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Abstract Solar-powered sea slugs (Sacoglossa: Gastropoda)
have long captured the attention of laymen and scientists alike
due to their remarkable ability to steal functional chloroplasts
from their algal food, enslaving them to withstand long starvation periods. Recently, a wealth of data has shed insight into
this remarkable relationship; however, the cellular mechanisms governing this process are still completely unknown.
This study explores these mechanisms, providing insight into
the chloroplast retention and delayed digestion, occurring
within the slug’s digestive gland. We examine the relationships between functional chloroplast and lysosome abundances during starvation, in live material, for the long-term
retaining species Elysia timida, the ambiguous long/shortterm retaining Elysia viridis, and the short-term retaining
Thuridilla hopei, to elucidate digestive differences that contribute to the development of functional kleptoplasty.
Functional chloroplast and lysosome abundance are measured
using chlorophyll a autofluorescence and the pH-dependent
stain acridine orange. In each species, the number of chloroplasts and lysosomes is indirectly proportional, with the plastid density decreasing when starvation begins. We also present
a new FIJI/Image J Plugin, the 3D—Accounting and
Measuring Plugin, 3D-AMP, which enables the reliable analysis of large image sets.
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Introduction
Sacoglossan sea slugs (Gastropoda: Heterobranchia) have
gained the nicknames Bsolar-powered sea slugs^ and Bleaves
that crawl^ due to some species’ ability to acquire and retain
functional chloroplasts (cps) for months on end (Greene 1970;
Rumpho et al. 2000; Taylor 1968). Although acquired
phototrophy, the use of photosynthates from incorporated
photoautotrophic organelles, has been described in ciliates,
foraminifers, and dinoflagellates (Johnson 2011; Lindholm
and Mork 1989; Stoecker et al. 2009), sacoglossan sea slugs
are the only known metazoans with this ability. Recent research has focused on the evolution and development of this
extraordinary ability from an ecological, and more recently,
genetic standpoint (Christa 2014; Christa et al. 2013a, b;
Händeler et al. 2009; Pelletreau et al. 2014; de Vries et al.
2014, 2015; Wägele and Johnsen 2001; Wägele et al. 2011).
These studies show the development of long-term retention
(LtR) and functional kleptoplasty in several sacoglossan lineages and suggest this ability evolved independently within
different clades (Christa et al. 2014a; Händeler et al. 2009;
Wägele and Martin 2014; Wägele et al. 2011), meaning there
is likely a difference in the cp-storing digestive glands of slug
species capable of LtR, versus those incapable (StR and NR).
Furthermore, these digestive gland cells digest non-plastid
algal cell contents while leaving the cps intact, suggesting
selected digestion (Christa et al. 2013b). Since both LtR slugs
and StR slugs have stenophagous and polyphagous members,
and amongst the polyphagous LtR forms, the survival duration of differing algal cp species is highly variable; the algal
species contributing cps also influences functional
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kleptoplasty (Christa et al. 2013a, 2014a, b; Curtis et al. 2006,
2015; Händeler et al. 2009). This reveals that functional
kleptoplasty is a complex system that must include the right
species of slug acquiring the right algal cp species in order to
occur.
Kleptoplast functionality has been measured within
sacoglossan tissues for many years, using pulse amplitude
modulated (PAM) fluorometry, a system that measures the
chlorophyll a autofluorescence originating from photosystem
II (Christa 2014; Christa et al. 2013b; Curtis et al. 2015; de
Vries et al. 2015; Schmitt et al. 2014; Wägele and Johnsen
2001; Wägele and Martin 2014). The effective quantum yield
values obtained from PAM fluorometry provide a relative value of the number of reaction centers actively involved in photosynthesis, an index of how efficiently photosystem II is
working in a given tissue. This qualitative measurement does
not actually indicate the quantity of photosynthesis reaction
centers occurring within this sample, although chlorophyll a
must be present and functioning to yield a signal. Recently,
pigment analyses have attempted to bridge this gap, providing
quantitative measurements of pigment concentrations in
sacoglossan tissues; however, this data does not assess pigment functionality, is therefore unable to be compared to digestion rates within these tissues, and these studies have not
accounted for starvation time periods (Baumgartner et al.
2015; Rauch et al. 2015; Ventura et al. 2013).
Functional kleptoplasty is a complex process involving a
number of steps, each of which is crucial to its development
and performance: (1) the slug must sequester algal cell contents
from an algal species with cps capable of being retained within
the slug’s digestive gland, (2) these algal cell contents must be
taken up into the slug’s digestive gland cells, (3) incorporated
cps must not be digested while the other cell contents are, and
(4) cps are then retained for many months where they may
remain active in some slugs, contrasting NR forms where they
do not (Curtis et al. 2015). However, incorporated active cps do
lose their functionality over time (Christa 2014; Christa et al.
2013b; Curtis et al. 2015; de Vries et al. 2015; Schmitt et al.
2014; Wägele and Johnsen 2001; Wägele and Martin 2014)
and may or may not still be active when they are (5) finally
digested. The mechanisms behind these steps have yet to be
investigated with clear interpretable results. Many studies have
examined the kleptoplast incorporation, retention, and later digestion processes using transmission electron microscopy, to
identify the method by which cps enter digestive gland cells
and examine cp breakdown at a few time points during starvation (Martin et al. 2013; Wägele and Martin 2014). Other studies have focused on enzymatic analyses (Taylor 1968) and more
recently on gene expression (de Vries et al. 2015); however,
none of these methods surveyed enough time points during the
starvation process to accurately detail how and when intracellular digestion occurs within these tissues, nor do they provide
images that show exactly what is occurring inside the digestive
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gland cells. To assess these problems, we developed and present
here the first intracellular glimpse into digestion in these cells,
by using confocal scanning laser microscopy to monitor functional kleptoplasts and lysosomes, as indicators of active digestion, in living digestive gland cells.
We examined starved animals at numerous time points, to
determine functional kleptoplast abundance throughout a starvation period. This is compared to animals that are first starved and
then later reintroduced to food to determine the difference in
kleptoplast abundance. Lysosome abundance and location were
also measured to explore a correlation between starvation point
and digestion. The LtR species Elysia timida is compared to the
LtR/StR species Elysia viridis Montagu, 1804 (the ingested algal
species determines how long E. viridis retains cps, causing its
classification as either LtR or StR, depending on the study
(Baumgartner et al. 2015; Händeler et al. 2009)) and the StR
species Thuridilla hopei Vérany, 1853 to determine if digestion
patterns differ in species performing different degrees of
kleptoplasty. A large data set was analyzed comprising hundreds
of specimens and thousands of images taken at different time
points during each species’ respective starvation period. The size
of the data set produced required us to develop a new FIJI plugin,
3D-AMP (3D—Accounting and Measuring Plugin) to automatically and reproducibly analyze our images and handle the sheer
volume of generated data.

Material and methods
Live material
E. timida adults (Fig. 1a) were individually collected in
Fetovaia on the island of Elba, Italy, May 2015 (population
1), and Blanes, Spain, in August 2015 (population 2) alongside T. hopei (Fig. 1c). Stones covered in Acetabularia
acetabulum were also collected in Fetovaia and Cavoli,
Elba, Italy. E. viridis and Codium tomentosum Stackhouse,
1797 were collected in July 2015 in Porto, Portugal
(Fig. 1b). All specimens were kept at 18 °C with artificial
lighting providing 220 μE−2s−1, full spectrum light for
12 h L:12 h D. Twenty to 25 animals shared a 5 L aerated
tank filled with about 3 L of freshly prepared artificial seawater. An acclimatization week with feeding was provided before the animals were removed from the algae and placed in
empty tanks for the duration of their starvation periods.
During starvation, all animals were housed in the similar tanks
and only removed for tank cleaning and experimentation.
When reintroduced to food, specimens were monitored until
feeding commenced (as indicated by buccal contractions
which indicate sucking) and then allowed 30 min to feed.
Since 30-min feedings resulted in no visible change in lysosomal or chloroplast density, a second population was collected, starved, and allowed 2 h to feed. They were then removed
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Fig. 1 Investigated species. a
Elysia timida adults crawling on
Acetabularia acetabulum. b
Elysia viridis. c Thuridilla hopei

from the algae and processed using the same methods outlined
for the starving animals. Specimens were randomly selected
for re-feeding and staining. E. timida population 1 was sampled at 0, 1, 3, 7, 14, 30, and 42 days; E. timida population 2
was sampled at 0, 3, 7, 14, 21, 30, 42, 60, and 89 days,
E. viridis at 0, 1, 7, 14, 21, and 30 days, and T. hopei at 0, 7,
14 and 21 days. There were no permissions or permits required to collect any of the species involved.

This allows dimer-type staining while excluding anything
stained by the monomer type. Control animals that were not

Chloroplast and lysosome abundance in starving slugs

Elysia timida series 1 food
reintroduction
30 min

Lysosomes were visualized with the stain acridine orange (AO),
a vital stain occurring in two forms when in solution. These two
forms stain different structures in living and dead tissues and emit
photons at different wavelengths when excited by blue laser at
488 nm. In living tissues, monomer type AO stains RNA
(533 nm emission) and dimer-type AO aggregates in extremely
acidic organelles (lysosomes) (656 nm emission). In dead tissues,
monomer type AO intercalates into double-stranded DNA
(533 nm emission) and dimer-type AO intercalates into RNA
(656 nm emission) (Kusuzaki et al. 2014; Moriyama et al.
1982). Adult E. timida, E. viridis, and T. hopei were sampled at
different starvation points according to the time series seen in
Table 1. Overall, 56 E. timida were starved from population 1,
62 from population 2, 33 E. viridis, and 12 T. hopei. The slugs
were stained with acridine orange (a 5 μmol solution was prepared with filtered seawater) for 30 min.
Each sample was then pinned to a silicone-covered petri
dish, decapitated, and vivisected (Fig. 2a). Each cross-section
was roughly 0.5 mm thick, mounted on a microscope slide,
covered (Fig. 2b, c), and imaged on a Leica SPE CLSM. Five
scans were taken from different sections for each slug. Each
scan contained eight images, each 1 μm thick, and therefore
covered a depth of 8 μm to capture the entire digestive gland
cell while avoiding the digestive gland lumen (Fig. 3).
Acridine orange fluorescence and chlorophyll a autofluorescence were measured using the blue laser (excitation 488 nm),
with 645–670 nm (AO dimer-type optimum 656) and 600–
640 nm (chl a optimum 633) as the accepted emission ranges.

Table 1 Specimen list. This table shows the number of specimens used
in each experiment, for each time point sampled
Time
point in
days

#
# of animals
animals starved
starved and reintroduced
to food

0

8

n.a.

1

3

3

3
7
14

3
3
3

3
3
3

Elysia timida series 2 food
reintroduction 2 h

21
30
42
0
1

3
3
3
8
3

3
3
2
n.a.
3

Elysia viridis

3
7
14
21
30
42
60
89
0

3
3
3
3
3
3
3
3
6

3
3
3
3
3
3
3
3
n.a.

1
7
14
21
30
0
7
14
21

3
3
3
3
3
3
3
3
3

3
3
3
3
0
n.a.
n.a.
n.a.
n.a.

Thuridilla hopei

n.a. not applicable
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Fig. 2 Vivisection method and 3D-AMP analysis. a Acridine orange
stained slugs (E. timida shown here) were pinned to a silicone-covered
petri dish to immobilize them before decapitation and slicing. b
Individual slices were placed on a microscope slide in seawater before c
covered with a coverslip. d Chloroplasts were imaged on one channel and
false colored red. e A transmission channel was used to help delineate
non-digestive gland tissue (NDGT) from the digestive gland tissue (DGT)
and was not used in the analysis. The dark spots seen in the digestive
gland are individual chloroplasts. f Lysosomes were observed using a

third channel and falsely colored blue. The yellow line surrounding the
digestive gland tubule was drawn in using FIJI and outlines the region of
interest (ROI) used in the 3D-AMP analysis. g A raw image before any
thresholds have been applied. h The same image, however a chloroplast
threshold of 24, the value used in this analysis was applied to remove
some background signal and noise. i The same image with the threshold
set to 36 to show an over-filtered image. Scale bars: a 2 mm. b, c 2 cm. d–
f 50 μm. g–i 50 μm

Fig. 3 Digestive tubule schematic with imaging plane. Chloroplasts and
lysosomes within the branched digestive gland were imaged by taking
stacks of images transversally through the digestive gland cells. Efforts to
avoid digestive gland lumen and surrounding tissues meant the stacks of

eight images fit between the two planes depicted here and were each 8 μm
thick or 1 μm/per image. cp chloroplast, li lower image boundary, lu
digestive gland tubule lumen, st surrounding tissue, ui upper image
boundary
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stained with acridine orange verified that the emission range
645–670 did not yield any noteworthy background signal.
Once the method was established, a preset was created in the
software so every image was captured using the exact same
settings and parameters. All specimens were sampled at 11:00,
in the exact middle of the daily light period, to avoid the daily
size changes that occur in A. acetabulum cps (Driessche
1966). This process was repeated with animals from each
starvation point that were reintroduced to food for 30 min
and 2 h before staining and slicing, to see if there was a change
in lysosome quantity in response to the first feeding after
starvation.
Image analysis—3D-AMP
The huge volume of images produced due to the high
number of sampling points inhibited manual image analysis. We tested numerous available software packages and
found their results to be inaccurate and irreproducible due
the close proximity of the organelles to one another in our
images (both plastids and lysosomes). This is due to the
algorithms underlining these software packages. Rather
than relying on object recognition software as these tools
do, which needs clear boundaries around each object in
order to discern one from another, we developed and presented here a script that relies on pixel-based counting.
This method assesses each pixel in the image, evaluating
whether it should be counted because it is not black indicating signal, or it should not be counted. While evaluating each pixel, 3D-AMP ignores every other pixel in the
image.
The plugin we present here is named 3D-AMP. 3D refers to
the three-dimensional nature of image stacks and AMP stands
for Accounting and Measuring Plugin. 3D-AMP was based on
scripting functions already built into the FIJI software package
(ImageJ version 2.0.0-rc-15) and counts pixels on a userprovided number of channels within and outside a userdefined region of interest (ROI). To filter out background
fluorescence and any other less intense signals, thresholds
can be set for each channel and only those pixels more intense
than this threshold are counted. This means that some white
pixels are not counted if the author chooses to filter them out
using this function. The image scale can be entered to provide
area calculations in square microns (μm2). An alignment tool
aligns all images in a stack to account for any sample movement while the image was being captured. The final ROI and
non-ROI areas, pixel counts, and calculated pixel coverage
areas are exported into a Microsoft Excel table for further
analysis. The plugin layout is explained in Fig. 4.
The images produced in this study were recorded using
two emission channels and one transmission channel.
Each ROI was defined as the entire digestive gland tubule
(DGT) and the area outside the ROI was deemed non-
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digestive related tissue (NDGT) (Fig. 2d–f). The transmission channel images were used to help delineate DGT
tissue from NDGT tissue and were not used for quantification (Fig. 2e). Cp and lysosome (lys) abundance inside
DGTs and NDGT were measured. As cps only occur in
the digestive tubules, the non-ROI value was always 0.
Lysosome abundance was calculated by subtracting the
average area covered by lysosomes in NDGT from the
average area in DGT area for each image, to account for
the average lysosome abundance related to background
cell maintenance rather than the digestive process.
Numerous threshold values were analyzed and the optimal
values (values that most closely aligned with the manually
counted number of cps and lys) were used. Since 3DAMP records pixels rather than objects, chloroplasts containing decreased chlorophyll content were still measured.
The final thresholds were set to 24 for the chloroplast
channel and 36 for the lysosome channel, to reduce background noise while preserving fluorescent signal and the
alignment function was used although very little tissue
movement was observed (Fig. 2g–i).

Results
3D-AMP
3D-AMP was designed to facilitate a time efficient analysis of
the thousands of images compiled in this study. While numerous
tools already exist to quantify objects in CLSM images, they rely
on blob analysis, which proved unreliable for the images produced here since our cps and lysosomes are densely packed and
often lie next to one another. To accurately analyze these images,
3D-AMP utilizes pixel counting rather than blob detection, and
the resulting values reflect an area measurement instead of an
abundance value. The abundance can later be estimated using an
average object size, which is easily computed in FIJI, by drawing
ROIs around individual plastids and measuring the area inside.
3D-AMP’s accuracy and reliability were measured by comparing
manual counting to the automated values it calculated. One hundred chloroplasts were first measured manually, yielding an average diameter of 2.75 μm ± 0.44 and an average area of
5.94 μm2 ± 1.02. 3D-AMP measured an average cp diameter
of 2.93 μm ± 0.13 with a mean area of 6.74 μm2 ± 0.35.
Manually measuring lysosomes yielded an average diameter of
1.09 μm ± 0.72 and area of 0.93 μm2 ± 0.19 compared to the
automatically measured (3D-AMP) 1.3 μm ± 0.6 diameter and
1.32 μm2 ± 0.12 area. A Student’s t test revealed no significant
difference in these values (for cps, p = 0.44; lys, p = 0.29) meaning the accuracy of 3D-AMP’s accounting and measuring is
comparable to that achieved manually.
This software and a user manual can be downloaded from
https://www.zfmk.de/en/3D-AMP.
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Fig. 4 3D-AMP design and logical flow chart
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The degradation of functional cps, as presumed by the decreased chlorophyll a content, was observed in all of the tested
species and specimens. In both E. timida (LtR) adult populations, this degradation was best modeled by exponential functions and supported by the r2 value 0.9 for both populations 1
and 2 (Figs. 5a, b and 6a, d, g, j). E. viridis (StR/LtR) cp
degradation was best modeled by a quadratic function with
r2 = 0.70 (Figs. 5c and 7a, d, g, j). T. hopei was only slightly
best modeled with a quadratic function (r2 = 0.98) compared
to the exponential r2 = 0.92 (Figs. 5d and 8a, d, g, j). All three

species showed rapid decline in their functional chloroplast
abundance, regardless of whether they were LtR or StR.
Lysosomes were observed throughout the starvation period
in all of the species examined. The average area covered by
lysosomes in NDGT was compared to DGT to examine the
baseline levels of digestion occurring inside and outside the
digestive system. NDGT lysosomal activity was consistently
low in E. viridis, rising only slightly from a NDGT mean of
2.4 % coverage for time points 0–7 days to 2.8 % for 14–
30 days (Fig. 9c). Both E. timida populations also had low
NDGT means, 0.17 and 1.5 % in populations 1 and 2, respectively (Fig. 9a, b). T. hopei specimens, however, had low

Fig. 5 Average chloroplast and lysosome density per specimen. The
percentage of digestive gland tubule covered by lysosomes and
chloroplasts. Chloroplasts are depicted in dark red triangles for the
initial experiments where starved animals were examined and in light
red diamonds where starved animals were allowed to feed again before
staining and imaging. The lysosome areas measured in starved animals
are shown by dark blue circles and the light blue squares correspond to
re-fed animals. Each value was obtained by measuring the areas covered
by chloroplasts and by lysosomes, independently, as well as the area
covered by DGT and the area in NDGT tissue. The cp and lys areas were
each divided by the DGT area (ROI in 3D-AMP) to produce the relative
values graphed here. a Elysia timida (population 1, spring) adults were

starved for various time periods (the maximum starvation length achieved
was 42 days) and half of the surveyed specimens were re-fed
Acetabularia acetabulum for 30 min. b Elysia timida (population 2, autumn) were starved for the same time points surveyed in population 1;
however, specimens achieved a maximum 89 days starving and the half
that were re-fed were provided 2 h. c Elysia viridis starvation period with
specimens re-fed for 2 h on Codium tomentosum. d Thuridilla hopei
starvation period, no re-feeding experiments were possible due to a lack
of reliable information on food preferences. The chloroplasts and lysosomes in each species showed an inversely proportional relationship, with
the number of chloroplasts decreasing as the animals starve and the number of lysosomes increasing
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Fig. 6 Chloroplast and lysosome
density in Elysia timida. a
Chloroplasts (cps) (falsely
colored red) in an unstarved
specimen. b Lysosomes (lys)
(blue) in the same specimen. c
Composite of chloroplasts and
lysosomes. d-f Cps, lys, and
composite after 14 days
starvation. g–i Cps, lys, and
composite after 30 days
starvation. j–l Cps, lys, and
composite after 60 days
starvation. Scale bar—50 μm

NDGT lysosome densities until the 14-day time point (mean
2.8 %) when this quantity rose substantially (mean 6.6 %);
however, it was still always substantially lower than the DGT
lysosome density (mean 20.8 %) (Fig. 9d).
The lysosome abundance recorded within the DGT was
higher than in NDGT for all of the species examined. In
E. timida populations 1 and 2, DGT lysosomal abundance is
low during the first time points, having an average percent area
coverage of 1.4 and 1.03 %, respectively, and then quickly increasing after the 21-day time point (P1 r2 = 0.91, P2 r2 = 0.96)
to an average of 61.4 and 69.7 % at 60 and 89 days of starvation
(Figs. 6b, e, h, k and 9a, b). E. viridis also displays an exponential
increase in lysosome abundance throughout the starvation period
(r2 = 0.66); however, there are significantly more lysosomes at
the beginning (9.7 %) and the increase is far more greater
(52.1 %) (Figs. 7b, e, h, k and 9c). T. hopei shows an almost
constant lysosomal abundance having a mean 22.2 % lysosome

coverage at the beginning and 23.6 % in the later time points and
only 0.41 r2 support (Figs. 8b, e, h, k and 9d).
Chloroplast and lysosome abundance show an inverse relationship, although neither is modeled by a linear function
and the particular relationship between these two variables
could not be determined. In both E. timida populations, cps
and lysosome abundance are equal around the 21-day time
point (Fig. 5a, b). E. viridis displays an equal abundance at
the 5-day time point (Fig. 5c) whereas T. hopei occurs at
14 days (Figs. 5d, 6, 7, and 8c, f, i, l).
Food reintroduction experiments
Half of the adult E. timida’s from P1 were re-fed for 30 min, at
each sampling point as described in Table 1, to measure any
difference in lysosomal activity when the slug is reintroduced
to food. The predicted increase in starving slugs’ lysosomal
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Fig. 7 Chloroplast and lysosome
density in Elysia viridis. a
Chloroplasts (falsely colored red)
in an unstarved specimen. b
Lysosomes (blue) in the same
specimen. c Composite of
chloroplasts and lysosomes. d-f
Cps, lys, and composite after
14 days starvation. g–i Cps, lys,
and composite after 21 days
starvation. j–l Cps, lys, and
composite after 30 days
starvation. Scale bar—50 μm

abundance due to the availability of food was observed; however, significance tests conducted with multiple programs
yielded no discernable result. The near parallel status of the
lysosome abundance curves suggests the same digestive pattern occurs in both animals not reintroduced to food, and those
fed for 30 min. The cp abundance curve is higher in the animals allowed to feed again. The parallel nature of the cp abundance curves suggests that 30 min is too short a period of time
and the cps gained in this time are too few in number, to
actively change the digestive processes in these tissues
(Fig. 5a).
E. timida P2 specimens were also separated into two treatments (starved and starved then re-fed); however, the animals
allowed to feed were given 2 h. The predicted increase in lysosomal activity was not seen however, rather a small decrease in
lysosome abundance. The significance of this decrease could not
be determined, but is likely non-existent since both curves are

modeled by highly similar functions (Fig. 5b). Cp abundance
was higher in the animals allowed to feed and contrary to the
results from P1, the curves are not parallel, indicating a difference
in the DGT likely related to time the animal was allowed to feed.
P1 and P2 animals starved up to 42 days showed a high degree of
interest when presented with food, feeding almost immediately
and continuing for the entire time allowed. P2 slugs starved
longer than 42 days; however, they showed few attempts to feed
and required various amounts of time before they began to feed
(the 2-h time period only began after they first appeared to feed).
This likely explains the intersection of the two curves in Fig. 5c
and indicates that although slugs starved for more than 42 days
appeared to feed, they may not have actually ingested any cps
and therefore functionally contain the same amount of cps as the
un-fed samples.
E. viridis re-feeding treatments report slightly different trends.
While the number of cps is always higher in the animals allowed
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Fig. 8 Chloroplast and lysosome
density in Thuridilla hopei. a
Chloroplasts (cps) (falsely
colored red) in an unstarved
specimen. b Lysosomes (lys)
(blue) in the same specimen. c
Composite of chloroplasts and
lysosomes. d-f Cps, lys, and
composite after 7 days starvation.
g–i Cps, lys, and composite after
14 days starvation. j–l Cps, lys,
and composite after 21 days
starvation. Scale bar—50 μm

to feed (2 h), the lysosome abundance was lower than the nonfed treatment for time points before 18 days and higher after
18 days. The significance of this difference could not be
established; however, it is likely insignificant.

Discussion
For the first time, the degradation of functional chloroplasts
within the digestive gland is detailed and compared to lysosomal abundance to reveal the relative amounts of digestion
occurring throughout starvation periods. Thus, functional
chloroplast abundance, as indicated by the presence of chlorophyll a and measured by recording its autofluorescence, is
now reported in situ. PAM fluorometry data has shown significant declines in the photosynthetic capability of chloroplasts within sacoglossan digestive glands; however, the relative nature of these yield values does not quantitatively

explain the decrease in chloroplast abundance (Christa 2014;
Christa et al. 2013b; Curtis et al. 2015; de Vries et al. 2015;
Schmitt et al. 2014; Wägele and Johnsen 2001; Wägele and
Martin 2014). Pigment analyses have described the dry weight
chlorophyll abundance in unstarved E. timida; however, they
fail to assess the decline in plastids during a starvation period
and do not examine the location and density of these plastids
(Baumgartner et al. 2015; Rauch et al. 2015; Ventura et al.
2013). This study details the decline in functional plastids over
time, in situ, showing that the decrease in E. timida is not
modeled linearly as seen in the PAM yield value, but rather
shows a sharp decrease and subsequent softening.
The functional chloroplast abundance and the rates at
which plastids are digested amongst the different species examined here support the hypothesis that LtR and StR species
handle retained chloroplasts differently. The LtR species,
E. timida, is able to retain chloroplasts for up to 100 days
(author unpublished results), and during this period, the
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Fig. 9 Lysosome density in digestive tissue versus non-digestive tissues.
The percentage of DGT tissue covered by lysosomes within the digestive
gland tubule is indicated with light blue diamonds and compared to the
average area covered by lysosomes outside the DGT (shown in dark blue

squares), at each time point sampled, for each population investigated. a
Elysia timida population 1 from Elba (spring). b Elysia timida population
2 from Blanes (autumn). c Elysia viridis. d Thuridilla hopei. Specimens
that were re-fed were not included

number of functional plastids decreases substantially; however, it decreases slower than in the StR species. While the decrease occurs mostly at the beginning of the starvation period,
between 0–30 days, functional plastids are still found in abundance until around 60 days. After this, functional plastids are
rarely observed and those still present emit a very weak fluorescent signal, indicating the breakdown of chlorophyll a and
likely the breakdown of the plastid itself. Further work must
be conducted to determine the relationship between chlorophyll a breakdown and plastid longevity in sacoglossan digestive glands. Transmission electron micrographs show some
cps are still embedded within DGT, even after the chlorophyll
a has broken down; however, these cps are less abundant and
show structural abnormalities, further supporting the idea that
these plastids are being actively digested during starvation
(Martin et al. 2013; Schmitt 2011).
The ambiguous LtR/StR slug E. viridis and T. hopei (StR)
both display a rapid functional plastid decrease, with most of
the breakdown occurring between 0 and 15 days and a very

low functional plastid density afterward. Despite ingesting
C. tomentosum, the algae that should allow E. viridis to
achieve LtR and therefore presumably behave similarly to
E. timida when examined intracellularly (Baumgartner et al.
2015; Christa et al. 2013a; Gallop et al. 1980), the specimens
observed here more closely matched trends seen in T. hopei
and suggest that E. viridis may actually function like other StR
forms when kleptoplast digestion is concerned. The relative cp
density observed in all species also differs between LtR and
StR forms. Unstarved animals from both E. timida populations have cp coverage of over 40 %, while E. viridis has
roughly 16 % and T. hopei has only 4.5 %. Due to this difference, chloroplast abundance within these tissues may be a
leading factor in a slug’s ability to survive starvation. More
research will need to be conducted to properly quantify the
number of chloroplasts in these animals and determine if the
number of plastids correlates to slug longevity.
As expected, the number of functional chloroplasts decreased with an increased lysosome density indicating that
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functional digestion is indeed occurring within DGT tissue
and that lysosomes are involved in this breakdown. The specific type of lysosome (autophagosome, late endosome, etc.)
could not be determined however, since acridine orange is a
pH-dependent stain and each of these types shares a similar
pH range, all of which are visible with AO staining
(Moriyama et al. 1982). The highly variable lysosome sizes
indicates a mixture of different lysosomal types, maturities,
and stages, meaning the specific nature of these organelles
will require further investigation in order to delineate and
properly classify the specific steps in the retention and subsequent kleptoplast digestion process (De Duve 1963). While
AO could have also stained another structure in the same pH
range, since it does not discriminate based on anything other
than pH, the size of our stained objects (perfectly within the
expected size for lysosomes) and location (heavily aggregated
in the digestive gland cells and rarely observed outside the
digestive gland) provide indirect evidence that lysosomes
themselves were stained. The area inside thylakoid membranes is very acidic (at the lowest, pH 4), even before they
begin to break down, so AO could theoretically aggregate
within these compartments; however, AO was never observed
aggregating within chloroplasts. We examined the chloroplast
boundaries using both the transmission channel (light microscopy) and the chlorophyll autofluorescence and found no trace
of AO aggregating within these boundaries. This suggests that
while AO could aggregate there due to the pH, it does not
penetrate into the acidic thylakoid membrane areas.
Neither LtR nor StR species showed a significant digestive
response to newly sequestered chloroplasts, even after starving for a few weeks. Since algal material is taken up into
digestive gland cells within minutes of ingestion for other
species (Martin et al. 2013; McLean 1976), a cellular response
within 30 min or even 2 h was expected. No significant lysosomal response was measured at any time point, in any species, so understanding the reestablishment of kleptoplast retention will require further attention and the application of
different methods.
When reintroduced to algae, specimens starved for
shorter periods of time did ingest new material, indicating
the possibility of either increased digestion or plastid retention whereas animals starved longer were not reliably
observed feeding even when observed for up to 5 h. The
lack of ingestion may indicate that the animals are no longer capable of feeding due to autophagy. This however was
not seen in the NDGT tissue measured. Autophagosomes
occurring in the NDGT would have been stained with acridine orange, and no significant increase in the number of
stained bodies was observed even in the later starvation
periods, except for T. hopei, which had a significant increase in the number of NDGT lysosomes after 14 days.
In this respect, E. viridis matches the LtR species E. timida
by having no recognizable signs of autophagy, rather than
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aligning with the StR form T. hopei which clearly shows
autophagy-like digestive activity in cells outside the digestive system. Numerous genes associated with autophagy
were also investigated with no apparent pattern emerging,
suggesting further work will need to be conducted to properly investigate autophagy in these animals.
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