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minimum intensity available and increasing until a criterion
response was achieved. This criterion response was set to 20 uV
above the baseline noise (average noise 22.6+1.4 uV) and was
determined using the on-line analysis tool of WinWCP 4.9.4. This
protocol was then repeated two more times, for a total of three
recordings for each LED available in the array. Each test flash was
separated by a period of 10 s. The spectral sensitivity was obtained
as the inverse of the quantal intensity necessary to produce the
criterion response. The same protocol was repeated to test selective
monochromatic adaptation. To this end, the animals were first dark
adapted for 15 min, and then adapted to UV (380 nm), green
(533 nm) or long wavelength light (approximately 490-790 nm;
white LED with long wavelength filter) using LEDs connected to
the eyepiece of the stereomicroscope for another 15 min. The
adapting light was kept on for the duration of the experiments,
except for a period of 500 ms prior to and after each test flash. At the
end of the ERG recordings, the animals were anesthetized again,
removed from the agarose and returned to their containers.

Behavioral assays

The apparatus used for open field tests was a custom-built 30x30 cm
glass box, the walls of which were covered on the outside using
black card stock and on the inside with polytetrafluoroethylene
strips to prevent the animals from climbing out (Fig. 2E). Each of
the four sides of the box had a 1x2 cm rectangular hole in the
bottom center of the cardboard. At the start of each test, one of the
four sides of the box was chosen using a random number generator
(https:/www.random.org/), and a stimulator containing a LED and a
variable neutral density filter (ND 2-400 filter, Neewer, Shenzhen,

Fig. 1. The eyes of Loxosceles laeta. (A) Male
specimen of L. laeta. (B) Overview of the position
of the three eye pairs of L. laeta. PM, posterior
median; AL, anterior lateral; PL, posterior lateral.
Note the missing AM eyes. (C) Toluidine Blue-
stained semi-thin cross-section of L. laeta PM
eyes. (D) Detail of a PM eye, showing the
primitive-type secondary eye structure with
photoreceptor somata close to the lens and
rhabdoms towards the tapetum. L, lens;

Ph, photoreceptors; Rh, rhabdoms; T, tapetum;
P, pigment layer. Scale bars: A, 1 cm; B, 1 mm;
C and D, 100 ym.

PRC) was placed facing the hole in the wall from the outside, at a
distance of 1 cm and an angle of 30 deg downwards. Seen from the
inside of the box, this produced a discrete square area of
illumination (Fig. 2F). The LED was turned on and the animals
(under light-adapted conditions) were released in the middle of
the box and allowed to freely explore the inside for 10 min. The
procedure was repeated for the following wavelengths: violet,
422 nm; blue, 457 nm; green, 517 nm; red, 635 nm; and IR,
855 nm. Negative controls were performed without light
stimulation. The intensity of the different LEDs was equated to
the LED with the least brightness — in this case, the violet LED —
using the variable density filter and calibrated with an optical power
meter (1918-R, Newport). The target intensity in radiant flux was
1.14x10'¢ photons s ! cm 2. The behavior of the animal was
recorded immediately after its release using a webcam (C920 HD
Pro, Logitech) located above the apparatus at a constant frame rate of
2 frames s !, using a dim white background illumination (44 Ix in
the center, 2845 Ix at the edges). Between trials, the inside of the
box was thoroughly cleaned with 70% ethanol. Each wavelength
was tested on separate days. For analysis, the open area was divided
into nine sectors, with four sectors comprising the corners of the
field (sectors 1, 3, 7 and 9), four sectors comprising the open sides
of the walls (sectors 2, 4, 6 and 8) and one central sector (sector 5)
(Fig. 4A).

Data analysis

ERG recordings were stored and analyzed offline using WinWCP
4.9.4 software (University of Strathclyde, Glasgow, UK).
Sensitivity curves were first normalized per individual and then
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Fig. 2. Methodological overview. (A) For immobilization, the legs of the animal were held in place using paper strips fastened with masking tape and covered
with agarose, leaving the body exposed. (B) The reflection in the tapetum was used to determine a correct alignment of the fiberoptic light guide before electrode
placement (C). (D) Schematic representation of the electroretinogram (ERG) setup. The recording electrode (RecE) is placed in the cornea, the reference
electrode (RefE) is in the trochanter of the first ipsilateral leg and a fiberoptic light guide (FO) is positioned in front of the eye and connected to one of the LEDs of
the custom array. (E) Schematic representation of the behavioral assay setup. A box covered in black cardboard was used for open field tests. A small window was
opened on each side of the box and a stimulator containing a LED and a variable neutral density filter to control the intensity of the light was placed

adjacent to one of the openings. A camera was placed above the box to record the behavior of the animal. (F) From the inside of the box, the setup produced a
discrete square area of illumination. The image corresponds to a frame from a representative video recording.

averaged between individuals using custom software written in
Python 3.7.1. The visual pigment template described by Stavenga
(2010) was fitted to the green sensitivity peak using the least squares
method via the curve_fit function from the open source SciPy 1.3.1
package. The video recordings were analyzed offline with a
modified version of a custom-programmed tracking algorithm
previously used by the laboratory (Calbiague et al., 2017), which is
available online at https:/sourceforge.net/projects/spider-tracking/.
Statistical analysis was performed using Stata 13.0 software
(StataCorp, College Station, TX, USA). The data were first
analyzed for normal distribution using the Shapiro—Wilk test. In
all cases, at least one variable was found not to conform to a normal
distribution, so significant differences were established with the
Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
For all tests, the o value was set to 0.05. Unless otherwise stated,
data are presented as means+s.e.m. Graphics were constructed with
custom software written in Python 3.7.1, using the open source
MatPlotLib 3.0.3 package.

RESULTS

Histological analysis

Transverse semi-thin sections and cryosections through the median
eyes of L. laeta revealed a simple structure with a one-tiered retina
and photoreceptor rhabdoms oriented towards the reflective tapetum
(Fig. 1C,D), consistent with the secondary spider eye type (Foelix,

2011). This is in line with the notion that all eyes of sicariids are
secondary eyes, the primary eyes being absent (Barth, 2002b;
Schmidt-Rhaesa et al., 2015), and the central eyes corresponding to
displaced PM eyes (Gertsch and Ennik, 1983). We estimate that the
eyes of L. laeta each contain about 100 photoreceptors.

ERG recordings

The ERG responses obtained corresponded to monophasic cornea-
negative potentials (Fig. 3A), similar to the ones already described
in other spider species (Barth et al., 1993; Defrize et al., 2011), but
with comparatively low amplitudes in the microvolt range. All three
eye types displayed a main sensitivity peak around 500 nm and
another one extending into the UV range, past the limit of our
equipment (Fig. 3C). When fitted using a rhodopsin template as
described by Stavenga (2010), the obtained peaks were 534, 530
and 525 nm for the PM, AL and PL eyes, respectively (R? values:
PM, 0.97; AL, 0.97; PL, 0.98). The values for the green sensitivity
peak are similar to that measured for spider rhodopsin-1 (Rhl),
recently cloned and described in jumping spiders (Koyanagi et al.,
2008; Nagata et al., 2012). The spectral sensitivity plots showed
similar characteristics for all eye types, and no statistically
significant differences were found between the three eye pairs.
These results suggest that no spectral specialization exists between
the three secondary eye pairs. As no differences were found
between eyes of the same animals, possible spectral sensitivity
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Fig. 3. Spectral sensitivity of the three eye pairs of
L. laeta. (A) Representative ERG recording showing a
cornea-negative potential as a response to a 499 nm light
stimulus. Analyses were performed using the peak
amplitude of the response. Bar, stimulation period; filled
arrowhead, peak response amplitude in AC mode; open
arrowhead, peak response amplitude in DC mode.
(B) Representative plot of response amplitudes during
dark adaptation, fitted to an exponential curve.
(C) Normalized average spectral sensitivities for the three
15 eye pairs of L. laeta (meansts.e.m., n=6). The colors
0 2 TiA;ne (r?ﬂn) 8 10 correspond to each eye pair as shown in the inset [blue,
posterior median (PM); orange, anterior lateral (AL); gray,
posterior lateral (PL)]. Dashed lines represent the pigment
PL template curves fitted to the data as described by
‘ ) Stavenga (2010). (D) Comparison of the normalized
0.8 AL .. average spectral sensitivity for male (dark blue) and
PM female (light blue) individuals for the PM eyes (means
+s.e.m., n=6 per sex, n=12). No significant differences
0.6 between the sexes were observed. (E) Top: sensitivity
curves for chromatic adaptation experiments, expressed
0.4 as the log of the quantal sensitivity. Quantal sensitivity is
defined as the inverse of the quanta required to elicit a
criterion response. Each adaptation light is shown in a
0.2 different color, with the dark-adapted condition shown in
black (meansts.e.m., n=6 per condition). Bottom: the
0 normalized spectral characteristics of each adaptation
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Fig. 4. Open field test. (A—F) Left, box plots showing the time spent in each of the side sectors as a percentage of total time, with the illuminated sector marked as
Stim, and the other three side sectors counted clockwise (side numbers in A correspond to those shown on the right). Right, heat map showing a representative path
of a single animal (blue line); the colors represent the amount of time spent in each position (as the logarithm of the number of video frames over the total
number of video frames). The test area was divided into nine sectors, which were then grouped into corner sectors (1, 3, 7 and 9), side sectors (2, 4,6 and 8) and a
central sector (5), as shown in A. The stimulation sector is marked with a square in B—F. Data are shown for the control condition (no test light; A), and using the violet
(422 nm; B), blue (457 nm; C), green (517 nm; D), red (635 nm; E) and infrared (855 nm; F) LEDs (n=8 per condition, Kruskall-Wallis test followed by Dunn’s
multiple comparisons test, *P<0.05). For box plots, bars represent the medians, boxes are the interquartile range and whiskers are the data range; circles are outliers.

specializations of male or female specimens were analyzed. To this
end, averaged sensitivity curves from the PM eyes of both sexes
were compared, but neither the PM eyes (Fig. 3D) nor the PL and
AL eyes displayed any statistically significant differences (Fig. S2).
These results argue against the presence of sex-specific visual
specializations at the retinal level.

Finally, to test whether the observed spectral sensitivity peaks
correspond to two or more different visual pigments, spectral
sensitivity curves were constructed under chromatic adaptation to
UV, green and long wavelength light. While the overall sensitivity
decreased under each type of adaptation by up to two log units
compared with dark-adapted conditions, no significant difference
was observed between the three adaptation curves in their overall
sensitivity level (Fig. 3E). When comparing the ratio between the
green and UV sensitivity peaks, a significant difference was found
between the dark-adapted condition and the different chromatic
adaptations, but no differences were found between each chromatic
adaptation (dark, 1.02+0.17; UV, 6.92+1.84; green, 7.27+0.6; long,
5.18+2.07; dark-adapted included, P=0.03; dark-adapted excluded
P=0.74), arguing against the possibility of more than one functionally
independent light-sensitive pigment in the eyes of L. laeta.

Behavioral tests

To further characterize the visual system of L. laeta and to obtain a
behavioral correlate to our electrophysiological data, we tested the
preference for different wavelengths using an open field test. Open
field tests are widely used to evaluate exploratory behavior, and

have been previously used with spiders (Baatrup and Bayley, 1993;
Carducci and Jakob, 2000). When exposed to our open field, the
specimens showed a highly thigmotactic behavior, exploring the
borders of the field and avoiding the central sector (Fig. 4). In
negative controls (without light stimulus), the spiders preferred the
corner sectors over the open side sectors (corners, 87.142.9%; sides,
12.242.5%; center, 0.7+0.5%; P=0.0001). No preference was
observed for any of the open side sectors (side 2, 33.245.8%;
side 6, 21.3£6.1%); side 8, 25.4+6.3%; side 4, 20.2+6.5%; P=0.3)
(Fig. 4A). For this reason, the remainder of the tests were analyzed
comparing the open side sectors only. The overall activity level of
the spiders was assessed using the number of sector boundary
crossings. There were no significant differences between conditions
(violet, 39.8+4.4; blue, 4247.6; green, 31.9+5.9; red, 31.5+6; IR,
45.6+9; control, 18+2.4; P=0.39).

To test the behavioral spectral preference, we added a light source
to one of the sides of the open field, producing a discrete illuminated
zone in one of the open side sectors. For analysis, we defined a
stimulation sector (Stim), and numbered the rest of the open side
sectors clockwise. Surprisingly, the presence of the light source
caused the spiders to increase the time exploring the illuminated
sectors. This effect was clearly observed when using the violet (Stim,
45.94+6.2%); side 1, 21+5.2%; side 2, 16.6£2.5%; side 3, 16.4+2.6%;
P=0.0014) (Fig. 4B), blue (Stim, 42.6+5.4%; side 1, 23.7+3.8%; side
2, 17.6£2.3%; side 3, 16.1+4.4%; P=0.0075) (Fig. 4C) and green
lights (Stim, 45.3+5.7; % side 1, 22.4+4.1%; side 2, 19.8+5.9%; side
3, 12.442.9%; P=0.0025) (Fig. 4D), with an increase of the time
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spent in the illuminated side sector compared with the other sectors.
The effect was abolished when using the red (Stim, 24.3+4.4%; side
1, 26+7.2%; side 2, 19.8+3.9%; side 3, 30+7.3%; P=0.88) (Fig. 4E)
and IR lights (Stim, 16.1£3.2%; side 1, 26.146.1%; side 2, 30+5.5%;
side 3, 27.8+6.8%; P=0.3) (Fig. 4F). These results are in line with
the electrophysiological data, showing that L. laeta has a spectral
sensitivity spanning from the UV to the green spectrum that decreases
towards longer wavelengths, without any apparent IR sensitivity.

DISCUSSION

We used the flash ERG technique to measure the spectral sensitivity
of the eyes of L. laeta. The data obtained show responses between
the UV (370 nm) and red (650 nm) parts of the spectrum, which is
consistent with previous studies in different genera, including
Cupiennius (Barth et al., 1993; Walla et al., 1996), Lycosa (DeVoe,
1972; DeVoe et al., 1969), Deinopis (Laughlin et al., 1980),
Leucorchestris (Norgaard et al., 2008) and Misumena (Defrize
et al., 2011). The ERG amplitudes obtained, generally in the 25—
100 uV range under dark-adapted conditions, were rather low
compared with those of the aforementioned studies, which may be
due to the small eye size of L. laeta or to a low shunting resistance of
the ERG circuit that reduced the response amplitude while
preserving the signal-to-noise ratio. Based on the shape of the
spectral sensitivity plots obtained, the sensitivity range probably
extends deeper into the UV range, but this was not testable with our
equipment. Importantly, there were no significant differences
between the sensitivity spectra of the three eye pairs, suggesting
that there is no spectral specialization between eye types in this
spider species, as opposed to others (Defrize et al., 2011; DeVoe
et al., 1969). However, different kinds of eye type-specific
specializations, like motion or polarization detection, as described
for other species (Mueller and Labhart, 2010; Neuhofer et al., 2009),
cannot be excluded.

The sensitivity spectra observed in L. laeta are consistent with the
expression of the bistable spider Rh1 (Nagata et al., 2012; Varma
et al., 2019), responsible for the peak in the green range, but the
marked sensitivity peak in the UV range remains to be explained.
One potential mechanism is the presence of an accessory sensitizing
pigment absorbing in the UV range. The presence and function of a
sensitizing pigment, presumably 3-hydroxyretinol, has been
reported for several insect species (Kirschfeld and Vogt, 1986;
Stavenga et al., 2017). A related vitamin A derivative, 11-cis-
retinol, was detected by HPLC in the eyes of C. salei (Barth et al.,
1993), but the presence of 3-hydroxyretinol was not reported and, to
our knowledge, no other studies have investigated the possible role
of UV-absorbing sensitizing pigments in spider photoreceptors. A
more likely possibility is that the UV peak of L. laeta corresponds to
an enhanced B-band of Rhl. Indeed, the absorption spectra of
invertebrate rhodopsins were recently shown to depend strongly on
the counter-ions provided by amino acids close to the chromophore
(Nagata et al., 2019); thus, a variant of Rh1 might be responsible for
the observed spectrum.

After chromatic preadaptation with UV, green and long wavelength
light, the overall sensitivity was significantly reduced when compared
with the dark-adapted condition. We did not observe significant
differences between the preadapted conditions in terms of overall
sensitivity and relative sensitivity between the green and UV peaks,
which is not compatible with the expression of more than one type of
rhodopsin in the same or different photoreceptors, although we
cannot fully exclude the possibility of the expression of two
rhodopsin pigments with similar peak absorption in the green
range, as reported in C. salei (Walla et al., 1996). Therefore, despite

its two spectral sensitivity peaks, L. laeta is likely to have only
monochromatic vision. Prior studies in spiders have found evidence
for differential rthodopsin expression in photoreceptors, and two or
three sensitivity peaks in ERG recordings in a few model species, but
evidence for dichromatic or trichromatic color vision in arachnids
remains scarce (Barth, 2002a; Foelix, 2011; Morehouse et al., 2017;
Walla et al., 1996; Zurek et al., 2015). For example, the wandering
spider Leucorchestris arenicola displayed only one peak in the green
spectrum in all eye types (Norgaard et al., 2008). Spectral sensitivity
analysis using ERG recordings revealed two peaks, in the UV and
green range, in all eye types of the crab spider M. vatia (Defrize et al.,
2011), similar to our results. Different wolf spider (Lycosa) species
showed two similar peaks in the AM eyes, while their secondary eyes
only had one green sensitivity peak (DeVoe et al., 1969). In contrast,
differential expression of UV- and green-sensitive opsins in
photoreceptors of principal and secondary eyes was found in
specimens of the genera Cupiennius, Phidippus, Lycosa and
Thomisus, using intracellular recording of photoreceptors (Defrize
etal., 2011; DeVoe, 1972, 1975; Walla et al., 1996). In C. salei, initial
ERG studies revealed the presence of a main green peak (520—
540 nm) and a UV shoulder (340-380 nm), but selective chromatic
adaptation failed to indicate the existence of more than one type of
photoreceptor (Barth et al., 1993). Later studies using intracellular
recordings suggested the presence of three different photoreceptor
types, with sensitivity maxima in the blue (480 nm), green (520 nm)
and UV (340 nm) for all eyes (Walla et al., 1996). The same authors
also noted the possibility of more than one visual pigment per
photoreceptor, as seen in other arthropods (Sakamoto et al., 1996)
and proposed for Lycosa (DeVoe, 1972), or the existence of electrical
coupling between different photoreceptor cells (Walla et al., 1996).
Yet, a newer study showed that, when tested using moving color
stripes over backgrounds of varying gray levels, C. salei individuals
were unable to discriminate the blue-, green- and red-colored stimuli
from certain gray levels (Orlando and Schmid, 2011). The authors
concluded that even though C. salei has three types of photoreceptors,
the secondary eyes, the ones in charge of movement detection, are
apparently color blind (Orlando and Schmid, 2011).

In order to further characterize the effect of chromatic stimulation
on the behavior of L. laeta, it was necessary to develop a specific
paradigm, as assays involving the movement of the retina, such as
those described by Orlando and Schmid (2011), were not possible
because of the lack of retinal muscles, and other behavioral paradigms,
such as the one used by Zopf et al. (2013) involving the search for a
black target, did not elicit any directed response in L. laeta. Thus, the
physiological sensitivity spectrum obtained here by ERG recordings
was complemented by behavioral data obtained with a modified open
field test, in which the animals were exposed to discrete illuminated
areas in specific sections of their path. The observation of a
significantly longer exploration time of areas illuminated by light in
the violet to green range, without reaction to red and near-IR light,
might be explained by a higher overall sensitivity of L. laeta to short
wavelength as opposed to longer wavelength light, which is in line
with our electrophysiological findings, and does not necessarily
indicate a preference for short wavelength light.

Interestingly, the available evidence classifies this species as a
nocturnal animal (Canals et al., 2015a), but our behavioral assays
showed no avoidance of illuminated areas, and instead an increased
exploration time of these compared with unilluminated side areas,
although the exact significance of the observed exploratory behavior
remains to be studied. It is of note, however, that the (darker) corners
of the maze remained most attractive to the animals, in accordance
with their local name of arafia de rincdn (‘corner spider’).
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Efforts are underway to assemble the genome of Loxosceles
reclusa (Brown Recluse Spider Genome Project, https:/www.hgsc.
bem.edu/arthropods/brown-recluse-spider-genome-project).  This
will reveal whether a variant of jumping spider Rhl is indeed
present in the Loxosceles genome, and whether other types of opsins
are also present. Further studies are clearly needed to better
understand the visual systems, and visually driven behaviors, of this
and other spider species.
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