504.

	23.	 Struck TH, Paul C, Hill N, Hartmann S, Hösel C, Kube M, et al. Phylog-
enomic analyses unravel annelid evolution. Nature. 2011;471:95–8.

	24.	 Enders HE. A study of the life-history and habits of Chaetopterus variope-
datus, renier et claparede. J Morphol. 1909;20:479–531.

	25.	 Costello DP, Henley C. Methods for obtaining and handling marine eggs 
and embryos [by] Donald P. Costello and Catherine Henley. Woods Hole, 
Mass.,: [s.n.]; 1971.

	26.	 Lillie FR. Observations and experiments concerning the elementary 
phenomena of embryonic development in Chaetopterus. J Exp Zool. 
1906;3:153–268.

	27.	 Henry JJ. The role of unequal cleavage and the polar lobe in the segrega-
tion of developmental potential during first cleavage in the embryo of 
Chaetopterus variopedatus. Roux’s Arch Dev Biol. 1986;195:103–16.

https://doi.org/10.1186/s13227-020-00161-y
https://doi.org/10.1186/s13227-020-00161-y


Page 17 of 17Lanza and Seaver ﻿EvoDevo           (2020) 11:17 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	28.	 Mead AD. The early development of marine annelids. J Morphol. 
1897;13:227–326.

	29.	 Irvine SQ, Chaga O, Martindale MQ. Larval ontogenetic stages of Chae-
topterus: developmental heterochrony in the evolution of chaetopterid 
polychaetes. Biol Bull. 1999;197:319–31.

	30.	 Boyle MJ, Seaver EC. Expression of FoxA and GATA transcription factors 
correlates with regionalized gut development in two lophotrochozoan 
marine worms: Chaetopterus (Annelida) and Themiste lageniformis (Sipun-
cula). Evodevo. 2010;1:2.

	31.	 Henry JJ, Martindale MQ. The organizing role of the D quadrant as 
revealed through the phenomenon of twinning in the polychaete Chae-
topterus variopedatus. Roux’s Arch Dev Biol. 1987;196:499–510.

	32.	 Yamaguchi E, Dannenberg LC, Amiel AR, Seaver EC. Regulative capacity 
for eye formation by first quartet micromeres of the polychaete Capitella 
teleta. Dev Biol. Elsevier. 2016;410:119–30.

	33.	 Sweet HC. Specification of first quartet micromeres in Ilyanassa involves 
inherited factors and position with respect to the inducing D macromere. 
1998;4044:4033–44.

	34.	 Koop D, Richards GS, Wanninger A, Gunter HM, Degnan BM. The role of 
MAPK signaling in patterning and establishing axial symmetry in the 
gastropod Haliotis asinina. Dev Biol. 2007;311:200–12.

	35.	 Pfeifer K, Schaub C, Domsch K, Dorresteijn A, Wolfstetter G. Maternal 
inheritance of twist and analysis of MAPK activation in embryos of the 
polychaete annelid Platynereis dumerilii. PLoS ONE. 2014;9:e96702.

	36.	 Lambert JD, Johnson AB, Hudson CN, Chan A. Dpp/BMP2-4 mediates 
signaling from the D-quadrant organizer in a spiralian embryo. Curr Biol. 
2016;26:2003–10.

	37.	 Tan S, Huan P, Liu B. An investigation of oyster TGF-β receptor genes 
and their potential roles in early molluscan development. Gene. 
2018;663:65–71.

	38.	 Lanza AR, Seaver EC. An organizing role for the TGF-β signaling pathway 
in axes formation of the annelid Capitella teleta. Dev Biol. 2018;435:26–40.

	39.	 Lanza AR, Seaver EC. Functional evidence that activin/Nodal signaling is 
required for establishing the dorsal–ventral axis in an annelid. Develop-
ment. 2020 (in press).

	40.	 Moore JM. Phylogeny, systematics, and evolution of functional morphol-
ogy in Chaetopteridae (Annelida). Gainesville: University of Florida; 2019.

	41.	 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch 
T, et al. Fiji: an open-source platform for biological-image analysis. Nat 
Methods. 2012;9:676–82.

	42.	 Hunt MK, Maslakova SA. Development of a lecithotrophic pilidium larva 
illustrates convergent evolution of trochophore-like morphology. Front 
Zool. 2017;14:1–18.

	43.	 Maslakova SA, Martindale MQ, Norenburg JL. Fundamental properties 
of the spiralian developmental program are displayed by the basal 
nemertean Carinoma tremaphoros (Palaeonemertea, Nemertea). Dev Biol. 
2004;267:342–60.

	44.	 Martindale MQ, Henry JQ. Modifications of cell fate specification in equal-
cleaving nemertean embryos: alternate patterns of spiralian develop-
ment. Development. 1995;121:3175–85.

	45.	 Jackson DJ, Meyer NP, Seaver E, Pang K, McDougall C, Moy VN, et al. 
Developmental expression of COE across the Metazoa supports a con-
served role in neuronal cell-type specification and mesodermal develop-
ment. Dev Genes Evol. 2010;220:221–34.

	46.	 Duncia JV, Santella JB, Higley CA, Pitts WJ, Wityak J, Frietze WE, et al. MEK 
inhibitors: the chemistry and biological activity of U0126, its analogs, and 
cyclization products. Bioorganic Med Chem Lett. 1998;8:2839–44.

	47.	 Hover LD, Young CD, Bhola NE, Wilson AJ, Khabele D, Hong CC, et al. 
Small molecule inhibitor of the bone morphogenetic protein pathway 
DMH1 reduces ovarian cancer cell growth. Cancer Lett. 2015;368:79–87.

	48.	 Anderson GJ, Darshan D. Small-molecule dissection of BMP signaling. Nat 
Chem Biol. 2008;4:15–6.

	49.	 Inman GJ, Nicolás FJ, Callahan JF, Harling JD, Gaster LM, Reith AD, et al. 
SB-431542 is a potent and specific inhibitor of transforming growth 
factor-β superfamily type I activin receptor-like kinase (ALK) receptors 
ALK4, ALK5, and ALK7. Mol Pharmacol. ASPET. 2002;62:65–74.

	50.	 Kingsley EP, Chan XY, Duan Y, Lambert JD. Widespread RNA segregation in 
a spiralian embryo. Evol Dev. 2007;9:527–39.

	51.	 Meyer NP, Seaver EC. Cell lineage and fate map of the primary soma-
toblast of the polychaete annelid Capitella teleta. Integr Comp Biol. 
2010;50:756–67.

	52.	 Meyer NP, Boyle MJ, Martindale MQ, Seaver EC. A comprehensive fate 
map by intracellular injection of identified blastomeres in the marine 
polychaete Capitella teleta. Evodevo. 2010;1:8.

	53.	 Wilson EB. A re-examination of some points in the early development of 
annelids and polyclades. Ann N Y Acad Sci. 1898;11:1–27.

	54.	 Lyons DC, Perry KJ, Batzel G, Henry JQ. BMP signaling plays a role in 
anterior-neural/head development, but not organizer activity, in the 
gastropod Crepidula fornicata. Dev Biol. 2020;463:135–57.

	55.	 Martín-Durán JM, Passamaneck YJ, Martindale MQ, Hejnol A. The develop-
mental basis for the recurrent evolution of deuterostomy and protos-
tomy. Nat Ecol Evol. 2016;1:0005.

	56.	 Tan S, Huan P, Liu B. Expression patterns indicate that BMP2/4 and Chor-
din, not BMP5-8 and Gremlin, mediate dorsal–ventral patterning in the 
mollusk Crassostrea gigas. Dev Genes Evol. 2017;227:75–84.

	57.	 Broege A, Pham L, Jensen ED, Emery A, Huang T-H, Stemig M, et al. Bone 
morphogenetic proteins signal via SMAD and mitogen-activated protein 
(MAP) kinase pathways at distinct times during osteoclastogenesis. J Biol 
Chem. 2013;288:37230–40.

	58.	 Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M, et al. Bone 
morphogenetic protein (BMP) signaling in development and human 
diseases. Genes Dis. 2014;1:87–105.

	59.	 Kozin VV, Filimonova DA, Kupriashova EE, Kostyuchenko RP. Mesoderm 
patterning and morphogenesis in the polychaete Alitta virens (Spiralia, 
Annelida): expression of mesodermal markers Twist, Mox, Evx and func-
tional role for MAP kinase signaling. Mech Dev. 2016;140:1–11.

	60.	 De Robertis EM, Sasai Y. A common plan for dorsoventral patterning in 
Bilateria. Nature. 1996;380:37–40.

	61.	 Weigert A, Bleidorn C. Current status of annelid phylogeny. Org Divers 
Evol. 2016;16:345–62.

	62.	 Rice ME. Sipuncula: developmental evidence for phylogenetic inference. 
In: Proc Symp Relations Orig Low Invertebr. 1985;274–96.

	63.	 Willmer P, Press CU. Invertebrate relationships: patterns in animal evolu-
tion. Cambridge: Cambridge University Press; 1990.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	ActivinNodal signaling mediates dorsal–ventral axis formation before third quartet formation in embryos of the annelid Chaetopterus pergamentaceus
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animal care and in vitro fertilization
	Chemical inhibition
	Immunolabeling
	Microscopy, scoring, and imaging
	Statistical analysis

	Results
	Chaetopterus pergamentaceus body plan
	Inhibition of the ERKMAP kinase pathway results in abnormal gut and muscle formation
	BMP inhibition with DMH1 or dorsomorphin does not affect axes formation
	Inhibition of ActivinNodal signaling results in abnormal axial development

	Discussion
	The D quadrant organizing activity is completed prior to the end of the 32 cell stage and involvement of the ActivinNodal pathway is implicated
	Variation in spiralian axes patterning signals
	Chaetopterus pergamentaceus gut and muscle development is affected by MAPK inhibition

	Conclusions
	Acknowledgements
	References




