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pattern is largely affected well before metamor-
phosis. Pdu-ptc is also down-regulated (fig. S9),
as it is observed in Ah-mutant flies (/6) and
vertebrates lacking shh expression (17). Pdu-Gli
(Fig. 2I) stripes are mostly persistent even at high
doses of cyclopamine. The specificity of the ef-
fects of mid-trochophore cyclopamine treatment
on the patterning of the segmental ectoderm is
demonstrated by the persistence of gene expres-
sion in tissues other than segmental ectoderm.
Hence the expression of Pdu-en and Pdu-Lbx in
segmental mesoderm (Fig. 2, F and K, red ar-
rows), the stomodeal expression of Pdu-hh and
Pdu-Wntll (Fig. 2, E and H, blue asterisks), and
the pygidial expression of Pdu-Wntl11 and Pdu-Cex
(Fig. 2, H and L, green asterisks) are maintained,
whereas the proctodeal expression of Pdu-Wntl is
slightly enlarged (Fig. 2G, green asterisks).

The effect of cyclopamine on Pdu-hh stripes
must be indirect, if we suppose that the direct
targets of Hh signaling are only those cells ex-
pressing Pdu-Gli, away from segment borders.
In Drosophila (Fig. 3), wingless (wg) expression
is maintained by Hh signaling in the anterior com-
partment just anterior to the en stripe, whereas wg
signaling is necessary to maintain en and A/ striped
expression in the posterior compartment (/8). In
Platynereis, Pdu-Wntl, the ortholog of Drosophila
wingless (8), is expressed just anterior to Pdu-en
and Pdu-hh stripes on the other side of segmental
grooves. Its strong down-regulation by cyclopamine
(Fig. 2G) is consistent with a loop of regulation
similar to the one known in Drosophila. Ladybird,
the fly gene orthologous to Pdu-Lbx, is expressed
in epidermal stripes overlapping wingless stripes in
the anterior compartment of the epidermis and is
positively regulated by wingless (19). By contrast,
cyclopamine treatment in the annelid does not
abolish completely Pdu-Lbx stripes in trochophores
(Fig. 2K), which suggests that other factors are in-
volved in its maintenance. Another difference be-
tween the annelid and the fly is that Pdu-Wntl is
not expressed in complete circular stripes in the
trochophore (it is during posterior growth) but
only in the lateral parapodial field (Fig. 2G). It
was thus interesting to look at Pdu-Smo regula-
tion of other Wnt genes potentially involved in
segment formation. Pdu-Wntll is expressed in
thick stripes in the posterior halves of segments
and is strongly down-regulated by cyclopamine
(Fig. 2H). Pdu-WntS5 is expressed in the anterior
halves of segments and is, in contrast, much more
resistant to cyclopamine (Fig. 2J).

Our work demonstrates the involvement of
the Hh pathway in segment formation outside of
arthropods. It contrasts with earlier studies of /A
orthologs in annelid species (20, 21). The com-
parison of the effect of Hh signaling inhibition in
Platynereis and in insects [i.e., the fruit fly and
the coleopteran Tiibolium (3)] reveals extensive
similarities. As in insects, Platynereis Hh presum-
ably diffuses anteriorly to maintain Wnt signal-
ing anterior to the hh-expressing cells (Fig. 3),
which may in turn be crucial to maintain segment
boundary gene expressions, including Pdu-hh.

As in insects, Hh is not necessary in the initial
setting of the segmental pattern but is required to
maintain this pattern before the morphological
appearance of segments. The comparison of seg-
ment polarity gene patterns between Platynereis
and arthropods (Fig. 3) reveals four independent
players with remarkably similar expressions:
engrailed, Lbx/ladybird, the Hh pathway, and
Whntl/wingless signaling. The most likely expla-
nation of these similarities is that these genes
were already playing similar roles in a metameric
protostome ancestor. The alternative explanation
would be a parallel recruitment of these genes
for similar functions in annelids and arthropods.
Because they are not known to be part of a con-
served core regulatory network or “kernel” (22) that
might have been coopted en bloc, each gene would
have been recruited independently, which seems
unlikely. Altogether, these four players are ex-
pressed in the same spatial relation across the
annelid segment boundary as they are across the
parasegmental boundary in arthropods (Fig. 3).
This suggests that these two boundaries are homol-
ogous as was proposed earlier (8). Therefore, the
segmented exoskeleton of the arthropods must
have evolved out of frame with the ancestral proto-
stome segmentation (fig. S13). This ancestral proto-
stome segmentation is nowadays “recapitulated”
as parasegmental patterning in the embryos of ex-
tant arthropods.
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Chemoattraction to

Dimethylsulfoniopropionate Throughout
the Marine Microbial Food Web

Justin R. Seymour,>?3* Rafel Simd,* Tanvir Ahmed,* Roman Stocker®

Phytoplankton-produced dimethylsulfoniopropionate (DMSP) provides underwater and atmospheric
foraging cues for several species of marine invertebrates, fish, birds, and mammals. However,

its role in the chemical ecology of marine planktonic microbes is largely unknown, and there is
evidence for contradictory functions. By using microfluidics and image analysis of swimming
behavior, we observed attraction toward microscale pulses of DMSP and related compounds among
several motile strains of phytoplankton, heterotrophic bacteria, and bacterivore and herbivore
microzooplankton. Because microbial DMSP cycling is the main natural source of cloud-forming
sulfur aerosols, our results highlight how adaptations to microscale chemical seascapes shape
planktonic food webs, while potentially influencing climate at the global scale.

arine plankton inhabit heterogeneous
microscale seascapes (/) where chemical
cues allow motile organisms to exploit
nutrient patches (2, 3), locate mutualistic partners
or hosts (4), and select or avoid prey (5). Dimethyl-

sulfoniopropionate (DMSP) is a phytoplankton-
produced solute, which can constitute up to 10%
of total cell carbon (6). It is released into the water
column via point source events, including exu-
dation, grazing, and cell lysis (6). These events
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generate submillimeter, diffusing DMSP pulses
that may act as chemical hot spots for microbes
that use DMSP as a source of carbon and sulfur
(7, 8). Although DMSP represents a potent direct
or indirect [by transformation into dimethylsul-
fide (DMS)] foraging cue for sea urchins, coral-
reef fish, procellariiform birds, penguins, and seals
(9-12), its role as a chemical cue among marine
microorganisms remains unclear. Some bacterio-
plankton exhibit attraction to DMSP (4, 13), but
it has also been suggested that this compound is
involved in a grazing-deterrence mechanism in
phytoplankton (74, 15). These largely unresolved
and apparently contradictory ecological functions
of DMSP are likely to play important roles in
global sulfur biogeochemistry. Oceanic cycling
of DMSP into volatile DMS and the emission
and subsequent oxidation of DMS in the atmo-
sphere shape the atmospheric radiative balance
by affecting the formation and albedo of clouds
(16). Therefore, a potentially large and direct in-
fluence of the marine biosphere on climate is ul-
timately mediated by microbial interactions at the
microscale.

We studied the chemotactic behavioral re-
sponse of seven species of marine microbes by
using a microfluidic system (fig. S1) (17, 18) to
create ephemeral, submillimeter diffusing patches
of DMSP and related compounds, including DMS,
dimethylsulfoxide (DMSO), and glycine betaine
(GBT) (Fig. 1; Fig. 2, A to D; and fig. S2), all of
which are ubiquitous in the pelagic ocean. The
spatiotemporal scales of the chemical patches
produced were congruent with release events in
the ocean. DMS and DMSO are DMSP deg-
radation products (6), whereas GBT is analogous
to DMSP in chemical structure and physiologi-
cal function (79). Strong chemotactic responses
toward DMSP and GBT were displayed by five
organisms, which is consistent with the structural
analogy between the compounds and the fact that
they share membrane transport systems in hetero-
trophic bacteria and some phytoplankton (7, 8).
Positive, albeit weaker, attraction to DMS and
DMSO occurred, in line with the observation that
these compounds are less biologically labile than
DMSP (6, 7). Positive responses were characterized
by dense accumulations of cells within chemical
micropatches, often occurring in less than 30 s
(Fig. 2 and fig. S2). Although negligible chemo-
tactic responses (Fig. 1 and fig. S2) or repulsion
(e.g., Fig. 2D) were observed in some instances,
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positive chemotaxis was observed in 74% of
tested cases, indicating that DMSP and related
chemicals are potent chemoattractants across mul-
tiple trophic levels in the marine microbial food
web. We measured the relative strength of the
response using a chemotaxis index, /¢, that quan-
tifies the magnitude of the accumulation of orga-
nisms within the chemical patch, and we estimated
the increase in integrated chemical exposure due to
chemotaxis with an exposure index, I (/8) (fig.
S3). Strong responses led to >65% enhancement
in exposure to these compounds (Fig. 1), which,
in the ocean, will confer a substantial advantage
to chemotactic foragers.

DMSP is produced by many microalgal spe-
cies, for which it plays multiple physiological roles
(6). On the other hand, for non—-DMSP-producing
autotrophs, uptake and assimilation of DMSP
may represent a source of reduced sulfur (8, 20).
We found that motile phytoplankton can use
chemotaxis to actively seek out localized DMSP
pulses. The chlorophyte Dunaliella tertiolecta [The
Provasoli-Guillard National Center for Culture of
Marine Plankton (CCMP)1320] and the prasino-
phyte Micromonas pusilla (CCMP2709) both ex-
hibited substantial chemoattraction to DMSP,
reaching /¢ values of 1.94 and 4.96, respectively
(Fig. 1; Fig. 2, B and D; and fig. S2, D and E).
D. tertiolecta was also attracted to DMS (Fig. 1,
Fig. 2D, and fig. S2E). In contrast, the motile
cyanobacterium Synechococcus WH8102 did not
exhibit chemotaxis to any tested compound (/¢ <
0) (Fig. 1 and fig. S2C), despite its ability to take
up DMSP (20). The M. pusilla strain used here
actively assimilatess DMSP sulfur into macro-
molecules (/&) and utilizes chemotaxis to increase
its exposure to DMSP by up to 41% (Fig. 1).

REPORTS

The strong response of D. tertiolecta is in-
triguing because [*>S]DMSP uptake experiments
indicate that this strain does not take up or
assimilate DMSP (/8). Instead, it cleaves DMSP
extracellularly to produce DMS (fig. S4). This,
along with the strong attraction toward DMS, sug-
gests an ecophysiological requirement for DMS.
Dunaliella sp. have been shown to photooxidize
DMS into DMSO (27), but in DMS-addition ex-
periments with D. tertiolecta (CCMP1320), we
did not observe any degradation or incorporation
of DMS (fig. S5). Hence, in this case, an as-yet-
undefined incentive other than sulfur incorporation
drives chemotaxis to DMSP. Therefore, chemo-
attraction to DMSP by phytoplankton can be driven
by divergent ecophysiological demands: Some
phytoplankton use chemotaxis toward DMSP to
assimilate it; others exhibit chemotaxis before
extracellular transformation of the compound. Fur-
thermore, because predators are also attracted to
DMSP patches (e.g., Figs. 2C and 3) the eco-
logical benefits of these responses must outweigh
the potential cost of increased exposure to grazing.

DMSP produced by phytoplankton also sup-
ports a significant proportion of the carbon and
sulfur requirements of marine heterotrophic bacte-
ria (7, 22). Between 30 and 90% of oceanic DMSP
is metabolized by bacteria, which either de-
methylate DMSP to assimilate part of its sulfur
as methanethiol (MeSH) or cleave DMSP to re-
lease DMS (7, 8, 23). We quantified the chemo-
tactic response of the a-proteobacterium Silicibacter
sp. (TM1040) and the y-proteobacterium Pseudo-
alteromonas haloplanktis [American Type Cul-
ture Collection (ATCC) 700530]. Both Silicibacter
sp. (TM1040) and some strains of P. haloplanktis
demethylate DMSP (24, 25). P. haloplanktis

T™1040
0.80
(@7%)

0.73
(9%)

haloplanktis wH8102

20pM
2uM
DMS 20uM &
2uM
DMSO 20 uM
2uM

GBT 20uM

ASW

pusilla

Dunaliella Neobodo Oxyrrhis
tertiolecta designis ‘marina

_
(-10%) 1
0.70 0.63
(2%) (-17%) 7.0

(120) 40
038 039
©%) (1

Fig. 1. The strength of the attraction to pulses of DMSP and related compounds, as illustrated by the
chemotactic index (/c), which is based on cell distributions, and the exposure index (/g), which is based on
response speed and substrate diffusion rates (18). Both /c and /g are population-averaged quantities. The
color code and top number in each cell describe maximum /¢ values observed during each experiment.
Large positive I indicates strong chemotactic attraction, whereas /¢ < 0 corresponds to lack of attraction.
Numbers in parentheses correspond to the /¢ averaged over time (1 to 6 min). Where /¢ is large but /g is
small (e.g., N. designis), organisms respond strongly but not rapidly. ASW denotes the artificial-seawater-only
control. Gray boxes are cases where no data were acquired.
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exhibited strong chemotaxis (I = 3.78) toward
high (500 uM) DMSP concentrations (Figs. 1 and
2A), using highly directional swimming to mi-
grate into the DMSP patch with a chemotactic
velocity of up to 35 um s, or 44% of the mean
swimming speed (80 um s '). Bacterial chemo-
tactic migration rates are typically <10% of swim-
ming speed (26), indicating that DMSP represents

Fig. 2. Chemotactic A
responses to diffusing
patches of DMSP and re-

lated compounds. Spatio- E
temporal distributions of 3
(A) the bacterium P. hal-
oplanktis, 500 .M DMSP,

(B) the phytoplankter 1 2
M. pusila, 20 M DMSP, g

and (C) the dinoflagellate
Oxyrrhis marina, 20 uM
DMSP. Colors denote cell
concentration, normalized
to a mean of 1. White tri-
angles indicate times at
which cell concentrations
across the channel width
(x) were measured. (D)
Sample concentration pro-
files of organisms across
the microchannel width,
normalized to a mean of
1 (measurement times
are given in the key). Al- 1 2
though attraction was

observed for many sulfur

X (um)

Micromonas pusilla. 20 yM DMSP

a potent chemoattractant for this strain. In accord-
ance with previous observations (4), TM1040 also
exhibited positive, albeit weaker (I = 0.80), chemo-
taxis toward DMSP (20 and 500 uM) (Figs. 1 and
2D, and fig. S2B). The rapid response of these
bacterial strains resulted in increased exposure to
DMSP by up to 66% (Fig. 1). This will impart a
significant advantage over nonmotile competitors

Pseudoalteromonas haloplanktis: 500 M DMSP D

N W s

1

4 5 6 7 8

Concentration of organisms

Oxyrrhis marina. 20 M DMSP

in the environment. Such competitive interactions
may also determine the balance of DMSP that is
demethylated to MeSH or cleaved into DMS, in-
fluencing ocean-atmosphere sulfur flux (7, 76).
For microzooplankton, DMSP may be both
a resource and an infochemical. DMSP uptake
has been shown to supply reduced sulfur to a di-
noflagellate grazer via both prey ingestion and

4 5 6 7 8 9

s Oxyrriiis marina , 20 UM DMSP, t = 15 s

Dunalielia tertiolecta , 2 4M DMS, t =30 s
Micromonas pusilia , 20 UM DMSP, t =210 s

Oxyrrhis marina , 20 UM DMS, t = 135 s

Neobodo designis , 20 yM DMSO, t =390 s
Pseuvdpalteromonas haloplanktis 500 uM DMSP, t =60 s
Pseudoalteromonas haloplanktis , 20 uM GBT,t =120 s
Silicibacter TM1040 , 500 uM DMSP, t = 300 s

time (min)

compounds (solid lines), repulsion also occurred (dashed line). For all cases, the pulse was released at time t = 0 at the center of the microchannel (x = 0) and had an initial
width of 300 pm. The full set of spatiotemporal cell distributions is given in fig. S1.

y (um)

0
-1800  -750 0 750 1500

X (um)

Fig. 3. Swimming behavior of O. marina in response to a 20 uM DMSP pulse.
(A and B) Trajectories acquired (A) att = 15 s and (B) t = 255 s, color-coded as
follows: blue, swimming left at >85 um s~ red, swimming right at >85 um s™;
green, trajectories fully within central 300 um; and gray, all others. Yellow dots

B
4500
3000
1500
0
1500  -750 0 750 1500
X (pim)

-1500 -750 0 750 1500

time (min)

indicate starting points, and the gray background is the modeled DMSP
concentration field. (C) Chemotactic velocity (i.e., inward speed), U, measured
across the channel at t = 15 s. (D) Spatiotemporal distribution of the rate of
change of direction relative to background value.
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osmotrophic uptake (27). The chemical signature
of DMSP produced by phytoplankton could also
provide a prey cue for foragers, yet current evi-
dence indicates that DMSP inhibits grazing by
microzooplankton (/5). To examine this apparent
paradox, we measured the foraging response of
the herbivorous dinoflagellate Oxyrrhis marina
(ICM isolate) and the bacterivorous heterotrophic
nanoflagellate Neobodo designis (CCAP1951/1) to
DMSP micropatches. Both species exhibited pos-
itive chemotaxis. V. designis displayed the highest
levels of chemoattraction (Ic = 1.40) to low con-
centrations (2 pM) of DMSP (Fig. 1 and fig.
S2F), presumably because of the saturation of
chemoreceptors at high DMSP concentrations.
O. marina exhibited chemotaxis (Ic = 1.04 to
7.59) to all tested concentrations of DMSP, DMS,
DMSO, and GBT (Fig. 1; Fig. 2, C and D; and
fig. S2G), with its response to DMSP the
strongest observed among all cases tested (Ic =
7.59). O. marina showed pronounced shifts in
swimming behavior, migrating into DMSP patches
with chemotactic velocities of up to 135 um's ', or
35% of the mean swimming speed (330 um sh
(Fig. 3, A to C), and doubling turning rates once
inside the patch to retain position within it (Fig. 3D).
These chemotactic responses by O. marina
are difficult to reconcile with the hypothesis that
DMSP is used by phytoplankton in a chemical de-
fense system against this species (74, 15, 28).
This view was derived from observations that bulk
additions of 20 uM DMSP reduced grazing rates
of O. marina on the DMSP-producing phyto-
plankton Emiliana huxleyi (15). In light of the
strong attractive responses observed here, we alter-
natively propose that O. marina might utilize
DMSP as a prey cue. This is consistent with ob-
servations that viral infection of E. huxleyi, which
will augment DMSP release, increases grazing
rates by O. marina (29). We suggest that in pre-
vious grazing experiments (/5), bulk additions of
DMSP obscured the microscale chemical signa-
ture of individual phytoplankton cells by saturat-
ing the system with signal molecules, masking
the position of cells, and reducing grazing rates.

Fig. 4. Chemical micropatch A
diffusion dynamics. (A) Spatio-
temporal variation of the DMSP 40
concentration (M) following the )
lysis of a 5-um radius phyto- -
plankton cell. Distance from the

center of the cellis r, time elapsed

since lysis is t. (B) Spatial varia- 0 100
tion of the DMSP concentration
with distance from a stressed (18),
DMSP-exuding phytoplankton
cell, for two cell radii (5 and
10 um). In (A) and (B), the in-
tracellular DMSP concentration
was 100 mM. (C) The initial DMSP
concentration in the microfluidic

60

Bulk seawater concentrations of DMSP are
typically in the nanomolar range (30), whereas
phytoplankton internal concentrations can exceed
100 mM (6). Thus, DMSP concentrations will be
orders of magnitude higher than background with-
in microzones surrounding individual phyto-
plankters that leak DMSP because of cell damage
or lysis (Fig. 4, A and B). In our experiments, ini-
tial concentrations rapidly decreased as patches
diffused (Fig. 4C), so that concentrations in the
microchannel paralleled those expected around
cells in the environment. Phagotrophic grazers re-
sponded to pulses with lower DMSP concentrations
(2 uM) than were detected by heterotrophic bacteria
(20 to 500 uM), potentially allowing grazers to
respond from greater distances. A 0.1 M sensitivity
will allow a grazer to detect a stressed, or virus-
infected (29), phytoplankton cell exuding DMSP
from 50 um away (Fig. 4B). At the chemotactic
velocities observed here, O. marina can cover this
distance in <0.5 s. In contrast, one-tenth the sen-
sitivity (1 uM) will hardly allow bacteria to detect
exuding phytoplankton (Fig. 4B). However, it en-
ables them to detect the lysis of a DMSP-producing
phytoplankton cell from >150 um away and for a
total time of >15 s (Fig. 4A), which permits uptake
of the DMSP-rich cell lysis products. Therefore,
the ecological role of chemotaxis toward DMSP
may vary between microorganisms. Foraging mi-
crozooplankton could use DMSP chemotaxis as a
searching tool to hone in on prey from tens of
micrometers away, whereas bacteria might use it to
maintain close associations with phytoplankton
cells (4) or to exploit cell lysis events (29, 31).

These findings imply that DMSP and related
compounds are pervasive chemical cues that
drive microbe-microbe interactions within the ma-
rine microbial food web and thus extend the
importance of these infochemicals from macro-
organisms (9-/2) to microorganisms. In nature,
the chemotactic responses demonstrated here may
boost DMSP consumption rates by supporting
algal-bacterial mutualism and could enhance
DMS production by increasing both microbial
exposure to DMSP pulses and grazing rates on

100 B o6
-3
10 2 0.4
.
(%]
=
1 802
(@]
0.1 0
200 300 0 100 200 300
r(um)
0.4
0.3
02
0.1
0
120 180 240 300
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pulses rapidly diffused to considerably lower values. Colors show the computed reduction factor
(concentration normalized by the initial concentration in the patch), as a function of time t and distance x

across the microchannel.
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DMSP-producing prey. These are key regulating
processes for ocean-atmosphere DMS flux. This
portends that microbial behaviors, played out over
microscale chemical landscapes, shape planktonic
food webs while potentially influencing climate
at global scales.
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