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Predator-Induced Trophic Shift of a Free-Living
Ciliate: Parasitism of Mosquito Larvae by Their Prey

JAN O. WASHBURN, MICHAEL E. Gross, DAviD R. MERCER,

JoHN R. ANDERSON

Larvae of the trechole mosquito, Aedes sierrensis, release a waterborne factor that
induces morphogenesis of one of their prey, the tetrahymenid ciliate Lambornelia
clarki. Induced free-living trophonts of L. clarki undergo a synchronous response in
which cells divide and transform into patasitic cells (theronts) that encyst on larval
predators. Parasitic ciliates penetrate the cuticle, enter the hemocoel, and ultimately
kill their predator-host. In nature, this trophic shift can lead to predator extinction and
dramatic changes in microbial populations. Facultative parasitism by this polymorphic
ciliate may have evolved as an antipredator strategy. The experimentally inducible
parasitic response of L. clarki provides a novel model for studying cellular morphogen-

esis of ciliated protozoa.

REDATION IS A POTENT ECOLOGICAL
force that has affected physiological,
morphological, and behavioral traits
of prey species through evolutionary time.
The widespread occurrence of toxins, cryp-
sis, mimicry, and nocturnalism may be at-
tributed, to a considerable extent, to the
evolutionary power of predation for shaping
natural histories of prey species. Some ani-
mals have inducible antipredator defenses
that are manifested only in the presence of
predators, an ecologically prudent strategy
that conserves an individual’s resources until
the threat of predation is imminent. Most
induced defenses lower the value of prey by
increasing a predator’s handling time or by
making the prey unpalatable. Such induced
antipredator transformations are known for
a variety of aquatic organisms including
protozoa (1), rotifers (2), and cladocerans
(3). In these interactions, prey respond to
waterborne substances released from natural
predators by developing spines, crests, cap-
sules, or other protuberances that increase
prey size and preclude or restrict predator
consumption.
While searching for new biological con-
trol agents of larval mosquitoes, we discov-
ered a more extreme induction defense in a
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protozoan living in water-filled treeholes of
western North America: larvae of Aedes sier-
rensis (Diptera: Culicidae) induce transfor-
mation of one of their protozoan prey,
Lambornella clarki (Ciliophora: Tetrahy-
menidae), into obligate parasites that attack
the insect predator. Larval mosquitoes re-
lease a water-soluble factor that induces cell
division and rapid morphological transfor-
mation of the free-living, pyriform morphs
(trophonts) of L. clarki. Daughter cells of
induced trophonts transform into spherical,
astomatous cells (theronts) that form inva-
sive cysts on cuticles of larval predators.
These encysted morphs form small holes in
the cuticle and enter the hemocoel where
they multiply and ultimately kill their preda-
tor-host. Moribund and deceased hosts re-
lease numerous trophonts, some of which
differentiate into theronts that attack surviv-
ing predators (Fig. 1). Using the ecological
strategy of shifting trophic levels, trophonts
avoid predation and parasitize their would-
be predators. This shift allows for changes in
the microbial community by reducing or
eliminating populations of the dominant
predator.

Aedes sterrensis and L. carki are wide-
spread inhabitants of trecholes on the west
coast of North America (4, 5). Mosquitoes
and ciliates survive during the summer dry
season in desiccation-resistant eggs and

cysts, respectively. Larval mosquitoes hatch
within a few hours after trecholes fill with
water during the fall rainy season; shortly
thereafter, L. clarki and other protozoans
appear in the water column (5). Larvae
persist in diapause throughout the winter
and feed by browsing substrates and filter-
ing microorganisms from the water.

With the exception of newly hatched first
instars (<48 hours old) which are too small
to ingest trophonts, all larval instars of A.
stervensis feed on L. clarki, and filter feeding
rates progressively increase with later in-
stars. In nature, larval populations are often
limited by food (6), and their feeding activi-
ties eliminate free-swimming L. clarki and
other protozoans from treehole water (Fig.
2). When A. séerrensis and L. clarki co-occur
in trecholes, trophonts are rare or absent,
and ciliate populations primarily consist of
endoparasitic morphs within the hemocoels
of larvae. However, in the absence of mos-
quito predators L. clarki may reach densities

Fig. 1. Polymorphism in the ciliate Lambornella
clarki. (A) Three free-living trophonts and one
parasitic theront of L. clarki. Specimens stained by
protargal. (B) Invasive cysts formed by theronts
on the cuticle of a first instar A. siervensis. Cysts are
stained with amide black dye.
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in excess of 100 cells per milliliter as tro-
phonts feeding on bacteria and other micro-
organisms. Such free-living populations per-
sist indefinitely so long as trecholes hold
water (5, 7).

We examined this predator-prey—host-
parasite relationship in the laboratory using
trophonts of L. clarki cultured in vitro in a
cerophyl infusion (8). When we added lar-
vac to trophont populations in artificial
trecholes, invasive cuticular cysts first ap-
peared on larvae approximately 40 hours
after introduction (Fig. 3) (9). Most encyst-
ment occurred between 48 and 72 hours; by
90 hours trophonts were extinct, and para-
sitic ciliates had penetrated the cuticles of
larvac. We demonstrated in another experi-
ment the correlation between morphogen-
esis of free-living ciliates and predator intro-
duction by staggered additions of A. sierren-
sis larvae. Larvae were added at 24-hour
intervals to three ciliate populations from
the same in vitro culture; both the rapid
decline in trophont density and encystment
of theronts were temporally correlated with
larval additions (Fig. 4). Despite heavy pre-
dation pressure, 6 to 13% of the surviving
ciliates transformed successfully and en-
cysted on larval predators sampled at 48 and
72 hours after the first addition of larvae.
No cysts were present in samples collected
24 hours after the first introduction of lar-
vac.

To examine whether waterborne morpho-
genic agents mediate induction and transfor-

mation of L. clavki, we introduced trophonts
to water that previously contained larval
mosquitoes. Mosquito-conditioned water
was produced by placing larvae with differ-
ent feeding histories in a dilute solution of
autoclaved, natural trechole water and de-
ionized water (10); after 24 hours we fil-
tered the water through a 10-um Nitex
mesh. Control water was similar, except that
it was not conditioned by larval presence.
We introduced aliquots of trophont cultures
to control and treatment water and main-
tained these in environmental growth cham-
bers at 11°C. After 48 hours, we added ten
first instar larvae (<24 hours old) to each
replicate; all replicates were returned to
growth chambers for an additional 24
hours. Use of young first instars is a suitable
test for transformed cells because they pro-
vide an encystment substrate for theronts,
but do not feed on ciliates. By examining
first instars after 24 hours of exposure, we
climinated induction of trophonts caused by
addition of the first instars themselves since
encystment of theronts occurs 24 to 72
hours after exposure to mosquitoes (Figs. 3
and 4). Results from three experiments (Ta-
ble 1) show the presence of a morphogenic
agent produced by larvae and contained in
the mosquito-conditioned water. Encyst-
ment rates of ciliate populations exposed to
water previously containing larval mosqui-
toes were 10 to 100 times greater than those
in unconditioned controls. Encystment rates
were not significantly affected by the feeding

Fig. 2. Density changes 30 DH-21 125 DH-23
in populations of L. 100
clarki trophonts  intro- 20 75
duced into natural tree-
holes with (left) and 10 50
without (right) resident 25
larval populations of A.
siervensis. Prior to ciliate = 0 - 0
. i €
introductions, all tree- 5 30 15
holes were drained and g DH-22 DH-24
the larvae removed by 3
filtering. All holes were & 20 10
then flooded with deion- 3
ized water and drained & 10 5
three times to removere- &
maining larvae. Each § 0
trechole was then refilled  §
with its original water, ~ 20 — 75
and trophonts were add- DH-42 DH-36
ed in a dilute cerophyl 15 50
solution at ¢ = 0. Resi-
dent larval lations 10
popu
were returned only to 5 25
the three trecholes on
the left. Ciliate popula- e, 0 =
0 24 48 72 96 120 0 24 48 72 96 120

tions were sampled by
removing five 2-ml sam-
ples at 24-hour intervals.

Hours after introduction

Samples were fixed with amide black, and L. clarki densities were estimated by removing 1-ral aliquots
from each sample and counting cells with a Sedgewick-Rafter counting chamber. Each point is the
mean of five samples (= 1 SEM). Ciliate densities in trecholes without mosquitoes (right) declined
between 48 and 72 hours following death of theronts induced by natural trechole water that had

previously contained mosquitoes.
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histories of larvae used during the condi-
tioning period (Table 1). Thus, prey mor-
phogenesis is triggered by the presence of
predators alone and does not require actual
predation of trophonts.

We examined cellular morphogenesis of
trophonts in polystyrene Cell Wells (Cor-
ning) containing 0.10 ml of treatment or
control water similar to that described
above. Individual trophonts were isolated in
cach well and examined (X10 to X40) at 4-

Number of cysts per larva
N

0e—e—0 @ : -

0 24 48 72 96
Hours from addition of larvae

Fig. 3. Encystment of L. clarki on a population of
second and third instar A. sierrensis. One hundred
larvae were added to a 520-ml artificial trechole
with a trophont density of 20 ciliates per milliliter
at ¢ = 0. Points are numbers (mean = 1 SEM) of
cuticular cysts on six larvae. Larvae were replaced
to maintain a predator population of 100 until the
first appearance of cysts (40 hours); after cysts
appeared larvae were not replaced.
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Fig. 4. (A) Predation of L. darki trophonts by
fourth instar larvae of A. siervensis introduced at
different times [t = 0 (squares), ¢ = 24 hours
(circles), and # = 48 hours (triangles)]. Six larvae
were added to replicated 150-ml microcosms for
cach treatment. Points are means (= 1 SEM) of
six replicates. (B) Encystment rates of trans-
formed ciliates on larval predators. Percentages of
encysting theronts were calculated by dividing the
total number of cysts on all larvae in each treat-
ment by the total number of trophonts estimated
surviving in each treatment at the end of the
previous 24-hour interval.
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hour intervals for 60 hours. Ciliates were
categorized as trophonts, dividing cells,
transitory cells, or theronts on the basis of
morphology and swimming characteristics.
Among the control population of 59 ciliates,
12 trophonts (20%) divided and 17 ther-
onts were produced during the first 60
hours of observation (Fig. 5A). In contrast,
in water previously exposed to predators, 37
of 58 trophonts (64%) divided and 64
theronts were generated (Fig. 5B). Cytoki-
nesis of trophonts was evident as early as 8
hours after introduction into water condi-
toned by larvae. Theronts were produced
from daughter cells of trophonts (89%) and
from differentiation of trophonts directly

100
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Fig. 5. Fate of individually isolated L. carki
trophonts exposed to (A) control water and (B)
water previously containing A. sierrensis larvae.
Symbols are as follows: total number of ciliates
(closed triangles), dividing trophonts (closed cir-
cles), and the cumulative number of theronts
produced (open triangles).

(11%). All daughter cells of treatment tro-
phonts differentiated into theronts and tran-
sitory cells whereas some divisions (25%) by
control ciliates produced two trophonts. In
the absence of larval hosts, theronts and
transitory cells died within 24 hours of
transformation indicating that such cells are
irreversibly committed to parasitism.

The predator-mediated induction of L.
clarki trophonts exceeds simple morphologi-
cal transformation; its ecological strategy of
facultative parasitism incorporates an oblig-
atory trophic shift by a free-living organism
to a parasitic existence. This trophic shift
may be an evolutionary adaptation to the
intense predation pressure imposed by larval
mosquito populations whose densities may
exceed 1000 individuals per liter in the
restricted confines of trecholes. Aedes sierven-
sis is usually the only culicid predator that
occurs over the range of L. darki, and sizes
of larval populations vary within and among
seasons. The rapid induction response of
trophonts provides a flexible and effective
antipredator defense that is responsive to
resident predator populations. Successful at-
tack on larval predators is further enhanced
by trophont division which increases the
number of theronts produced.

In nature, it is not uncommon for L. clarki
to eliminate mosquitoes from trecholes.
When this occurs, predation pressure on
free-swimming protozoans including L.
clarki is relaxed and microbial populations
increase (5, 7). Thus, this predator-prey—
host-parasite relationship may be important
in determining the structure of trechole
microbial communities as well as the num-
ber of emerging adult mosquitoes, an im-
portant concept for vector-transmitted
pathogens. Finally, L. cdavki provides an
excellent model for the study of morphogen-
esis and cell cycle phenomena of tetrahy-
menid ciliates. Because division is incorpo-

Table 1. Formation of invasive cysts on first instar A. sierrensis larvae by theronts of L. clarki produced
by exposure of trophonts to water previously containing mosquito larvae. Values are means (= 1 SEM)
of six replicates of ten larvae. Conditioned water was produced using larvae that were: a, held without
food for 72 hours and then fed L. clarki trophonts during the 24-hour conditioning period; b, held
without food during the conditioning period; ¢, provided with food (ground, autoclaved rat laboratory
food) for 72 hours and then fed trophonts during the 24-hour conditioning period; and d, provided
with food for 72 hours and then held without food during the conditioning period. Data were analyzed
by the Kruskal-Wallis test; treatment means within experiments that are followed by different letters are
significantly different using multiple comparisons based on Bonferoni’s inequality.

Experi- Condi- Cuticular cysts per larva Significance
be ¢ tioning
men history Control Treatment X2 P
1 a 0.03 + 0.05f 1.68 + 1.54® 8.31 0.003
2 a 0.75 + 1.08" 10.80 = 5,59 12.32 0.002
b 8.73 + 3.05'
3 a 0.11 = 0.10¢ 6.02 £ 2.47% 15.31 0.004
b 7.17 £ 2.07%
c 7.20 * 3.52%
d 10.80 + 7.64%
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rated into the induction response, the iden-
tification of the morphogen and its action
could be useful in determining events that
relate to cell cycle regulation or control.
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