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Abstract: Venom compositions include complex mixtures of toxic proteins that evolved to immo-
bilize/dissuade organisms by disrupting biological functions. Venom production is metabolically
expensive, and parsimonious use is expected, as suggested by the venom optimisation hypothesis.
The decision-making capacity to regulate venom usage has never been demonstrated for the globally
invasive Noble false widow Steatoda nobilis (Thorell, 1875) (Theridiidae). Here, we investigated
variations of venom quantities available in a wild population of S. nobilis and prey choice depending
on venom availability. To partially determine their competitiveness, we compared their attack rate
success, median effective dose (EDsp) and lethal dose (LDsg), with four sympatric synanthropic
species: the lace webbed spider Amaurobius similis, the giant house spider Eratigena atrica, the missing
sector orb-weaver Zygiella x-notata, and the cellar spider Pholcus phalangioides. We show that S. nobilis
regulates its venom usage based on availability, and its venom is up to 230-fold (0.56 mg/kg) more
potent than native spiders. The high potency of S. nobilis venom and its ability to optimize its usage
make this species highly competitive against native European spiders sharing the same habitats.

Keywords: noble false widow spider; Steatoda nobilis; venom yield; venom potency; venom optimization;
invasive species; competition; intraguild predation; predatory behaviour

Key Contribution: This study highlights the venom potency of the globally invasive spider Steatoda nobilis
against common synanthropic north European spiders and demonstrates the ability of S. nobilis to
adapt its predatory behaviour depending on the amount of venom available in its venom apparatus.

1. Introduction

With 50,266 species described so far [1], the order Araneae form a hyper-diverse,
globally distributed clade of predatory arthropods of ecological and economic importance.
Spiders are thought to consume 400-800 million tons of prey each year [2], including
agricultural pests such as aphids [3] and medically important disease vectors such as
mosquitos and house flies [4-6]. However, despite their ecological importance, little is
known about intraguild competition when alien invasive spiders become established in a
new area. It has been previously established that alien spiders can displace native spiders
through various mechanisms. In New Zealand, displacement of the native Latrodectus

Toxins 2022, 14, 587. https:/ / doi.org/10.3390/ toxins14090587

https:/ /www.mdpi.com/journal/toxins


https://doi.org/10.3390/toxins14090587
https://doi.org/10.3390/toxins14090587
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxins
https://www.mdpi.com
https://orcid.org/0000-0002-3548-6253
https://orcid.org/0000-0002-3572-0847
https://doi.org/10.3390/toxins14090587
https://www.mdpi.com/journal/toxins
https://www.mdpi.com/article/10.3390/toxins14090587?type=check_update&version=2

Toxins 2022, 14, 587

20f18

katipo occurred after the arrival of Steatoda capensis from South Africa, which has a higher
reproductive rate [7]. In North America, Steatoda borealis was displaced in some of its
range after the arrival of the European Steatoda bipunctata [8]. In Maine, USA, the European
alien spider Linyphia triangularis was shown to be displacing the native spider Frontinella
communis, of which one of the mechanisms identified was web invasion [9]. Other species
currently recognised for expanding their range globally include Uloborus plumipes [10,11],
Latrodectus geometricus [12], Argiope bruennichi [13], Cheiracanthium punctorium [14], Latrodec-
tus hasselti [15] and Zoropsis spinimata [16-18].

Over the past century, a small subset of synanthropic combfoot spiders (family Theridi-
idae) have benefitted from an increase in global trade and expanded their distribution
range along major trading routes [19,20]. Between 1850 and 2000, at least 13 alien species
of Theridiidae spiders have successfully established colonies across the European conti-
nent [21]. Increasing urbanisation and encroachment into natural habitats provides synan-
thropic species with further room to establish and increase their range [22]. One of the most
notable recent global invasive spiders belonging to the medically significant subfamily
Latrodectinae is the Noble false widow Steatoda nobilis (Thorell, 1875) (Theridiidae).

Throughout Europe, Steatoda nobilis favours synanthropic habitats. They are active all
year round with peak activity between August and November. In Ireland, field observations
showed that S. nobilis is extremely common on street furniture, signposts, traffic lights,
bus shelters, boundary railings of parks, and graveyards, garden furniture, garden walls,
pillars, and gates [23] regularly outnumbering native spiders. The most productive habitats
are east-facing iron railings, especially the point where railings connect to brick and stone
walls, and wooden fences. S. nobilis is mainly active after dark and typically preys on a wide
range of arthropods [23] but has also been documented preying on a lizard in Ireland [24]
and a bat in Britain [25]. In southern California, USA, S. nobilis has been observed preying
on a milkweed bug Lygaeus kalmii kalmii which is noxious and normally avoided by many
predators, including other Steatoda species [26]. S. nobilis has a high reproductive rate, is
capable of producing several egg sacs each year, each containing on average 98 eggs [23]
with the ability to still produce viable clutches at least 18 months after fertilisation [27].

Originally described from the Macaronesian archipelagos [28], S. nobilis was first
documented outside of its supposed native range in Britain in 1879, but its distribution
was limited to a handful of port cities until the 1990’s [29] at which point reports increased
throughout the southern half of England, and from the 2000s onward, northern England,
Wales and Scotland [29-31]. Throughout the late 1990’s and the first decade of the 21st
century, S. nobilis expanded its range to Ireland and across continental Europe, East Asia,
and the Americas [12,30-38]. Predictive modelling suggests that S. nobilis has the potential
to become the world’s most invasive species of spiders [30]. Reports from Italy, the United
Kingdom, and the USA (i.e., California) [30] indicate that S. nobilis was first observed in
urban areas and spread to the surrounding countryside in subsequent years. A likely
explanation is that exponential growth and higher population density eventually force an
overflow of specimens into semi-natural habitats [30,31]. Population density of S. nobilis
has not been investigated yet, but observations suggest that they dominate habitats within
a few years following their arrival [23,30,31,38].

Despite several reports documenting the worldwide spread of S. nobilis, and concerns
of ecological and human health impacts [23,24,30,31,33,39—43], there has been little focus
on the competitiveness of S. nobilis against native spiders which may account for the
invasiveness of S. nobilis. So far, no published study has quantified the invasive impact of
S. nobilis, although previous observations in the field indicated that S. nobilis invades the
ecological niches traditionally occupied by native synanthropic spiders and is capable of
displacing them [23,42] (Figure 1). Populations of S. nobilis had notably increased in the
urban areas of Lazio, Italy over the period of seven years, significantly reducing native
spider densities in those areas [42]. Similar observations were made in Ireland, where
native urban spiders were noted to be less abundant in locations colonised by S. nobilis [23].
Recent studies show that S. nobilis has a range of traits that allow it to be competitive against
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native species, e.g., cold tolerance, longevity up to five years, generalist diet, and high
reproductive rate [23]. Additionally, S. nobilis shares two-thirds of its venom toxin arsenal
with the “true” black widows of the genus Latrodectus [44], including the x-latrotoxin
responsible for severe envenomation syndromes [43] and the immobilisation of vertebrate
prey [24,25,45]. Both Latrodectus and Steatoda representatives have been observed feeding
on small vertebrates, including mammals [25,45] and lizards [24]. During seven years of
field observations, only on two occasions S. nobilis fell prey to native species [23]. It is likely
that larger predators, such as birds, prey upon S. nobilis and in turn help keep numbers in
check, but predation events on S. nobilis have yet to be documented in the literature.

Figure 1. In situ predatory interactions between Steatoda nobilis and native European spiders.
S. nobilis feeding on Eratigena atrica (A,B). S. nobilis feeding on European cross garden spider
Araneus diadematus (C,D). S. nobilis predation on Amaurobius similis (E), and a rare occasion where
S. nobilis has fallen prey to a native spider (A. similis) (F).

On a medical point of view, symptoms from S. nobilis envenoming range from benign
(e.g., localised pain) to severe (e.g., requiring hospitalisation), with most victims presenting
a range of benign to moderate symptoms, both localised and systemic [43]. The range
of symptoms and severity are likely related to several factors in both the victim, such as
immune status or pathophysiological response to the venom [46-50], and the spider, which
may be able to regulate venom delivery depending on the venom quantity available and
the perceived level of threat, via venom optimization.

Venom optimization has been demonstrated in a range of venomous organisms, includ-
ing snakes [49-52], centipedes [53], scorpions [54-56] and several spiders [47,48,57-62],
and may be a process underlying all venom systems that evolved for either prey cap-
ture or a dual prey capture/defence role [63]. Venom is typically (but not exclusively)
produced as a primary means to subdue prey [64] by disrupting normal physiological
function, but can also aid in the pre-digestion of prey and defence against predators [44,65].
Venom production is important for survival but it is metabolically expensive to produce
and is therefore a limited resource [66]. For most predators, prey capture is not guaranteed
after each attempted attack [47] while in some instances, multiple prey may be acquired
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within a single day [59]. The “hit and miss” nature of predatory acts is such, that using
all venom available in a single attack would represent an inefficient management of an
important resource. This would also involve a long period of vulnerability as venom can
potentially take weeks to fully replenish (e.g., 16 days for the wandering spider Cupiennius
salei [60]). However, if the survival of the organism is at stake, using a minimum quantity
of venom is risky, as failure to avoid predation may result in death [47]. Therefore, it
would be advantageous for venomous organisms to modulate venom usage depending
on circumstances, increasing venom quantity for defence and decreasing for predation.
This “decision making” ability to regulate venom usage in the most economic context
to minimise the metabolic cost associated with its use, and adapt predatory/defensive
behaviour depending on venom availability to minimise risks, is known as the venom
optimization hypothesis (VOH) [48,53,66]. It appears that the VOH has been mostly studied
in two species of spiders, with much of this work focussed on offensive venom metering in
the wandering spider Cupiennius salei, and a single study on defensive venom metering
in the black widow spider Latrodectus hesperus which can also use “silk flicking’ or ‘attack
wrap’ strategies for defence instead of depleting venom [47].

Despite its potential as a globally invasive species [30], its hypothesised ecological
impact [23,40,41,67] and known medical importance [43], little is known about the func-
tional ecology of S. nobilis or the reasons of its success establishing populations on four
continents [30]. In this study, we investigated three venom-related aspects of S. nobilis that
may contribute to its success as a global invasive. First, we established venom volume
variations in wild populations of S. nobilis based on 550 venom extractions; second, we
assessed if S. nobilis alter its predatory behaviour depending on venom availability; and
third, we determined the competitiveness of S. nobilis in terms of venom potency and
predation strategies against four native species of spiders found commonly in and around
houses and gardens throughout Europe: The lace webbed spider Amaurobius similis, the
giant house spider Eratigena atrica (both chosen because they commonly overlap habitats
with S. nobilis and were sufficiently large to extract the amount of venom required for this
study), the missing sector orb-weaver Zygiella x-notata (chosen because they commonly
overlap habitats with S. nobilis), and the cellar spider Pholcus phalangioides (chosen as a
competitor in indoor or sheltered habitats and are considered spider specialists).

Our results show a positive correlation between venom yield and body size in S. nobilis
as previously observed for some other species [64]. We confirmed that S. nobilis alter its
predatory behaviour based on the amount of venom available and the size of the prey it
is presented with. We also found that the venom of S. nobilis is significantly more potent
than the native European spiders we tested against each other, and that S. nobilis is likely a
regular predator of other spiders. Overall, our findings suggest that S. nobilis is likely to
have an impact on the urban arthropod ecosystem, as it comes to dominate the synanthropic
niche occupied by a restricted number of native (e.g., Zygiella x-notata, Amaurobius similis,
Eratigena atrica) and long established (e.g., Pholcus phalangioides, Steatoda grossa) species in
Northern Europe.

2. Results
2.1. Spider Size and Venom Yield
We obtained venom yields and body-size measurements from a total of 550 (425 female

and 125 male) S. nobilis, 265 (187 female and 78 male) of Amaurobius similis, and 139 (71 female
and 68 male) of Eratigena atrica (Table 1).
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Table 1. Body size (prosoma + opisthosoma) and venom yield of female and male Steatoda nobilis,
Amaurobius similis and Eratigena atrica spiders (data shown as min-max, mean + SD).

Species Sex Body Size (mm) Venom Yield (uL)
S. nobilis Female 5.70-13.90 0.01-0.63
n =425 9.85 +1.41 0.23 +0.11
Male 5.40-12.50 0.03-0.50
n=125 9.15 +1.23 0.19 +0.10
A. similis Female 6.20-13.00 0.01-0.69
n=187 10.02+ 15 024 £0.16
Male 5.80-12.00 0.01-0.35
n=78 8.69 + 1.07 0.12 £+ 0.08
E. atrica Female 6.00-18.00 0.03-1.71
n=71 11.98 +2.72 0.52 4+ 0.40
Male 7.10-17.40 0.10-2.25
n==68 12.63 + 2.50 0.75 £+ 0.48

There was a significant positive relationship between body size and venom yield in
S. nobilis, with venom yield increasing by 0.027 puL with every 1 mm increase in body size
(Table 2, Figure 2). A positive relationship between venom yield and body size was also
found in A. similis and E. atrica. E. atrica was also found to have larger increases in venom
yield with increasing body size when compared to S. nobilis (Table 2, Figure 2) Overall,
spider venom yield obtained in summer was significantly lower compared to venom yield
obtained in autumn, with a decreased yield of 0.045 uL (Table 2). Sex was not found to

have an effect of venom yield (Table 2).
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Figure 2. 1 Relationship between venom yield and body size for A. similis (blue, n = 265), E. atrica
(yellow, n = 139), and S. nobilis (brown, n = 550). Lines are fitted based on the coefficients from Table 2.
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Table 2. Coefficients for the model testing the relationship between S. nobilis (n = 550), A. similis
(n =265), and E. atrica (n = 139) venom yield, body size, sex (female, male), and season (autumn,
spring, summer).

Fixed Factors Estimate Standard Error p-Value

Intercept (Baseline: S nobilis, Autumn, Female) —0.022 0.049 0.65
Body size (mm) (S. nobilis) 0.027 0.005 <0.001

Season gpring —0.029 0.019 0.18
Season symmer —0.045 0.012 <0.005

SeX Male —0.006 0.012 0.64
Species Intercept (E atrica) —0.809 0.082 <0.001

Species Intercept (A similis) —0.132 0.081 0.10
Interaction Size: E. atrica 0.095 0.007 <0.001
Interaction Size: A. similis 0.012 0.008 0.145

2.2. Predatory Behaviour Influenced by Venom Availability

The weight range for small and large crickets was determined to be 0.019-0.048 g, and
0.352-0.633 g, respectively.

In control cohort C1 (No CO; exposure nor electrostimulation), 100% (n = 20) of
spiders attacked the large cricket in the 12 h period. In control cohort C2 (CO, exposure
and electrostimulation on posterior legs only) 90% (n = 18) of spiders attacked the prey
item. In both cohorts, all attacks were successful.

Spiders in cohorts L8 and L48 were given large crickets eight and 48 h after venom
extractions, respectively. In cohort L8, 50% (n = 10) of spiders attempted an attack, of which
35% (n = 7) were successful. The remaining 15% (n = 3) failed to subdue the prey and were
observed moving away and avoiding the cricket for the remainder of the experiment. The
50% of spiders that did not attempt an attack remained in their hide, avoiding the cricket
throughout the observation time, with two specimens being killed by the cricket. In cohort
148, 70% (n = 14) of spiders attempted an attack, of which 50% (n = 10) were successful.
The remainder showed avoidance for the rest of the experiment.

Spiders in cohorts S8 and S48 were given small crickets eight and 48 h after venom
extractions, respectively. Cohort S8 had an attack rate of 55% (n = 11), with 50% (n = 10) of
the attacks being successful. In total, 45% (1 = 9) of spiders that did not attack the prey had
remained hidden throughout the observations. Cohort S48 also had an attack rate of 55%
(n = 11) with all attempts being successful. In each case the number of attacks dropped
significantly when venom had been extracted, except in the case of spiders that had been
given large crickets after being allowed 48 h to replenish venom yields (Figure 3). Attack
probabilities for Cohort L8 (50% attack probability), Cohort S8 (55% attack probability), and
Cohort 548 (55% attack probability) were significantly lower than the controls (C1: 100%;
C2: 90%). While Cohort L48 had a lower attack probability (70% attack probability) it was
not significantly lower compared to the controls (Table 3).

Table 3. Model output from the logistic analysis of probability of attack over the course of the
experiment. The estimates are given in log odds, with the intercept being the log-odds for C2. All
other estimates show the difference in log-odds compared to C2. Note that a Standard Error cannot
be estimated for C1 as this cohort has a 100% attack rate.

Estimate Standard Error p-Value
Intercept (C2) 2.198 0.745 <0.05
C1 16.369 - -
L8 —2.197 0.869 <0.05
L48 —1.350 0.891 0.130
S8 —2.00 0.87 <0.05

548 —2.00 0.87 <0.05
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Figure 3. Probabilities that a spider in a respective cohort (n = 20) would attack a prey item. Blue bars
represent the controls. Yellow bars represent spiders given large prey items 8 or 48 h after venom
extraction. Brown bars represent spiders given smaller prey items 8 or 48 h after venom extraction.
Cohorts significantly different compared to the control C2 from the logistic analysis (Table 3) are
indicated using asterisks.

Measurements of the crickets revealed that the abdomen makes up 68% of the crickets’
overall body length, with the thorax making up 19% and the head 13%. If no preference of
bite location is assumed, it would be expected that out of 20 individuals in a single cohort,
12-13 individuals would bite the abdomen, four individuals would bite the thorax and
two-three individuals would bite the head of the cricket. The observed results are shown in
Figure 4, with percentages representing spiders that successfully immobilised a prey item
in each cohort.

2.3. S. nobilis, A. similis and E. atrica Venom Toxicity

30 min after being injected with 10 pL of 0.01 M PBS solution, 92% of A. similis, 96% of
E. atrica, 100% of S. nobilis and 100% of Z. x-notata were alive. The impact of the PBS and
the puncture wound were investigated using a Fisher’s Exact Test. Results showed that
injecting spiders with PBS did not have any significant impact on the survival rate of the
specimens (p > 0.05 in all cases).
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Figure 4. Expected and observed Steatoda nobilis attack rates and locations against Gryllus assimilis in
control and test cohorts. Expected results were calculated by measuring the abdomen, thorax and
head of 24 crickets and calculating the mean percentage figure that section makes up of the crickets’

entire body.

The subset of A. similis (n = 85) that was measured had a bodyweight range of
0.050-0.179 g, a median weight of 0.08 g, and a mean weight of 0.09 g (SD = 0.030). The
subset of E. atrica (n = 53) prey items had a weight range of 0.129-0.426 g, with a median
weight of 0.263 g and mean weight of 0.258 g (SD = 0.074). The subsets of S. nobilis (n = 85)
and Z. x-notata (n = 85) ranged in body weight between 0.091-0.281 g and 0.008-0.116 g,
with median body weight values of 0.161 g and 0.060 g, and mean weight values of 0.164 g
(SD = 0.044) and 0.060 g (SD = 0.024), respectively. Mean dry venom weight for 13.9 uL of
pooled male and female A. similis venom was 1.1 mg; 6.4 mg for 42.3 uL of E. atrica venom,
and 1.4 mg for 14.2 uL of S. nobilis venom.

EDs5g and LDsgg of A. similis, E. atrica and S. nobilis venoms on A. similis, E. atrica,
S. nobilis, and Z. x-notata prey are outlined in Table 4. The exact LD5q value for A. similis
venom on E. atrica prey and both EDsy and LDs for S. nobilis prey could not be determined
due to the test specimens not reaching the mortality of >50% at the highest dose tested
(2%). The LDsq value of E. atrica venom on S. nobilis was also estimated to be above the
highest dose tested (2%). Overall, S. nobilis venom had a notably lower ED5y and LDsg
compared to the other two spider venoms (Table 4).
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Table 4. Amaurobius similis, Eratigena atrica and Steatoda nobilis venom EDsg and LDs5( values when
tested on Amaurobius similis, Eratigena atrica, Steatoda nobilis, and Zygiella x-notata prey (n = 15 per
group). ED5sg was determined at 2 min and LDsg at 30 min post venom administration. The values
are denoted as dry protein weight (mg) per kg bodyweight of prey. SE—standard error.

A. similis Venom E. atrica Venom S. nobilis Venom
EDso, LD5g EDs, LDsp EDs, LDsp
SE SE SE
(mg/kg) (mg/kg) (mg/kg)
Prey

o ] EDsp = 10.07 0.26 EDsp = 0.25 0.14
A. similis N/A LDs = 445.30 0.50 LDs = 0.96 90.20
. EDs = 34.40 0.17 ) EDs = 0.71 0.17
E. atrica LDs > 60.44 - N/A LDsp = 0.46 0.23

ops ED50 >98.73 - ED50 =4.14 0.53 _

S. nobilis LDs > 98.73 - LDs > 188.17 - N/A

) EDsp = 0.59 146 EDsp = 2.39 0.31 EDsp = 0.09 0.22
Z x-notata 5y " 19850 0.27 LDs, = 69.80 0.16 LDsy = 0.56 0.14

S. nobilis

2.4. Predation Observations

In cohort 1 (S. nobilis and A. similis), 80% (n = 8) of A. similis were preyed upon by
S. nobilis and 10% (n = 1) of S. nobilis were preyed upon by A. similis (Figure 5). In a span of
six weeks, spiders in one enclosure (10%) did not attack one another. In cohort 2 (S. nobilis
and E. atrica), 80% of E. atrica were preyed upon by S. nobilis and no S. nobilis fell prey to
E. atrica (Figure 5). Spiders in one enclosure (10%) did not attack one another throughout
the duration of the experiment, and one E. atrica (10%) in one of the merged enclosures
was found dead (cause unknown). In cohort 3 (S. nobilis and P. phalangioides), 70% of
P. phalangioides were found dead, wrapped up in S. nobilis silk. Spiders in the remaining
three enclosures (30%) did not interact throughout the duration of the experiment. In
cohort 4 (S. nobilis and Z. x-notata), all Z. x-notata (100%) fell prey to S. nobilis within the
first 1-3 days after the merging of the enclosures. All Z. x-notata were found wrapped up in
S. nobilis silk.

a Cohort 1 b Cohort 2
100+ 100+
® 80 ( . © 80
© i)
© 60 T 60
X
g 40 E 404 ~
< 20 < 20
0- 0
S. nobilis A. similis S. nobilis E. atrica
c d
Cohort 3 Cohort 4
100+ v 100+
e 80 © 80—
o} [0}
® 60+ © 60—
:é 40 1 $ a0+
< 20 < 20
0- 0-
S. nobilis  P. phalangioides S. nobilis Z. x-notata

Figure 5. (a—d) spider attack rates in cohorts 1-4. S. nobilis was notably the more successful competitor
in all cohorts, with only one (10%) A. similis successfully subduing its opponent (a).
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3. Discussion
3.1. Predatory Behaviour Influenced by Venom Availability

We demonstrate that Steatoda nobilis optimizes its venom usage and adapts its preda-
tion behaviour based on venom availability. Irrespective of the level of venom replenish-
ment/depletion, S. nobilis tended to show a preference to envenomate the cephalic region
of its prey (Figure 4), where neurotoxins are likely to be more efficient [53]. In contrast,
venom injected into the abdomen would likely be diluted by the circulatory system and
become less effective [53] suggesting that our observed attacking behaviour may allow
for a more efficient use of an energetically costly venom resource. Specimens delivered
accurate bites in the head and cephalothorax only after partially wrapping the prey with
silk and positioning adequately.

A significant decrease in attack rates was observed after venom extraction. The control
cohort C1 (no anesthesia nor electrostimulation) had a 100% attack rate. The control cohort
C2 (anesthesia and electrostimulation of the posterior legs only without venom extraction)
returned a 90% attack rate, demonstrating that neither anesthesia nor electrostimulation
had a significant effect on the predatory behaviour of the spiders. However, across the four
test cohorts, the average attack rate falls to 55% (Figure 3). This indicates a risk assessment-
like behaviour by the spider, opting for prey avoidance when venom stores are depleted or
preferring to use silk over venom. Contrary to previous studies on VOH [48,53,66], prey size
did not seem to affect the predatory behaviour of S. nobilis after venom extraction. This may
be due to the relatively small size or extreme sensitivity of Gryllus assimilis to the venom of
S. nobilis, which have been previously observed feeding on a range of arthropods [23] and
even vertebrate prey [24,25].

3.2. Venom Yield and Potency

We sampled a population of S. nobilis and found large variations in venom yield with
a significant correlation between venom yield and body size (Figure 2, Table 2). We did not
find evidence of S. nobilis having an advantage in terms of venom volume when compared
to A. similis and E. atrica. On the contrary, E. atrica produced significantly more venom
when compared to S. nobilis which may partially reflect the larger maximum body size
achieved by E. atrica. Therefore, it is unlikely that the competitive advantage of S. nobilis
comes from larger amounts of venom injected during predatory/defensive bites. Rather,
venom potency and predation/defensive strategies are more likely to play a role.

We found S. nobilis venom to be significantly more potent than A. similis and E. atrica
venom. Previously, Wigger et al. (2002) showed that C. salei injected just enough venom
into prey crickets Acheta domesticus and prey stick insects Carausius morosus to kill them
(i.e., the amount of venom injected matched closely the LDs5, values for these prey items).
If a similar scenario is applicable to other spiders, then S. nobilis requires a substantially
smaller proportion of its available venom to kill prey, compared to native A. similis and
E. atrica, thus potentially lowering the metabolic costs associated with venom production
and replenishment. Furthermore, the o-latrotoxins present in the venom allow S. nobilis to
expand its diet to small vertebrates [24,25,44].

We found the venom of S. nobilis to be particularly fast-acting. A total of 93-100% of
A. similis were immobilised within the first minute post-injection at 1-0.01% concentrations,
with 100% of prey being immobilised within 2 min. At the same concentrations, 93-100%
of Z. x-notata was immobilised within the first minute. The recent publication of the
venom profile of S. nobilis revealed that this species shares approximately two-thirds of
toxins with the closely related genus Latrodectus [44]. Atakuziev et al. (2014) performed
comparative toxicity assays between Steatoda spp. (pooled Steatoda capensis and Steatoda
grossa venom), Latrodectus tredecimguttatus and Latrodectus hasselti venom using African
black beetles Heteronychus arator. The EDjgy was significantly lower for Steatoda spp.
(0.01 mg/kg) than L. tredecimguttatus or L. hasselti (0.06 mg/kg for both). Furthermore, the
onset of paralysis occurred in a shorter time span for Steatoda venom than Latrodectus [68].
Nentwig et al. (1992) compared venom potency of the black widow spider Latrodectus
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hesperus, Amaurobius sp. and Eratigena atrica in the oriental cockroach Blatta orientalis. LDsg
comparison revealed L. hesperus venom to be almost 7-fold more potent than E. atrica
and 633-fold more potent than Amaurobius sp. venom [69]. Here, we found A. similis and
E. atrica venom to be 230-fold, and 125-fold less potent than S. nobilis venom, respectively,
when tested on Z. x-notata (LDsp) (Table 4).

3.3. Competitiveness/Intraguild Predation

In all four cohorts, S. nobilis was observed to be a more successful competitor than
A. similis, E. atrica, P. phalangioides and Z. x-notata. All of these spiders are web builders,
utilising their webs in different ways to facilitate prey capture, as well as defence against
predators [70]. At least two spider genera from the subfamily Latrodectinae, namely
Steatoda and Latrodectus, construct distinct three-dimensional “tangle” webs allowing ef-
ficient prey capture [71]. Before administrating venom, S. nobilis employs various prey
immobilisation strategies, such as prey suspension above the ground, throwing of sticky
silk threads and prey wrapping [44,72]. The closely related L. hesperus tends to flick silk as a
primary defence strategy under medium threat [47]. We have shown that S. nobilis utilises
silk flicking and prey wrapping prior to envenomation as a means of venom conservation.
Among the synanthropic species investigated here, this behaviour is specific to S. nobilis
and contrast with the hunting strategies of the species it is mainly in competition with.

In addition to the VOH, which may be the norm among most spiders, these strategies
allow S. nobilis to minimise venom expenditure and associated metabolic costs, suggesting
a potential competitive advantage against native spider species. Further studies are needed
to quantify the rate and extent of S. nobilis population establishment and assess to what
extend the encroachment of S. nobilis affects native species. This is especially important
in vulnerable biomes, such as Holarctic and Austral insular ecosystems (e.g., Ireland,
Great Britain, New Zealand, Tasmania) where species richness and competition are limited.
Opverall, the combination of all the factors studied in this paper make the invasive potential
of S. nobilis a cause for concern and this species should be monitored closely throughout
its range.

4. Materials and Methods
4.1. Spider Collection, Housing, Measurements, and Venom Extraction

Specimens of A. similis, E. atrica, S. nobilis, P. phalangiodes, and Z. x-notata were col-
lected from street furniture, garden walls, park railings and building windows in several
locations across three Irish counties: Galway, Longford, and Dublin, between May 2018,
and November 2021 (Supplementary Table S1). Sex of the specimens was determined based
on the presence of the epigyne in females and swollen pedipalps in males. Each species
was identified based on characteristic abdominal markings and body sizes [23,73-75]. All
specimens were kept in 50 mL falcon tubes and transported to the lab where they were
housed as per [23]. Specimens of S. nobilis, E. atrica and A. similis were used in the venom
toxicity assay. Z. x-notata was also used in the assay as a test subject. All four species were
also used for the predation observations experiment, with the addition of P. phalangioides as
this species specialises in preying on spiders.

Venom extractions were carried out on S. nobilis, A. similis and E. atrica specimens
using electrostimulation as per [44], within 24 h of capture. Previous studies on other
spider species [76-78] demonstrate that factors such as sex and body size can influence
the quantity of venom available. Therefore, the body sizes (prosoma + opisthosoma) of S.
nobilis, A. similis and E. atrica specimens were measured using an analogue Vernier calliper.
Individual venom yields, the specimen’s sex, and the months of capture/extraction were
recorded to determine the relationship between the size, sex, season and venom yield.

4.2. Venom Toxicity Assays

Amaurobius similis and E. atrica were chosen to assess the comparative toxicity of
S. nobilis venom. These species were selected due to their synanthropic lifestyle and
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overlapping habitats with S. nobilis, and their relatively large size, more adequate for
venom extractions. Venom efficacy was assessed against four species of synanthropic
spiders: A. similis, E. atrica, Z. x-notata, and S. nobilis. These species were selected in order
to observe (1) the efficacy of S. nobilis venom on native spiders it is likely to encounter in
the habitats it colonises; (2) the sensitivity of S. nobilis to the venom of native spiders.

Control cohorts of adult A. similis, E. atrica, S. nobilis, and Z. x-notata (n = 25 per cohort)
were injected with 10 pL of 0.01 M Phosphate Buffer Saline (PBS) solution to determine that
(1) the excipient (PBS) was not toxic to the spiders and (2) that the puncture wound of the
injection was not causing the impairment of the test specimens. Each live specimen was
restrained with a modified Eppendorf tube (Figure 6) to prevent movement while injecting
into the soft, lateral arthrodial membrane of the cephalothorax (between leg 2 and leg 3)
with a 50 uL microsyringe (Hamilton Neuros syringe, model 1705RN, point style 3). The
specimens were monitored 1 min, 2 min, 5 min, 10 min, 20 min, and 30 min post-injection.
Death and survival at each time point were recorded.

Figure 6. Modified Eppendorf used for restraining live spiders. (A) A slit was made using a soldering
iron along the side of the Eppendorf. (B) A spider positioned at the bottom of the Eppendorf with
piece of tissue placed in the remaining area to ensure that the spider was immobilised.

Three to five increasing venom concentrations (0.0001-2% of “raw” venom in PBS)
were administered to four species of prey: A. similis, E. atrica, S. nobilis, and Z. x-notata
(n = 15 per group) to establish dose-related responses and to determine the median effective
dose (EDsp) and the median lethal dose (LDsp) (Table 5). Venom solutions were prepared
by performing a series of dilutions with crude A. similis, E. atrica, or S. nobilis venom
and the PBS. Injections were performed as per control injections. The condition of each
specimen was evaluated and recorded at each time point. Specimens showing no change
in their normal locomotive function post-injection were marked as unaffected; spiders
displaying signs of abnormal behaviour, such as reduced mobility, disorientation, were
recorded as immobilised; and unresponsive specimens displaying the typical death curl
position were marked as dead. EDsy was determined at 2 min and LDs5j at 30 min time
points post-injection. The body weights of a subset of each prey species were recorded.
A. similis, E. atrica, and S. nobilis crude venom volume at each concentration were converted
to corresponding dry venom weight per kilogram of prey bodyweight to facilitate EDsg
and LDsg extrapolation.
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Table 5. Amaurobius similis, Evatigena atrica, and Steatoda nobilis venom concentrations used in the
toxicity assays based on the prey species. For each species the venom was pooled and homogenized.
Venom concentrations are given as percentage crude spider venom diluted in 0.01 M Phosphate
Buffer Saline solution. N/A = non-applicable.

Prey Venom Concentrations (%)
A. similis Venom E. atrica Venom S. nobilis Venom
A. similis N/A 0.01,0.1,1,2 0.0001, 0.001, 0.01, 0.1, 1
E. atrica 0.01,0.1,1,2 N/A 0.01,0.1,1
S. nobilis 0.01,0.1,1,2 0.01,0.1,1,2 N/A
Z. x-notata 0.01,0.1,1,2 0.001,0.01,0.1, 1 0.0001, 0.001, 0.01, 0.1, 1

4.3. Influence of Venom Availability on Behaviour

To investigate whether S. nobilis alter their behaviour based on the amount of venom
available, we measured spider response times to prey vs. available venom; determined
the location of the initial bite/envenomation (i.e., head /thorax/abdomen), and measured
response type (i.e., attack or avoidance) in relation to prey size.

Female S. nobilis specimens were individually housed in transparent enclosures
(15 x 7.5 x 6 cm) with a small hide secured in place on the right side of each enclosure. Two
small doorways were cut into the lid so that prey items could be supplied with minimum
disturbance. Once housed, the spiders were left undisturbed for a full week. The spiders
were divided into six cohorts (1 = 20 per cohort), based on venom extractions and prey size
(Table 6). Cohorts C1 and C2 served as controls and the other four (L8, L48, S8, S48) had
their venom extracted. The commercially available silent field cricket Gryllus assimilis was
chosen as prey item, as crickets are regularly used as a prey model [53,59].

Table 6. Steatoda nobilis cohorts used in the predatory behaviour influenced by venom availability
experiment (1 = 20 per cohort). Cohorts C1 and C2 were control cohorts, with C1 spiders not being
subjected to anaesthesia or venom extraction. To check that electrostimulation and CO, exposure
only (both required for venom extraction) do not negatively affect predatory response in the test
cohorts, C2 spiders underwent anaesthesia and electrostimulation (on posterior legs only) without
venom extraction and were offered a large cricket 8 h post electrostimulation. The remaining cohorts
were both anaesthetised, had their venom extracted, and were offered either a large (L-cohorts) or
small (S-cohorts) cricket 8 h or 48 h post venom extraction.

Cohort Anaesthetised Venom Extracted Time (h) Prey Size
C1 No No N/A Large
C2 Yes Electrostimulation only 8 Large
L8 Yes Yes 8 Large
L48 Yes Yes 48 Large
S8 Yes Yes 8 Small
548 Yes Yes 48 Small

The length of the head, thorax, and abdomens of 24 crickets were measured and
compared to their overall body length. A ratio was derived to predict the number of
envenomations expected to that region in case of random bite (Figure 4). Cricket weight
was standardised by measuring a sample of 24 specimens from each small and large cohorts.
The acceptable range of weight was arbitrarily set as one standard deviation from the mean
weight. Feeding was carried out at dusk, when S. nobilis is naturally most active, ensuring
that the lights in the lab were dimmed. A cricket was dropped into each enclosure through
one of the doors cut into the lid. Spider behaviour was recorded for two hours following
the introduction of the prey cricket, and once again 12 h after introduction. The following
variables were recorded: (1) attempts to catch/kill the cricket, (2) spider avoidance of the
cricket, (3) response time of an attempted attack, (4) success rate of the attempted attack,
(5) the location of the initial bite, and (6) number of cricket deaths within the 12 h period.
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4.4. Predation Observations

We investigated if S. nobilis has a competitive advantage when in close proximity to
native synanthropic spiders and vice versa. The aim was to determine if S. nobilis offensive
and avoidance/defensive strategies (web construction and prey capture/wrapping tech-
niques) give S. nobilis a competitive advantage over native spiders. The four synanthropic
species we chose for this experiment were A. similis, E. atrica, Z. x-notata, and P. phalangioides.
The latter is known to regularly catch and feed on other spiders, and as such, this species
might possibly be a competitor/predator of S. nobilis in southern Europe and warmer parts
of the world [79]. However, in Ireland, the UK, and northern Europe, P. phalangioides is
restricted to very sheltered areas in synanthropic habitats. In Ireland (and the UK), our
observations tend to show that both species rarely overlap.

Four cohorts were established to observe predatory/competitive behaviour between
S. nobilis and native spiders. The first cohort consisted of S. nobilis (n = 10) and A. similis
(n = 10), the second—S. nobilis (n = 10) and E. atrica (n = 10), the third—S. nobilis (n = 10)
and P. phalangioides (n = 10) and the fourth—S. nobilis (n = 10) and Z. x-notata (n = 10)
specimens. All spiders were starved for two weeks prior to the experiment. Each spider
was housed individually in a 500 mL cylindrical see-through plastic enclosure. The housing
ensured sufficient airflow via multiple airholes at the side of each enclosure, and a hide
was mounted at the bottom to provide cover. All enclosures were kept under standard
laboratory conditions (12 h dark/light cycle, 20 °C). Each spider was kept in an individual
enclosure for 3—4 days to allow it to acclimatize and to build a web. Thenceforth, two
enclosures, one containing S. nobilis and the other one containing either A. similis, E. atrica,
P. phalangioides, or Z. x-notata were merged and secured at the opening, allowing the two
specimens to interact. The merged enclosures were monitored daily and the results of
predatory interactions or lack thereof were recorded. Interactions were considered as
predation events if the spider was observed attacking/feeding on the other spider, and if
one of the spiders was found wrapped up in another spider’s silk.

4.5. Statistical Analysis

To test the relationship between spider venom yield, body size, sex, and seasonality we
ran general linear models in R Version 1.4.1717 (Boston, MA, USA) [80] with venom yield
as the response variable and body size, sex, and seasonality as explanatory variables. We
included interactions between body size and both seasonality (Spring, Summer, Autumn)
and sex (Female, Male) and selected the best model based on Akaike information criteria
which penalizes extra effective parameters to avoid overparameterized models, to select
the minimum adequate model [81]. Spider venom EDs5y and LDsj were estimated using
the Probit models from the Mass package in R [82].

For the venom optimisation experiments a logistic regression model using the gener-
alised linear model function with binomial errors from the Mass package in R, [82] were
used in order to compare the probability of an individual attack across different cohorts
(Table 6). The probability of attack for each cohort was compared to the baseline control
cohort 2 (C2) in the analysis. This was to determine if the behaviour of spiders differs
significantly after venom extraction.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14090587/s1, Table S1, Details of the collection of specimens
for each species of spiders used in the experiments.
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