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Abstract

The distribution and absorption of ingested protein was characterized within a colony of
Podocoryna carnea when a single polyp was fed. Observations were conducted at multiple
spatial and temporal scales at three different stages of colony ontogeny with an artificial
food item containing Texas Red conjugated albumin. Food pellets were digested and all
tracer absorbed by digestive cells within the first 2—3 hours post-feeding. The preponder-
ance of the label was located in the fed polyp and in a transport-induced diffusion pattern
surrounding the fed polyp. After 6 hours post-feeding particulates re-appeared in the gastro-
vascular system and their absorption increased the area over which the nutrients were dis-
tributed, albeit still in a pattern that was centered on the fed polyp. At later intervals, tracer
became concentrated in some stolon tips, but not in others, despite the proximity of these
stolons either to the fed polyp or to adjacent stolons receiving nutrients. Distribution and
absorption of nutrients is sequentially diffusive and directional.

Introduction

Studies of the growth and form of animal colonies often come to focus on the topic of colony
integration [1-3]. A principal concern is the physiological mechanisms that govern nutrient
distribution amongst the tissues of a colony. Colonies can become extensive with a single
organism spanning many micro-environments differing in the availability of food. Polyps cap-
turing food must distribute nutrients to unfed tissues and, in a growing colony, to sites of
growth at the colony periphery. As the colony matures, the same distribution system must
direct nutrients to reproductive polyps. While these problems are shared by all colonial organ-
isms, hydrozoans have been particularly favorable subjects for study of colony integration by
virtue of the relative ease with which they can be maintained, and experimented upon, in the
laboratory. It is with hydroids that we might expect the greatest clarity. Yet, our understanding
of how nutrients are distributed within hydroid colonies remains incomplete, as the available
data are seemingly contradictory.
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The basics are not controversial. All tissues within a hydroid colony are coupled to one
another by the gastrovascular system, a system of fluid-filled canals continuous with the lumen
of the polyps. Upon capturing a prey item, hydroid polyps break up the food and then act as
pumps driving gastrovascular fluids carrying solutes and particulates throughout the colony [4,
5]. The lumens of the stolons are lined with digestive cells and, like the gastrovascular cavity of
the polyps, serve as sites of nutrient absorption.

What remains unclear is where the nutrients are ultimately delivered and absorbed as a
result of gastrovascular circulation. Strehler and Crowell [6] were the first to use a nutrient
tracer to detect sites of nutrient absorption. They dyed Artemia salina nauplii with acriflavine
and noted that when fed to colonies of Campanularia flexuosa the dye appeared in polyps of
downstream uprights within an hour. Rees et al. [7] used radiolabeled rat liver as food for Pen-
naria colonies and noted that the signal attenuated with the distance from the fed polyp. They
also noted a weak, but elevated signal in the distal end of the colony at 12 hours post-feeding.
This result was mirrored by Bumann and Buss [8] who fed polyps on one side of a Podocoryna
carnea colony with labeled Artemia nauplii and found that the preponderance of the label
remained on the fed side. However, they also showed that peripheral stolonal tips on the unfed
side continued to elongate and, like Rees et al. (7), detected a weak fluorescent signal at these
tips 3 days after feeding. These findings seem to simultaneously suggest that nutrient distribu-
tion favors sites adjacent to the fed polyp and sites distant from it. This conundrum motivates
our attempt to further understand how nutrients are distributed and absorbed within colonies
of the hydractiniid hydroid Podocoryna carnea.

We developed an artificial food item which can be laced with fluorescent tracers and use to
track nutrient absorption. We quantified the fate of food ingested by a single polyp in an undis-
turbed colony. The absorption of nutrients was documented on spatial scales ranging from that
of digestive cells (microns) to entire colonies (centimeters) and on temporal scales ranging
from seconds to almost a week. Finally, as colonies produce different tissues at different stages
of colony ontogeny, we quantified these patterns in colonies at different ontogenetic stages
ranging from young colonies with few gastrozooids to sexually mature colonies bearing matur-
ing medusae. Our results reveal previously unsuspected temporal patterns in nutrient distribu-
tion and show that colonies are capable of sequentially generating both diffusive and site-
specific delivery of nutrients.

Methods
Animal Care

Podocoryna carnea is an athecate hydroid found growing as an epibiont on gastropod shells
inhabited by hermit crabs and, less frequently, on shells of some living gastropods. A larva
metamorphoses on a shell to produce a feeding polyp from which emanate stolons. The stolons
elongate, branch and anastomose to form a hydrorhizal network, from which new feeding pol-
yps arise (Fig 1A-1D). Specialized polyp polymorphs include tentacular and spiral zooids,
which do not typically arise in laboratory culture, as well as reproductive polyps from which
medusa develop. Medusae are released and complete the sexual phase of the life cycle.

This study made use of a single strain (P3) of P. carnea, collected from the intertidal of
Lighthouse Point, New Haven CT in 1989. Collection was made under a permit issued by the
Connecticut Department of Environmental Protection. Podocoryna carnea is not an endan-
gered or protected species.

Colonies were maintained under standard conditions [10]. Briefly, colonies are grown on
glass microscope slides, glass cover slips, or cover slip-bottomed culture dishes. Clonal repli-
cates are generated by explanting a small piece of the hydrorhiza bearing 1-3 polyps and
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Fig 1. Podocoryna carnea. (A-D) (A) Schematic cross-section of colony viewed from the side at four different ontogenetic stages (a-d). Stippled pattern
represents regions of elongating peripheral stolons. Solid pattern represents dense hydrorhizal network. Modified from Braverman and Schrandt [9]. (B) Top
view of small region of hydrorhiza showing elongating stolon tips (st). Scale bar: 100 ym. (C) Longitudinal section of stolon showing lumen. Scale bar: 100 pm
(D) Top view of a colony at the ontogenetic stage schematized in A subpanel a. Scale bar: 1 mm. (E) Schematic of Hydractinia symbiolongicarpus, showing
feeding polyps (p), stolonal mat (m) and stolons emerging from mat periphery (s).

doi:10.1371/journal.pone.0136814.g001
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affixing it to a glass surface with a loop of quilting thread. After 2 days the colonies have
attached and the thread is removed. Colonies are maintained in recirculating aquaria with
daily exchanges of 25% of the seawater (31 ppt). Colonies are fed to repletion every other day
with 3-4 day old Artemia salina nauplii. All experiments described here were performed on
animals that had been fed two days earlier.

One experiment employed another athecate hydroid, Hydractinia symbiolongicarpus (Fig
1E). The clone utilized (LB230-16) was from a near isogenic line the pedigree for which is avail-
able elsewhere [11-13]. These colonies were propagated and maintained in the fashion out-
lined above for P. carnea. The differences in the anatomy of the two species germane to this
investigation will be introduced at a later point.

Nutrient Tracers

We developed an artificial food pellet that is consumed by P. carnea polyps, largely solubilizes
in the gastric cavity of the fed polyp, and can be laced with fluorescent tracer molecules. The
food pellets were produced from homogenized egg whites, decapsulated brine shrimp cysts,
and Texas Red conjugated albumin (TRA). Texas Red was chosen as a tracer because it is a rel-
atively pH-insensitive dye. Stock solutions of egg white were prepared by homogenizing 12
fresh egg whites in a blender at a very low speed set by a voltage controlling rheostat. Homoge-
nized egg white was aliquoted into 1.5 ml conical tubes and stored at -20pC. Stock solutions of
TRA (Invitrogen A 23017) were prepared at a concentration of 25 mg/ml in filtered seawater
(FSW) and stored at 4°C.

To prepare pellets, decapsulated brine shrimp cysts (37 mg) were homogenized in 1 ml
FSW using a 7 ml Kontes glass homogenizer for 20 strokes. In a 1.5 ml conical snap cap tube,
5 ul of the TRA stock solution was added to equal volumes of egg white and brine shrimp
homogenate totaling 0.5 ml to form a final concentration of TRA of 0.25 mg/ml. This solution
was briefly mixed on a vortex mixer, then further homogenized by hand using a tight-fitting
conical plastic pestle. A cooking vessel for the pellets was prepared from a 45 mm aluminum
weigh boat (Fisher 08-732-100) by creating a shallow 18 mm diameter depression in the center
using the uncapped top of a 15 ml falcon tube. 0.5 ml of cooking oil was pipetted into this
depression and, at room temperature, 20-30 0.1 pl droplets of albumin solution were intro-
duced into the oil by using a 1 pl positive displacement syringe (Hamilton 86200). The dish
was floated in a water bath equilibrated at 80°C and cooked for 10 minutes. Pellets were cleaned
of oil by sliding them through 4-5 sequential pools of 5-10 pl of brine shrimp homogenate on
a microscope slide. Thereafter the pellet was lifted with forceps and placed on the raised tenta-
cles of the polyp intended to be fed. Pellets prepared in this fashion were of a repeatable size
(average diameter: 482.7 +/- 21.8 um, n = 9). Pellets were completely digested by polyps and no
solid waste was regurgitated as occurs with animals fed crustaceans [14].

Imaging

Colonies were imaged by using a Zeiss Lumar dissecting microscope or a Zeiss Axiovert 35
inverted compound microscope. Images were acquired with Zeiss Axiovision software. Digital
imaging for events occurring on time scales of minutes or hours was performed on colonies
bathed in 5 cm Petri dishes of still seawater covered with a large glass coverslip. Observations
spanning days were made in a stage-mounted, flow-through culture system described earlier
[15]. Briefly, the flow-through system utilizes a Warner RC-50 Ussing chamber modified to
accommodate 22 x 40 mm cover slips as top and bottom to create a closed bath with an internal
volume of 4 ml. Water is continuously circulated through the chamber at a rate of 5 ml/minute
by means of a Harvard Apparatus PHD 2000 push/pull infusion pump fitted with 4 x 50 ml
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syringes. We detected no differences between the behavior of colonies in open dishes and the
behavior of colonies in chambers.

Colonies were imaged in three different orientations. Unless otherwise stated, colonies were
visualized in an inverted configuration, from their undersurface with the polyps facing down-
ward into the water column. The focal plane was established in the mid-gastric region of the
fed polyp. This view allowed simultaneous observation of multiple polyps and the hydrorhizal
network. When the behavior of single polyps was of primary interest a side orientation was pre-
ferred, using polyps found growing on the edge of a cover slip or slide. In this case the focal
plane ran through the oral-aboral axis of the polyp. A third configuration was chosen for the
study of medusa-bearing colonies. These colonies were imaged with the polyps facing up with
the focal plane located in the mid-gastric region of the fed polyp.

The fed polyp was much more luminous than the unfed polyps and the hydrorhiza, so two
exposures were chosen to capture the relevant quantities. Unless otherwise stated images were
obtained every 8 or10 seconds at both a short (250 ms-1 sec) and a long exposure (4-5 sec).
The 8-10 second interval has previously been shown to capture polyp oscillations and to be
adequate to prevent aliasing [14].

Colonies at three different ontogenetic stages were imaged. The first were young colonies
two weeks after explanting (Fig 1Aa). These colonies were comprised of a small number of cen-
tral large polyps and smaller numbers of young polyps and buds. Older colonies were com-
prised of numerous large central polyps, with young polyps and buds at the periphery (Fig
1Ab). Colonies at mid-ontogeny were nearer maturity, but had not begun to produce medusae.
Mature late ontogeny colonies were characterized by large feeding polyps and polyps bearing
medusae (Fig 1Acand 1Ad).

The hydrorhizal network of colonies was determined after digesting the soft tissues using
KOH, staining the perisarc with wheat germ agglutinin (WGA), and imaging the stained peri-
sarc [16]. To remove tissue, colonies were relaxed for 90 seconds in 2% urethane (Sigma) and
placed in dH20 for 10 minutes in a Coplin jar. Colonies were then placed horizontally in Petri
dishes and digested for 10-15 minutes in 10% KOH with intermittent gentle rinsing of the
surface with the KOH solution by using a Pasteur pipette until tissue digestion was complete
(ca. 10-15 min). Slides were then washed 3 x 5 minutes in dH20. WGA binds to the N-acetyl-
D-glucosamine residues of chitin. Slides were incubated for 20 minutes at room temperature
in 25 mg/ml WGA- AlexaFluor 555 (Invitrogen) in PBS, washed 3 x 5 minutes in PBS, and
imaged in dH20 by using a Texas Red filter set (Ex 560 nm, Em 645 nm). Images were
imported to Adobe Photoshop and digitized by hand using the Wacom Cintiq 24D graphics
monitor.

Analysis

Images were analyzed using Fiji (Image J). Mean luminance was quantified in user-specified
regions of interest corresponding to polyps, stolons, and medusae. Polyps often bend and rotate
about their base, such that their outlines span differing regions of interest (ROI) depending on
the extent on their activity (SI Fig). ROI were chosen to include the full range of area swept by
a polyp over the course of the record. Because different polyps within the same colony are of
different sizes and often rotate to differing degrees, absolute values of mean luminance in all
but the smallest polyps within the same colony are not directly comparable. A further compli-
cation arises in the inverted orientation, as any region of interest chosen to capture polyps will
include some stolons. To minimize these difficulties, mean luminance values for polyps were
standardized to the maximal mean luminance of each polyp. While this standardization pre-
served information on the time course of nutrient absorption and the phase relations of polyp
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oscillations, it nonetheless prohibited quantitative comparisons between polyps in amount of
nutrient absorbed. To compare polyps within a colony an ROI of fixed area was established
and that area measured in the mid-gastric region of polyp at times when their orientations did
not underlap stolons.

Calculations of mean luminance of stolons are not bedeviled by these difficulties, allowing
direct comparisons of luminance between stolons within a colony. We assessed mean stolon
luminance as a function of distance from the fed polyp and in various compass directions. For
these measures, all regions overlain by polyps and all regions between stolons were excluded
from the RO, leaving only unobstructed stolons.

The three viewing orientations differ in the variability in mean luminance they displayed.
The side configuration displayed the least variability, as the entire polyp is continuously in the
focal plane, except for bends of short duration. The inverted (top-down) configuration was
also favorable and unlike the side view, allowed observation of large regions of the colony. The
top-up view, used only for studying of medusa-bearing colonies, was the most variable, by vir-
tue of the interactions between polyps resulting from the high density of polyps in these colo-
nies. The extent of this variability is shown in S2 Fig.

Our analysis was limited to documenting broad trends in the temporal and spatial distribu-
tion of nutrients following feeding. We are aware that our high-resolution time-series data may
be fruitfully extended to treating the nutrient transport system as a dynamical system, but we
do not offer such an analysis in this work.

Equilibrial dimensions

Results of the imaging studies suggested the importance of determining the volumes of stolons
and polyps in the absence of muscular activity. Time-lapse imaging of colonies exposed to ure-
thane, menthol and MgCl, the narcotics in conventional use, showed these to disrupt activity,
but not to eliminate it. Contractions of cnidarian circular muscles are mediated by non-muscle
myosin II [17]. When exposed to blebbistatin, a specific inhibitor of non-muscle myosin II,
neither stolonal lumens nor polyps varied in size. We quantified the equilibrial radius of the
stolons, polyp buds, and medusa radial canals by exposing colonies to 0.26 mM blebbistatin.
Photoinactivation was prevented by use of a red filter (gel filter 026, Lee filters #025, >580 nm)
[18]. While colonies were exposed to blebbistatin, digital images were generated of the stolon
lumens at 200X using a Zeiss Axiovert at 167 locations distributed though a colony, and the
stolon diameters were measured. The same procedure was applied to the radial canals of 32
developing medusae. Blebbistatin-treated feeding polyps (n = 11) and polyp buds (n = 13) were
visualized in side view. Polyp dimensions were converted to volumes under an assumption of
radial symmetry using the methods of Dudgeon et al. (1999). A script, written in R, was used to
calculate volumes and is provided (S1 Software).

Confocal microscopy

Our imaging of nutrient distribution revealed spatial patterning in the distribution of digestive
epitheliomuscular cells (hereafter digestive cells). To provide higher resolution images we
obtained optical sections of fluorescent labeled tissue using confocal microscopy. Colonies
were fed TRA pellets, allowed to digest for 4-6 hours and treated with blebbistatin as detailed
above. Stolons were visualized live while bathed in the blebbistatin solution. Polyps and medu-
sae were excised from the colony, immediately fixed in 4% formaldehyde, mounted on
shimmed microscope slides, and visualized using a Zeiss LSM 500 laser scanning confocal
microscope.
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Results
Early Ontogeny

Study of young colonies affords the opportunity to explore the distribution of nutrients to
small polyps, polyp buds and a relatively sparse vascular network connecting the explant to the
colony periphery (Fig 1Aa). Raw luminance values were used to assess nutrient absorption of
nutrient in small polyps and buds as they do not bend or rotate to an appreciable degree at the
magnification used.

Polyps. The hydrorhizal network and position of polyps of the imaged colony is shown in
Fig 2. The pattern of absorption in young polyps and a polyp bud is shown in Fig 3. In all
unfed polyps, luminance is minimal in the 1.2 hours after feeding, thereafter increasing expo-
nentially up to a threshold at 3.0 hours post-feeding (hpf). Observations of the fed polyp show
that the pellet was completely solubilized and exported from the fed polyp by 2 hpf, consistent
with the interpretation that the initial increase in luminance of the unfed polyps represents the
distribution and uptake of solubilized nutrient. Additional observations of stolon lumens (see
below) showed that detectable luminance disappears from the stolonal lumens shortly after the
pellet is digested. The data suggest that the sigmoid relationship shown 0-6 hpf represents dis-
solution of the food item, rapid distribution of solubilized material and rapid and complete
absorption of the labeled albumin.

After reaching the 3 hpf maximum, two of the unfed polyps lost luminance slowly over the
next 8.5 hours, mirroring the decline in relative luminance in the fed polyp (Fig 3A). Both of
these polyps were located near the interior of the colony (Fig 2). The remaining three polyps
were located on peripheral stolons and each displayed a different pattern. One polyp retained

Fig 2. Early ontogeny colony. Closed central region represents the explant area, lines represent stolons,
circles show polyp locations and their relative sizes. Fed polyp denoted as red unfilled circle, blue unfilled
circles are unfed polyps. Filled circles are unfed young polyps or polyp buds. Fill colors of the closed circles
are matched to the time-series shown in Figs 3 and 4. Squares are color-matched to the difference plots
shown in Fig 5. Scale bar = 500 pm.

doi:10.1371/journal.pone.0136814.9002
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the threshold reached at 3.0 hpf for the entire observation period (Fig 3B), but showed a pro-
nounced increase in the amplitude of oscillations at 5.5 hpf (S3 Fig). The original sigmoid rela-
tionship found in hours 1-3 was followed by a rapid increase in luminance at approximately 6
hpf in the remaining two polyps (Fig 3C and 3D; S3 Fig). One of these displayed a third episode
of increased luminance, beginning at 8.25 hpf, reaching a new threshold by 9.5 hpf (Fig 3D, S3
Fig), while the other showed a more gradual increase over the same interval. The increased
luminance seen in peripheral polyps at 6-12 hpf was associated with a pronounced decrease in
the relative luminance of the fed polyp, which had been largely static for the 3 hours preceding
(Fig 3). The decrease in relative luminance in the fed polyp in hours 6-12 post-feeding was
monotonic in contrast to episodic increases in luminance in the peripheral unfed polyps. These
data indicate that the period of initial nutrient distribution and uptake (0-3 hpf), hereafter
called the early distribution (ED), is followed by a later period of export of label from the fed
regions of the colony towards the periphery and that during this late distribution (LD) label is
either not delivered or not absorbed equally by all polyps.

Hydrorhiza. The pattern of nutrient distribution and absorption displayed by the unfed
polyps was mirrored in the hydrorhizal network. The distribution of label absorption after the
ED is shown as a difference plot in Fig 4A, where the x-y axis are the dimensions of the field of
view and the z-axis displays difference in luminance between 0.5 and 3.0 hpf. At the end of the
ED the label remains concentrated in regions surrounding the fed polyp and rapidly declines in
concentration as the distance from the fed polyp increases. Note, with reference to Fig 2, that
no label reaches the distal tips of the stolons. The hydrorhizal difference plot shows minimal
flux during the 3-6 hpf period (Fig 4B), corresponding to the threshold observed during this
same period in the unfed polyps (Fig 3).

From 6-8 hpf, during the LD, the difference plot shows enhanced signal in the hydrorhizal
periphery, with label extending to distal-most regions of the stolons (Fig 4C). Comparison of
the hydrorhizal network shown in Fig 2 with the LD hydrorhizal difference plots in Fig 4C
shows that some stolon systems are gaining luminance while others, including some closer to
the fed polyp, are not. Moreover, the lateral branches of those stolon systems that are intensely
labeled are themselves not as intensely labeled. Finally, in the 8-10.5 hpf interval, the flux is
minimal with label accumulating primarily in the two peripheral polyps previously identified
as increasing in luminance at this period (Fig 4D). These data indicate that the two periods of
distribution, ED and LD, detected in the polyps is similarly observed in the hydrorhiza. Only
during the LD is transport directional.

Using a different colony, we characterized absorption of label by the stolonal gastroderm at
200X during ED. A portion of the hydrorhizal network was imaged and luminance measured
for four regions of the network: two input stolon segments which first receive nutrient from
the fed polyp, a closed stolonal loop that communicates with an input and two output stolonal
segments (Fig 5A, inset). Label was not evident in the stolonal lumen or gastroderm in the 0-1
hpf interval, but rapidly accumulated and reached a maximum between 1.65-1.8 hpf (Fig 5A).
Free label was not detected in the lumen after 1.8 hpf. Thereafter, luminance either remained
constant, as in one of the output stolon segments, or decreased slightly.

The record shows several sharp spikes in luminance in the two input segments and in the
loop (Fig 5A). A marked increase in the luminance of the loop segment follows each spike in
the input stolon segments. Spikes sometimes appear in one of the two output segments (arrows
in Fig 5B) after a variable period following the initial input spike. Inspection of S1 Movie shows
that spikes coincide with unsolubilized food items that become temporarily lodged in the sto-
lon loop. The time-delayed smaller spikes seen in the output stolon correspond to particulates
exiting the loop. Several of the most prominent spikes are not followed by the particulates in
the output stream; these particulates were entirely absorbed within the loop. Within the loop,
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Fig 3. Mean luminance as a function of time for five unfed polyps. Time-series, color-coded as in Fig 1, shown for (A) two unfed polyps (red and blue in
Fig 2); (B-D) one unfed polyp each (three boxed peripheral buds in Fig 3). For reference, relative luminosity of the fed polyp is shown in black. Relative
luminosity was determined by standardizing mean luminosity to maximum luminosity. Time-series are color coded as in Fig 1. Sample density: 6 frames per

minute, n = 3961.

doi:10.1371/journal.pone.0136814.g003

digestive cells adjacent to the unsolubilized material become substantially more luminous than
loop cells that have access only to solubilized nutrient (S1 Movie). This temporary clogging of
the gastrovascular flow accounts for the marked greater luminance mean observed in the loop
relative to both input and output stolon segments (Fig 5). The fact that cells can absorb these
larger particulates shows that the digestive cells are not satiated, but that the thresholds
observed in the luminance record (Fig 5) reflect elimination of nutrient from the stolonal
lumen.

Nutrient transport during LD was observed in stolons by filming a small region of the
hydrorhiza of a different colony at 100X. S2 Movie shows that nutrients distributed during the
LD can be visualized and that material appears both as particulates and solubilized material.
Individual frames of this movie showing particulates and solutes appear in Fig 6.

Additional observations of the period of late distribution were made in a related hydracti-
niid hydroid, Hydractinia symbiolongicarpus. Hydractinia displays a stolonal mat (Figs 1E and
7A), an epithelial extension of the body column over the gastrodermal nexus [19]. The mat
lacks perisarc, thus advantageously boosting the luminosity signal relative to that monitored in
Podocoryna. A second advantage of Hydractinia for these observations is that the gastrovascu-
lar canals of the mat are substantially smaller than the stolons of Podocoryna, allowing a larger
number of gastrodermal lumens to be observed in a single field of view. The period of early dis-
tribution is dominated by transport of solubilized material (Fig 7A), followed by a sharp transi-
tion to the period of late distribution characterized by a release from the fed polyp of large
numbers of particulates (Fig 7B) that circulate widely and are only occasionally seen to solubi-
lize (S3 Movie).

The observational support for delivery of nutrients during LD shown in Figs 3 and 4, 6 and
7 and S2 and S3 Movies was supplemented by the following experiment using Podocoryna.
Peripheral stolons were severed at 15 locations in the colony shown in Fig 8A. The colony was
then fed an artificial food item bearing the fluorescent albumin tracer and the entire colony
was imaged at hourly intervals from 6-49 hpf. The severed stolons were expected to reconnect
at times after the ED, so that any label detected in the reconnected tips would be attributable to
absorption occurring during LD. All 15 severed stolons re-connected between 10-16 hpf. Sev-
ered stolons were located on one of four major stolon systems, denoted B-E in Fig 8A. The
respective time-series for each of their reconnected stolons are shown in Fig 8B-8E.

The timing and extent of late absorption varied both within and between stolon systems.
First, two of the 15 stolons, both in stolon system D, did not markedly increase in mean lumi-
nance. Notably neither of these stolons was located at the extreme periphery of the system.
Indeed, one of them was adjacent to two other stolons that did increase markedly in mean
luminance. Note further that stolons closest to the fed polyp in several stolon systems did not
display the largest mean luminance, nor were they the first stolons within a stolon system to
absorb labeled protein upon reconnection. Several stolons increased in mean luminance imme-
diately upon reconnection to the colony, while others on the same stolon system show
increases only at later periods. For example, one stolon in each of the systems B, C, and D
began to increase shortly after reconnecting in hours 10-12 post-feeding, whereas other stolons
in the same systems did not increase until 19-20 hpf despite having reconnected at 12-15 hpf.
Stolon system D bore two stolons that did not display increases until 30 hpf.
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Fig 4. Colony wide difference plots. Z-axis is the difference in luminosity between two time points and is presented as a function of position within the
colony (x-y axes). Colony orientation matches that shown in Fig 2. Differences are between (A) 0.5 and 3 hpf, (B) 3 and 6 hpf, (C) 6 and 8 hpf, and (D) 8 and
10 hpf. Boxed locations are match locations of the unfed polyps in Fig 2.

doi:10.1371/journal.pone.0136814.9004

Fig 8 shows several distinct episodes of rapid increase in luminance (e.g, at 12, 20, 30 hpf).
The rapidity of these increases indicates that the increased luminosity is attributable to nutrient
distribution, as cell movement occurs on longer time-scales [20, 21]. The fact that in all four

W

Mean Luminance

c ] ] ] ] 1

1.0 1.1 1.2 1.3 1.4 1.5
Time (hpf)

Fig 5. Mean luminance as a function of time for five regions of a stolon network. Inset shows network at 1:52:20 hrs:min:sec post-feeding. Network
includes input segments at the upper right and two outputs at the lower left and a loop region connecting them. Inputs are in the direction of the fed polyp,
outputs in the direction of the colony periphery. Scale bar =50 ym. Colored polygons in inset are matched to symbol and line formatting in time-series. (A)
Entire time series, (B) Same as (A) for a selected time window. Arrows shows spikes in output segments. Sample density: 6 frames/minute, n = 943. The
images from which the data were acquired are displayed in S1 Movie.

doi:10.1371/journal.pone.0136814.9005
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Fig 6. Nutrients in stolonal lumen during late distribution (A) Particulates within the hydroplasm at 12:03:37 hr:minutes:sec post-feeding. (B) Solubilized
tracer at 12:08:01 hr:minutes:sec post-feeding. Scale bar = 50 um. Additional images shown in S2 Movie.

doi:10.1371/journal.pone.0136814.9006

Fig 7. Absorption in Hydractinia symbiolongicarpus. (A) 5 hpf. Note even distribution in hydrorhiza
diminishing in intensity toward the colony periphery. (B) 17 hpf. Note punctate pattern and wider distribution
throughout colony. Frames derived from S3 Movie. Scale bar: 1mm.

doi:10.1371/journal.pone.0136814.g007
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Fig 8. Luminance in reconnected stolons. (A) Colony outline, with stolons as line segments and polyps as open circles. Fed polyp shown in red. Stolons
were severed in locations indicated by gaps. Color formatting of stolons matches time-series in (B-E). Italicized letters denote stolon systems. Scale bar = 1
mm. (B-E) Mean luminance as a function of time for stolons populating stolon systems B-E respectively. Arrows indicate the time at which each stolon

reconnected.

doi:10.1371/journal.pone.0136814.g008

systems one or more stolons increased in luminance after reconnecting suggests that the polyp
is distributing material colony-wide. Hydrorhizal luminosity increases neither varied predict-
ably with the proximo-distal position of the stolon within a system (NS, Mann-Whitney U-
test, n = 15, U = 112.5), nor with length of the stolon (r = 0.359) (Fig 8).

To test whether the episodic nature of the luminosity increases was attributable to episodic
polyp oscillation, we imaged a fed polyp in side view for a period of 28 hpf. The polyp continu-
ously oscillated for the entire interval, albeit with decreasing amplitude and with a pronounced
reduction in period at later times (54 Fig).

Mid-Ontogeny

The preceding characterization of nutrient distribution and absorption encompassed time
scales ranging from seconds up to 2 days post-feeding. A principal result was that after an ini-
tial solubilization and clearance of the food item, a period of late distribution ensued. This find-
ing led us to extend our analysis to longer time intervals. A colony at an ontogenetic stage
slightly more advanced than the colonies examined earlier was chosen (Fig 1A(b), Fig 9A and
9B). A polyp (212 um?) midway between the colony center and the periphery (red circle in Fig
9A) was fed and images were acquired at 3 hour intervals for >6 days (159 hpf).

Polyps. Luminance of the fed and all unfed polyps are shown in Fig 9D-9F. The fed polyp
luminance (black lines in Fig 9D-9F) was maximal immediately after feeding and declined
markedly in the first 48 hpf, with the most rapid decay occurring in the first 24 hpf. After the
second day, decay in luminance was gradual and was comparable to that displayed by unfed
polyps. The luminance of unfed polyps varied as a function of the distance from the fed polyp
(Fig 9D-9F). Polyps within 3 mm of the fed polyps were the most luminous (Fig 9D), polyps
>3 and <5 mm were less luminous (Fig 9E) and those >5 mm distant showed no increases in
luminance throughout the record (Fig 9F). Increases in luminance in the nearby unfed polyps
paralleled the decline in luminance of the fed polyp, with unfed polyp luminance reaching a
maximum within the first 24 hpf and declining to a common baseline luminance within 48-72
hpf. One small (120 um?) unfed polyp displayed a markedly different temporal pattern, show-
ing a maximal luminance within the 24-48 hpf and a decay to baseline values only after 84 hpf
(box in Fig 9A, arrow in Fig 9D).

Hydrorhiza. The pattern of absorption within the hydrorhiza is shown in S4 Movie. Lumi-
nance was observed in a radial pattern surrounding the fed polyp in the first 24 hpf. By 48 hpf,
hydrorhizal luminance was found at a substantially greater distance from the fed polyp and
was localized toward the colony periphery. Note that maximal luminance in all but one of the
unfed polyps was reached in first 24 hpf and thereafter declined rapidly (Fig 9). The coinci-
dence of the decline in luminance from the polyps with increased luminance of the hydrorhiza
suggests preferential late transport to the colony periphery at longer time scales. At 3-6 days
post-feeding, luminance was diminished throughout, as the tracer was digested.

The long duration of these observations permitted us to document stolon growth (Fig 10).
In the first two days after feeding, most stolons were not observed to grow and those that did
grow were distributed throughout the colony. From two days post-feeding until the termina-
tion of observations after 6+ days, only a few isolated stolons were found to grow, but these
active stolons increased in length by several mm (Fig 10). In the fifth and sixth day post-feeding
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Fig 9. Long time course luminance record. (A) Schematic of colony. Fed polyp, red circle; unfed polyps <3 mm from fed polyp, blue; 3 > x <5 mm, green;
>5mm (orange). Box corresponds to trace designated by arrow in (D). (B) Polyp size frequency distribution. Scale bar = 1 mm. (C) Luminance of distal-most
250 pym of a stolon (blue circles), and that of an identical area 1 mm from that tip (red squares), and a non-growing adjacent tip (green triangles) and a region
1 mm proximal to non-growing tip (purple inverted triangles). (D-F) Mean luminance of fed (black bold trace) and unfed polyps (D) >3, (E) 3<x<5, (F) >5 mm

from fed polyp.
doi:10.1371/journal.pone.0136814.9009

some stolon tips retracted, although the extent of the retraction was small relative to the elon-
gation observed in growing tips. While most of the actively growing stolons were found in
regions of the colony periphery nearest the fed polyp, one stolon on the opposite side of the col-
ony center was observed to grow several mm. Moreover, several stolon tips immediately adja-
cent to the fed polyp displayed no growth.

Stolons that were growing 3-6 days post feeding were observed to continue to receive
labeled albumin at these times. Growing stolon tips were characterized by enhanced luminance
relative not only to non-growing tips, but also to more proximal regions of the same tip (Fig
9C, S5 Movie). These observations are reminiscent of the experiment where stolons were sev-
ered to detect absorption of proteins during the period of late distribution (Fig 8), where nutri-
ent absorption was similarly found to occur in only a subset of the stolons.

Late Ontogeny

Study of immature colonies afforded the opportunity to explore the distribution of nutrients to
small polyps, polyp buds and a relatively sparse vascular network connecting the explant to the
colony periphery. Imaging of colonies later in development (Fig 1Ac-1Ad) allows study of pol-
yps over a range of sizes and, at maturity, investigation of the behavior of medusa-bearing
reproductive polyps.

Polyps. A colony at the ontogenetic stage just prior to the formation of medusae is shown
in Fig 11A. Note that only a portion of such colonies can be imaged at high time-resolution, as
the polyp oscillations occur on a time scale (ca. 90 seconds) that requires that a field of view
remains fixed if the aliasing of the oscillation is to be avoided. Colonies at this stage show a
range of sizes (Figs 1 Ac and 11B). The majority of the smaller polyps will mature into repro-
ductive polyps, but at this stage they remain competent to feed.

The relative luminance of 10 large unfed polyps and 8 small unfed polyps are shown in Fig
11C and 11D, respectively. The relative luminance of the large unfed polyps increases rapidly
in the first two hours post-feeding and thereafter changes little or slightly declines. Small unfed
polyps display a similar pattern, differing only in that they reach a threshold approximately an
hour later than the fed polyps. The food pellet was largely solubilized by the fed polyp by 2.25
hours. Note that the luminosity of the fed polyp (black trace in Fig 11) continues to decline
even after the unfed polyps have reached their maximal luminance.

Five polyps displayed absorption of labelled protein during LD, with one polyp increasing
in relative luminance from 4 hpf and the other four increasing in relative luminance at 7.5-8.0
hours post-feeding (Fig 11E). During this same interval, the fed polyp displayed no change
from the monotonic decay begun at 4 hpf. All five of these polyps were located in the northwest
quadrant of the imaged region, toward the center of the colony. In contrast all polyps that failed
to show absorption of nutrients during LD (Fig 11C and 11D) were located in the other three
quadrants, all closer to the colony periphery.

The patterns in relative luminance seen in colonies late in ontogeny are in broad accord
with those displayed by the colonies at early stages of ontogeny (Figs 3 and 9). Both stages are
characterized by rapid increases in luminance as the food pellet decays, reaching a threshold
that is either maintained or decays slightly, with one or more episodes of later transport to
some, but not all polyps distant from the fed polyp.

PLOS ONE | DOI:10.1371/journal.pone.0136814 September 11,2015 17/36
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Fig 10. Stolon growth (+) and retraction (-) in selected regions at five time intervals (hpf). Fed polyp filled red. Unfed polyps blue open circles. Where
retractions (red) overlapped locations of prior growth (any other color), the retractions are drawn parallel to the regions of growth. Scale bars = 1 mm.

doi:10.1371/journal.pone.0136814.g010

The broad size range of the polyps in colonies at this ontogenetic stage (Fig 11B) led us to
investigate the relationship between polyp size and luminosity (Fig 12). Mean luminosity for a
constant region of interest was determined for all polyps at three time points: 1.5, 4, 9 hpf. A
weak positive relationship of luminosity with polyp size was detected, with several outliers
(r=0.331 at 4 hpf; r = 0.333 at 9 hpf). Polyps displaying high luminosity at small polyp sizes
were located near the fed polyp (blue filled circles in Fig 12A and ellipse in Fig 12B, B respec-
tively). Conversely, a large polyp displaying low luminosity was observed far from the fed
polyp (green filled circle in Fig 12A and box in Fig 12B respectively). Examination of these out-
liers prompted examination of the mean luminosity as a function of the distance from the fed
polyp (Fig 12C). A pronounced decay in luminosity with distance was detected (r = -0.594 at 4
hpf; r = -0.586 at 9 hpf). Data from differing time points were comparable as expected from the
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Fig 11. Late ontogeny colony. (A) Photomicrograph of entire colony with the region imaged enclosed by the
rectangle. This region is shown at higher magnification in Fig 12A. Scale bar = 2 mm. (B) Size frequency
distribution of polyps. Color formatting matched to time-series in (E). (C) Luminance standardized to maximal
luminance (i.e., relative luminance) as a function of time for 10 different large unfed polyps and the single fed
polyp. Fed polyp in black. (D) Relative luminance as a function of time for 8 small unfed polyps and the single
fed polyp. Fed polyp in black. (E) Relative luminance of two additional large (blue) and 3 additional small (red)
unfed polyps. Fed polyp shown in black. Sampling interval: 6 frames/minute, n = 3241.

doi:10.1371/journal.pone.0136814.g011
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points in B. Scale bar = 1 mm. (B) Mean luminance of unfed polyps as a function of polyp size at three time
points: 1.5 hpf, blue circles; 4 hpf, red squares; 9 hpf green triangles. Additional scale shows mean luminance
of unfed polyp standardized to the mean luminance of the fed polyp. Data points enclosed within the ellipse
are derived from the polyps indicated as filled blue circles in A, those enclosed within the box are derived from
the polyp shown as a filled green circle in A. (C) Mean luminance of unfed polyps as a function of the distance
from the fed polyp. Axes and formatting of data points as in B.

doi:10.1371/journal.pone.0136814.9012

thresholds evident in Fig 11. The only notable exception was a polyp in the northwest quadrant
previously detected as a polyp absorbing nutrient from 4 hpf. The relationships between lumi-

nosity and polyp size and with distance are also shown standardized to the mean luminance of
the fed polyp (right y-axis in Fig 12B and 12C). Note that the majority of the unfed polyps have
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values <1, indicating that the fed polyp retains the majority of the fluorescent albumin and
that only large and/or nearby unfed polyps exceed the fed polyp in luminance after 9 hpf.

Colony ontogeny culminates with a dense hydrorhizal network which bears large feeding
polyps and reproductive polyps bearing medusae (Fig 1A(d)). Such a colony is shown in Fig
13A and the relative luminance of the unfed polyps and reproductive polyps shown in Fig 13B
and 13C, respectively, and in S6 Movie. Unfed polyps increase in relative luminance to a maxi-
mum at 2.5 hpf, but thereafter display a pronounced decline in relative luminance (Fig 13B).
This time-course differs from colonies at earlier stages of ontogeny in which decays in relative
luminance were either modest or undetected within 8-10 hpf (Figs 3 and 11). A slight increase
in relative luminance, reflecting absorption of label during late distribution, was detected in
one of the two unfed polyps commencing at 7.2 hpf. The medusa record is similar to that
shown by unfed polyps: a maximum is reached at 2.5 hpf followed by a pronounced decline in
relative luminance (Fig 13C). No increases in relative luminance during the interval of late dis-
tribution were detected in reproductive polyps. Note, however, that the fed polyp, as in previ-
ously discussed colonies (Figs 3 and 11), declines in luminance markedly from 2-8 hpf,
indicating that nutrient distribution is occurring. The mean luminance of medusae varied with
the distance between the reproductive polyp and the fed polyp (r = -0.704 at 2.5 hpf; r = -0.670
at 4 hpf) (Fig 14A).

The rapid decline of label in colonies bearing medusae likely reflects the substantially greater
absorptive surface area in reproductive polyps bearing medusa buds than in other tissue com-
partments. Fig 14B shows the medusa luminance standardized to adjacent stolons, unfed pol-
yps, and the fed polyp respectively at 2.5 and 4.5 hpf. Medusae are 5 times as luminous as
adjacent stolons (p<0.001, Student’s t-test for difference from 1:1 ratio,n = 12,t =7.67 at
2.5 hpf, t = 5.95 at 4.5 hpf), >1.75 times more luminous than unfed polyps (p<0.001, Student’s
t-test, t = 5.18, n = 22, at 2.5 hpf, t = 5.34, n = 23, at 4.5 hpf) and are as luminous or slightly
more luminous than the fed polyp (Student’s t-test, NS, t = 1.24, p = 0.22, n = 22, at 2.5 hpf,
t=2.61,n=23,p<0.05 at 4.5 hpf).

Hydrorhiza. Colonies in late ontogeny display a greater density of stolons and higher con-
nectivity than younger colonies (compare Figs 2,9A to Figs 11A, 12A). To quantify the distri-
bution and absorption of the nutrient tracer in older colonies we measured mean stolonal
luminance in annuli about the fed polyp (Fig 15A). Mean luminance was strongly dependent
upon the distance from the fed polyp (Fig 15B and 15C). Nearby regions reached a threshold at
2.25 hpf (red and orange in Fig 15A and 15B), mirroring the time course observed in unfed pol-
yps (Fig 11). More proximal regions continued to increase in luminance more gradually, as
expected for absorption occurring during the interval of late distribution. The outermost region
at the periphery increased little after 4 hpf, suggesting a limit to the spatial extent to which
materials can be distributed before they are fully absorbed (Fig 15B). Mean luminance in the
hydrorhiza behaves much like a diffusion process (Fig 15C), albeit on a network, with the peri-
ods of early and late distributions characterized by different diffusion coefficients.

Recall that the field of observation in a late ontogeny colony was embedded within a larger
colony and that the polyps that received label during the period of late distribution were located
in the region of the field of view closest to the center of the colony (Fig 11). We explored
whether a similar pattern occurred in the hydrorhizal luminance record. The field of view was
divided into wedges centered on the fed polyp with an internal angle of 45° (S5 Fig). The stolon
record mirrored the results seen in the polyp record (Fig 11). Stolons in the east, south, and
west regions of the colonies reached a threshold in luminance, with no suggestion of additional
absorption during the LD period. In contrast, stolons in the direction of the colony center,
those in the northwest, north and northeast, displayed a signature of absorption during the LD
interval. Mean luminance of the hydrorhiza was roughly half that of adjacent unfed polyps at
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Fig 13. Reproductive colony. (A) Schematic of field of view of a medusae-bearing colony. Fed polyp in red,
unfed polyps outlined in blue, medusae-bearing polyps outline in yellow. Scale bar = 1 mm. (B) Relative
luminance time-series for the fed polyp (black) and two unfed polyps (green, red). (C) Relative luminance for
the 15 medusae-bearing polyps. Fed polyp shown in black. Sampling interval for (B,C): 6 frames/minute,
n=2737.

doi:10.1371/journal.pone.0136814.g013

early times (p<0.001, Student t-test for 1:1 ratio, n = 33, t = 5.99 at 1.5 hpf) and roughly equal
to unfed polyps at late times (p = 0.072, Student t-test for 1:1 ratio, n = 33, t = 1.86 at 4 hpf;
p = 0.0292, Student t-test for 1:1 ratio, n = 32, t = 1.07 at 8 hpf) (Fig 16).
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Fig 14. Medusae luminance. (A) Mean luminance of medusae as a function of their distance from the fed
polyp at 2.5 (blue) and 4.5 (red) hpf. (B) Mean luminance of medusae standardized to mean luminance of
adjacent stolons, unfed polyps, and fed polyps at 2.5 and 4.5 hpf. Errors bars show one standard deviation.

doi:10.1371/journal.pone.0136814.9g014

Repeatability

The raw image sequences for each of the colonies described above may be found in the Dryad
Digital Repository (DOI:10.5061/dryad.5md80). Raw image sequences for replicate colonies at
each of four ontogenetic stages have been also been deposited in the the same location, as have
been image sequences corresponding to replicate day-long polyp behavior and multi-day sto-
lon growth experiments.

Equilibrial Dimensions

Stolon tips display a markedly different rheology than that of older more internal regions of
the hydrorhiza. When axial muscles are relaxed by application of blebbistatin virtually all sto-
lon tips collapse, while the majority of internal regions retain an open lumen (Fig 17A). Under
these same treatments, polyps balloon in size (Fig 17B), indicating that stolons are more resis-
tant to changes in dimension than are polyps. In contrast to polyps, polyp buds behave as do
peripheral stolon tips, with all buds observed collapsing (n = 13). Similarly all radial canals of
medusae collapsed when relaxed (n = 32). The regions previously observed to exhibit enhanced
luminance (stolon tips in Fig 9C, S5 Movie; polyp buds, Figs 4C and 4D; 9D; medusa, Fig 13,
S6 Movie) share the feature that these regions collapse when pressure differentials within the
colony are eliminated.
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Fig 15. Hydrorhizal luminance in late ontogeny. (A) Superimposed on the colony schematic are seven
concentric circles that increase in radius in steps of 0.5 mm. Measurements were made in the annuli between
circles by outlining the stolons and calculating their mean luminance. Irregular areas defined in brown were
not measured. These regions correspond to locations where polyps obscured underlying stolons in part or all
of the record. Color of circles matched to time-series shown in (B). Scale bar = 1 mm. (B) Time-series of mean
luminance for each annulus. Sampling interval: 6 frames/minute, n = 3241. (C) Mean luminance as a function
of distance from fed polyp at 0.85 (closed red), 1.125 (closed green), 1.4 (closed blue), 4 (open orange), 6
(open black), 8 (open brown) hpf.

doi:10.1371/journal.pone.0136814.9g015
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Fig 16. Luminance of hydrorhiza relative to polyps in late ontogeny. (A) Mean luminance of stolons
standardized to the mean luminance of an adjacent unfed polyp (n = 34) at 1.5, 4 and 8 hpf. Errors bars show
one standard deviation. (B) Mean luminance of stolons to mean luminance of the fed polyp at 1.5, 4 and 8 hpf
(n=34). Errors bars show one standard deviation.

doi:10.1371/journal.pone.0136814.9g016
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relaxed, red (n = 11). Polyps were of similar maximal length (700-800 pm).
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Digestive Cell Distributions

Our observations also revealed distinctive patterns in the spatial distribution of gastrodermal
digestive cells (Fig 18, S2 Movie). In the feeding polyp digestive cells are arranged in longitudi-
nal stripes along the oral-aboral axis running from the base of the hypostome to near the
polyp-stolon junction (Fig 18A). At the hypostomal boundary these stripes are aligned with the
positions of tentacle insertion (Fig 18B), hence are positioned between the hypostomal taenio-
lae. The gastric cavity of the medusae-bearing reproductive polyp lacks the radially symmetric
intertaeniolar stripes of the feeding polyp (Fig 18D). Digestive cells in stolons are often, but not
always, observed arranged in roughly helical axial strands (Fig 18C).

Discussion

We have documented the distribution and absorption of fluorescent albumin at multiple stages
of colony ontogeny at spatial scales ranging from that of digestive cells to entire colonies and at
temporal scales from seconds to nearly a week. We find that food items are initially absorbed
by the fed polyp and in regions immediately surrounding the fed polyp. This first phase of dis-
tribution and absorption was signaled by the dissolution of the food within hours post-inges-
tion and disappearance of both pellet fragments and solubilized label from the lumens of the
gastrovascular system.

The spatial distribution of nutrient absorption in this phase approximated a diffusion pat-
tern. This result may have been expected in that recent studies of the polyp-stolon junction
show it to be a blind connection without morphologically distinct valves, nerves or musculature
[16]. Thus, materials exiting the fed polyp into the vasculature would be expected to flow in
accord with pressure differentials between the base of the polyp and positions within the
hydrorhizal network. If the network displays equal connectivity in regions surrounding the fed
polyp, these pressure differentials will be approximately equal and a diffusion pattern would be
the expected outcome.

Following this first phase of distribution, label was found to re-enter the gastrovascular sys-
tem in the form of particulates, which occasionally solubilize. This second phase of distribution
peaks within the first day post-feeding, but continues for several days, resulting in distribution
of the label to a broader region of the colony centered on the fed polyp and also consistent with
that of a diffusive process (Fig 11B and 11C; S5 Movie).

Two considerations complicate the simple diffusion model of nutrient distribution. The
hydrorhiza is a network of anastomosing canals and in growing colonies the connectivity of the
network is unlikely to be equivalent in all directions from many polyps. Where connectivity is
high, fluidic resistance may be expected to be lower and favor distribution in the direction of
high connectivity. This effect may be responsible for the finding that nutrient absorption dur-
ing the LD in large colonies prior to medusa production was greater toward the colony center
than the colony periphery (S5 Fig).

A second consideration derives from the fact that different tissues display different rheolo-
gies. Hydroid intracellular digestion requires that a particulate come into contact with the gas-
trodermal cell surface and remain adjacent to that surface long enough period for microvilli or
folds in the plasma membrane to surround it. This process may be more effective in those tis-
sues with a more compliant rheology as they would be expected to locally collapse when pres-
sure is low likely facilitating the absorption of food items. Three tissue compartments were
found to collapse under the action of the non-muscle myosin II inhibitor blebbistatin: stolon
tips, polyp buds, and radial canals of developing medusae (Fig 17A). Extreme distal portions of
stolonal tips were found to be more luminous than more proximal regions of the same stolon
(Fig 9C, S5 Movie), polyp buds were often found to be notably more luminous than adjacent
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Fig 18. Distribution of label within digestive cells. (A) Feeding polyp. Projection of nine 6.5 um optical sections. Scale bar = 100 ym. (B) Feeding polyp.
Projection of ten 6.5 pm optical sections. Scale bar = 200 um. (C) Stolon gastroderm. Scale bar = 20 um. (D) Gastric cavity of reproductive polyp. Scale
bar =50 pm.

doi:10.1371/journal.pone.0136814.9018

hydrorhizal regions (Figs 4C and 12B), and medusae were more luminous than adjacent sto-
lons or unfed polyps (Fig 14).
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Thus nutrient absorption during both the early and the late distribution resembles a diffu-
sion process, modulated by differences in tissue rheology and differences in hydrorhizal con-
nectivity. In stark contrast to a diffusive process we observed that days after feeding some
stolonal tips and polyp buds receive materials but not others. While the stolon tips that receive
food are typically localized to a region of the colony that includes the fed polyp, it bears empha-
sis that some tips as close or closer to the fed polyp than others do not exhibit enhanced deliv-
ery (Figs 8,10; S5 Movie). This effect was observed both in the experiment where stolons were
severed and later re-attached and in week-long observations of distribution and stolon growth.
Thus, the during the late distribution a shift occurs from a interval within which distribution
and absorption is diffusive to a later period when distribution and absorption are site-specific,
directional, and clearly not approximated by diffusion.

These findings raise four unresolved larger issues to which we now turn.

Cell Biology

A principal finding of this work is that fluorescent albumin was rapidly cleared from the gas-
trovascular system, only to reappear at later intervals as particulates that occasionally solubilize
but that can remain in circulation for days after feeding (Figs 8-10, S3 and S4 Movies). The ini-
tial rapid absorption is consistent with earlier findings that digestion in cnidarians is primarily
intracellular [22, 23]. While some proteolytic activity can be detected in the gastric cavity of a
newly fed polyp [24], Lenhoff [25] showed that most protein is absorbed in unhydrolysed form
and digested intracellularly. Lentz and Barnett [26] and Lentz [27] showed that digestive
enzymes are associated not only with digestive vacuoles, as expected, but also with gastroder-
mal membranes.

Absorption of nutrients by the digestive cells occurs by both pinocytosis and phagocytosis.
The phagocytic pathway allows for the absorption of particles of considerable size (> 5 pm)
and may involve microvilli that adhere to the particle and subsequently fuse with one another
to produce a continuous membrane. Alternatively one or more folds of the plasma membrane
may encircle and engulf large particles [28-33]. These processes likely account for the rapid
uptake of material in the fed polyp and for the absorption of particulates that become lodged in
gastrovascular canals (Fig 5, S1 Movie).

What cell biological processes are responsible for the later release of tracer from the fed
polyp into the hydroplasm? Two hypotheses merit attention. First, material may simply be
ejected from the cell in much the same form as when it was first absorbed. Alternatively some
form of apocrine secretion might be envisaged. Apocrine secretions may be conventional,
where apical portions of the cell detach and enter the circulation. Alternatively, the cell might
package the ingested material in specialized compartments and release these into circulation.
McConnell [34] describes such a process in Hydra, where large ‘capsules’ containing food bod-
ies entered the gastric cavity and ultimately burst and dispersed ‘food bodies’.

A candidate compartment is the discoidal coated vesicle (DCV). These organelles are
known only from the digestive cells of hydroids and may well be diagnostic of the group [26,
27,30-32, 35, 36]. The organelles densely populate the apical cytoplasm of digestive cells.
When empty, DCV are flattened (600 A), cigar-shaped (0.3-0.6 um) structures with a distinc-
tive internal surface. The latter marks them as distinct from typical pinocytotic vesicles. Slaut-
terbach (1967) showed that they can open, fuse with the plasma membrane, absorb material
from the gastric cavity, return to the cytoplasm and later dock with digestive vacuoles. The
latter process can also be detected in Plate 63 of Lentz (1966). Both Lentz (1966) and Slautter-
bach (1967) show that ferritin fed to polyps becomes internalized within DCV. Slatterbach,
however, found no localization of bovine serum albumin, ovoleithin, human haemoglobin, or
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horseradish peroxidase in DCV following injection of these materials into gastric cavities.
Moreover, several other authors, studying the ultrastructure of absorption of Artemia nauplii,
latex beads, and algal cells particles likewise failed to detect any uptake of these materials by
DCV [30, 31, 37].

DCV are a hydroid curiosity and their function invites further study. We wonder whether
their functions may include a route by which ingested materials might be compartmentalized
and released as particulates to the gastrovascular system. This question may be readily explored
by conventional transmission electron microscopy. The abrupt onset and sustained release of
particulates in Hydractinia (Fig 7, S3 Movie) recommend the use of this organism for such an
analysis.

Radial Symmetry

The gastroderm of hydroid polyps displays a pronounced radially symmetric cellular organiza-
tion [38-42]. At the hypostome, the gastroderm is strongly folded, with tentacles inserting
between the folds. The folds are known as taeniolae, and the positions of tentacle insertion may
be called intertaeniolar. Taeniolae are typically features of the oral region of the polyp; they
diminish in size aborally. In some hydroids, notably including Podocoryna [40], tentiolae
extend aborally to just above the base of polyp.

Our observations confirm that the radial organization of the feeding polyp gastroderm is
not limited to the oral region of Podocoryna polyps but extends from the hypostome to the
polyp base with digestive cells arranged in radially symmetric intertaeniolar bands (Fig 18A
and 18B; S7 Movie). The pattern is reminiscent of the arrangement of digestive cells on the
septa or mesenteries in other cnidarian groups, inviting the speculation that the arrangement
of digestive cells observed here is a conserved radial feature diagnostic of the phylum. A com-
parative study of the arrangement of digestive cells across the phylum would be informative.

We did not observe oral-aboral stripes of digestive cells in the gastrodermal cavity of mature
reproductive polyps (Fig 18B). Campbell [41], working with the Hydractinia observed that the
oral blastostyle lacked taeniolae, consistent with the fact that these polyps lack tentacles and do
not feed. Podocoryna difters from Hydractinia in this regard, in that Podocoryna reproductive
polyps begin as tentacle-bearing, feeding polyps only to later lose their tentacles and begin to
develop medusae. A study of the changes in radial organization of the gastroderm during the
change in oral patterning of the Podocoryna sexual polyp would be of interest.

Of further interest is whether the radial organization of digestive cells in feeding polyps
extends into and throughout the hydrorhiza. Our observations have not resolved this question.
In some regions axial strands of digestive cells were found that appeared to wind helically
along the proximal-distal axis of the stolon (Fig 18C), but this configuration was not every-
where evident. Further study is in order and would be facilitated by use of species with larger
stolons and greater distances between polyps or uprights than is the case for Podocoryna. The
techniques we used here to visualize digestive cells provide a ready and simple method for the
surveys we suggest.

Growth

A small literature has developed on colony pattern formation under varying nutritional condi-
tions and our findings are germane to interpreting these findings. Encrusting hydroids grow by
three processes: elongation of stolons, lateral branching of stolons, and budding of polyps (or,
in some species, uprights bearing multiple polyps). Crowell [43] reared Campanularia colonies
feeding them varying numbers of Artemia nauplii. His experiments revealed that peripheral
stolon elongation and uprights/stolon length were little affected by starvation, while lateral
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branching was strongly suppressed. Braverman [44] showed the same effect using Podocoryna.
These studies involved feeding entire colonies on a fixed feeding or starvation routine. Bumann
and Buss [8] followed a different protocol, feeding polyps on one half of a Podocoryna colony,
while starving the other half. They found that peripheral stolons on the unfed side elongated at
the same rate as the fed side, but that lateral branching was strongly suppressed on the unfed
side. The number of polyp buds/stolon length were comparable on the fed and unfed sides, but
only polyps on the fed side grew beyond a certain minimum size. Thus, the fed side of colonies
displayed a dense hydrorhizal network with numerous large polyps, while the unfed side of the
colony was of comparable areal extent but was characterized by a sparse hydrorhiza and uni-
formly small polyps.

These findings are in broad accord with our studies of nutrient absorption. We found that
absorption is localized in a diffusion pattern about the fed polyp, but that directional distribu-
tion to stolon tips and polyp buds also occurs. The close correspondence of colony form to pat-
terns in nutrient absorption was unexpected. One might think that nutrients are delivered to
particular sites, that those sites become mitotically active and enhanced tissue growth results.
However, pattern formation in hydroids has long been appreciated to operate quite differently.
Mitosis is often limited to specific regions and cells actively move along the mesoglea to gener-
ate changes in the sizes of tissue compartments [40, 45-54]. The fact that our studies of nutri-
ent absorption and earlier studies of differential growth are in close accord would seem to
necessarily imply that cell movements are preferentially directed to areas where nutrients have
been absorbed.

Site-specific Delivery

The directional delivery of nutrients to some stolons and not to others calls for an explanation.
Polyps are known to be able to shut off delivery to the hydrorhizal system by constriction of
circular muscles at the polyp base [14], but they lack specialized musculature to close off partic-
ular stolons that emanate from the polyp-hydrorhizal junction [16], which might otherwise
render a finding of site-specific transport less puzzling.

Directional distribution and absorption in a fluid conducting system could be explained in
three different ways. First, the variation in sites of delivery may reflect variability in the
behavior of the pump that drives the fluid. This possibility is excluded by our observation that
polyps were continuously oscillating with monotonically decreasing amplitude for a period of
28 hpf (54 Fig). Whether polyp behavior is intermittent or erratic over longer periods of time is
unknown. A second possibility is that material entered the gastrovascular fluid episodically and
that these injections of labelled nutrient were absorbed in those stolons and polyp buds receiv-
ing flow at the time at which the nutrient was injected. We cannot fully exclude this possibility
with the available evidence, but two lines of evidence argue against it. First, in all colonies we
find a monotonic, rather than episodic, decline in luminosity of the fed polyp (Figs 3,9, 11 and
13). Second, observation during late distribution in H. symbiolongicarpus, where a substantial
portion of the colony was visualized, shows no obvious variability in the density of circulating
material, despite the absorption of material at the colony periphery (57 Movie).

The third and final possible explanation for directed delivery is that there is a mechanism to
enhance volumetric flux from the fed polyp to particular polyp buds and stolon tips over oth-
ers. This possibility is perhaps most likely given that the pump is continuously active and that
the injection of material into the fluid is not markedly intermittent. Laminar flow in pipes is
governed by Hagen-Poiseuille equation, which holds that volume flux scales with the 4™ power
of radius [55]. Thus any mechanism that acts to increase the radius of stolon leading to a par-
ticular tip or bud will necessarily have a pronounced effect on the volume delivered to that
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location. A recent study has shown that stolons possess axial muscles which narrow the stolo-
nal lumen when contracted [16]. This same study showed that nerves are present in the hydro-
rhiza at points just proximal to the stolon tip. When a stolon tip is severed, gastrovascular flow
ceases immediately and only resumes when a new formed tip begins to pulsate [56-60]. These
facts collectively suggest that stolon tips can trigger axial muscles in the stolon. This capacity
may be expected to be shared by polyp buds, which at earliest stages are histologically identical
to stolon tips [61]. If a subset of stolons and/or buds are triggering axial muscles, then volume
flux will be disproportionate to those polyps and buds.

This mechanism requires that only some stolon tips are activating axial muscles at any
given time. Wyttenbach [62] showed that in athecate hydroids only some stolon tips are
actively pulsating at any given time. While the conditions under which stolons become active
are unknown, our data are compatible with the suggestion that only actively pulsating stolons
activate axial muscles to contract. In all hydroids, polyp buds and stolon tips only grow when
they actively pulsate [21, 56-61, 63-67]. We have documented that a tip that received directed
distribution of nutrients was actively elongating, while nearby stolons that did not receive
nutrients were not (Fig 9). The episodic nature of the accumulation of nutrients in stolons in
the severed stolon experiment (Fig 8) may be understood if different stolons become active at
different times. Finally, the accumulation of the nutrients at the tips of those stolons receiving
nutrients is compatible with our observations that the tip gastroderm collapses at lower pres-
sures than more proximal regions of the stolon (Fig 17), allowing more time for membrane-
associated absorptive processes to take place.

How then might a colony make a transition from a diffusive mode to a directional mode of
nutrient distribution? Shortly after feeding, polyp contractions are generating large volume
fluxes (S4 Fig), absorption is rapid (Figs 3, 9, 11 and 13) and advection generates a diffusion
pattern (Figs 4A, 7A and 15). At times long after feeding, when polyp volume fluxes are much
less (S4 Fig), we suggest only a fraction of the stolon tips and polyp buds remain active. Those
tips and buds that remain active may be synchronized with one another, generating greater vol-
ume fluxes from the fed polyp to those tips and buds. The once diffusive delivery system
becomes directional. This transition may underlie the observed change in the period of polyp
oscillations late after feeding (S4 Fig). Indeed, a prior study of the dynamics of gastrovascular
circulation in a one-polyp colony detected two dominant frequencies in the oscillatory dynam-
ics [14], one of which was shown to match the period of the polyp oscillation. We suspect the
second frequency, which became the dominant frequency late in the record, was derived from
the hydrorhiza.

We note that the three possible explanations for directed distribution—irregularity in polyp
pumping, episodic injection of material into the gastrovascular system, and tip-induced regula-
tion of gastrovascular canal radius—are not mutually exclusive.

The transport system has adaptive consequences. During early and mid-ontogeny, the
growing colony experiences both the diffusive and directional modes of nutrient distribution.
Thus, the colony can both invest in growth in locations where recent success in capturing food
occurred, and simultaneously expand at its periphery. During late ontogeny when peripheral
tips are few or absent, reproductive polyps bear medusae. Each medusa is endowed with four
radial canals, and each reproductive polyp bears multiple medusae. Hence reproductive polyps
both have a large surface of area for absorption and a compliant rheology (Fig 17), effectively
insuring that nutrients are directed disproportionally to reproduction. The gastrovascular sys-
tem is an engineering marvel. The same components can not only sequentially direct materials
locally and at a distance, but can similarly direct materials to growth and to reproduction at dif-
fering stages of colony ontogeny.
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Summary

1. An artificial food pellet containing Texas Red conjugated albumin is described. Solutes and
pellet fragments are readily absorbed by hydroid digestive cells. No solid waste is generated
and fed polyps do not regurgitate.

2. When a polyp is fed a single fluorescent pellet, the pellet is digested within the first 2-3 hpf,
such that no fluorescent signal is detectable in the gastrovascular system. Rather, the label is
found concentrated in digestive cells of the fed polyp and in a diffusion pattern in regions
immediately surrounding the fed polyps.

3. After 6 hpf, label reappears within the gastrovascular system in the form of particulates that
occasionally solubilize. This period of late distribution correlates with the loss of label from
the fed polyp. The circulating material results in label reaching more distant regions of the
colony, albeit in a broader diffusion pattern centered on the fed polyp.

4. Tracer molecules continue to circulate for over 6 days post-feeding. At later intervals, the
distribution and absorption of label become concentrated in some, but not all, peripheral
stolon tips and polyp buds. Distribution and absorption during this period shifts from diffu-
sive to directional.

5. Unfed polyps and stolons accumulate comparable quantities of label. Polyp buds, stolon
tips, and radial canals of developing medusae absorb relatively greater amounts of nutrient.
Treatment of colony with the non-muscle myosin II inhibitor blebbistatin showed that
these same tissues collapse when internal pressures within the colony are equalized.

6. Digestive cells within feeding polyps extend from the base of the hypostome to just above
the polyp stolon junction in an intertaeniolar arrangement. Digestive cells are uniformly
distributed in medusae-bearing polyps.

Supporting Information

S1 Fig. Orientation effects. (A, B) Two views of the same polyp. The food item (red) is imaged
in the fluorescent channel and the polyp in DIC. Note that the polyp has rotated and the hypo-
stome obscures part of the food pellet in (B). Scale bar: 200 pm.

(TTF)

S2 Fig. Variability in relative luminance of the fed polyp in the inverted (green), side (red)
and top up (magenta) orientations. Solid lines are 50 point moving averages. Large variations
in the top up orientation are generated by the high density of medusa bearing polyps that often
elect changes in the orientation of the fed polyp.

(TTF)

$3 Fig. Mean luminance of selected time intervals for unfed polyps displaying nutrient
absorption during the LD interval. The data is identical to that shown in Fig 3 except that the
time scale has been expanded to provide greater detail. Color coding following that shown in
Fig 1.

(TIF)

S4 Fig. Mean luminance of a polyp imaged in the side orientation. (A) Full 28 hour record
(n =10,075). (B) 1.2-1.5 hpf.(C) 12.0-12.3 hpf. (D) 14.5-15.5 hpf. Note that polyp oscillates
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throughout the entire record, with the amplitude of oscillation declining with time. Further
note that the period is much reduced at latest interval.
(TIF)

S§5 Fig. Distribution towards colony center in late ontogeny colony. (A) Superimposed on
the colony schematic are 8 wedges each spanning 45°. Measurements were made in each wedge
by outlining the stolons and calculating their mean luminance. Irregular areas defined in red
were not measured. These regions correspond to locations where polyps obscured underlying
stolons in part or all of the record. Color of wedges matched to time-series shown in (B,C). (B)
Times-series for regions 45°-270° (northeast to west). (C) Time-series for regions 270-45°
(northwest to northeast). Sampling interval for (B,C): 6 frames/minute, n = 3241.

(TIF)

S1 Movie. Luminance in a portion of the hydrorhiza at 200X. Clip begins with a DIC image
to capture the relevant network configuration followed by the fluorescent images. The clip
repeats with the images color-coded for intensity. Time displayed as hours:minutes:seconds
post-feeding. Images acquired at 6 frames per minute. Scale bar = 50 um. The time-series for
this record was shown in text Fig 6.

(MOV)

$2 Movie. Luminance in a portion of the hydrorhiza at 100X. Clip begins with a DIC image
to capture the relevant network configuration followed by the fluorescent images at 1.5, 10 and
12 hpf. Images acquired at 6 frames per minute. Scale bar = 50 um. Selected images from this
film were shown in text Fig 7.

(MOV)

S$3 Movie. Luminance in Hydractinia symbiolongicarpus at hourly intervals from 1-94 hpf.
Scale bar = 2 mm.
(MOV)

S$4 Movie. Hydrorhizal luminance for the colony shown in Figs 10 and 11. First frame shows
schematic of colony, followed by frames showing luminance on 6 consecutive days. Scale

bar = 1 mm.

(MOV)

§5 Movie. Tip Luminance and Growth. Portion of the colony shown in Figs 10 and 11 and 4
Movie, showing a growing stolon tip. First frame is schematic of region of interest with the fed

polyp denoted by the red circle. Thereafter, luminance of selected region is shown at 3 hr inter-
vals from 87-129 hpf, at which point the growing tip fuses with another stolon eliminating the
tip. Not that the extreme distal end of the glowing tip is more luminous than proximal regions

of the same or surrounding stolons throughout.

(MOV)

S6 Movie. Distribution to a reproductive polyp bearing multiple medusae. 3-7 hpf. Scale
bar: 250 pm.
(MOV)

S$7 Movie. Optical sections (0.5 pm) through two feeding polyps showing intertaeniolar dis-
tribution of digestive cells. Number of sections/polyp = 32. Scale bar: 200 um.
(MOV)

S1 Software. Code for calculating polyp volumes.
(DOCX)
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