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Heterochrony and the Development of the Escape
Response: Prehatching Movements in the Rainbow
Trout Oncorhynchus mykRiss
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ABSTRACT  Teleost fishes produce coordinated escape responses (C-starts) at hatching. This
implies that essential swimming morphologies and motor behaviors develop during the incubation
interval while the embryo is in the chorion. We examined prehatching motor behaviors in rainbow
trout Oncorhycus mykiss (considered morphologically mature at hatching) and compared this species
with zebrafish Danio rerio (considered morphologically immature) and assessed two hypotheses
concerning the development of escape behavior. (1) Escape behavior is associated with the formation
of key elements of the musculoskeletal and nervous systems; thus, the escape response appears early
in ontogeny, when these elements form. (2) Escape behavior is not directly associated with the
formation of underlying morphological elements; instead, it appears at hatching (i.e. when needed).
We find that rainbow trout, like zebrafish, respond to touch early in the incubation interval, but do
not demonstrate a complete C-start (including the second, propulsive stage) until shortly before
hatching. At hatching, rainbow trout and zebrafish are similar in the degree of development of the
chondocranium, paired fins and visceral arches (which comprise the larval jaw and gill support);
however, rainbow trout have incipient rays in their unpaired fins (dorsal, anal and caudal), whereas
zebrafish retain the embryonic fin fold. Although rainbow trout are more mature in axial swimming
morphology at hatching, the essential neural and musculoskeletal systems that produce a
coordinated escape response are functional at hatching in both species. This finding supports the
evolutionary hypothesis that an effective escape response is critical for the survival of newly hatched
teleost fishes. J. Exp. Zool. 307A, 2007. © 2007 Wiley-Liss, Inc.
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The ability to escape a predator is important for
individual survival and is likely under directional
selection (O’Steen et al., 2002; Walker et al., 2005).
In teleost fishes, a coordinated escape response,
the C-start, is present in newly hatched indivi-
duals of many different species (e.g. Kimmel et al.,
74; Fuiman, ’'93; Gibson and Johnston, ’95;
Shepherd et al., 2000; Sugisaki et al., 2001).
Because 94-99% of mortality occurs before fish
become juveniles (Houde, ’94) and much of this
mortality may occur due to predation (Cushing,
"74; Leggett and Deblois, '94), it is important for
teleosts to perform the escape behavior effectively
during early life history stages.

The C-start behavior of larval, juvenile and adult
fishes consists of two phases, an initial C-shaped
bend about the center of mass (COM), followed by
an S-shaped bend to the opposite side (Weihs, ’73).
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These movements are generated by lateral flexion
of the axial skeleton via contraction of the
myomeres (Eaton et al., 77a; Jayne and Lauder,
'93; Goldbogen et al., 2005). This behavior
requires the ability to sense a negative stimulus
and then stimulate the axial musculature to
generate the appropriate response. If a larval fish
needs to evade predators as soon as it leaves the
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chorion, then it must produce effective escape
movements immediately upon hatching.

Extensive research on limb development in
embryonic birds and mammals demonstrates that
the neural circuitry for generating locomotor
movements appears early in development, and
that cyclic stepping behaviors can be observed
weeks before hatching or birth (e.g. Bradley and
Bekoff, '90; Muir, 2000). These movements are
important for motor development and apparently
allow the pathways that produce coordinated
movements to be established before they are
needed for locomotion. Indeed, the early establish-
ment of these movement patterns likely contri-
butes to the ability of animals with precocial
(i.e. progeny are morphologically mature and
mobile from birth or hatching) life history strate-
gies to move effectively immediately after hatch-
ing or birth.

Like birds and mammals, teleost fish demon-
strate a range of life history strategies, where
some species produce altricial progeny (relatively
immature and immobile at hatching) while others
produce precocial progeny (as above). In teleosts,
these strategies hinge on the presence or absence
of a larval stage, and are often termed indirect
(altricial; with a larval stage) and direct (precocial;
without a larval stage) development (Balon, ’81).
Teleosts with indirect development typically
provision their eggs with small yolks, and the
progeny hatch and subsequently make the transi-
tion from endogenous (yolk) feeding to exogenous
feeding with immature (larval) morphology. Tele-
osts with direct development provision their eggs
with large yolks, and may even be ovoviviparous
(i.e. eggs develop inside the female); progeny
complete their development in the chorion and
enter the external environment with adult mor-
phology (but are considered juveniles, as they are
reproductively immature). Some teleosts employ
an “‘intermediate’ strategy, where eggs are provi-
sioned with large yolks and progeny demonstrate a
truncated larval stage. In this strategy, progeny
may hatch at an advanced stage of morphological
development and do not begin exogenous feeding
until they approach adult morphology (Balon, ’81;
Pavlov and Osinov, 2004).

Most studies of escape behavior in newly
hatched teleosts have focused on species with
indirect developmental strategies. C-starts are
present at (or immediately after) hatching in cod,
drum, pollock, herring, various species of flatfish,
carp, razorback sucker and zebrafish (Kimmel
et al.,, ’74; Bailey and Batty, ’84; Yin and Blaxter,
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’87; Gibson and Johnston, '95; Wakeling et al., ’99;
Wesp and Gibb, 2003; Smith and Fuiman, 2004;
Gibb et al., 2006). Thus, for both marine and
freshwater teleosts with indirect development,
coordination of the elements that produce the
escape response is achieved before hatching, even
though adult morphology has not been attained.
Relatively few studies, have examined the escape
response in species with intermediate develop-
ment. However, C-start behavior is present at
hatching in the few species with intermediate
development examined to date (Hale, ’99; Wesp
and Gibb, 2003). Thus, it seems that coordinated
C-starts are present at hatching in teleosts with
indirect and intermediate development. Two
hypotheses concerning the relationship between
morphological and behavioral development could
explain this pattern (Fig. 1):

(A) In species with intermediate development, key
structures that enable the escape behavior
may form early in development; when these
structures reach a certain state of maturity
the behavior could appear as a functional
“byproduct.” Consequently, escape behavior
would appear early in development, but only
become apparent upon hatching. According to
this hypothesis, we would expect the appear-
ance of the escape behavior to be consistently
associated with the formation of both
elements of the musculoskeletal (i.e. myo-
meres and notochord) and nervous (i.e. sen-
sory, inter- and motor neurons) systems.
Alternately, the escape behavior may demon-
strate heterochrony, or a change in the timing
or rate of development of a particular trait in a
given species, relative to the ancestral condi-
tion (Gould, *77). According to this hypothesis,
we might expect the appearance of the escape
response in species with intermediate devel-
opment to be disassociated from development
of specific features of the musculoskeletal and
nervous systems. Here, the necessary mor-
phology may form early in development, but
the behavior may manifest only when it is
useful to the individual—at or near hatching,
when the behavior can be employed to evade
predators.

B)

Salmonids (trout, grayling, salmon, etc.) are the
quintessential example of intermediate develop-
ment (Balon, ’81): embryos hatch from eggs at an
advanced stage of morphological development
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Fig. 1. A priori models of the relationship between
development of key morphological elements and appearance
of the C-start, or escape response behavior, in zebrafish Danio
rerio (top panel) and rainbow trout Oncorhynchus mykiss
(middle and lower panels). See text for details.

with a large yolk, and fish do not begin exogenous
feeding until they approach juvenile morphology
(Pavlov and Osinov, 2004). Previous studies have
documented the presence of the C-start at hatch-
ing in several salmonid species (Hale, '99; Wesp
and Gibb, 2003). However, although certain early
motor behaviors have been described for this
group (Whiting, ’55; Wright et al., 2003), it is not
known if the ability to perform a coordinated
C-start appears before hatching, or if it appears at
hatching. If it appears well before hatching, this
would support hypothesis A (Fig. 1)—development
of the escape response is associated with the
formation of specific morphological features. If
coordinated C-starts appear only at or near the
time of hatching, this would suggest that escape
behavior demonstrates developmental hetero-
chrony (i.e. the timing of the appearance of the
behavior has been changed relative to the ances-
tral condition) and support hypothesis B (Fig. 1).

Here, we artificially remove rainbow trout
Oncorhynchus mykiss from their chorions
(i.e. decapsulation) to examine motor behaviors
in developing embryos; this allows us to determine
when during development the escape response
first appears and to assess the two hypotheses
outlined above. In addition, we determine if the
development of particular morphological struc-
tures occurs concomitantly with the appearance of
escape behavior in rainbow trout, and we compare
this pattern to that demonstrated by a teleost with
indirect development, the zebrafish Danio rerio,
by synthesizing information from the literature
(e.g. Kimmel et al., ’95; Saint-Amant and Drapeau,
’98). Finally, we compare prehatching motor
behaviors in trout to previous studies of prehatch-
ing motor behaviors in Danio rerio (Kimmel et al.,
’74; Saint-Amant and Drapeau, '98) to determine
if embryonic motor behaviors are similar across
divergent teleost species.

METHODS

Rainbow trout Oncorhynchus mykiss ‘“‘eyed”
eggs were obtained from Troutlodge, Sumner,
Washington (April, 2004); eyed eggs represent
approximately stage 23 of development (Ballard,
’73). The eggs were divided among eight rearing
chambers (43 cm long x 26 cm wide x 15 cm deep)
and provided with filtered, recirculated fresh
water at 124+1°C. The room containing the
chambers was maintained on a light: dark photo-
period of 14 hr:10 hr. Eggs arrived approximately 5
days before their natural hatching date, were
given 24 hr to acclimate to laboratory conditions,
and were sampled every day after that until the
day that natural hatching occurred, and then on
one subsequent day. Thus, rainbow trout were
sampled on days —4, -3, —2, —1, 0 and +1,
relative to the day of natural hatching (day 0);
these days represented approximately 85, 88, 92,
96, 100 and 105% of the total incubation interval
(the time from fertilization to hatching) of 22 days
at 12°C for this species (additional details below).

For the motor behavior experiments, eggs were
removed from the rearing chambers and placed in
large glass beakers maintained in a chilled water
bath at 12+1°C. For an individual trial, an egg
was removed from the beaker, immersed briefly in
a ~0.1% pronase solution (to make the chorion
rigid, Westerfield, ’95), and then placed in a glass
bowl with 1241°C water. The bowl was placed
under a dissecting scope, and two pairs of number
5 forceps were used to pinch the chorion and
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gently tear it open. After the embryo was freed
from the chorion, it was transferred to another
small glass bowl (6cm diameter x 2cm deep)
containing freshwater for the imaging trials.

A high-speed, digital-imaging system was used
to record both spontaneous and experimenter-
initiated motor behaviors at 250 frames per second
(Redlake PCI 1000s, Redlake Inc., Tucson, AZ
85706, USA). During the trials, the camera was
mounted above the testing chamber with the lens
parallel with the water surface, a 0.5-cm grid was
placed below the testing chamber for scale, and
the chamber was illuminated with a fiber optic
light. A surrounding water bath connected to a
recirculating water chiller maintained the water
temperature in the experimental chamber at
12+1°C. Experimenter-initiated motor behaviors
were elicited by using a small blunt probe to apply
a noxious stimulus to the fish’s yolk sac; sponta-
neous motor behaviors that occurred during the
trial interval were also recorded, and two to seven
responses (10-30 min trial time) were obtained for
each individual. Over the course of the study,
41 individuals were examined, with a minimum of
five individuals examined on any given day. After
multiple motor behaviors were recorded, embryos
were euthanized using a solution of 1% MS222
(3-aminobenzoic acid ethyl ester) and measured
(length and mass).

Motor behaviors produced during the trials were
replayed as digital movies and resulting move-
ments described and categorized. Two previous
studies on development of motor behaviors in
zebrafish (Danio rerio) outlined several categories
of motor behaviors that appeared during develop-
ment in this species (Kimmel et al., ’74; Saint-
Amant and Drapeau, '98). Behaviors exhibited by
rainbow trout appeared similar to those described
for zebrafish, so in most instances behaviors
observed for rainbow trout were placed into
categories proposed for zebrafish (see Results).
Every recorded behavioral response (n = 2-7) was
categorized for each of the 41 individuals, for a
total of 188 responses across 6 days encompassing
the day of natural hatching.

Previous studies of embryonic and larval mor-
phogenesis were used to assess the timing of
morphological development in rainbow trout and
zebrafish (Leghissa, ’42; Ballard, ’73; Verraes, ’73;
Eaton et al., ’77b; Kimmel et al., ’95; Cubbage and
Mabee, ’96; Ali et al., 2000; Bird and Mabee, 2003;
Ristovska et al., 2006). Rainbow trout and zebra-
fish are reared at different temperatures, and
might have different developmental time courses

J. Exp. Zool. DOI 10.1002/jez

even if rearing temperature were the same. Thus,
the time between fertilization and hatching was
standardized by dividing the time to a given
developmental milestone or major event (e.g. the
appearance of retinal pigment) by the total
number of incubation days (time from fertilization
to hatching). In this manner, the developmental
events for rainbow trout and zebrafish can be
compared to one another across a 0 to 100%
incubation interval. Information about the devel-
opment of motor behaviors for zebrafish (Kimmel
et al., ’74; Saint-Amant and Drapeau, ’98) and
early developmental stages of rainbow trout
(Whiting, ’55; Wright et al., 2003) were similarly
collected from the literature and standardized.
Although the morphological data and certain
behavioral data used in this study were published
previously, we note that this comparison repre-
sents a novel transformation and metaanalysis of
this information.

RESULTS

Prehatching and posthatching movements
in rainbow trout

Rainbow trout exhibited four prehatching motor
behaviors similar to those described for zebrafish,
and one motor behavior that was undescribed
previously (Fig. 2). The five prehatching motor
behaviors of rainbow trout were:

A Spontaneous, coiling contractions (‘“alternat-
ing, coiling contractions” in Saint-Amant and
Drapeau, 2000): without stimulation, embryos
coiled the body and tail around the yolk sac
repeatedly, alternating sides for each sequential
coil.

B Touch-initiated, coiling contractions [type IV
response (Kimmel et al., ’74), “touch-evoked
rapid coils”’ (Saint-Amant and Drapeau, 2000)]:
after receiving a negative stimulus, embryos
coiled the body and tail around the yolk sac
repeatedly, alternating sides for each sequential
coil; these were not obviously distinct from the
spontaneous coiling contractions.

C Touch-initiated, single coil contraction (unde-
scribed previously): embryos coiled the body
and tail around the yolk sac a single time with
no subsequent contralateral response.

D C-start only (type II response in Kimmel et al.,
"74): a coordinated escape response involving an
initial C-bend, followed by a subsequent S-bend
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Fig. 2.

Images depicting five motor behaviors repeatedly observed in embryonic and newly hatched rainbow trout: (A)

Spontaneous, coiling contractions (‘“SCC,” Individual 1, 85% incubation interval). (B) Touch-initiated, coiling contractions
(“TCC,” 15, 92%). (C) Touch-initiated, single coil contraction (“TSC,” 17, 92%). (D) C-start only (‘‘CO,” 26, 100%). (E) C-start
with swimming (“CS,”” 30, 100%). Images were produced by tracing outlines of embryos directly from digital images; scale bar
below each image sequence indicates 1 cm. Left column: sequence of six images overlaid to demonstrate displacement during the
behavior; image color indicates relative order of each image, where red indicates the first image and violet the last (see legend in
figure). Right columns: six images from each behavior shown individually to reveal postures adopted during the behavior. Time
(in milliseconds) is given at lower right of each image, with the frame captured immediately before the fish began to move
considered as time 0. The time increment between sequential illustrated images varies both among and within behaviors.

to the contralateral side, with no subsequent
swimming.

E C-start with swimming (type III response in
Kimmel et al., ’74): a coordinated escape
response involving an initial C-bend, then a
subsequent S-bend to the contralateral side,
followed by free swimming; in this behavior, the
embryo often moves a significant distance
(typically more than one body length).

All of these behaviors were observed in rainbow
trout before hatching, although some behaviors
appeared later in the incubation interval than
others (Fig. 3).

The youngest rainbow trout examined in this
study demonstrated the ability to respond to
negative stimuli. Indeed, at 85% of the incubation
interval (4 days before hatching), rainbow trout
displayed three of the five behaviors described
above: (A) spontaneous, coiling contractions, (B)
touch-initiated, coiling contractions, and (C)
touch-initiated, single coil contraction (Fig. 3).
These three behaviors were also the only ones
observed at 88% of the incubation interval, or
three days before hatching (Fig. 3). Although two
of these three behaviors (touch-initiated, coiling
contractions and touch-initiated, single coil con-
traction) represent the ability to respond to a

J. Exp. Zool. DOI 10.1002/jez
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Fig. 3. Bar graph depicting motor behaviors demonstrated
by embryonic and newly hatched rainbow trout during the
later stages of the incubation interval, where 100% is the day
of natural hatching. Behaviors are color-coded as follows: gray,
spontaneous, coiling contractions (“SCC’’); orange, touch-
initiated, coiling contractions (“T'CC’’); purple, touch-initiated,
single coil contraction (“TSC’’); green, C-start only (“CO”");
blue, C-start with swimming (“CS”).

negative stimulus, none of the three behaviors
results in a rapid, efficient or reliable movement of
the COM of the fish away from the negative
stimulus. Rather, any movement of the COM that
occurred during these behaviors appeared to be a
byproduct of a series of uncoordinated contrac-
tions that occurred over a long period of time (e.g.
Fig. 2B). In fact, the touch-initiated coiling
contractions observed here may represent the
“struggle’” behavior that has been well character-
ized in embryos of Xenopus laevis (Kahn and
Roberts, ’82) and also reported in zebrafish (Hale
et al., 2001).

Effective escape behaviors, defined here as
behaviors that could rapidly and reliably move
the COM away from a negative stimulus, appeared
in close proximity to the day of natural hatching.
At 92% of the incubation interval (2 days before
hatching), some individuals produced a coordi-
nated and complete (i.e. with a preparatory and
propulsive phase) escape response, or C-start (Fig.
3). In fact, four out of six individuals produced at
least one coordinated C-start on this day (Fig. 4),

J. Exp. Zool. DOI 10.1002/jez
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Fig. 4. Bar graph depicting appearance of a complete C-
start (with both preparatory and propulsive phases) in
individual rainbow trout during the incubation interval,
where 100% incubation interval is the day of natural hatching.
By the day of natural hatching, all individuals produced at
least one complete C-start behavior.

although the other motor behaviors recorded for
these individuals typically were not C-starts
(Fig. 3). At 96% of the incubation interval (1 day
before natural hatching), five out of six individuals
produced at least one C-start or C-start with
swimming, and by the day of natural hatching
(100% of the incubation interval) all ten indivi-
duals produced at least one C-start or C-start
with swimming (Fig. 4). Thus, the C-start beha-
vior appeared at 92% of the incubation interval,
and all fish were capable of producing complete C-
starts by the day of hatching. Conversely, less
effective behaviors (i.e. behaviors A-C above)
appeared to decline in frequency across develop-
ment (Fig. 3).

Morphological development

Zebrafish hatch after only 3 days of incubation
at 28.5°C (Kimmel et al., ’95), whereas rainbow
trout hatch after approximately 22 days at 13°C
(Ballard, ’73). In addition, because of their devel-
opmental strategies (zebrafish, indirect; trout,
intermediate), our a priori expectation was that
trout would hatch at an advanced state of
morphological development. However, a compar-
ison of major developmental events taken from the
literature (Leghissa, ’42; Ballard, ’73; Verraes, ’73;
Eaton et al., ’77b; Kimmel et al., ’95; Cubbage and



PREHATCHING MOVEMENTS IN RAINBOW TROUT 7

Mabee, ’96; Ali et al., 2000; Bird and Mabee, 2003;
Ristovska et al., 2006), and compared across the
incubation interval (time from fertilization to
hatching) for rainbow trout and zebrafish, revealed
several similar developmental patterns (Table 1).
Three events relating to the circulatory system
occurred approximately the same time in the
incubation period for both species. The heart
begins beating very early in zebrafish and trout
(33% incubation interval for both species) and
blood flow is evident in the second through fourth
aortic arches (which serve the gills) at approxi-
mately two-thirds of the way through the incuba-
tion interval (67% zebrafish, 64% trout). Gill

filaments begin to form at around the time of
hatching in both species.

The development of the chondocranium also
showed a generally similar pattern across species.
Both species hatched with substantial chondrifica-
tion (cartilage formation) in the base of the
neurocranium (the basal plate, trabecular bar,
ethmoid plate, etc.) and in the anterior visceral
arches (e.g. Meckel’s cartilage and the palatoqua-
drate). However, trout were more morphologically
mature in a few aspects of development of the
chondocranium; for example, the otic capsule
shows some chondrification in newly hatched
trout, but not in newly hatched zebrafish.

TABLE 1. Developmental milestones (major events) observed during the incubation interval (time between fertilization and

hatching) for zebrafish Danio rerio and rainbow trout Oncochynchus mykiss as summarized from the literature

1-13

and the present study

Percent incubation interval (%)

Developmental event Zebrafish Rainbow trout

Morphological and physiological
V-shaped trunk somites 22! 322
Heart begins to beat 33! 3310
First trunk pigment 33! 682
First retina pigment 42! 822
Tail free of yolk sac; “‘straight tail”’ 49! 452
Pectoral fin apical ridge prominent 58! 412
Circulation present in 24 aortic arches 67! 642
Paddle-shaped pectoral fins 83! 822
Gill filaments form 100! 100?
Head-trunk angle ~180° 100! 100?
Mauthner neuron with measurable activity (patch clamp) 36713 Unknown
Base of chondocraium (e.g., ethmoid and basal plates, trabecular bar) present 100° 10087
Anterior visceral arches (inc. palatoquadrate and Meckel’s cartilage) present 100° 10087
Chondrofication of the otic capsule begins Posthatching® 100%7
Caudal fin flexion Posthatching® 64>
Fin rays form in caudal fin Posthatching® 822
Fin rays form in medial fins Posthatching® 100?
Fin rays form in pelvic and pectoral fins Posthatching® Posthatching®

Behavioral
Spontaneous coiling contractions appear 24° 3610
“Touch response’ appears 29° 52-5710:11
Spontaneous coiling contractions disappear 36° 9114
Effective C-start (with stage 2) appears 100'2 9114

Kimmel et al. [’95].

Ballard [*73].

3Eaton et al. ["77b].
“Leghissa [’42].

®Cubbage and Mabee ['96].
SRistovska and others [2006].
Verraes ["73].

8Bird and Mabee [2003].
9Saint-Amant and Drapeau [’98].
OWhiting [’55].

HWright et al. [2003].
2Kimmel et al. ['74].

13Ali et al. [2000].

Present study.

J. Exp. Zool. DOI 10.1002/jez
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Fig. 5. Line drawings of newly hatched zebrafish and
rainbow trout, after Kimmel et al. (1995) and Ballard (1973),
respectively. Scale bar below each fish represents 1 mm. Upper
panel: a zebrafish Danio rerio after 72 hr (3 days) development
at 28.5°C. Lower panel: a rainbow trout Oncorhynchus mykiss
after approximately 22 days of development at 13°C. Both
species hatch with a well-developed eye, both possess cartilage
precursors to the visceral arches and the lower jaw (Meckel’s
cartilage) and paddle-shaped pectoral fins. However, in the
rainbow trout, the caudal fin of has undergone flexion and the
cartilage precursors of fin rays have appeared; in the
zebrafish, the embryonic fin fold is retained.

Several events related to paired fin formation
also occurred at similar points in the incubation
interval for both species. The apical ridge of the
pectoral fin formed approximately mid-way
through the incubation interval in both zebrafish
(58%) and trout (41%), and the fin became paddle-
shaped shortly before hatching (zebrafish,
82%; trout, 83%). However, pelvic fins are not
formed before hatching in either species, and
pelvic and pectoral fin rays ossify after hatching
in both trout and zebrafish.

Several events potentially relevant to the devel-
opment of the escape response occur at similar
times during the incubation interval in both
species: the tail straightens away from yolk sac
approximately midway through the incubation
interval (zebrafish, 42%; trout, 45%); the angle
between head and trunk approaches 180° and the
Mauthner neurons (key interneurons of the
central nervous system that coordinate the escape
response; Weiss et al., 2006) achieve adult mor-
phology at hatching. In addition, trunk somites
develop the V-shaped morphology necessary for
axial bending early in the incubation interval in
both species (zebrafish, 22%; trout, 32%).

However, the comparison of trout and zebrafish
embryonic development also yielded evidence of
differences in the timing of particular develop-

J. Exp. Zool. DOI 10.1002/jez

mental events (Table 1). Development of both
trunk and retina pigment occurred much earlier
in zebrafish than trout, although the relative
order of pigment appearance (first trunk, then
retina) remained unchanged. In contrast, forma-
tion of the unpaired (dorsal, anal and caudal) fins
occurred much earlier in trout than in zebrafish.
In trout, caudal fin flexion (dorsal flexion of the
notochord in the developing tail) and formation of
the fin rays in the dorsal, anal and caudal fins all
began before hatching, whereas these events occur
during the larval period (posthatching) in zebra-
fish (Table 1; Fig. 5).

Behavioral development

Rainbow trout demonstrate several prehatching
behaviors that are similar to those described
previously for zebrafish. These behaviors appear
in the same order as in zebrafish, but later during
the incubation interval (Table 1). The first distinct
motor behaviors demonstrated by zebrafish are
spontaneous, coiling contractions (24% of incuba-
tion interval); this is also the first motor behavior
to appear in rainbow trout (36% of incubation
interval). The touch response next appears in the
zebrafish (29%), followed by the disappearance of
spontaneous, coiling contractions (36%), and
finally by the appearance of the coordinated and
complete C-start (~100%). The same sequence is
found in developing rainbow trout, although it
occurs entirely in the second half of the incubation
interval: the touch response appears at 52-57%;
the spontaneous, coiling contractions disappear
and the C-start appears at 92% of the incubation
interval. Interestingly, the C-start appears at
approximately the same time the Mauthner
neuron becomes electrically active in the zebrafish
(Table 1).

DISCUSSION

We initially assumed, based on the work of
others (Adriaens and Vandewalle, 2003; Pavlov
and Osinov, 2004; Ristovska et al., 2006), that the
large-yolked rainbow trout embryo would hatch at
an advanced stage of morphological maturation,
relative to the small-yolked zebrafish embryo. On
the basis of this assumption, we considered two
alternate hypotheses: (A) C-start development is
associated with the development of key morpho-
logical features and appears early in trout onto-
geny, or (B) C-start development is not directly
associated with development of key morphological
features and appears at or near hatching. We
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found that a coordinated C-start appears in rain-
bow trout immediately before hatching. However,
we also determined that the developmental
trajectories of rainbow trout and zebrafish were
more similar than we had expected, and that our a
priori assumption that rainbow trout are more
morphologically mature at hatching was only
partially correct. In fact, trout and zebrafish are
very similar in many aspects of their morphologi-
cal development at hatching. Many structures
(heart, aortic arches, visceral arches, gill fila-
ments, pectoral fins) appear or become functional
at similar increments of the incubation interval
for both species.

Although some cranial elements, aspects of the
circulatory system and the paired fins had
achieved a similar level of development in the
two species by hatching, the rainbow trout were
more mature in their axial swimming morphology,
specifically formation of the unpaired fins. Thus,
our initial expectation that the skeletal elements
of the rainbow trout would be more mature at
hatching was true for the dorsal, anal and caudal
fins (Fig. 5). We have shown previously (Gibb
et al., 2006) that the development of the caudal fin
enables improved escape response performance
because fins stiffened by bony rays provide more
effective thrust-producing surfaces (Weihs, ’73)
than the larval fin fold. Thus, because of the
biomechanical ramifications of fin formation, a
newly hatched rainbow trout should produce a
more effective posthatching escape response than
a zebrafish (Gibb et al., 2006). We also posit that it
is difficult for rainbow trout to displace the large
mass of the body plus the yolk sac during the
escape response. However, it is difficult to ascer-
tain cause and effect: do rainbow trout have better
developed unpaired fins to overcome body and yolk
sac inertia during escape responses, or do rainbow
trout develop well-formed unpaired fins because
they have a large supply of energy in their yolk sac
available for skeletogenesis?

Development of the unpaired fins shows a highly
conserved pattern across teleost groups, and Hox
genes likely regulate this process (Mabee et al.,
2002). A comparison of unpaired fin development
in zebrafish and rainbow trout supports this
hypothesis. Although the role of the anal and
dorsal fins in the escape response is not yet well
understood, it is clear that the caudal fin is key in
producing acceleration during the escape response
(Webb, ’77). In fact, all three unpaired fins show a
change in developmental timing in rainbow trout
relative to zebrafish: all three fins form early
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Fig. 6. Modified model of relationship between morpholo-
gical, neurophysiological and behavioral development for
zebrafish (top panel) and rainbow trout (lower panel).

relative to the development of the neurocranium,
visceral arches, paired fins, the circulatory system
and gill elements (Fig. 6). A change in the timing
of the expression of a suite of Hox genes may allow
these fins to be produced during embryonic
development in rainbow trout, whereas the same
suite of genes is likely expressed later, during
larval development, in zebrafish.

To complete an effective escape response, a fish
must be able to sense a noxious stimulus using the
mechanosensory (i.e. lateral line neuromasts or
tactile receptors) or other sensory system (visual,
olfactory, etc.), transmit this information through
a series of interneurons in the hindbrain, activate
the axial muscles of the contralateral side of the
body (preparatory phase), and then activate a
portion of the ipsilateral axial muscles (propulsive
stroke). Thus, this behavior requires adequate
development of sensory, neuronal processing and
motor systems (including motor neurons and axial
muscles). On the basis of behavioral data for
rainbow trout and zebrafish, it is clear that certain
elements of this system are functional well before
an effective C-start is produced.

(1) Spontaneous coiling contractions appear early
in embryonic development, indicating that the
nervous system is capable of stimulating the
muscles to produce axial bending. In zebrafish,
these spontaneous motor behaviors appear at
the same time the primary motor neurons
innervate the axial musculature appear and

J. Exp. Zool. DOI 10.1002/jez
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become electrically active (Saint-Amant and
Drapeau, ’98, 2000).

Embryos are able to respond to touch before
an effective C-start appears, which reveals
that afferent sensory systems have developed.
In larval zebrafish, mechanosensory (tactile)
neurons on the head and tail begin to transmit
information to the central nervous system at
the same time the touch response appears
(Kimmel et al., ’81; Drapeau et al., 2002).
Incoming sensory information is coordinated
with motor output to produce the touch
response. In zebrafish embryos, the Mauthner
neuron is active during the touch response
(Saint-Amant and Drapeau, ’98; Drapeau
et al., 2002). This hindbrain interneuron is a
component of a ‘“brainstem escape network”
(Eaton et al., 2001) and initiates the prepara-
tory phase (the “C”) of a C-start in larval,
juvenile and adult fishes. However, it does not
initiate the subsequent propulsive (the “S’’)
phase required to complete the escape
response.

(2)

3

Thus, although the majority of the components
needed to trigger the escape response appear to be
present by midway through the incubation inter-
val in both species, a complete C-start (with both
preparatory and propulsive phases) does not
appear until at or near hatching. Before the
approximate time of hatching, embryos of both
species apparently lack the ability to produce the
propulsive tail beat that completes the escape
response and allows the COM to be moved rapidly
away from a negative stimulus. Work in zebrafish
and goldfish suggests that “A2” reticulospinal
neurons (interneurons that comprise one element
of the complex ‘“brainstem escape network’)
coordinate the axial movements produced during
the propulsive tail beat (Eaton et al., 2001). These
interneurons may be inactive or immature until
near hatching in both rainbow trout and zebra-
fish; however, neurophysiological data are neces-
sary to test this hypothesis.

On the basis of the patterns we observed, we
reject our a priori models of development as too
simplistic. In both rainbow trout and zebrafish,
the musculoskeletal elements that create the
movements that enable the C-start form early in
development; however, the behavior itself does not
appear until near hatching. In zebrafish, the
morphological and physiological maturation of
elements of the nervous system that control and
coordinate the escape behavior come ‘“on-line’’ one

J. Exp. Zool. DOI 10.1002/jez

by one, and each of these neurophysiological
events is associated with the appearance of a
specific motor behavior (Fig. 6). We assume that
when these same motor behaviors appear in
rainbow trout that they are triggered by similar
neurophysiological events, although further work
is necessary to test this assumption. In many ways
rainbow trout morphological and behavioral devel-
opment was quite similar to zebrafish develop-
ment, but stretched out over a longer incubation
interval, and this change may be driven, at least
in part, by temperature. The only clear change in
developmental timing, and possible incidence of
heterochrony, was in the formation of the un-
paired fins, which formed much earlier in the
rainbow trout than in the zebrafish (Fig. 6).

CONCLUSIONS

Because many teleost embryos hatch and be-
come free swimming while retaining the yolk sac,
hatching has sometimes been considered an
arbitrary developmental milestone. Complete ab-
sorption of the yolk has been proposed to
represent a more critical functional milestone
because fish must transition from endogenous to
exogenous feeding (Balon, ’81). We posit that
hatching is also an important milestone, as before
hatching a young fish has no way to evade its
potential predators and must rely on parental care
and/or crypsis to avoid being consumed. In con-
trast, after hatching, a young fish potentially has
the ability to swim, or at least to displace its COM,
when attacked by a potential predator. Thus, the
incubation interval (time between fertilization
and hatching) allows the embryo to develop the
morphological features and behaviors that are
important for predator evasion.

We found that escape responses appear late in
embryonic development in rainbow trout, and we
predict that this is also true for other species that
provision their embryos with large yolks. Rainbow
trout, like zebrafish, develop the escape response
very shortly before hatching (i.e. when it is
needed), and the appearance of this behavior in
both species is associated with the appearance of
the propulsive phase of the escape response. We
also found that rainbow trout hatch from the
chorion with unpaired fins that are more mature
than those of the zebrafish, and our previous
biomechanical studies suggest that these morpho-
logical differences will allow rainbow trout to
produce a more effective escape response (Gibb
et al., 2006).
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These results reveal the complexity of develop-
mental strategies possible for fishes. Teleosts are
not simply “indirect,” “intermediate’ or ‘“‘direct’
developers, but rather allocate resources differen-
tially to particular structures (i.e. those critical for
producing feeding or swimming behaviors) to
facilitate success in specific aspects of their life
history. Embryonic rainbow trout may allocate
energy to fin formation because their large yolk
sac delays the demand for exogenous feeding. In
contrast, larval zebrafish may use energy acquired
during early larval development to fuel the
formation of the osteocranium, which should
improve their ability to catch prey (Hernandez,
2000; Hunt von Herbing, 2001). However,
although trout and zebrafish demonstrate differ-
ences in aspects of morphological development,
the essential neural and musculoskeletal systems
required for the escape response become func-
tional near hatching in both species, which points
to the importance of escape behavior for the
survival of newly hatched teleost fishes.
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