Downloaded from https://royalsocietypublishing.org/ on 21 June 2021

royalsocietypublishing.org/journal/rshl

|
Research

updates

Cite this article: Walsh MR, Gillis MK. 2021
Transgenerational plasticity in the eye size of
Daphnia. Biol. Lett. 17: 20210143.
https://doi.org/10.1098/rshl.2021.0143

Received: 10 March 2021
Accepted: 21 May 2021

Subject Areas:
evolution, behaviour

Keywords:
phenotypic plasticity, cyanobacteria,
food quality, behaviour, foraging, vision

Authors for correspondence:
Matthew R. Walsh

e-mail: matthew.walsh@uta.edu
Michael K. Gillis

e-mail: gillismichaelk@gmail.com

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
.544288%9.

THE ROYAL SOCIETY

PUBLISHING

Evolutionary biology

Matthew R. Walsh and Michael K. Gillis

Department of Biology, University of Texas at Arlington, Arlington, TX 76019, USA
MRW, 0000-0002-7517-2013; MKG, 0000-0003-0489-9917

It is well established that environmental signals can induce phenotypic
responses that persist for multiple generations. The induction of such ‘trans-
generational plasticity” (TGP) depends upon the ability of organisms to
accurately receive and process information from environmental signals.
Thus, sensory systems are likely intertwined with TGP. Here we tested the
link between an environmental stressor and transgenerational responses in
a component of the sensory system (eye size) that is linked to enhanced
vision and ecologically relevant behaviours. We reared 45 clones of Daphnia
pulicaria in the presence and absence of a low-quality resource (cyanobac-
teria) and evaluated shifts in relative eye size in offspring. Our results
revealed divergent shifts in relative eye size within- and across-generations.
Parental Daphnia that were fed cyanobacteria produced a smaller eye than
Daphnia fed high-quality algae. Such differences were then reversed in the
offspring generation; Daphnia whose mothers were fed cyanobacteria pro-
duced larger eyes than Daphnia that were continually fed green algae. We
discuss the extent to which this maternal effect on eye size is an adaptive
response linked to improved foraging.

It is well known that organisms exhibit the capacity to modify the expression of
traits in response to a change in environmental conditions [1-5]. Such ‘within-
generation plasticity” occurs when environmental signals alter the expression of
traits during development. It is also now clear that the environment can induce
phenotypic changes that persist for multiple generations [6-15]. This ‘trans-
generational plasticity’ (TGP) occurs when the environment experienced by
parents induces phenotypic changes in offspring and future generations. TGP
has been documented in a diverse array of organisms in response to many
environmental stressors [6-15]. The empirical evaluation of TGP has almost
exclusively focused on the life history, behavioural, morphological and physio-
logical traits of organisms [16]. Given that the induction of TGP is dependent
upon the ability of organisms to accurately receive information from environ-
mental signals, it follows logically that components of the sensory system
may also respond to environmental signals to ultimately enhance organismal
performance. Yet, the link between the environment and transgenerational
responses in sensory systems is largely unexplored [17].

Eye size is a feature of the visual sensory system that varies extensively
across taxa [18,19]. Increased eye size is associated with improved aspects of
vision [18,20-23] including visual acuity [24]. There are important ecological
correlates of eye size; increased eye size or components of the eye (i.e. pupil
size) are associated with shifts in foraging, mating and anti-predator behaviour
[25-31]. Eye size has also been shown to be a key predictor of the foraging niche
of birds [32]. A growing body of work has shown that eye size is phenotypically
plastic in response to exposure to such factors as predator cues and resource
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limitation [33-38]. Eye size can also diverge among popu-
lations [17,39-41]. The manner in which eye size is linked
to the process of TGP is unknown.

Daphnia are a common feature of freshwater habitats and
an important grazer on phytoplankton [42]. Daphnia are
exposed to a diversity of phytoplankton ranging from high-
quality green algae to grazer-resistant cyanobacteria [43].
Cyanobacteria is a low-quality resource because they are fila-
mentous [44,45], nutritionally deficient [46,47], and some are
toxic [48,49]. Research has shown that cyanobacteria nega-
tively impact the survival, growth and reproduction of
Daphnia [50-52]. There is also evidence for transgenerational
effects of exposure to cyanobacteria on the fitness of Daphnia
and other zooplankton. This includes some studies revealing
compounding negative fitness consequences of cyanobacteria
that spanned multiple generations [53-55] while other studies
provide evidence for adaptive responses that lessen the
negative impacts of cyanobacteria [56-61]; see also [62].

The visual system of Daphnia is characterized by a conspic-
uous compound eye [63]. Research has shown that Daphnia can
change the orientation of their eye and that the eye is capable of
responding to shifts in light and motion [64]. Daphnia can also
behaviourally respond to visual features of the environment
(i.e. exhibit an optomotor response) [65]. As a result, researchers
have proposed that eye size is potentially important for asses-
sing food quality and predator avoidance [65]. There is also
growing evidence that variation in environmental conditions
can influence investment in eye tissue in Daphnia [17,35]. This
includes a study documenting plasticity in eye size in response
to resource limitation [35]. Given that eye size may be important
for foraging, that resources can influence eye size [33,35], and
that cyanobacteria can induce transgenerational plasticity (see
above), it follows logically that cyanobacteria may modify
transgenerational investment in eye tissue. On the one hand,
exposure to a low-quality resource (i.e. cyanobacteria) may
result in Daphnia increasing allocation towards other com-
ponents of fitness at the expense of eye tissue. The alternative
perspective is that Daphnia may increase investment in eye
tissue when exposed to cyanobacteria because a larger eye
may improve foraging capabilities. Research in other invert-
ebrates have shown that increases in eye size may be
mediated by shifts in the size or number of light-collecting
units (ommatidia) [66].

Here we tested the influence of cyanobacteria on trans-
generational plasticity in eye size. We reared 45 clones of
Daphnia pulicaria in the presence and absence of cyanobacteria
(Anabaena) and evaluated variation in relative eye size in the
parental and offspring generations [67]. If exposure to cyano-
bacteria results in a trade-off between investment in life
history versus eye tissue, then we expect to observe a decline
in relative eye size and the production of smaller eyes will con-
tinue in the offspring generation. An alternative possibility is
that exposure to cyanobacteria induces an adaptive response
that enhances fitness (e.g. [58-62]). Such a result would
potentially be supported if parents respond to exposure to
cyanobacteria by increasing allocation to eye tissue in offspring.

We tested for an influence of cyanobacteria on the eye size
of Daphnia using clones from two lakes in Wisconsin, USA
(Allequash, Mendota). The experiments that generated the

images that we used to assess eye size are published [67]. Here
we provide a summary of the protocols. In May 2016, we obtained
sediment samples from each lake via an Ekman grab. We then
hatched 45 Daphnia clones from these sediment samples. These
clones were reared and maintained in COMBO media [68] and
fed non-limiting quantities of green algae (Scenedesmus obliquus)
prior to the start of the experiments. For the experiments, we first
raised all clones under common garden conditions for three gener-
ations. In January 2018, we isolated one adult female per clone and
placed each individual into separate 90-ml containers. We collected
four newborn individuals and placed them into a new jaras soon as
afemale produced a clutch of offspring. All individuals were trans-
ferred to fresh media and algae (Scenedesmus obliquus; 2.0 mg C/L)
every other day. The second and third common garden generations
were generated using the second clutch of offspring from the
previous generation. All generations experienced the same con-
ditions (temperature: 20°C; photoperiod: 16 L: 8 D; feeding rate:
1.0mg Ccl9,

We evaluated the transgenerational effects of cyanobacteria
using offspring from third-generation common garden-reared
adults. We collected eight newborn individuals from the second
clutch of each clone and randomly assigned each individual to
one of the following resource treatments: (a) Scenedesmus or (b)
Anabaena (in generation 1 only). Individuals in the Scenedesmus
treatment received 100% Scenedesmus while individuals in the
Anabaena treatment received 100% A. inaequalis. Each treatment
was replicated 4x per clone and received a similar carbon content
of algae (1.0 mg C"%). All other experimental conditions mimicked
the previous common garden generations. All Daphnia were then
monitored for the release of the first clutch into the brood chamber
(i.e. maturation). Upon maturation, all individuals were photo-
graphed for estimates of size at maturation. These images
allowed us to assess eye size. Using Image]J, we traced the outline
of the body (excluding the tail spine) and eye for estimates of
body length and eye diameter. Our experiment continued for a
second generation to test for potential transgenerational conse-
quences of cyanobacteria. The second experimental generation
was initiated by collecting individuals from the third clutch of
each clone. Importantly, all individuals were fed Scenedesmus in
the second generation. Each treatment was replicated 3x per
clone in generation 2. Individuals in the second generation were
photographed at maturation, which allowed us to assess eye size.

We evaluated the influence of cyanobacteria on absolute and rela-
tive eye size within- and across-generations using linear mixed
models (SPSS v. 27 IBM Corp.). We entered food treatment, gener-
ation and the food x generation interaction as fixed effects. Body
size (length in millimetre) was entered as a covariate for the
analyses of relative eye size. To test for clonal variation in plasticity,
we included the clone x food x generation interaction as a random
effect. We also tested for trade-offs between investment in eye size
and life-history traits using the published data [67] by performing
multiple regressions with eye size entered as the dependent vari-
able, life-history trait (age at maturation, clutch size) and length
entered as the independent variables. We performed these
regressions separately for each generation [69].

The influence of cyanobacteria on absolute eye size depended
upon generation. We observed a significant (p <0.05) food x
generation interaction (Fj 1762 =35.19, p <0.001). Exposure to
cyanobacteria in generation 1 resulted in an absolute eye size
that was 7% smaller versus the eye size of Daphnia in the
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Figure 1. Exposure to cyanobacteria influences the expression of eye size within- and across-generations. (a) Absolute eye size, (b) relative eye size. The food
treatment X generation interaction was significant for absolute (a) and relative (b) eye size. Note that all individuals were fed Scenedesmus in generation 2. Error =

+1.0 se.

(a) 0.19 - Anabaena
0.18 F
017 F
0.16 |
0.15 F

0.14 |

absolute eye size (mm)

0.13 F

0.12 L L

0.18

—~
o
~

0.17

0.16 |

relative eye size (mm)

1 2
generation

Scenedesmus

~
S
SN

0.18

0.17

0.16 F

0.15F

0.14

absolute eye size (mm)

0.13F

0.12 ; 1

0.18 ¢

~
S
~

0.17 f

0.15F

relative eye size (mm)

0.14 |

0.13 .

generation

Figure 2. Clonal variation in responses to cyanobacteria. (a) Clonal variation in absolute eye size for the Anabaena treatment, (b) clonal variation in absolute eye size
for the Scenedesmus treatment, (c) clonal variation in relative eye size for the Anabaena treatment, (d) clonal variation in relative eye size for the Scenedesmus
treatment. For each panel, each line represents the shifts in eye size across generations for a given clonal lineage. The food treatment X generation X clone ID

interaction was significant for absolute (a,b) and relative eye size (¢,d).

Scenedesmus treatment (figures 1 and 2). Such trends were
reversed in generation 2; the absolute eye size in the cyano-
bacteria treatment was 4% larger than the eye size of
Daphnia in the Scenedesmus treatment in generation 2
(figures 1 and 2). Overall, the influence of food treatment
(F11762=2.07, p=0.15) and generation (F;1762,=0.09, p=
0.77) were not significant (p > 0.05). The interaction between
clone, food treatment and generation was significant (Wald
Z=5.0, p<0.001) (figure 2).

The differences in relative eye size between the food treat-
ments varied across-generations (figure 1) as the food
treatment x generation interaction was significant (Fj 552 =
11.41, p=0.001). In generation 1, Daphnia from the cyano-
bacteria treatment exhibited a relative eye size that was 3%
smaller than Daphnia from the Scenedesmus treatment
(figure 1). The opposite pattern was observed in generation 2.
Maternal exposure to cyanobacteria led to a relative eye size
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in generation 2 that was 2.5% larger than Daphnia continually
fed Scenedesmus (figures 1 and 2). Effects due to food treat-
ment (Fy1802=0.55, p=0.46) and generation (F;1795=0.12,
p = 0.73) were not significant. The clone x food treatment x gen-
eration interaction was significant (Wald Z =4.02, p <0.001)
(figure 2).

The relationship between age at maturation and relative eye
size was significantly negative in generation 1 (=-0.128,
t=-2.7, p=0.007) but significantly positive in generation 2
(8=0.181, t=3.39, p=0.001) (electronic supplementary
material, figure S1). We observed a significant positive
relationship between reproductive investment (in clutches
1-4) and relative eye size in generation 1 (3=0.377, t=5.95,
p<0.001) and generation 2 (8 = 0.237, t=2.61, p=0.01)
(electronic supplementary material, figure S1).

Our results revealed divergent shifts in relative eye size
within- and across-generations in response to exposure to
cyanobacteria (figure 1). Daphnia that were fed a diet contain-
ing cyanobacteria in generation 1 produced a smaller eye
than Daphnia fed green algae (figure 1). Given that we fed
Daphnia a non-toxic strain of cyanobacteria, the production
of a smaller eye in generation 1 likely stems from the reduced
nutritional content of Anabaena versus Scenedesmus [67]. We
examined whether the smaller eye size produced on the cya-
nobacteria diet in generation 1 is due to a fitness trade-off
with some other trait. Even though we failed to find evidence
for a trade-off with development rate or reproductive invest-
ment in generation 1 (electronic supplementary material,
figure S1), this does not eliminate the possibility of a trade-off
between eye size and some other component of fitness. Our
results then demonstrated that maternal exposure to cyano-
bacteria led to a reversal of the differences in relative eye
size between treatments in generation 2; Daphnia whose
mothers were fed cyanobacteria produced larger eyes than
Daphnia that were continually fed green algae (figure 1).

There are several possible explanations for the increase in
relative eye size observed between parent and offspring gener-
ations in the cyanobacteria treatment. One possibility is that
eye size is highly correlated with body size and constrained by
shifts in body size. This is relevant because our previous study
showed that body size increased between generation 1 and 2
in the cyanobacteria treatment [67]. Though, the regression
between body size and eye size explains just 25% of the variation
(" = 0.249). This implies that there is ample opportunity for eye
size to independently respond to shifts in selection.

Second, the increase in relative eye size may be an adap-
tive response to maternal exposure to cyanobacteria. That is,
the shift in relative eye size between generations is potentially
adaptive if a larger eye enhances the ability of Daphnia to
forage or assess food quality [65]. This is plausible because
Anabaena and Scenedesmus differ in size and morphology
and variation in the density of different algal species can
alter the light environment. Hathaway & Dudycha [65]
proposed that Daphnia may use visual cues to identify
micro-patches of resources that vary in quantity or quality.
Furthermore, the distribution of green algae and cyanobac-
teria likely varies spatially and is well known to vary

temporally; cyanobacteria are much more prevalent during [ 4 |

the summer in Lake Mendota [70]. As a result, seasonal
shifts in algal composition will likely persist for multiple
generations of Daphnia in lakes, which can favour the evol-
ution of TGP [8]. Thus, one interpretation of our results is
that maternal exposure to low-quality food leads to the
production of a larger eye in offspring to aid in foraging.

Finally, it is also plausible that there is no across-gener-
ation carry-over effect of feeding on cyanobacteria. In our
experiments, parents were exposed to cyanobacteria but off-
spring were then fed green algae. Some studies have indeed
found weak evidence for transgenerational responses to
maternal exposure to cyanobacteria [62]. On the one hand,
this latter possibility appears less likely to explain our results
because the Daphnia developed in the brood chamber while
mothers were fed cyanobacteria and the offspring then
experienced cyanobacteria for approximately the first 12 h
of life. Daphnia are very sensitive to environmental conditions
during embryonic development [11,71] and during their first
juvenile instar stage [72,73]. Though, it is also possible that
exposure to cyanobacteria and then green algae resulted in
‘nutritional upgrading’ and, in turn, the production of a
larger eye [74]. In general, the causes and consequences of
plasticity in eye size warrant further study.

One surprising aspect of our results is that the eye size of
Daphnia declined between generation 1 and 2 despite contin-
ual exposure to Scenedesmus (figure 1). It is unclear if this
represents a maternally derived response to Scenesdesmus.
Though, it is important to highlight that there is little
evidence that the quality of the green algae declined over
time as rates of development were nearly identical in the
Scenedesmus treatment between generations [67].

Our study contributes to a growing body of work demon-
strating plasticity in eye size or a component of the eye. This
includes several studies examining the link between resource
availability and plasticity in eye size [33,35,37]. The trends
revealed by these studies are mixed. Similar to the present
study, Brandon & Dudycha [35] showed that low resource
availability leads to declines in eye size. But other studies
have observed the opposite [33] or no response to declines
in resources [37]. The important advance observed in the cur-
rent study is that we manipulated resource quality (and not
just resource availability) and demonstrated a within-gener-
ation response and, possibly, an adaptive transgenerational
response in relative eye size to poor food quality. In general,
our understanding of the ecological and evolutionary signifi-
cance of eye size is rapidly accumulating (e.g. [17,32,33-41]).
This includes the link between eye size and many ecologically
relevant behaviours [25-31]. Our study calls for more work
aimed at furthering our understanding of the role of sensory
systems in transgenerational plasticity.

All data are located in the following Dryad Digital
Repository: https://doi.org/10.5061/dryad.34tmpg4kc [69].
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