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Abstract
The colonial hydroid Podocoryna carnea grows adherent to surfaces progressing along

them by a motile stolon tip. We here ask whether the stolon tip grows preferentially within

grooves etched in silicon wafers. In a series of pilot experiments, we varied the dimensions

of grooves and found that stolons did not utilize grooves with a width:depth of 5:5 μm or

10:10 μm, occasionally followed grooves 25:25 μm in size, and preferentially grew within

grooves of a width:depth of 50:50 μm and 100:50 μm.We then grew colonies in grids, with

fixed 50:50 μmwidth:depth channels intersecting at 90° every 950, 700, 450, or 150 μm.

We find that stolons grew within grooves early in colony ontogeny, but remained restricted

to them only in the grid pattern with channel intersections every 150 μm. Finally, we created

a grid in the shape of the Yale Y logo, with channels of 50:50 μmwidth:depth and intersec-

tions every 100 μm. The resulting colonies conformed to that of the logo. Our findings dem-

onstrate that stolons respond to surface heterogeneity and that surface etching can be used

to fabricate microfluidic circuits comprised of hydroid perisarc.

Introduction
Hydroids, like many colonial animals, often encrust surfaces in the sea [1–3]. They grow by the
elongation and lateral branching of stolons. The resulting network of vascular canals can define
the colony’s form. Form is typically species-specific; indeed, clone-specific in those species for
which the topic has been studied [4–11]. The most detailed studies of clonal repeatability have
been performed on colonies reared on glass surfaces in the laboratory. Under these conditions
stolons tend to elongate without curvature and branch at set angles [4,5,8]. Whether this regu-
larity is autogenous or reflects the homogeneity of the environment provided is an open
question.

Two anecdotal observations motivate this study; both suggest that stolon tips of hydractiniid
hydroids may be responsive to the microenvironment surrounding them. The first observation
derives from long experience in growing Hydractinia symbiolongicarpus and Podocoryna car-
nea in the laboratory. We propagate these animals by tying a loop of thread around a
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microscope slide, slipping a tissue fragment from a stock colony under the thread, and removing
the thread once the colony develops stolons that fix it to the slide. On very rare occasions removal
of the thread reveals a stolon that has grown a substantial distance right along the margin of the
thread without branching. This observation brings to mind another. Both of the hydroids men-
tioned grow as encrustations atop snail shells occupied by hermit crabs. Field studies of recruit-
ment have led us to examine many young colonies, which had not yet covered their shells [12–
14]. Not infrequently a shell is found bearing a colony of only a few polyps, but for which one or
more stolons have traversed a substantial distance along a suture line on that shell.

These two observations made us wonder whether the behavior of a tip is an endogenous
invariant, or whether tips may be responsive to aspects of the environment surrounding them.
We have investigated this problem by growing colonies of the hydroid Podocoryna carnea on sili-
con wafers etched with a variety of groove patterns. We find that stolon tips prefer to grow in
grooves indicating that tips have the capacity to detect and respond to their microenvironment.

Methods

Animals
Podocoryna carnea is an athecate hydroid, which grows by elongation and lateral branching of
stolons and the formation of new polyps atop existing stolons (Fig 1A). Young colonies are
characterized by a stolonal network, called the hydrorhiza, of low connectivity (Fig 1A and 1B).
Stolons fuse whenever lateral tips approach the flank of an existing stolon of the same colony.
Hence the hydrorhiza of mature colonies becomes a densely connected network of stolons (Fig
1C). In such a state, further lateral branching is suppressed and medusa are formed, which
embark on the sexual pelagic phase of the life cycle. Stolons are attached to the substratum
[15,16] and hence the colony is effectively two-dimensional.

Our studies employ colonies of a single strain (P3) of P. carnea, collected from the intertidal
of Lighthouse Point, New Haven CT in 1989 and propagated asexually in the laboratory ever
since. The original collection was made under a permit issued by the Connecticut Department of
Environmental Protection. Podocoryna carnea is neither a protected nor an endangered species.

Colonies were maintained under standard conditions [8]. Briefly, colonies were grown
either on glass surfaces or silicon wafers. Clonal replicates were generated by explanting a small

Fig 1. Podocoryna carnea (A) Top view of a young colony bearing a single polyp (p) and a ramifying hydrorhizal network of stolons (s). (B) Digitized image of
a colony after 20 days growth. Circle denote locations of polyps, straight-line segments denote stolons. (C) Digitized image of the same colony after 58 days
growth. Scale bar: 1 mm.

doi:10.1371/journal.pone.0156249.g001
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region of the hydrorhiza bearing 1–3 polyps and affixing them to the surface with a loop of
quilting thread. After 2–7 days the colonies had attached and the thread was removed. Colonies
were held in recirculating aquaria with daily exchanges of 25% of the seawater (31 ppt). Colo-
nies were fed to repletion every other day with 3–4 day old Artemia salina nauplii.

Etched Substrata
We reasoned that if colonies respond to surface micro-heterogeneities that it should be possible
to induce a colony to grow in an arbitrary design. We chose the Yale Y logo as such a design.
We performed two pilot experiments to establish the depth and spacing of grooves to utilize in
the Yale Y experiment. In the first pilot experiment, a single silicon wafer was etched with
grooves of varying width:depth (5:5, 10:10, 25:25, 50:50, 100:50 μm). An explant was placed
adjacent to the grooves, and subsequent growth observed 14 days later. Digital images of colo-
nies growing on etched surfaces were obtained using a Canon EOS 7D equipped with a Canon
IS 100 mmmacro lens. For comparison with stolons growing within grooves, we measured the
width of 150 stolons growing on the same silicon wafers in regions of the wafer that was not
etched. Stolon width was recorded as the distance from the one edge of the perisarc to the
other on a line drawn perpendicular to the axis of growth. In a second pilot experiment, a series
of grids were generated. All grids were etched with grooves at fixed width and depth of 50 μm,
with the grooves intersecting at 90° angles every 950 (n = 4), 700 (N = 3), 450 (n = 4), or 150
(n = 6) μm. Colonies were imaged weekly for up to 13 weeks (S1 Table). Based on the results of
the pilot experiments, 8 replicate silicon wafers were etched in the shape of the Yale University
logo. Grooves were of a fixed width and depth of 50 μmwith 90° intersections every 100 μm
(Figs 2 and 3). Colonies were imaged monthly for 8 months (S1 Table).

When imaged from above, polyps obscure the hydrorhiza immediately underlying them. To
visualize the hydrorhiza in these locations, we digested the living tissue from one replicate colony
growing on a Yale Y silicon wafer and stained the perisarc using wheat germ agglutinin (WGA).
To remove tissue, colonies were relaxed for 90 seconds in 2% urethane (Sigma) and placed in
dH2O for 10 minutes in a Coplin jar. Colonies were then placed horizontally in Petri dishes and
digested for 10–15 minutes in 10% KOHwith 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 dH2O. Chitin is a principal component of perisarc and
WGA binds to the N-acetyl-D-glucosamine residues of chitin [17–20]. To stain with wheat germ
agglutinin, slides were incubated for 20 minutes at room temperature in 25 μg/ml WGA-Alexa-
Fluor 555 (Invitrogen) in PBS, washed 3x5 minutes in PBS, imaged in dH2O using a Texas Red
filter set (Ex 560nm, Em 645nm) on a Zeiss Lumar fluorescence dissecting microscope.

Silicon wafers were etched using standard lithographic processes [21,22]. A photomask was
created by a direct write laser (Heidelberg DWL66fs) on a 7 inch soda lime substrate using a.
gdsii file generated in Adobe Illustrator. Subsequent lithography used a 150 mm silicon wafer
coated with 1.5 μm of S1813 photoresist and pattern transfer using an EVG620 contact aligner.
After development in MF319 developer, the wafer was etched in an Oxford 100 DRIE tool to
the desired depth using a standard Bosch process [23]. Photoresist masking was removed by
plasma ashing in an oxygen plasma. Wafers were then cleaned in a standard solvent cycle,
rinsed in dH20 and dried with nitrogen [24].

Glass Surfaces
Podocoryna carnea was been the model organism for the study of colonial animal morphology
[4,5,8,10,11,13,20,25–41]. We do not seek to replicate this considerable literature and will pre-
sume it understood that colonies do not naturally adopt a hydrorhizal network in the form of
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the Yale Y logo. We did however wish to compare stolon branching on glass substrata with the
90° branching imposed experimentally. To that end, we grew three colonies on glass micro-
scope slides and imaged these colonies every other day for 58 days using a Zeiss Lumar dissect-
ing microscope under the control of Zeiss Axiovision imaging software. We used these
colonies to measure the angle at which lateral branches emerge from existing stolons (n = 50
branches/colony) for three 26 day old colonies. We manually digitized the image of one colony
at 20 days and 58 days after explanting using a Wacom Cintiq 24D graphics monitor to gener-
ate the images used in Fig 1B and 1C.

Fig 2. Yale Y logo. A grid pattern in the configuration of the Yale logo. Channels are 50 μm in width and
50 μm in depth, with intersections between channels occurring every 150 μm. The grey regions at the base
and top of the arms of the logo are regions etched to a depth of 50 μm and used to initiate the growth of
colonies from explants.

doi:10.1371/journal.pone.0156249.g002

Fig 3. Silicon wafers etched with Yale logo, shownmounted on glassmicroscope slides in a plastic
rack used to hold the wafers while in aquarium culture.

doi:10.1371/journal.pone.0156249.g003
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We also measured the length of growing tips using colonies grown on glass cover slips (n = 21).
Measurements were made at 200X using a Zeiss Axiovert compoundmicroscope. Hydroid stolon
tips are specialized tissues that undergo periodic extensions and retractions, with the former
exceeding the latter in amplitude when the stolon is elongating [42–51]. Epithelial cells at the tip
are attached to an acellular perisarc they secrete. A short distance proximal to the tip, the epithe-
lium is no longer attached to the perisarc. We measured tip length as the distance between the tip
to the distal-most point at which the epithelium was found detached from the perisarc. We mea-
sured the longer distance in those cases where the epithelia detached from the perisarc at differing
distances from the tip on opposite sides of the stolon. Both the angle of branching and stolon length
measurements was obtained from digital images using Zeiss Axiovision software.

The sample statistics for all experiments on both etched and glass surfaces are summarized
in S1 Table.

Results

Grooves
Stolons showed no propensity to grow within grooves with width:depth of 5:5 and 10:10 μm
(Fig 4A and 4B). One stolon was found to grow within a groove of 25:25 μmwidth:depth, but
lateral branches from that stolon did not (Fig 4C). Stolons were found predominantly within
grooves of 50:50 and 100:50 μmwidth:depth (Fig 5A and 5C). In these cases, stolon tips often
arose adjacent to a groove and elongated to form lateral branches within it (arrows in Fig 5B
and 5D). Branches that crossed the grooved surface often located a groove and thereafter con-
tinued to grow within it (arrowheads in Fig 5A and 5C).

Grids
Colonies growing within grids with intersections spaced at intervals of 450, 700, and 900 μm
(n = 4, 3, 4, respectively) all exhibited the same pattern of growth. In early time intervals, stolons
were restricted to grooves, branching at intersections in the grid pattern with only rare exceptions
(Fig 6A). As polyp buds and eventually mature polyps developed on these stolons, new stolons
tips emerged from the base of these polyps and begin to populate the plateaus separating the
grooves (Fig 6B). A 3 month time-series for a representative colony is shown in S1Movie.

In contrast, colonies populating the 150 μm grid (n = 6) rarely ventured outside of grooves
(Fig 7). Stolons of young colonies displayed a propensity to not only follow grooves, but also to
grow within grooves in a zig-zag pattern (Fig 7C). A 3 month time-series for a representative
colony is shown in S2 Movie.

Yale Y
In all replicates, stolons grew within the grid pattern to generate a colony in the form of the
Yale Y logo (n = 8). Stolons emerged from the grid when reaching the margins of the grooved
region (Fig 8). A 6 month time-series for a representative colony is shown in S3 Movie.

Polyps obscure view of the configuration of stolons beneath them (Figs 7 and 8). To deter-
mine whether stolons remained in the grid at the base of polyps, we removed the living tissue
and stained the perisarc (Fig 9). Stolons were found to emanate from the polyp base even in the
Yale Y configuration where stolons between polyps grew only within grooves.

Stolon Morphometrics
The width of stolons, measured from perisarc to perisarc, was obtained for stolons growing on
regions of the silicon wafers that had not been etched (Fig 10A). Note that the average width of
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stolons (49.5 +/- 8.5 μm) closely approximates the channel width preferred by stolons (Figs 5–
8). The length of stolon tips was determined from observations of growing stolons at 200X (Fig

Fig 4. Shallow, narrow grooves.Groves run horizontally. Width:Depth (A) 5:5 μm, (B) 10:10 μm, (C)
25:25 μm. Regions of the wafer internal to the yellow bounding boxes were etched with grooves, regions
outside the box were not etched. Scale bar = 1 mm.

doi:10.1371/journal.pone.0156249.g004

Molding Colony Form

PLOSONE | DOI:10.1371/journal.pone.0156249 June 3, 2016 6 / 15



10B). Note that tip length frequently, but not always, exceeds the channel width in which sto-
lons prefer to grow. Finally, the angles at which lateral branches emerge from stolons growing
freely on glass closely approximated the 90° angle imposed on etched surfaces (Fig 10C).

Fig 5. Wide, deep grooves.Groves run horizontally. Width:Depth (A, B) 50:50 μm, (C,D) 100:50 μm. Regions of the wafer internal to the solid yellow
bounding boxes were etched with grooves, regions outside the box were not etched. Regions outlined in blue in A, C are shown at higher magnification in B,
D. Scale bar for A, C = 1 mm, for B, D = 200 μm.

doi:10.1371/journal.pone.0156249.g005

Fig 6. Grid with intersections between channels spaced at 700 μm. (A) After 45 days growth. (B) Same
wafer after 57 days growth. Scale provided by grid pattern.

doi:10.1371/journal.pone.0156249.g006
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Raw Data and Specimens
The colonies growing in grids and in the form of the Yale logo have been accessioned to the
Division of Invertebrate Zoology, Yale Peabody Museum (YPM#12228), where they are avail-
able for inspection. Time series of images of colonies growing in grids and the logo are available
on the Dryad Data Repository (DOI:10.5061/dryad.ff893).

Discussion
Our results show that stolon tips grow preferentially in grooves. We suspect that tips are capa-
ble of exhibiting this behavior because of an interplay that necessarily arises between the

Fig 7. Grid with intersections between channels spaced at 150 μm. (A) After 45 days growth. (B) Magnification of region outlined in white in panel A. (C)
Magnification of region outlined in yellow in panel A. Scale provided by grid pattern.

doi:10.1371/journal.pone.0156249.g007

Fig 8. Podocoryna carnea adopting a colony form in the configuration of the Yale Y logo. Scale bar: 2
mm.

doi:10.1371/journal.pone.0156249.g008
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deposition of perisarc and elongation of the tip. Hydroid stolons literally grow inside of an acel-
lular tube that they create [17,18,52]. The tip secretes perisarc, which is pliable when secreted
and hardens with time [47,49,53–56]. We found that tips failed to follow grooves if the grooves
were narrow and shallow (Fig 4). The stolon remained within the groove when the width of the
groove approximated the perisarc-to-perisarc width of an unobstructed stolon (Figs 5 and
10A). We suggest that in a groove approximating the width of a stolon, the as yet unhardened
perisarc conforms to the walls of the groove and thereby constrains the elongating stolon to
extend within the groove.

At an intersection between two channels, the perisarc is not bounded by walls on either side
for a distance of 50 μm. We found that in some cases the tip continued to extend within the
groove leading to the intersection (Figs 5 and 6A). In other cases the tip turned regularly in a
zig-zag fashion maintaining a constant angle of growth from its original branching point (Fig
7C). Only rarely did a tip make consecutive right (or left) turns to close onto itself (but see Fig
7C for two instances).

We think that these behaviors may reflect the positioning of the stolon within the channel
(Fig 11). We hypothesize that tips that are affixed to the base of the channel will continue to
grow through intersections (Fig 11A–11C) without turning. Stolons that are affixed to the
channel base and to one wall may, in passing into an intersection, first hug the wall to which it
is attached bringing the tip into contact with the opposite wall, along which it thereafter
extends (Fig 11D–11F), generating a zig-zag pattern of growth. Finally, if the stolon is affixed

Fig 9. Hydrorhiza at the base of polyps. (A) Colony shown in Fig 8 with tissues removed and the perisarc stained with WGA. Regions outlined in yellow
are location of selected polyps. Scale bar: 2 mm. (B-E) Hydrorhiza at the base of polyps in left hand (B), right hand (C) arms of the Y logo and in the shaft (D)
and base (E) of the logo. Chloe, the opening in the perisarc from which a polyp emerges, outlined in yellow in (A) are shown running from top to bottom in
B-D and from right to left in E. Scale for B-E provided by grid pattern (100 μm between channel intersections).

doi:10.1371/journal.pone.0156249.g009

Molding Colony Form

PLOSONE | DOI:10.1371/journal.pone.0156249 June 3, 2016 9 / 15



primarily to the wall of the channel, the tip may remain affixed to that wall generating a closed
loop (Fig 11G–11I). Another variable that may be germane is the length of tip, which in some
cases are longer than the intersections are wide, but can be shorter (Fig 10B). The hypotheses

Fig 10. Morphometrics (A) Frequency distribution of stolon width (n = 150), measured perpendicular to the
long axis of the stolon from perisarc to perisarc for colonies growing on silicon wafers. (B) Frequency
distribution of stolon tip length (n = 21) measured from distal most point of tip to proximal point where the
epithelia separates from the perisarc for colonies growing on glass. (C) Frequency distribution of angles
subtended by 50 lateral branches for three 26 day old colonies growing on glass. Colors represent different
colonies. Note each branch generates two angles which together sum to 180°.

doi:10.1371/journal.pone.0156249.g010
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Fig 11. Hypothesized relationship between the positioning of the stolon within a channel and subsequent growth behavior. (A, D, G) A side
view of a stolon attached to the base of the channel (A), the wall and the base (B), or the wall alone (C). Red indicates the boundary of the perisarc, grey
indicates the boundary of the epithelia. (B, E, H) Top view showing the behavior of the tips hypothesized to result from the configurations shown in (A, D,
G) respectively. Arrow indicates direction of growth. (C, F, I) Stolons growing within a grid with intersections every 150 μm, illustrating each the behaviors
described.

doi:10.1371/journal.pone.0156249.g011
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illustrated in Fig 11 can be readily tested by imaging the behavior of tips as they traverse inter-
sections followed by sectioning of wafers to determine whether the hypothesized correlations
with positioning of the stolons within channels hold. Alternatively, surfaces might be coated
with materials antithetical to growth forcing stolons to grow only on walls or only on channels
bases and observing whether the expected behaviors obtain.

The observation that large polyps in both grids (Fig 6B) and the Yale logo configuration
(Fig 9) were found to give rise to stolons from their base is unsurprising. The polyp pumps
nutrients from its gastric cavity into the hydrorhizal network [20,57] and an increase in the
connectivity of stolons adjacent to polyps will reduce fluidic resistance.

The fact that stolon tips preferentially grow within grooves illustrates that the tip responds
to surface micro-heterogeneity. One wonders if the capacity of tips to respond to their local
environment is limited to selecting grooves over untextured surfaces. For example, predators
or abrasions induced by the activities of their hermit crab hosts damage stolons and severed
stolons subsequently generate new tips that reconnect to the colony. This process would be
facilitated if the tip could preferentially grow on surfaces coated with chitin or some other peri-
sarcal component. Other capacities are easily imagined; the tip may prefer to grow toward the
shell’s aperture or away from potential competitors, either of which may potentially be detect-
able by water-borne cues. Hypotheses as to the capacities of stolonal tips to behave as sensory
organs are readily testable. One need only grow a tip within a groove leading to an intersection
where one path is provided with the material to be tested and the other not.

Our results may have a different utility. The hydrorhizal network of a colony exhibits an
underlying statistical regularity, but the network configuration of two isogenic replicates is
never identical [8,25,29,35]. This fact bedevils any investigation that seeks to standardize col-
ony form. Growing colonies on etched surfaces should permit investigators to standardize
hydrorhizal morphology during a broad swath of colony ontogeny.

Aside from potential utility to biological investigations, our findings may be of interest to
engineers concerned with the design and fabrication of microfluidic devices. After removing
the living tissues of a Podocoryna carnea colony, the chitinous perisarc remains (Fig 9). The
result is a precise internal array of channels, a microfluidic circuit. Some hydroids, for example
the sylasterine hydrocorals [58], secrete calcium carbonate and other invertebrates, silicon
dioxides. Moreover, an increasing number of animals can be genetically transformed which
may permit changes in the constituents and the material properties of these secretions and
hence provide a new arena for fabrication technology.

Supporting Information
S1 Movie. Colony growing in grid pattern with channels of 50:50 width:depth and channel
intersections every 700 μm.Movie encompasses 91 days of growth. Scale provided by the grid
pattern.
(MOV)

S2 Movie. Colony growing in grid pattern with channels of 50:50 width:depth and channel
intersections every 150 μm.Movie encompasses 90 days of growth. Scale provided by the grid
pattern.
(MOV)

S3 Movie. Colony growing in the form of the Yale logo, with channels of 50:50 width:depth
and channel intersections every 100 μm.Movie encompasses 179 days of growth. Scale pro-
vided by the grid pattern.
(MOV)
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S1 Table. Summary of experiments and sampling statistics.
(DOCX)

Acknowledgments
We thank Ed Bolton, Casey Dunn and Matt Nicotra for comments.

Author Contributions
Conceived and designed the experiments: LWB EDBMP JZ. Performed the experiments: EDB
CPA. Analyzed the data: LWB. Contributed reagents/materials/analysis tools: MP. Wrote the
paper: LWB.

References
1. Boardman RS, Cheetam AH, Oliver WA Jr. (1973) Animal Colonies. Stroudburg, Pennsylvannia: Dow-

den, Hutchinson & Ross.

2. Larwood G, Rosen B (1979) Biology and Systematics of Colonial Organisms. London: Academic
Press.

3. Jackson JBC, Buss LW, Cook RE (1985) Population Biology and Evolution of Clonal Organisms. New
Haven, Connecticut: Yale University Press.

4. Braverman M (1963) Studies on hydroid differentiation. II. Colony growth and the initiation of sexuality.
Journal of Embryology and Experimental Morphology 11: 239–253.

5. Braverman M (1974) The cellular basis of morphogenesis and morphostasis in hydroids. Annual
Review of Oceanography and Marine Biology 12: 129–221.

6. McFadden CS, McFarland M, Buss LW (1984) The biology of hydractiniid hydroids. 1. Colony ontogeny
in Hydractinia echinata. Biological Bulletin 166: 54–67.

7. Buss LW, Blackstone NW (1991) An experimental exploration of Waddington's epigenetic landscape.
Proceedings of the Royal Society of London 332: 49–58.

8. Blackstone NW, Buss LW (1991) Shape variation in hydractiniid hydroids. Biological Bulletin 180: 394–
405.

9. Yund PO (1991) Natural selection on hydroid colony morphology by intraspecific competition. Evolution
45: 1564–1573.

10. Blackstone NW (1998) Morphological, physiological and metabolic comparisons between runner-like
and sheet-like inbred lines of a colonial hydroid. Journal of Experimental Biology 201: 2821–2831.
PMID: 9739065

11. Dudgeon SR, Kübler JE (2011) Hydrozoans and the shape of things to come. Advances in Marine Biol-
ogy 59: 107–144. doi: 10.1016/B978-0-12-385536-7.00003-0 PMID: 21724019

12. Yund PO, Cunningham CW, Buss LW (1987) Recruitment and post-recruitment interactions in a colo-
nial hydroid. Ecology 68: 971–982.

13. Buss LW, Yund PO (1988) A comparison of modern and historical populations of the colonial hydroid
Hydractinia. Ecology 69: 646–654.

14. Nicotra ML, Buss LW (2005) A test for larval kin aggregation. Biological Bulletin 208: 157–158. PMID:
15965120

15. Chapman DM (1969) The nature of cnidarian desmocytes. Tissue & Cell 1: 619–632.

16. Marcum BA, Diehl FA (1978) Anchoring cells (desmocytes) in hydrozoan polypCordylophora. Tissue &
Cell 10: 113–124.

17. Brown C (1975) Structural Materials in Animals: Coelenterata. New York: JohnWiley & Sons.

18. Tidball J (1984) Cnidaria: Secreted surface. In: Bereiter-Hahn J, Matolsky A, Richards K, editors. Biol-
ogy of the Integument Berlin: Springer-Verlag. pp. 69–78.

19. Buss LW, Anderson C, Bolton EW (2013) Muscular anatomy of the Podocoryna carnea hydrorhiza.
Plos One 8, e72221. doi: 10.1371/journal.pone.0072221 PMID: 23967288

20. Buss LW, Anderson CP, Perry EK, Buss ED, Bolton EW (2015) Nutrient distribution and absorption in
the colonial hydroid Podocoryna carnea is sequentially diffusive and directional. Plos One 10:
e0136814. doi: 10.1371/journal.pone.0136814 PMID: 26359660

Molding Colony Form

PLOSONE | DOI:10.1371/journal.pone.0156249 June 3, 2016 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156249.s004
http://www.ncbi.nlm.nih.gov/pubmed/9739065
http://dx.doi.org/10.1016/B978-0-12-385536-7.00003-0
http://www.ncbi.nlm.nih.gov/pubmed/21724019
http://www.ncbi.nlm.nih.gov/pubmed/15965120
http://dx.doi.org/10.1371/journal.pone.0072221
http://www.ncbi.nlm.nih.gov/pubmed/23967288
http://dx.doi.org/10.1371/journal.pone.0136814
http://www.ncbi.nlm.nih.gov/pubmed/26359660


21. MoreauWM (1987) Semiconductor Lithography: Principles, Practices and Materials. New York and
London: Plenum Press.

22. Franssila S (2010) Introduction to Microfabrication. London: JohnWiley and Sons.

23. Jansen HV, de Boer MJ, Unnikrishnan S, Louwerse MC, Elwenspoek MC (2009) Black silicon method
X: a review on high speed and selective plasma etching of silicon with profile control: an in-depth com-
parison between Bosch and cryostat DRIE processes as a roadmap to next generation equipment.
Journal of Micromechanics and Microengineering 19: 033001.

24. Kern W (1993) Handbook of Semiconductor Cleaning Technology. Part Ridge, NJ: Noyes Publishing.

25. Braverman M (1962) Podocoryna carnea, a reliable differentiating system. Science 135: 310–311.
PMID: 17834031

26. Braverman M (1968) Studies on hydroid differentiation. III. The replacement of hypostomal gland cells
of Podocoryna carnea. Journal of Morphology 126: 95–106. PMID: 4386939

27. Braverman M (1971) Studies on hydroid differentiation. VII. The hydrozoan stolon. Journal of Morphol-
ogy 135: 131–152. PMID: 4400260

28. Braverman M (1974) The cellular basis of colony form in Podocoryna carnea. American Zoologist 14:
673–698.

29. Braverman M, Schrandt RG (1966) Colony development of a polymorphic hydroid as a problem in pat-
tern formation. In: ReesWJ, editor. The Cnidaria and their Evolution. New York: Academic Press. pp.
169–198.

30. Buss LW, McFadden CS, Keene DR (1984) Biology of hydractiniid hydroids. 2. Histocompatibility effec-
tor system competitive mechanismmediated by nematocyst discharge. Biological Bulletin 167: 139–
158.

31. Buss LW, Blackstone NW (1991) An experimental exploration of Waddington's epigenetic landscape.
Philosophical Transactions Royal Society London B 332: 49–58.

32. Dudgeon S, Buss LW (1996) Growing with the flow: on the maintenance and malleability of colony form
in the hydroidHydractinia. American Naturalist 147: 667–691.

33. Buss LW (2001) Growth by introsusception in hydractiniid hydroids. In: Jackson JBC, Lidgard S, McKin-
ney FK, editors. Evolutionary Patterns: Growth, Form and Tempo in the Fossil Record. Chicago: Uni-
versity of Chicago Press. pp. 3–26.

34. Bumann D, Buss LW (2008) Nutritional physiology and colony form in Podocoryna carnea (Cnidaria:
Hydrozoa). Invertebrate Biology 127: 368–380.

35. Blackstone NW (1996) Gastrovascular flow and colony development in two colonial hydroids. Biological
Bulletin 190: 56–68.

36. Blackstone NW (1999) Redox control in development and evolution: evidence from colonial hydroids.
Journal of Experimental Biology 202: 3541–3553. PMID: 10574731

37. Blackstone NW (2001) Redox state, reactive oxygen species and adaptive growth in colonial hydroids.
Journal of Experimental Biology 204: 1845–1853. PMID: 11441027

38. Blackstone NW (2003) Redox signaling in the growth and development of colonial hydroids. Journal of
Experimental Biology 206: 651–658. PMID: 12517982

39. Blackstone NW, Bivins MJ, Cherry KS, Fletcher RE, Geddes GC (2005) Redox signaling in colonial
hydroids: many pathways for peroxide. Journal of Experimental Biology 208: 383–390. PMID:
15634856

40. Blackstone NW, Cherry KS, Glockling SL (2004) Structure and signaling in polyps of a colonial hydroid.
Invertebrate Biology 123: 43–53.

41. Harmata KL, Blackstone NW (2011) Reactive oxygen species and the regulation of hyperproliferation
in a colonial hydroid. Physiological and Biochemical Zoology 84: 481–493. doi: 10.1086/661952 PMID:
21897085

42. Hale LJ (1960) Contractility and hydroplasmic movements in the hydroidClytia johnstoni. Quarterly
Journal of Microscopical Science 101: 39–51.

43. Hale LJ (1964) Cell movements, cell division and growth in the hydroidClytia johnstoni. Journal of
Embryology and Experimental Morphology 12: 517–538. PMID: 14207037

44. Wyttenbach CR (1968) The dynamics of stolon elongation in the hydroid,Campanularia flexuosa. Jour-
nal of Experimental Zoology 167: 333–351.

45. Wyttenbach CR (1973) The role of hydroplasmic pressure in stolonic growth movements in the hydroid,
Bougainvillia. Journal of Experimental Zoology 186: 79–90.

46. Wyttenbach CR (1974) Cell movements associated with terminal growth in colonial hydroids. American
Zoologist 14: 699–717.

Molding Colony Form

PLOSONE | DOI:10.1371/journal.pone.0156249 June 3, 2016 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/17834031
http://www.ncbi.nlm.nih.gov/pubmed/4386939
http://www.ncbi.nlm.nih.gov/pubmed/4400260
http://www.ncbi.nlm.nih.gov/pubmed/10574731
http://www.ncbi.nlm.nih.gov/pubmed/11441027
http://www.ncbi.nlm.nih.gov/pubmed/12517982
http://www.ncbi.nlm.nih.gov/pubmed/15634856
http://dx.doi.org/10.1086/661952
http://www.ncbi.nlm.nih.gov/pubmed/21897085
http://www.ncbi.nlm.nih.gov/pubmed/14207037


47. Beloussov LV (1973) Growth and morphogenesis of somemarine Hydrozoa according to histological
data and time-lapse studies. Publications of the Seto Marine Laboratory 20: 315–336.

48. Beloussov LV, Badenko LA, Kurilo LF, Katchuri Al (1972) Cell movements in morphogenesis of hydroid
polypes. Journal of Embryology and Experimental Morphology 27: 317–337. PMID: 4402664

49. Beloussov LV, Labas JA, Kazakova NI, Zaraisky AG (1989) Cytophysiology of growth pulsations in
hydroid polyps. Journal of Experimental Zoology 249: 258–270.

50. Donaldson S (1974) Terminal motility in elongating stolons of Proboscidactyla flavicirrata. American
Zoologist 14: 735–744.

51. Kosevitch IA (2006) Mechanics of growth pulsations as the basis of growth and morphogenesis in colo-
nial hydroids. Russian Journal of Developmental Biology 37: 90–101.

52. Thomas MB, Edwards NC (1991) Cnidaria: Hydrozoa. In: Harrison FW,Westfall JA, editors. Micro-
scopic Anatomy of the Invertebrates. New York: Wiley-Liss. pp. 91–184.

53. Knight DP (1968) Cellular basis for quinone tanning of the perisarc in the thecate hydroidCampanularia
(=Obelia) flexuosa Hinks. Nature 218: 584–586.

54. Knight DP (1970) Sclerotization of the perisarc of the calyptoblastic hydroid, Laomedea flexuosa. 1.
The identification and localization of dopamine in the hydroid. Tissue Cell 2: 467–477. PMID:
18631526

55. Knight DP (1971) Sclerotization of the perisarc of the calyptoblastic hydroid, Laomedea flexuosa. 1. His-
tochemical demonstration of phenol oxidase and attempted demonstration of peroxidase. Tissue Cell
3: 57–64. PMID: 18631541

56. Tardent P, Jauch U (1983) An ultrastructural study of homoclonal and heteroclonal encounters between
the stolons of Podocoryne carneaM. Sars (Hydroidea: Athecata). Mechanisms of Ageing and Develop-
ment 21: 257–272. PMID: 6887980

57. Dudgeon S, Wagner A, Vaisnys JR, Buss LW (1999) Dynamics of gastrovascular circulation in the
hydrozoan Podocoryne carnea: the one-polyp case. Biological Bulletin 196: 1–17. PMID: 25575381

58. Cairns SD (2011) Global diversity of the Stylasteridae (Cnidaria:Hydrozoa:Athecatae). Plos One 6:
e21670. doi: 10.1371/journal.pone.0021670 PMID: 21799741

Molding Colony Form

PLOSONE | DOI:10.1371/journal.pone.0156249 June 3, 2016 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/4402664
http://www.ncbi.nlm.nih.gov/pubmed/18631526
http://www.ncbi.nlm.nih.gov/pubmed/18631541
http://www.ncbi.nlm.nih.gov/pubmed/6887980
http://www.ncbi.nlm.nih.gov/pubmed/25575381
http://dx.doi.org/10.1371/journal.pone.0021670
http://www.ncbi.nlm.nih.gov/pubmed/21799741

