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sertula’ and the bryostatins throughout the
life cycle of the bryozoan Bugula neritina
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‘Candidatus Endobugula sertula,” the uncultivated y-proteobacterial symbiont of the marine
bryozoan Bugula neritina, synthesizes bryostatins, complex polyketides that render B. neritina
larvae unpalatable to predators. Although the symbiosis is well described, little is known about the
locations of ‘E. sertula’ or the bryostatins throughout larval settlement, metamorphosis and early
development. In this study, we simultaneously localized ‘E. sertula’ and the bryostatins in multiple
stages of the B. neritina life cycle, using a novel bryostatin detection method based on its known
ability to bind mammalian protein kinase C. Our results suggest that the bryostatins are deposited
onto the exterior of B. neritina larvae during embryonic development, persist on the larval surface
throughout metamorphosis and are shed prior to cuticle formation. During metamorphosis, ‘E.
sertula’ remains adhered to the larval pallial epithelium and is incorporated into the preancestrula
cystid tissue layer, which ultimately develops into a bud and gives rise to the next zooid in the
colony. Colocalization of bryostatin signal with aggregates of ‘E. sertula’ in buds of ancestrulae
suggested new synthesis of bryostatins in ancestrulae. In adult B. neritina colonies, symbiont
microcolonies were observed in the funicular cords of rhizoids, which likely result in asexual
transmission of ‘E. sertula’ to regenerated colonies. Furthermore, bryostatin signal was detected on
the surface of the rhizoids of adult B. neritina colonies. Through simultaneous localization of the
bryostatins and the ‘E. sertula,’ we determined how ‘E. sertula’ is transmitted, and identified shifts in

bryostatin localization throughout the life cycle of the host B. neritina.
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Introduction

The bryozoan Bugula neritina (Cheilostomata,
Cellularoidea) harbors the symbiotic gamma-
proteobacterium ‘Candidatus Endobugula sertula’
(‘E. sertula’) (Haygood and Davidson, 1997).
‘E. sertula’ produces the bryostatins (Davidson
et al., 2001), a group of complex polyketides that
protect B. neritina larvae from predation (Lindquist
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and Hay, 1996; Lopanik et al., 2004). The bryostatins,
first isolated from B. neritina (Pettit et al., 1982), also
show potential for treatment of Alzheimer’s disease
and a variety of cancers (Kraft et al., 1986; Parkinson
et al.,, 1994; Sun and Alkon, 2005, 2006; Kuzirian
et al, 2006). Research over the past decade has
confirmed the symbiotic source of the bryostatins,
identified the bryostatin biosynthetic genes from ‘E.
sertula’ and determined that the bryostatins provide
chemical defense for B. neritina larvae. Adult B.
neritina colonies are sessile and physically protected
by a chitinous cuticle, but their swimming, soft-
bodied larvae are vulnerable to predators. B. neritina
larvae possess both relatively high levels of bryosta-
tins and ‘E. sertula.’ Larvae containing their full
complement of bryostatins are rejected by fish
predators (Lindquist and Hay, 1996). Antibiotic
treatments, which reduced ‘E. sertula’ density in
B. neritina adult colonies, decreased bryostatin
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concentration in B. neritina, and lowered expression
of bryA, a portion of the bryostatin biosynthetic gene
cluster (Davidson et al., 2001; Hildebrand et al.,
2004; Sudek et al., 2007). Such antibiotic treatments
of B. neritina did not alter the growth, settlement or
metamorphosis of B. neritina (Davidson et al., 2001;
Lopanik et al., 2004), but the reduction of bryosta-
tins did increase the palatability of the larvae to fish
(Lopanik et al., 2004).

Bryostatins occur naturally in low concentrations
in B. neritina, hindering development of the drug for
clinical treatments. In addition, the inability to
cultivate ‘E. sertula’ to date has hampered efforts
to improve bryostatin production. Factors regulating
the growth and transmission of bacterial cells and
the bryostatin production within the host during
metamorphosis, early development and adult col-
ony growth remain unknown. A better under-
standing of the biology of ‘E. sertula’ growth and
bryostatin production in the host in situ is necessary
in order to enable further biochemical characteriza-
tion of the microenvironments that support both
‘E. sertula’ growth and bryostatin synthesis. In this
study, we determined where ‘E. sertula’ and the
bryostatins are located within B. neritina throughout
the life cycle.

B. neritina reproduces both sexually and asexu-
ally to form a colony made up of many clonal
individuals (Figure 1). Fertilization occurs intern-
ally, and developing embryos are brooded on the
parent colony in a protective ovicell chamber. After
embryonic development, the ciliated, lecithotrophic
larvae are released into the seawater where they
remain from 2 to 12 h before settling on a substrate.
The swimming larvae contain the symbiont °‘E.
sertula’ in the pallial sinus, a groove on the aboral
pole (Woollacott, 1981; Haygood and Davidson,
1997). During the dispersal period, the larvae are
especially susceptible to predation, but the bryosta-
tins offer protection. After settling onto a substrate,
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Figure 1 Life cycle of the bryozoan Bugula neritina. 1 Adult B.
neritina with embryos in ovicell chambers, and ability to form
new zooids from rhizoids (hold-fast strands). 2 Swimming larvae
released from ovicells remain in water column for a variable
period of time. 3-6 Larval settlement, metamorphosis and
development into the ancestrula. Continued budding of new
zooids occurs to form a mature colony.
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a B. neritina larva undergoes metamorphosis and
develops into the first feeding unit of a colony, the
ancestrula, which is coated by a protective chitinous
cuticle. The ancestrula subsequently gives rise to a
colony via asexual reproduction from the ancestru-
lar cystid (Woollacott and Zimmer, 1977). In the
adult colony, the outer most tips are the newest
buds, and the base the oldest portion of the colony.
The rhizoids, the holdfast of the colony, grow out
from the colony base and continue to lengthen.
Feeding zooids can bud from rhizoids after mechan-
ical disturbance or senescence (Gordon, 1977).

During the larval metamorphic transitions and
subsequent adult colony asexual divisions, the
location and movement of the bacteria remains
enigmatic. Possibly, ‘E. sertula’ cells are transmitted
from one zooid to the next during division via the
funicular cords, a network of tubules running
throughout the colony. Transmission electron micro-
scopy has shown the presence of bacteria in
channels within the funicular system (Woollacott
and Zimmer, 1977), but to date, these bacteria
remain unidentified.

Not only are bacteria transmitted throughout the
colony, but the bryostatins clearly are transmitted
and do not remain solely in the bacterial cells.
Bryostatins are detected throughout the entire larva,
even though the bacteria are restricted to the pallial
sinus (Davidson, 1999). Furthermore, the distribu-
tion of bryostatins within the adult colony varies
such that bryostatins are more concentrated in the
growing tips and the rhizoids (Davidson, 1999), and
lowest in the older, basal portions of well-estab-
lished colonies (a few months old). Levels of the
symbiont 16S rRNA gene and of a portion of the
bryostatin biosynthesis gene cluster were also high-
est in the tips, but low in the rhizoids (Davidson,
1999), indicating that the location of the bryostatins
may not be restricted to the location of the ‘E.
sertula’ cells. Mechanisms of bryostatin transloca-
tion throughout the colony, including delivery to the
developing embryos, remain to be determined.

Although several studies have successfully used
visualization techniques to localize natural products
in situ in various marine invertebrates (Gillor et al.,
2000; Salomon et al., 2001; Schroder et al., 2006),
the methods used in those studies are not feasible
for use in bryostatin localization. In order to detect
bryostatins in situ, we developed a method based on
their clinical molecular target, mammalian protein
kinase C (PKC). The anti-cancer activity of the
bryostatins is due to the high affinity of bryostatins
for the phorbol binding site on mammalian PKC
(DeVries et al., 1988; Wender et al., 1988). In our
method, the bacterial cells and the bryostatins are
visualized simultaneously—the PKC-based detec-
tion method is used to localize bryostatins, in
conjunction with fluorescence in situ hybridization
(FISH) for ‘E. sertula’ localization. The simultaneous
detection of bacteria and bryostatins showed (1) the
location of the bacterial symbionts through the early



metamorphic stages of the host, (2) the location of
the symbionts in adult structures and (3) the
presence of bryostatins in relation to bacterial
symbionts and host structures. The results were
used to construct a model of E. sertula proliferation
and bryostatin biosynthesis throughout the devel-
opment of the symbiosis.

Materials and methods

B. neritina collection and larval harvesting

B. neritina colonies were collected via SCUBA or
snorkel from the Scripps Institution of Oceano-
graphy Pier, La Jolla, CA, USA, and maintained in
flowing ambient temperature seawater tanks. Adult
colonies were separated into branches with ovicells,
branches without ovicells and rhizoids. After se-
paration, samples were rinsed with sterile-filtered
seawater (0.2 pm filter), fixed in 4% paraformalde-
hyde—20mM sodium phosphate (15mm Na,HPO,,
5mM NaH,PO,, pH 7.4)-0.5M NaCl overnight at
4 °C, washed in buffer and then stored in 70% EtOH
at —20°C. Adult B. neritina were kept in ambient
running seawater tanks with a 12/12-h light—dark
cycle. Larvae were collected in the morning by
Pasteur pipette and placed on ice in sterile-filtered
seawater (0.2 um filter) in a 15-ml Falcon tube,
causing the larvae to fall to the bottom of the tube,
allowing decanting of seawater. The larvae were
subsequently rinsed three times in sterile-filtered
seawater to reduce particles and contaminating
bacteria, then fixed in buffered 4% paraformalde-
hyde (recipe above) and stored in 70% ethanol at
—20°C.

B. simplex and B. turrita colonies were collected
by hand from floating docks in Eel Pond, Woods
Hole, MA, USA, and larvae were processed and
fixed in the same manner as the B. neritina larvae.

Larval settlement and metamorphosis

To obtain multiple samples of B. neritina at similar
developmental stages, B. neritina larvae were in-
duced to settle onto microscope slides (Fisherbrand
plain, pre-cleaned glass slides) by placing them in
100-mm Petri dishes (polystyrene, Fisherbrand)
containing artificial seawater with twice the normal
KCl concentration as seawater (50mM MgSO,,
10mM CaCl,, 300mM NaCl, 10mM KCI) (Yool
et al., 1986). The larvae were placed in the dark,
and after approximately 1.25h, the number of
settled larvae was counted (average 80% settlement
rate) and the settlement solution was replaced with
sterile-filtered artificial seawater.

After attachment to the slides, B. neritina larvae
began to undergo metamorphosis. Metamorphosis
and early development was observed with a dissec-
tion scope over the following 96h during which
time samples were identified and fixed at the
following events: (1) the attachment of larvae to
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the glass slide and the loss of their outer layer of
ciliated cells, (2) the eversion of the larval pallial
epithelium, (3) the reversion of the pallial epithe-
lium and the internalization of the larval apical disc,
(4) the elongation and differentiation of larvae into
the preancestrula and (5) the development of the
first ancestrula, consisting of a newly emerging bud
for the second zooid (as outlined in Table 1 and in
Gordon, 1977; Woollacott and Zimmer, 1978).
Larvae at all post-settlement stages were fixed and
processed on glass slides (see below).

Symbiont localization by fluorescence in situ
hybridization

B. neritina samples were incubated in hybridization
buffer (35% formamide, 0.9 M NaCl, 20 mM Tris-HCI
(pH 7.4), 0.01% sodium dodecyl sulfate) either in
microfuge tubes or directly on the glass slides
(attached developmental stages). To identify the ‘E.
sertula’ cells and other eubacterial cells, we added
the following oligonucleotide probes (outlined in
Table 2) at a final concentration of 5ngul™" in
hybridization buffer: CY5-Es1253 (specific for ‘E.
sertula’; Haygood and Davidson, 1997); the negative
control probe CY5-Eg1253, which has a single-base

Table 1 Major B. neritina metamorphosis and early develop-
mental stages examined in this study

Stage Time
number® (h)P

Morphological description

[y
I

Adult colony with ovicells and rhizoids

2 0 Ciliated, free-swimming larvae

3 1.25 Attached larva; pallial epithelium
evagination toward oral surface

4 2 Elongation into upright pillar;
internalization of apical disc and larval
pallial epithelium

5 48 Further elongation; formation of chitinous
cuticle; initiation of histogenic
differentiation

6 96 Lophophore functional; bud for second

autozooid starting to develop

2Stages corresponding to stage numbers in Figure 1.
bAfter addition of high (KCI) seawater.

Table 2 Oligonucleotide probes used in this study

Probe name Sequence (5'-3') Reference

EUB338 5-GCTGCCTCCCGTAGGAGT-3' Amann
et al.
(1990)
5'-CATCGCTGCTTCGCAACCC-3' Haygood
and
Davidson
(1997)
5-CATCACTGCTTCGCAACCC-3’ Lim and
Haygood

(2004)

Es1253

Egl1253(EsNON)
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mismatch to the ‘E. sertula’-specific probe (Lim and
Haygood, 2004); and EUB338 (general eubacterial
probe; Amann et al., 1990). Samples were hybri-
dized with probes for 2h in a humidified chamber at
46 °C, then washed at 48°C in wash buffer (0.7 M
NaCl, 20 mM Tris-HCI (pH 7.4), 50 mM EDTA, 0.01%
sodium dodecyl sulfate) for 20min, then again
washed briefly in water purified with a Milli-Q
system (Millipore, Bedford, MA, USA), air-dried
and then mounted in VectaShield (Vector Labs,
Burlingame, CA, USA) for visualization.

Bryostatin localization

Bryostatins were detected by initially binding PKC
to the bryostatins in the intact B. neritina stages,
then visualizing the PKC binding locations using
fluorescence-based antibody detection. Briefly, the
protocol consisted of the following steps: (1) a stock
of mouse PKCa was incubated with B. neritina
samples to bind the bryostatins, (2) bound PKCo was
detected with a mouse monoclonal anti-PKCo anti-
body and (3) the primary antibody (anti-PKCa) was
detected with a fluor-conjugated secondary antibody
(Alexa 555-conjugated goat anti-mouse immuno-
globulin G,).

Swimming larvae were processed in microfuge
tubes, and individuals in metamorphosis and early
development were processed on glass slides. In the
adult colonies, including the rhizoids, samples were
sliced with sterile razor blades to ensure penetration
of reagents into the interior of B. neritina tissue and
then processed in microfuge tubes. Fixed B. neritina
samples (n=200) were incubated for 20min in a
fresh solution containing 0.5ngul™" mouse PKCa
(Upstate Signaling, Charlottesville, VA, USA), 1 mM
dithiothreitol, 1% wt/vol bovine serum albumin,
40 pugml " leupeptin, 150 mM NaCl, 20mM HEPES
and 0.5 mM Na,EDTA, at pH 7.5. The samples were
washed two times (5min each) in phosphate-
buffered saline (PBS; 10 mM Na,HPO,, 2.7 mM KCl,
140 mM NaCl, pH 7.4), then incubated in PBS with
M4 monoclonal anti-mouse PKCa (Upstate Signal-
ling) at a final concentration of 10 ygml™" overnight
(~16h).

The samples were washed in PBS three times
(5min each), incubated in a 1% gamma globulin/
PBS blocking solution for 5min and then with a
secondary antibody (5 pg/ml; Alexa 555-conjugated
goat anti-mouse immunoglobulin G,; Invitrogen,
Carlsbad, CA, USA) in the blocking solution for 2h
in the dark and finally rinsed (two rinses of 5min
each) in PBS. All steps were carried out at room
temperature. For simultaneous bryostatin and ‘E.
sertula’ localization, bryostatin localization was first
performed on fixed B. neritina samples, and then the
FISH detection protocol was applied to the samples.
After completion of the FISH protocol, bryostatin
and symbiont localization were simultaneously
visualized with a Zeiss Pascal laser scanning
confocal microscope. Images were captured with
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ImageBrowser image-acquisition software (Zeiss,
Oberkochen, Germany).

The negative control probe for oligonucleotide
probe specificity in the FISH protocol was a single-
base mismatch probe. In the bryostatin localization
protocol, the negative control included the detection
protocol without addition of PKCa to the samples, in
order to distinguish PKC-dependent signal from
autofluorescence and nonspecific antibody binding.
The negative control images were captured with
similar gain settings as in the images captured from
the experimental treatments.

Testing the bryostatin localization protocol

Among Bugula species, there are a few that possess
bryostatins and symbionts that belong to the
‘Endobugula’ genus, and others that appear to lack
both ‘Endobugula’ and the bryostatins. Therefore,
it was possible to test the bryostatin localization
method on different Bugula species with known
variation in ‘Endobugula’ and bryostatins. We used
B. simplex and B. turrita as positive and negative
controls, respectively, for the PKC-based bryostatin
detection method. B. simplex, collected in Woods
Hole, MA, USA, harbors the symbiont ‘Candidatus
Endobugula glebosa’ in the larval pallial sinus (Lim
and Haygood, 2004). Extracts of B. simplex exhibit
bryostatin-like activity, and genes homologous to the
bryostatin polyketide synthase biosynthetic genes in
‘E. sertula’ have been isolated from ‘E. glebosa’ (Lim
and Haygood, 2004), suggesting that the B. simplex-
‘E. glebosa’ symbiosis is likely a chemical defense
symbiosis analogous to the B. neritina-‘E. sertula’
association. B. turrita has been shown to lack
bacteria in the pallial sinus (Woollacott, 1981) and
does not appear to contain bryostatins (Lim and
Haygood, 2004).

Results

Bryostatin detection by PKC binding

The PKC antibody, serving as a proxy for bryostatin
signal, was evenly distributed on the outer surface of
B. neritina and B. simplex larvae, both known to
contain bryostatins (Figures 2a and b) (Lim and
Haygood, 2004). In the negative control, which
lacked the addition of PKCa, signal was not detected
on B. neritina larvae, ovicells or rhizoids (Figures
2c—e). Furthermore, the PKC signal was not detected
in larvae of B. turrita (Figure 2f), known to lack
bacterial symbionts and bryostatin-like molecules
(Woollacott, 1981; Lim and Haygood, 2004). No PKC
signal was detectable in the interior of the adult
colonies.

Localization of ‘E. sertula’ and bryostatins in

B. neritina

Although the host tissue exhibits autofluorescence,
bacterial cells were visualized by FISH and confocal



microscopy within the ovicells, larvae and subse-
quent developmental stages; controls were used to
differentiate autofluorescence from signal. Figure 3a
shows a schematic of a B. neritina ovicell containing
a developing embryo, connected to the maternal
zooid by a bundle of funicular cords. Strong PKC
signal was detected at the junction between the
ovicell and the feeding zooid, and in a sheath
around the developing larva within the ovicell
(Figure 3b). Symbiont cells were present near the
concentration of PKC signal at the base of the ovicell
(Figure 3b) and in the funicular cords leading to
ooecial epithelium and embryo (Figure 3c). A
negative control (no PKC added) showed no signal
in or on the ovicells (Figure 3d). After larval release,
symbionts and PKC signal were not detectable in the
empty ovicell (not shown).

‘E. sertula’ localization demonstrated that the
symbiont was present in the pallial sinus, as shown
previously (Haygood and Davidson, 1997), and

B. turrita
larva +PKC

B. neritina
larva +PKC

B. simplex
larva +PKC

B. neritina B. neritina B. neritina
larva - PKC ovicell- PKC rhizoid - PKC

Figure 2 Bryostatin detection in Bugula species. (a—¢) Bugula
larvae incubated with PKCo, anti-PKC primary antibody and
secondary antibodies. (¢) B. turrita larva, negative control (this
species does not contain bryostatins). White, Alexa 555-conju-
gated goat anti-mouse immunoglobulin G signal. (d—f) Negative
controls for B. neritina larva, ovicell and rhizoid, incubated only
with anti-PKC and Alexa 555-conjugated goat anti-mouse immuno-
globulin G (no PKC added). Scale bars =20 pm.
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the PKC signal appeared evenly distributed on the
surface of the larva (Figure 4a). Shortly after
attachment of the larval oral pole, transitory larval
tissues involute toward the center of the metamor-
phosing individual, drawing the pallial epithelium
out of its groove and stretching it out and around
the larva toward the oral (settling) surface. During
the pallial epithelium migration, ‘E. sertula’ cells
(Es1253 probe/Eub338 probe; orange) appeared in a
ring corresponding to the original bacterial attach-
ment site, apparently following the movement of the
pallial epithelium (Figure 4b).

The next phase of metamorphosis involves rever-
sion of the pallial epithelium toward the aboral pole,
contraction of the pallial epithelium around the
apical disc and ultimately involution into the
developing B. neritina individual. After involution,
aggregates of ‘E. sertula’ cells were observed within
internalized pallial epithelium in the newly formed
preancestrula (Figure 4c). In contrast, the PKC signal
remained on the exterior of the individual through
this reversion and elongation. After further elonga-
tion, the PKC signal was present on most of the
surface of the developing individual, but the aboral
end lacked the coating (Figure 4d). After develop-
ment of the chitinous exoskeleton on the preances-
trula, the PKC signal no longer appeared on the
exterior but only on the glass slide on which
the larva settled (Figure 4e). In the preancestrula,
‘E. sertula’ aggregates occurred in the cystid, near
the apical tip surrounding the developing lopho-
phore (Figure 4f). In all examined preancestrulae
(n=100), PKC labeling was consistently too low for
detection.

In fully developed ancestrulae with feeding
lophophores, ‘E. sertula’ aggregates were present in
the buds that ultimately form the second zooid
(Figure 5a). PKC signal was consistently detected
around the aggregates of ‘E. sertula’ within the buds
of the ancestrulae (n=40) (Figure 5b). In the adult
colonies, hybridization with both the ‘E. sertula’-
specific probe (CY3-Es1253, red) and the eubacterial
probe (FITC-EUB, green) revealed diverse morpho-
types of bacteria (green) on the exterior of the
rhizoids, but only ‘E. sertula’ was detected in
the interior (rhizoid sliced open) of the rhizoid,
associated with the funicular cords (Figures 5c and

Figure 3 Bryostatin and ‘E. sertula’ in B. neritina ovicells with embryos. (a) A diagram of an ovicell chamber; fc, funicular cords;
e, embryo. (b) PKC signal (blue) around base of ovicell, and in embryonic chamber. (c) Magnification of ovicell. Arrows, ‘E. sertuld’
(yellow) and bryostatins (blue) along funicular cords in ovicell. (d) Negative controls, consisting of negative control probe Egl1253, and

PKC antibody alone (no PKC). Scale bar =50 pm (b), 20 pm (c and d).
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Figure 4 Bryostatin and ‘E. sertula’ in early developmental stages in B. neritina. (a—f) ‘E. sertula’ cells labeled with CY3-Es1253 probe
(yellow); bryostatins labeled with Alexa555-PKC signal (blue), unless otherwise noted. (a) Stage 2, swimming B. neritina larva. Arrow,
pallial sinus. Inset, enlargement showing ‘E. sertula’ cells in pallial sinus. (b) Stage 3, an attached larva; ‘E. sertula’ cells (orange) dual-
labeled with CY3-Es1253 (yellow) and CY5-EUB338 (red), visible in ring of pallial epithelium tissue. Inset, enlargement showing ‘E.
sertula’ cells. (c—e) Later metamorphosis (stage 4). Internalized ‘E. sertula’ cells (yellow) and PKC signal (blue). (d) White arrow, apical-
most boundary of blue bryostatin signal. (e) PKC signal (blue) present on the settling substrate. Inset, enlargement showing PKC signal
(blue). (f) Stage 5, preancestrula. Histogenic differentiation and lophophore formation. ‘E. sertula’ aggregates (yellow) in the
preancestrular cystid. Scale bar =20 pm (a, e and f), 50 um (b-d). Inset scale bars =5 pm. op, oral pole; ap, aboral pole.

d). The PKC signal was detected as a contiguous
coating (blue) on the exterior of the rhizoids
(Figure 5d). An optical cross-section of the rhizoid
shows the PKC signal on the rhizoid exterior and the
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symbiont ‘E. sertula’ inside the rhizoid (Figure 5e).
The rhizoids incubated with anti-PKC alone (nega-
tive control, no added PKC) displayed only a very
faint signal.
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Figure 5 E. sertula and bryostatins in Bugula neritina ancestru-
lae and rhizoids. (a—f) Orange, ‘E. sertula’ cells colabeled with
both CY3-Es1253 and CY5-EUB338. Red, non-‘E. sertula’ bacterial
cells labeled with EUB338 alone (unless otherwise noted). Blue,
PKC signal. (a) Bud extending from a B. neritina ancestrula (Stage
6), containing ‘E. sertula’ aggregates, surrounded (b) by PKC
signal (blue). (c—f) Rhizoids. Yellow arrows, ‘E. sertula’ aggregates.
(c) Cross-section showing ‘E. sertula’ (orange) in the funicular
cords. Red, other eubacteria on the rhizoid cuticle. (d and e)
Longitudinal and cross-section view of optical stack from surface
to interior. Blue, PKC signal. (f) Longitudinal view of rhizoid
negative control treatment (no added PKC). Scale bars=20um
(a, b), 5pum insets; 50 pm (c—f).

Discussion

This study suggests several shifts in the location of
symbiotically produced bioactive metabolites dur-
ing the life cycle of the host organism. Furthermore,
the results have demonstrated the efficacy of a new
method for simultaneous in situ detection of a
symbiont and an ecologically significant bioactive
metabolite. Using FISH to label ‘E. sertula’ and a
PKC-based method to detect the bryostatins, we
have followed the transmission of ‘E. sertula’ and
determined the spatio-temporal distribution of
bryostatins throughout the early life stages of B.
neritina. A model of the shifts in symbiont and
bryostatin localization throughout the development
of the symbiosis based on our results is outlined in
Figure 6.

The locations of both the bacterial symbionts and
the byrostatins demonstrate that the B. neritina-‘E.
sertula’ association has a delivery system for both
the symbionts and the bryostatins to embryos within
the ovicell. The concentration of bacteria and
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bryostatins within the ovicell around the larva
ensures the protection of the larva after release and
an inoculum of bacteria for the new colony. The lack
of strict colocalization of bryostatins to ‘E. sertula’
within the larvae suggests that bryostatins are not
restricted to the location of the symbiont cells in the
pallial sinus, and that the bryostatins are loaded
onto the larvae during the brooding period in the
ovicell. During metamorphosis, the loss of bryosta-
tin signal as the preancestrula grows suggests that
new synthesis has not yet begun at this stage. The
early developmental period presumably relies on
residual bryostatins for defense. The ‘E. sertula’
cells that migrate with the pallial epithelium do not
colocalize with bryostatins after they are interna-
lized, perhaps because new synthesis has not yet
started. After the feeding ancestrula has matured,
bryostatin signal was detected with the bacterial
aggregate, the first stage in which bryostatin synth-
esis in the new colony is visibly detectable. The
cause of this lag in symbiotic bryostatin synthesis
during early development is unknown. Possibly, a
critical density of bacterial cells not achieved during
metamorphosis is required to produce bryostatins in
detectable levels. Quorum sensing, or cell density-
based regulation of gene expression, is yet to be
explored in ‘E. sertula,” but it is well-known to
regulation diverse processes in prokaryotes, includ-
ing initiation of symbiosis, antibiotic production
and biofilm formation (Daniels et al., 2004; Lupp
and Ruby, 2005; He and Fuqua, 2006; reviewed in
Miller and Bassler, 2001). Our results from this
study point to specific host life stages, particularly
during embryogenesis, in which bryostatin bio-
synthesis is likely upregulated. Future studies of
bry regulation, including quantitative measurement
of bry expression and in situ localization of bry,
should target these stages.

The pattern of bryostatin localization is consistent
with its function as a predator deterrent for the
vulnerable larval stage. Bryostatins were found to be
evenly distributed over the larval exterior during the
vulnerable dispersal period, consistent with pre-
vious conclusions that the bryostatins are associated
with the outer layer of B. neritina larvae to be most
effective as a predator deterrent (Lopanik et al.,
2004). The bryostatin signal persisted through the
period of settlement and metamorphosis to the
ancestrula, prior to formation of the protective
chitinous shell. These results corroborate recent
findings that although bryostatin concentrations are
significantly lower in stages 4-h and 1-day post-
settlement, this correlates with an increase in chitin
and carbonate content (Lopanik et al., 2006). As the
first zooid developed, the bryostatin signal dimin-
ished, corresponding potentially to the increase of
surface protection due to the chitin shell. Shortly
after this period, bryostatin signal was detected
around the bacterial aggregate inside the zooid bud,
suggesting that bryostatins would increase to offer
some protection to the juvenile colony forming.
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Figure 6 Model of ‘E. sertula’ proliferation and bryostatin levels in B. neritina throughout the life cycle. Yellow, ‘E. sertula’; blue,
bryostatin. Fine lines, passive transport and steady state growth of ‘E. sertula’ cells; steady rates of bryostatin biosynthesis. Heavy lines,

increased ‘E. sertula’ levels and new bryostatin biosynthesis.

Once the metamorphic juvenile reached the
preancestrula stage, ‘E. sertula’ aggregates were
present within the developing cystid tissue. Our
results suggest that in a growing colony, when the
cystid forms buds from the preancestrula, symbionts
are carried into the next zooid as it forms (Figures 5a
and b). Symbiont transmission during asexual bud
formation, either from feeding zooids or from
rhizoids, likely occurs via the funicular cords since
bacterial cells were previously found in the funi-
cular system of adult B. neritina (Gordon, 1977) and
identified in this study as ‘E. sertula’ in the ovicells
and rhizoids by FISH (Figure 5e). Consistent with
the hypothesis that the B. neritina-‘E. sertula’
symbiosis is a highly specific relationship (Haygood
and Davidson, 1997), only ‘E. sertula’ cells were
detected within the early developmental stages, and
the adult by FISH. However, many other bacterial
types colonize the external cuticle of colonies, as
well as the settlement substrate as shown by the
detection of non-‘E. sertula’ cells.

The findings here confirmed that the rhizoids, the
anchors of the colony, possess ‘E. sertula’ within the
funicular cords, and, corroborating previous bio-
activity data (Davidson, 1999), bryostatins on the
exterior of the rhizoid cuticle. This, together with an
earlier observation that the bioactivity for bryosta-
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tins is relatively high in the rhizoids, suggests a
requirement for chemical protection of the colony
anchors. The bryostatins in the rhizoids may
function in preventing both predation and fouling.
In these highly competitive encrusting commu-
nities, space is limited. Protection against grazing
and overgrowth by settling larvae or other colonies
is critical for success in this community. The
influence of bryostatins on the larval settlement of
other invertebrates has not been investigated, and its
elucidation would expand our understanding of the
ecological significance of the bryostatins. It is not
yet clear which ‘E. sertula’ cells synthesize the
rhizoid bryostatins or how the bryostatins ultimately
become associated with the exterior of the rhizoid
cuticle. We can infer that the surface-associated
bryostatins prevent grazing on rhizoids as they do in
larvae, however this remains to be tested in the
rhizoids.

The development and growth of B. neritina in
seawater, which contains a diverse microbial com-
munity, necessitates mechanisms for maintaining an
exclusive, long-term association with ‘E. sertula’
within its tissues. The patterns of bryostatin and
‘E. sertula’ concentrations suggest regulation of
the levels of both during particular periods in the
B. neritina life cycle. It is possible that during



reproductive periods, bryostatin synthesis is upre-
gulated in the ovicells to load the larvae. Further-
more, the adherence of the ‘E. sertula’ cells to the
pallial epithelium during the metamorphic move-
ments of this tissue indicates the presence of surface
adhesins on the host cells. The biochemical me-
chanisms that regulate the symbiont growth and
synthesis of bryostatins within the ovicell, adult
funicular system, and metamorphosing larva are
critical areas of future research. Identifying the
regions in the host that support high rates of
symbiont growth and bryostatin synthesis will
inform cultivation efforts of E. sertula, which
continues to defy cultivation in the lab, as well as
expand our understanding of fundamental features
of chemical defense symbioses.
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