www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Spider predatory aggressiveness
exhibits diverse personality and
plasticity associations and complex
neurophysiological mechanisms

Yi-Chi Li%2, Yi-Chun Yen?, Yuan-Hao Hsu? & I-Min Tso%2%4>¢

Although personality has been popularly studied for decades, the relationship between plasticity

and personality remains unclear, and the underlying neurophysiological mechanisms are still not well
understood. Here, we addressed this gap by comprehensively integrating field surveys, behavioral
tests, transcriptome, and biochemical analyses to study the personality and plasticity of predatory
aggressiveness in the wolf spider, Hippasa holmerae. A total of 103 H. holmerae were collected from
afield population and their willingness to attack a dangerous East Indian harvest ant prey (Carebara
diversa) was each evaluated. We found that nearly half of the individuals exhibited high behavioral
plasticity while the others exhibited apparent personality, and results of modeling approach suggests
that proactive personality might indeed limit adaptive plasticity. The brains of individuals displaying
apparent high or low aggressiveness were subjected to transcriptome analyses. The results showed
that 19 physiological systems had more than 20% of their associated genes exhibiting differential
expression patterns between the high and low aggressive groups. Furthermore, almost all of these
differences were due to genes being significantly upregulated in highly aggressive individuals. Results
of biochemical analyses further showed that the concentration of tryptophan in the brains of highly
aggressive individuals was significantly lower than that of low aggressive ones. These gene expression
and amine variation patterns were consistent with the characteristics of big and small engine
individuals proposed by the pace of life syndrome theory and energy management models. Here,

we show the personality-plasticity association within a population and empirically demonstrate that
personality differences might be caused by the differences in multiple physiological systems. These
results highlight the importance of distinguishing personality and plasticity in behavioral tests and the
importance of comprehensively examining multiple systems while conducting personality mechanistic
studies.
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Personality, the repeatable and consistent individual behavioral variation within species that widely exists across
animals!. Variation in personalities among individuals represents a form of intra-population behavioral diversity,
which may contribute to population adaptability under varying environmental conditions®. The diversity of
personalities can be viewed as a form of consistent phenotypic variation, with both genetic and environmental
factors influencing personality development. For example, factors such as environmental enrichment?, social
contexts’, single nucleotide polymorphisms (SNPs) in specific genes®, or additive genetic variations’ have been
shown to influence personality development. In recent years, an increasing number of animal species and even
microorganisms have been reported to exhibit personality variation®-1°, and relevant phenotypic traits examined
include boldness!!, aggressiveness'?, and directional preference'.

Plasticity, how an individual responds after experiencing physical or social environmental changes
caused by biotic or abiotic factors?, is another important phenotypic trait that could affect fitness. Plasticity
enables particular behaviors of an individual to exhibit lower consistency and repeatability depending on the
context!*~16, Currently, the relationship between personality and plasticity is still poorly understood, and how
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they interact to influence the behaviors of individual animals seems quite complex. The effects of personality and
plasticity may be positively or negatively correlated depending on different personality types, animal species, and
environmental contexts>!”-20,

Studies on animal personalities can be grouped into two categories. The first focuses on how genetic,
physiological or environmental factors*®!1-2122 mechanistically influence the development of personalities.
The second examines how personality variation functionally affects sexual selection®, natural selection?, or
evolution?. Enhancing our understanding of the mechanistic and functional aspects can help integrate personality
into ecological models to improve predictability and application potential. For example, some previous studies
incorporated personality into predator-prey interaction models to predict consequences in simplified tri-trophic
systems?®?’. Therefore, a better comprehension of personality can enhance our understanding of the evolution of
behaviors. It is believed that to fully understand personality, both mechanistic and functional aspects of animal
behavior need to be integrated?®?°.

Aggressiveness can be defined as the individual’s consistent tendency to exhibit confrontational or hostile
responses toward predators, prey, and conspecifics®’, which is a type of proactive personality. Currently,
hypotheses integrating mechanistic and functional aspects of aggressive personality are limited, with the pace-
of-life syndrome hypothesis (PSH) being one example. The PSH proposes that physiological differences underlie
observed personality variations. Within a population, there might be “high-metabolic individuals” with high
energy demands exhibiting a more agonistic personality to obtain more energy. Therefore, these individuals
should have higher fitness in resource-rich environments. Conversely, there are “low-metabolic individuals”
with low energy demands exhibiting a less agonistic personality. Such individuals may have higher fitness in
resource-poor environments®!~3¢, We propose that by examining aggressive personality through transcriptomic
and biochemical approaches, we can uncover how multiple physiological systems are interactively involved in
shaping an individual’s personality to empirically verify hypotheses such as PSH.

In this study, we aimed to determine the relationship between personality and plasticity by measuring
willingness to attack using behavioral assays performed in a predatory aggressiveness context. We anticipated
that some individuals would exhibit behavioral patterns more aligned with plasticity, while others would display
patterns more characteristic of personality. In a well-designed predatory aggression test system, we subjected
wolf spiders H. holmerae to interactions with a dangerous prey, the harvest ant C. diversa. We estimated the
attack willingness level of each wolf spider towards the ants and the respective effects of personality and plasticity
were identified and separated using a model building approach.

We analyzed predatory aggressiveness mechanistically with transcriptomic and biochemical approaches to
explore the physiological differences underpinning variation in aggressiveness among individuals. We extracted
total RNA from the prosoma of individual H. holmerae spiders to explore their neurophysiological differences
using transcriptomic approaches. Gene expression patterns from the constructed libraries were verified and
physiological systems exhibiting large gene expression differences between spiders with divergent aggressiveness
levels were identified. Transcriptomic analyses revealed that between individuals with different aggressive levels
genes associated with 19 physiological systems showed differential expression. These systems were related to
signal transduction, signal transmission, memory/learning, sensory perception, venom secretion, and circadian
rhythms. Such patterns are consistent with the predictions of the pace-of-life syndrome hypothesis®'-¢, which
proposes that individuals with a high aggressive personality (i.e., “big-engine” individuals) tend to have enhanced
physiological capacities. In addition, given that our transcriptome analyses revealed substantial differences in
amine-related gene expressions between individuals with different aggressiveness levels, and considering that
amines serve as key neural signaling molecules in regulating arthropod aggressive behaviors®’, we further
investigated whether these molecular differences were reflected in the actual amine concentrations (i.e., the
transmitters themselves). We found that the tryptophan concentration was significantly lower in individuals
exhibiting high aggressiveness, which is consistent with the results of previous studies®”~>°.

Result

Aggressiveness level of spider individuals examined

In this study we assessed the aggressiveness of individual wolf spider H. holmerae (n= 103) by measuring level
of willingness to attack a highly risky but low-value prey, the East Indian harvest ants C. diversa. We allowed
H. holmerae to build a funnel web in an arena, introduced C. diversa, recorded their predatory interactions,
and determined level of aggressiveness (from 0 to 4 points) according to a scoring scheme (Table 1). For each
individual spider this procedure was repeated five times and the average score of five trials was used to indicate
the willingness to attack. At the end of the behavioral tests there were 22 individuals (21.4%) with a mean score
lower than 1 point and we assigned them to the LA (Low Aggressiveness) group. There were 28 individuals
(27.2%) with a mean score higher than 3 points and we assigned them to the HA (High Aggressiveness) group.
There were 53 individuals (51.5%) with mean scores between 1 and 3 points and we assigned them to the middle
(Middle Aggressiveness) group. We designated LA and HA groups as the extreme groups (Fig. 1). During the
behavioral tests, we discovered that overall, as the trials went on, the percentage of 4-point incidents decreased
from 52.4 to 28.2%. In contrast, the percentages of 0 and 1-point incidents increased from 15.5% and 11.7%
to 23.3% and 20.4% respectively, exhibiting a negative correlation between trial numbers and aggression level
(Fig. 2a). More specifically, aggression levels of middle group individuals declined as trials went on suggesting
low levels of repeatability in willingness to attack (Fig. 2b). In contrast, the behaviors of both HA and LA
group individuals showed a highly repeatable pattern. Their behavioral test scores were more or less consistent
throughout the five trials (Fig. 2c and d).
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Behavioral Sequences Score

Giving up 0 point

Giving up | 1 point

Biting Watching | 2 point

Dragging | 4 point

Explorin;
P & Giving up | 2 point

Multiple biting | Watching | 3 point

Dragging | 4 point

Dragging 4 point

Table 1. The scheme of all conceivable sequences of hunting behaviors and their corresponding scores. The
spider must exhibit initial exploring behavior to indicate awareness of the prey on its web; otherwise, the
behavioral test would be restarted two days later. Dragging was considered the most aggressive and risky
predatory behavior, and therefore individuals performing such a behavior were given 4 points.

LA Extreme Middle HA Extreme

| I | |
1 2 3 -

Average score

Fig. 1. Results of behavioral tests showing number of individual Hippasa holmerae exhibiting various mean
scores. Individuals between dotted lines belong to the middle group, others belong to either HA (High
Aggressiveness) or LA (Low Aggressiveness) extreme groups.

Plasticity-personality association patterns of spiders examined
We employed a model-building approach to analyze how personality and plasticity affected spider predatory
aggression and their association. As previously described, we divided all 103 spiders into three groups based
on their behavioral performance: HA, LA, and middle group (Fig. 1). To analyze the impact of personality and
plasticity and their interaction on willingness to attack, we built the best-fitting generalized linear mixed models
(GLMM) or generalized linear models (GLM) to describe the behaviors of all spiders combined (mixture),
intermediate individuals alone (middle), and HA and LA individuals alone (extreme). The results of these
models assessing the personality-plasticity association in the three groups are summarized in Table 2.

Spider ID was used as a random factor to represent personality, and trial number was treated as a fixed factor
to represent plasticity. Trial number was analyzed both as a categorical variable (each trial compared to the
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Fig. 2. Percentages of individuals exhibiting various aggressiveness scores in five trials. (2a) While we took
all 103 individuals together, initially over 50% of individuals exhibited highly aggressive 4-point behavior.
However, by the fifth behavioral trial, only about 25% showed this behavior. An opposite pattern was
observed in 0-point and 1-point aggressive behaviors, indicating that most spiders progressively reduced
their aggressiveness as the trials continued, while a small proportion maintained extremely high or low
aggressiveness. (2b) The middle group showed a pattern similar to the mixed group, with a clear decline in
aggressive behavior as the trials progressed, demonstrating low repeatability in their predatory aggressive
behaviors. (2¢) In the HA (High Aggressiveness) group, no 0-point incidents were observed, and most
individuals showed highly repeatable predatory aggressive behaviors. (2 d) In contrast, most individuals in the
LA (Low Aggressiveness) group consistently displayed low levels of predatory aggressive behavior, with only
one instance of 4-point behavior observed in triall.

baseline trial 1) and as a numerical variable (representing a linear trend from trial 1 to 5). Initially, we built full
models incorporating three factors: personality (spider ID as random factor), plasticity (trial number as fixed
factor), and their interaction (ID X trial number). However, models including the interaction term failed to
converge and showed increased AIC values, indicating that simpler models without the interaction term could
best describe our data.

For the mixture model, the best fit was achieved using a GLMM including both fixed and random effects.
When trial number was treated as a categorical variable, scores from trial 2 to trial 5 all showed significant
declines compared to trial 1. When trial number was treated as a numerical variable, we observed a significant
negative correlation between trial number and behavioral scores, consistent with the trend shown in Fig. 2.

For the middle model, a GLM with the fixed effect alone best described the data. When trial number was
analyzed categorically, scores from trial 2 to 5 again showed significant declines. When being modeled as a
numerical variable, trial number exhibited a significant negative correlation with behavioral scores. In contrast,
including a random effect for spider ID in a GLMM resulted in a drop in random effect variance from 0.19 to 0,
triggering a singularity warning and increasing the AIC to 935, suggesting that the random effect was negligible
in this group.

In the extreme model, a GLMM with only the random effect of spider ID yielded the lowest AIC (858.9),
indicating a strong personality signal. However, we found that the fixed effect of trial number remained
detectable and meaningful. Therefore, we ultimately adopted a GLMM including both fixed and random effects
(AIC =862.3) to illustrate this trend. When trial number was treated categorically, no significant differences were
found between trials. The random effect variance was higher than in the mixture model (from 0.19 to 0.573),
highlighting the increased consistency in behavior. However, when trial number was treated as a numerical
variable, it was significantly negatively correlated with behavioral scores, although the p-value (p= 0.038)
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Model (trial number as categorical) | Term | Estimate | Z value | P

Mixture (GLMM) Trial2 | -0.19 -2.148 | 0.032

AIC =1841.9 Trial3 | -0.305 -3.342 | <0.001
Trial4 | -0.33 -3.587 | <0.001
Trial5 | -0.29 -3.196 | 0.001

Variance of random factor =0.19

Middle (GLM) Trial2 | -0.265 -2.111 | 0.035
AIC =933.28 Trial3 | -0.44 -3.33 | 0.001
Trial4 | —0.43 -3.26 | 0.001
Trial5 | -0.339 -2.644 | 0.008
Extreme (GLMM) Trial2 | —0.112 —-0.817 | 0.369
AIC =862.3 Trial3 | -0.173 -1.624 | 0.172
Trial4 | -0.229 -1.966 | 0.076
Trial5 | -0.238 —-1.558 | 0.065

Variance of random factor =0.573

Model (trial number as numerical) Term | Estimate | Zvalue | P
Mixture (GLMM) Trial | -0.076 -3.622 | <0.001
AIC =1840.8

Middle (GLM) Trial | -0.092 -3.037 | 0.002
AIC =933.65

Extreme (GLMM) Trial | -0.061 -2.072 | 0.038
AIC =856.7

Table 2. Results of analyses using generalized linear mixed models (GLMM) and generalized linear model
(GLM) with Poisson distribution to assess the personality-plasticity association in Hippasa holmerae. Spider
ID was treated as a random factor to represent personality, and trial number was treated as a fixed factor to
represent plasticity. Trial number was analyzed both as a categorical variable (each trial compared to baseline
trial 1) and as a numerical variable (linear trend from trial 1 to 5). Mixture: included all individuals and

was best described by a GLMM with both fixed and random factors. Middle: included only intermediate-
aggressiveness individuals and was best described by a GLM with only fixed factor. Notably, when being
modeled using a GLMM, the variance of the random effect was estimated as zero. Extreme: included only
High-Aggressiveness (HA) and Low-Aggressiveness (LA) individuals and was optimally described by a GLMM
containing only the random factor (spider ID; AIC =858.9); however, the results shown here also include the
fixed factor to demonstrate that the effect of plasticity remains detectable among extreme groups.

was higher than that of the middle model (p= 0.002). This suggests that the fixed effect (plasticity) remained
detectable, although weaker.

Finally, both extreme and middle models exhibited higher AIC values compared to mixture, suggesting that
these two groups indeed showed a different behavioral pattern. Together, this information indicated a high
level of plasticity behavioral pattern (i.e. low consistency) in individuals of middle group, and a high level of
personality behavioral pattern (i.e. high consistency) in individuals of extreme groups.

Gene expression patterns of spiders with different personalities

We used the prosoma of three extremely aggressive individuals with a mean score higher than 3.5 points and
three extremely non-aggressive individuals with a mean score lower than 0.5 point for RNA extraction and
subsequent transcriptome analyses. After library construction, sequence annotation and quantification, results
of transcriptome analyses showed that sequences from 125,377 genes were obtained and among them 7,588
were DEGs. Due to the lack of H. holmerae genetic information, a total of 85,010 genes could not be identified
by BLASTX. The volcano plot constructed from all the genes showed that the expression pattern of many genes
differed considerably in spider individuals of HA and LA groups (see Figure S1 of Supplementary Information
1). Results of KEGG pathway analyses showed that in three signal transduction systems, one signal transmission
system, five amine systems, three sensory systems, three learning and memory-related systems, one salivary
secretion system and three circadian rhythm systems more than 20% of relevant genes differed in expression
pattern between the LA and HA groups (Table 3). Moreover, in these 19 systems almost all differences were due
to relevant genes being significantly up-regulated in HA group individuals.

Amine concentrations of spiders with different personalities

Since the results of transcriptome analyses revealed significant expression differences in genes associated with
amine-related systems between HA and LA spiders, we further investigated whether these molecular differences
would manifest in actual amine concentrations. We used high performance liquid chromatography (HPLC) to
compare the concentration of amine-related chemicals in H. holmerae exhibiting high and low aggressiveness
(n= 6 each). After HPLC analyses, a mass spectrometer was used to quantify and verify the identity of chemicals.
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Percentage of | Number of | Number of
System Difference up-regulated | down-regulated
Signal transduction
cAMP pathway 26.7% 35 4
‘Wnt pathway 20.59% 20 1
Calcium signaling pathway 20.57% 26 3
Signal transmission
Synaptic transmission 40% 16 0
Signal transmission:
Amine system
Dopaminergic synapse 25.3% 19 2
GABAergic synapse 24.62% 15 1
Serotonergic synapse 23.81% 19 1
Glutamatergic synapse 23.53% 19 1
Cholinergic synapse 20.45% 17 1
Sensory
Phosphotransduction - fly 50% 8 1
Olfactory transduction 40% 9 1
Taste transduction 20% 7 1
Memory & Learning
Long-term potentiation 34.88% 14 1
Long-term depression 26.67% 11 1
Neurotrophin signaling pathway | 20% 18 0
Venom
Salivary secretion 42.86% 22 5
Circadian rhythm
Circadian rhythm 27.27% 6 0
Circadian rhythm - fly 25% 2 0
Circadian entrainment 25% 17 2

Table 3. Results of KEGG analysis showing systems with more than 20% of relevant genes differed in
expression patterns between HA (High Aggressiveness) and LA (Low Aggressiveness) groups. Up-regulated
refers to genes significantly overexpressed in HA group compared to LA group, while down-regulated indicates
the opposite. It is noteworthy that the distinctions within systems primarily stem from genes highly expressed
in the HA group. Overall, there is a consistent trend of genes being significantly up-regulated in HA group
compared to LA group.

Subsequently Student t-tests were used to compare the concentration of amine-related chemicals in spiders
exhibiting high and low aggressiveness. Due to the unexpected low concentration of chemicals in spiders, only
histamine, acetylcholine, glutamate, and tryptophan were successfully detected and quantified (Fig. 3). The
first three chemicals did not show significant concentration differences between LA and HA individuals (t =
—1.469 for histamine; 1.24 for acetylcholine; —0.809 for glutamate; all p > 0.05) (Fig. 3a, b, c). However, the mean
concentration of tryptophan in the LA group spiders was four times higher than that of HA group spiders (t
=3.299, p=0.021) (Fig. 3d).

Discussion

Association between personality and plasticity

By controlling living environments, diet, sex and age, we found significant differences in the effects of plasticity
and personality on aggressiveness between middle and extreme group spiders. To investigate these differences,
we applied a modeling approach based on our predefined grouping, using the trial number as a probe of plasticity
and the variance of the random factor as a probe of personality. This approach revealed that spider behavioral
performance was better described when the middle and extreme groups were modeled separately.

All models showed that spiders consistently decreased their aggressiveness after repeatedly encountering
high-risk and low-reward prey. Although we did not directly measure the fitness consequences of this behavioral
change (e.g., injury rates), this behavioral plasticity may be adaptive, as it could help spiders minimize injury
risks when confronting potentially dangerous prey with low nutritional value. This adaptive plasticity hypothesis
is further supported by the observation that models for the mixture, middle, and extreme groups all showed a
consistent and statistically significant decline in aggressiveness when trial number was treated as a numerical
variable.

Moreover, when trial number was treated as a categorical variable, all three models showed relatively higher
p-values for trial 2, suggesting limited behavioral differentiation at this early stage. Notably, in the extreme
model, trial 3 also showed a relatively high p-value, indicating that behavioral differences in high-personality
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Fig. 3. Amine-related chemical differences between HA (High Aggressiveness) and LA (Low Aggressiveness)
groups. Four amine-related chemicals in HA and LA group spiders detected by HPLC analyses. The Y-axis
represents the concentration (represented by peak areas in mass spectrometry) on a log2 scale. Significant
concentration difference was only found in tryptophan. (*: p < 0.05).

individuals emerged more slowly. These results highlight the importance of conducting multiple repeated trials
in personality assessments: clear distinctions between high-plasticity (middle group) and high-personality
(extreme group) individuals only became evident after trial 3. We therefore suggest that at least five repeated
trials may be required to determine whether an individual’s behavior is more determined by personality or
plasticity.

Our model building analyses revealed distinct patterns when examining different subgroups of spiders. In
the numerical models, the p-value for trial number in the extreme model was higher than that in the middle
model, indicating a weaker effect of plasticity. Moreover, when trial number was treated as a categorical
variable, a significant relationship with aggressiveness was found only in the middle group. Notably, when the
middle group was modeled using a GLMM, the variance of the random effect was estimated as 0, together
suggesting extremely low repeatability (i.e., personality) and showing high plasticity. In contrast, when only
HA and LA individuals were included (model-extreme), the significant relationship between trial number
and aggressiveness disappeared in the categorical model, while the variance of the random effect increased to
0.573. Taken together, these results indicate that predatory aggressiveness in the extreme groups was primarily
determined by personality rather than plasticity, regardless of whether individuals displayed very high or very
low aggressiveness.

The results of behavioral tests also helped us to have a glimpse at the relationships between proactive
personality and adaptive plasticity. The pattern of plasticity in willingness to attack in the middle group suggests
that these spiders may decrease their level of aggressiveness to prevent injury as trials progressed. In the
numerical model, HA individuals also showed a weaker but still significant decline in average aggressiveness.
According to the categorical model, this decline was mainly driven by lower aggressiveness in trials 4 and 5.
This finding was consistent with the hypothesis proposed by previous studies that proactive personality limits
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adaptive plasticity>'%, as the HA group spiders seemed to retain some level of adaptive plasticity, their response

may be delayed or attenuated compared to middle group spiders.

Our research demonstrated that not all individuals in a population exhibited a distinct behavioral pattern
that could be typically classified as personality, a phenomenon rarely explored in previous studies but with
important implications for future research. In our study, over half of the individuals, primarily those in the
middle group, did not display a clear personality. Based on the results of the behavioral tests, we hypothesize that
a continuous and negatively correlated relationship exists between personality and plasticity. We suggest that
each individual’s behavior may exhibit a different ratio of these two patterns, which could explain the observed
variations in behavior. Some individuals were very willing to change their behaviors (leaning towards plasticity),
while others required more time to change (intermediate), and some remained resistant to behavioral changes
(leaning towards personality). This proposed relationship between personality and plasticity may provide a
framework for understanding the diverse behavioral responses observed in our study and highlights the need
for further investigation into the interplay between personality and plasticity.

Physiological mechanisms for predatory aggressiveness variations

Our transcriptome analysis revealed that the observed personality differences were accompanied by variations in
gene expressions across multiple physiological systems, indicating that aggressiveness is a complex personality
phenotype modulated by many neurophysiological systems, a scenario that may be applicable to other
personality traits as well. We found apparent expression differences in genes associated with neural transmission
and signal transduction systems. Most variations were due to relevant genes being considerably upregulated
in the HA group. According to the Pace-of-Life Syndrome (POLS) theory, this pattern may reflect that HA
individuals, often described as ‘big-engine’ types with higher metabolic and physiological capacities***3,
also exhibit enhanced neural signal transduction and transmission activities, because this upregulation could
indicate greater brain processing capacity associated with their proactive behavioral tendencies. Additionally,
the expression differences in amine systems were consistent with the results of previous mechanistic studies on
animal personality, showing that amine systems indeed played a crucial role in shaping personality variation’+4°.
Spiders in the HA group also showed higher expression levels of genes involved in sensory systems compared to
those in the LA group. This finding was consistent with the results of previous research on predatory aggression
variation in northern spike fish, which also found differences in sensory organs between individuals with
different aggressive levels. Sensory systems may be closely associated with predators’” aggression behaviors due
to their potential direct effect on predatory ability?’. Notably, a 50% expression difference was observed in genes
related to phototransduction between HA and LA individuals, indicating that vision might play a critical role in
predatory aggression variation in spiders like H. holmerae.

Expression patterns of genes associated with memory, learning, and salivary secretion varied between low and
high aggressiveness individuals. Transcriptome analysis showed that genes involved in neurotrophin signaling
pathways and long-term potentiation, which are critical for memory and learning***>, were considerably
upregulated in the HA group. While predatory aggression had rarely been directly linked to memory and learning
in personality studies, previous studies had explored the relationship between aggressive behavior and memory/
learning. For example, studies had investigated how winner and loser effects influenced aggression or how
spatial memory affected predatory behaviors****. Although the aggressive behaviors in these studies could not
be directly classified as personality, they suggested that memory and learning ability might influence aggression
through various mechanisms, thus potentially affecting aggressive personality. The upregulation of genes in
memory and learning-related systems of the HA group suggests that HA individuals might have enhanced
memory and learning activities in their brain, which could indirectly imply that HA individuals have better
memory and learning ability compared to LA individuals. However, since we did not perform transcriptome
analyses on individuals without apparent personality (i.e., members of the middle group), it is possible that
middle group individuals have even higher memory and learning ability and, consequently, significantly higher
expression of related genes compared to HA group individuals. This possibility is especially relevant considering
that middle group individuals were the only ones who apparently modified their behaviors when repeatedly
interacting with ants, which might potentially indicate their better memory and learning ability.

An interesting finding from our transcriptome analyses is that the expression level of genes associated with
salivary secretion differed by more than 40% between the HA and LA individuals. Since we did not remove fangs
from the spider specimens used in the analyses, we speculated that these salivary secretion genes were likely
involved in the production of spider venom used in subduing prey. A recent review of spider personality studies
suggested that venom secretion might be one of the important physiological traits related to personality and
could shape the living strategies of spiders, and more proactive individuals might have higher levels of venom
production®. Consistent with this hypothesis, the pattern that most genes in the salivary secretion system
were upregulated in the HA group might suggest that HA individuals have a more active venom production
ability. Furthermore, we discovered that the expression patterns of genes associated with circadian rhythm, a
physiological system rarely explored in previous personality studies, differed between HA and LA individuals.
Circadian rhythm systems are related to the regulation of multiple physiological traits*~*® and have been found
to be positively correlated with metabolic rates in some invertebrates including crickets and fruit flies*.
The upregulation of relevant genes in HA individuals suggests that they might have relatively better circadian
rhythmicity and, consequently, higher metabolic rates.

When examining the transcriptome analysis results in the context of POLS theory and energy management
models, the consistent pattern of gene upregulation in various physiological systems seems to be congruent with
the predictions of these theoretical frameworks. POLS theory and energy management models hypothesized
that “big engine” individuals (i.e., HA individuals) followed a higher energy intensity investment strategy
characterized by physiological traits such as higher metabolic rates and brain capacities as well as stronger
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physical abilities. Consequently, these individuals are expected to exhibit a more agonistic personality to obtain
more food intake (i.e., energy-gain behaviors) due to their high energy-demanding molecular and physiological
activities. Conversely, “small-engine” individuals (i.e., LA individuals) followed a lower energy intensity
investment strategy characterized by lower metabolic rates and brain capacities as well as weaker physical
abilities, resulting in a less agonistic personality and reduced food intake due to their low energy-demanding
molecular and physiological activities*' L. Such theoretical frameworks may explain the apparent expression
differences in a diverse way of systems observed between HA and LA individuals in our study. Furthermore, it
may also account for the upregulation of most genes in HA group individuals compared to LA group individuals.

In this present study, we discovered that the brain tryptophan level of LA group spiders was significantly
higher than that of HA group, which is consistent with the correlation between tryptophan deficiency and
aggression reported in previous studies’’*. Since all spiders used in this study were raised in the laboratory
until reaching adulthood and fed with a uniform diet, the observed brain tryptophan variation was unlikely
to result from differences in food intake. In mammals, the brain can only utilize tryptophan and its derivatives
(such as serotonin) that have been transported across the blood-brain barrier and synthesized within the brain.
Furthermore, less than 10% of tryptophan is transported to the brain for utilization, while the remainder is
metabolized and used in other parts of the body®%. Therefore, if such a mechanism does exist in spiders, it
is possible that there is only a small proportion of tryptophan being transported into the brain, which will
make variations in tryptophan influx a potentially important factor that could affect our results. Currently, the
controlling mechanisms of tryptophan influx are not clear. Due to the limited understanding on tryptophan,
it is challenging to speculate the mechanisms behind the observed concentration differences and link them to
personality variations. While tryptophan is involved in various physiological processes such as neurotransmission,
circadian rhythm, sensory perception, and protein synthesis®>~°, and our transcriptome analyses revealed the
upregulation of genes associated with these processes in HA spiders, further research is needed to elucidate the
specific mechanisms behind the observed tryptophan concentration differences and their potential connection
to aggression and personality traits in spiders.

Implications and directions for future research

Although the results of our study demonstrated that in spiders with aggressive personalities a great number of
genes involved in physiological systems such as signal transmission/transduction, sensory, memory, learning,
and circadian rhythm were upregulated, the detailed molecular and physiological mechanisms remain
unknown. In future studies, methodologies such as drug manipulation or line breeding should be applied to
reveal the detailed mechanisms leading to personality traits. Similarly, although we found indirect evidence
from transcriptome analyses that the relevant genes were upregulated so basal metabolic rates might be higher
in the HA group individuals, we suggest that future studies directly measure metabolic rates to provide direct
evidence for the POLS hypothesis, which can further verify the existence of big-engine and small-engine
individuals in the populations. Furthermore, it is still unclear how various selection pressures affect these
individuals and generate relevant ecological and evolutionary consequences. Future studies may investigate
how the presence of big and small engine individuals affects various population characteristics and community
interactions to understand how personality traits are involved in shaping various aspects of ecosystems. Results
of our behavioral tests show that not all individuals in the population exhibit apparent personalities. However,
in many relevant studies, such an issue was not seriously considered or appropriately controlled. Only when the
personality status of an individual is verified could it be used to investigate relevant physiological mechanisms
or ecological consequences. Therefore, we recommend that in future studies behavioral tests with a sufficient
number of repeated trials should be adopted to verify the tendency of proactive personality and adaptive
plasticity in an individual or a population. Without such confirmation, results of subsequent mechanistic or
ecological investigations are very likely to be biased.

Sometimes, a number of specific personality traits may express together and this phenomenon is called
personality syndrome>®. Results of our transcriptome analyses demonstrated that genes of numerous physiological
systems were simultaneously upregulated in individuals with high aggressive personality. Such findings indicate
that there might be other personality traits co-expressed with aggressiveness and form a personality syndrome.
Future studies may verify whether there exists a predatory aggressiveness syndrome by identifying other
personality traits involved and their association with the observed physiological system variations. For example,
according to the energy management models, energy-expenditure and energy-gain behaviors might both be
correlated with metabolic rates®!. These behavioral traits are important components of predation and relevant
information about their interaction patterns and underlying mechanisms will greatly improve our understanding
of personality syndromes. In addition to the acquisition of energy, nutrient composition, especially amino
acids, had been shown to affect spiders’ predatory behaviors®’~> as well as the personality of other animals®®¢!.
Therefore, we recommend that future studies examine whether and how amine system-related amino acids affect
an individual’s personality and plasticity through variations in prey and nutrient intake.

Finally, spiders are the most diverse and abundant invertebrate predators in terrestrial ecosystems. They
exhibit great impacts on insect communities and therefore have great potential in biological control®*-¢*, There
is abundant empirical evidence that spiders could effectively control pest populations in various agricultural
systems®>¢7. For example, because of their high abundance in agricultural areas and other artificial environments,
H. holmerae has great potential in biological control®®®- In theory, aggression could affect spiders’ impact on
insect communities through intra/inter-species interactions’’. We recommend future research to focus on
whether and how spider predatory aggressive personality differences affect arthropod community interactions,
and how personalities of individuals in a predator population can be manipulated to enhance their overall
biocontrol performance.
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Experimental procedures

Animals used in the predatory interactions

In this study, garden wolf spiders Hippasa holmerae (Araneae, Lycosidae) were used as the experimental
animal and all spiders were collected from Taichung Metropolitan Park, Taichung City, Taiwan (120.598254,
24.207399). In order to control age, mating experience, food intake and living environments of spiders to be used
in behavioral tests, we only collected juvenile females and kept them in the laboratory until they matured. Each
spider was kept individually in a 14 cm x 8 cm x 7.5 cm transparent plastic box with a cotton pellet inside to
maintain moisture and to provide water for spiders. Spiders were housed in a controlled laboratory with a 12:12
h light-dark cycle and room temperature of 25 + 1 °C. We added water to cotton pellet and fed each spider one
cockroach (Blatta lateralis) with a body length of approximately 0.5 mm once a week.

We used East Indian harvest ants Carebara diversa (Hymenoptera, subfamily Myrmicinae) to interact with
the garden wolf spiders in the behavioral tests. We frequently found such ants in spiders’ habitats, indicating
that garden wolf spiders did interact with East Indian harvest ants in the field. The ants were collected by a
mini vacuum cleaner (Mini Vacuum Cleaner, Separating Co., China) from the campus of Tunghai University,
Taichung, Taiwan (120.595659, 24.180013). Only workers were collected and attention was paid to make sure
that all ants used in the behavioral tests were similar in body size. The ants were kept in an artificial ant nest
composed of an 8 cm x 8 cm x 8 cm transparent acrylic feeding space and a 10 cm x 10 cm x 5 cm plaster nest.
We placed a bottle cap with cotton pellets inside the feeding space and added water twice a week to maintain
moisture and provide water. We fed the ants three adult B. lateralis cockroaches with a body length of about
25 mm every week. The ants were housed in the same laboratory environment as the spiders. To make sure
that the ants were energetic, we collected them one week before each behavioral test and collected hundreds of
individuals each time.

Behavioral test — assessing responses of spiders to ants

In this study, individual spider level of aggressiveness in terms of willingness to attack a highly risky but low-
value prey was assessed. Previous studies showed that ants served as a potential threat to spiders and they even
affected the evolution of spiders’"”2. The East Indian harvest ants C. diversa are highly aggressive and exhibit
collective wandering and hunting behaviors similar to army ants’>. The body length of a worker ant is about
2.5 to 3.5 mm, which is about half the body length of an adult female H. holmerae wolf spider (~ 8 mm). In our
behavioral tests, C. diversa were used as a highly risky but low-value prey to spiders because all ants could defend
themselves well with jaws during the spider attack. In preliminary behavioral tests we found that the bites and
venom of wolf spiders were not effective against the ants, and almost all ants retrieved from the behavioral tests
could still live normally for more than two weeks. If the spiders want to hunt the ants, they could only drag the
ants to their nest with a high risk of getting injured.

Although most wolf spiders are not web weavers, H. holmerae is an exception’. They will build a low-sticky
sheet web with a tunnel, and wait inside the tunnel until prey walks into their sheet web. Because the web
is not sticky enough, H. holmerae have to engage in hand-to-hand combat with prey and drag them into the
tunnel. When H. holmerae are confronting C. diversa, the latter will fight back aggressively and maintain limited
mobility on the sheet web. From the beginning to the end of the behavioral test, the spiders could decide whether
to hunt the ants or not. Any time the spiders decided to terminate the hunting, the ants could leave the sheet web
in a few minutes. These observations indicate that C. diversa is well suited to serve as a highly risky but low-value
prey to H. holmerae.

Behavioral test — scoring the level of attacking willingness

To begin the behavioral test, we first opened the lid of the box containing the spiders, then waited for 10 min
to allow the spiders to recover from the disturbance of the opening. Then we carefully picked up an ant with
a tweezer and placed it on the spider’s sheet web. We recorded the predator-prey interaction for 90 s and
determined the level of aggressiveness (from 0 to 4 points) according to a scoring scheme (Table 1). If the ant
was not successfully hunted by the spider, we would remove the ant to prevent it from hurting or disturbing
the spider. From preliminary observations we discovered various behavioral responses of spiders to ants and
we scored behavioral scenarios according to spiders’ attack willingness. When a spider senses the presence of
prey on the web, it usually emerges out of tunnel (defined as “exploring”). After detecting the presence of an ant
on the web, the spider might either move back to the tunnel without any attempt to attack (defined as “giving
up”), bite the ant one or two times (defined as “biting”), bite the ant more than three times (defined as “multiple
biting”), or try to drag the ant to its tunnel (defined as “dragging”). If, after emerging from the tunnel, the spider
gave up attack and went back to the tunnel, we scored such a behavioral scenario as 0 points. After biting the
ant, sometimes the spider might simply stand beside the prey and watch it for a while (defined as “watching”).
When the spider exhibited watching behavior, it would be given either 2 or 3 points depending on the type of
prior biting behavior (biting vs. multiple biting). Finally, because dragging an energetic and struggling ant is
associated with a high risk of injury compared to other hunting behaviors, it represents a higher willingness to
attack than biting. Therefore, we designated “dragging” as the highest level of aggressiveness and scored such
behavior 4 points, no matter what type of biting exhibited by spider. (See video clips of 0, 1, 2 and 4-point events
in Supplementary Materials)

We followed the following principles during the behavioral tests to ensure the quality of the results. Firstly, we
stopped feeding the spiders one week before the behavioral test to make sure that they had hunting willingness.
Secondly, to ensure that the test results were not affected by sex, age or mating experience, we only used female
spiders that grew in the laboratory from juveniles to adults. Thirdly, considering the circadian rhythm of spiders,
we only performed the behavioral tests between 14:00 and 17:00. Fourthly, if the spider was bitten by the ant, or
the spider did not show exploring behavior within 90 s, the trial was terminated and test would be performed
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again after two days. Fifthly, if the ant escaped from the web within 90 s rendering the spider having not enough
time to react, we would remove the ant and repeat the trial after one hour. Finally, since personality traits needed
to show repeatability, there were five repeated trials with two-day intervals in each behavioral test, and a spider’s
level of aggressiveness was determined by the average score of five trials.

Grouping of spiders according to attack willingness

For further analyses, we divided spiders into three different groups according to their average behavioral test
scores. Spiders with a mean score smaller than 1 point were designated as the LA (Low Aggressiveness) group;
those with a mean score greater than 3 points were designated as the HA (High Aggressiveness) group; and the
rest of the individuals were designated as the middle group. Although a more strict grouping pattern - such as
using 0.5 and 3.5 points as thresholds, could improve the AIC values of models, the sample sizes in HA and LA
groups would be too small for subsequent analyses. Therefore, 1.0 and 3.0 points were used as thresholds for
grouping spiders to ensure sufficient sample size for effective statistical treatments.

Modeling personality and plasticity with GLMM and GLM

We used a model-building approach based on Generalized Linear Mixed Models (GLMM) and Generalized
Linear Models (GLM) to best describe our behavioral data and to achieve two objectives. Firstly, we elucidated
the relationships between plasticity and personality by testing whether there were apparent personality and
plasticity effects within each group. Secondly, we examined whether there was a personality difference between
groups if there was apparent personality present in each group.

We employed an approach similar to the methodology described by O’'Dea et al. (2022)%, which used slope
to represent plasticity and both repeatability and consistency to indicate personality in a linear model. Here,
we used ID numbers as the random factor to assess the personality effect and the trial numbers as the fixed
factor to assess the plasticity effect. Because, when individuals of strong personality exhibit a highly repeatable
and consistent behavior, the random factor ID number can explain more variations in behaviors. In contrast, if
individuals’ behaviors are easily influenced by the environmental effects and show plasticity, the fixed factor, trial
numbers, can explain more variations in behaviors.

We constructed six models with Poisson distribution to appropriately analyze our ordinal aggression score
data (0-4 points). These models were categorized into three types based on different grouping strategies:
“mixture,” “middle,” and “extreme” The model “mixture” included all individuals; the model “extreme” included
only individuals from the HA and LA groups; and the model “middle” included only individuals from the middle
group. For each type, we built two models: one treating trial number as a categorical variable (comparing each
trial to baseline trial 1), and the other treating trial number as a numerical variable (to assess linear trends from
trial 1 to 5).

Since age, sex, size, environments and food were all under good control, we did not include these factors in
the analyses. Also, although we initially attempted to construct more complex models that included not only
personality (ID) and plasticity (trial number) effects, but also their interaction (ID x trial number), these models
failed to converge and showed increased AIC values, suggesting that simpler models without the interaction
term could best describe our data (See Supplementary Information 4 for the failed converge model code). All
GLM and GLMM analyses were performed in R version 4.4.2 using the lme4 package”.

Transcriptome analysis - RNA extraction

Allindividuals used in this part of the study were sacrificed within 1 month after the behavioral tests. To minimize
animal suffering during sacrifice, spiders were first anesthetized with CO2. The dissection was performed on
an ice plate to prevent recovery from anesthesia and was completed within one minute for each spider. The
prosoma was immediately transferred to liquid nitrogen and subsequently stored at —80°C for further analyses.
We used three extremely aggressive individuals with a mean score higher than 3.5 points from HA group and
three extremely non-aggressive individuals with a mean score lower than 0.5 point for transcriptome analyses.
We did not use individuals from the middle group because they seemed less aligned with personality traits in
their predatory behavior. During extraction, we first transferred each sample into a 1.5 ml Eppendorf with 0.5
ml trizol, and ground it thoroughly with a polypropylene grinding rod. Then RNA extraction was performed
according to the protocols on the website of Thermo (https://reurl.cc/gQo4eb), and Nanodrop was used to assess
the quality (value of A260/280) and concentration of the RNA.

Transcriptome analysis - library construction

Before library construction, we performed DNase treatment using the Invitrogen TURBO DNA-free Kit
from Thermo (https://reurl.cc/MX04Wp). Then, we constructed libraries using Universal Plus mRNA-Seq
with NuQuant (https://reurl.cc/WqoRVL, TECAN). After library construction, Qubit 2.0 Fluorometer with
dsDNA High Sensitivity Kit and DNA 1000 assay of Agilent 2100 Bioanalyzer were used to assess the quality
and concentration of each library. When RNA quality was satisfactory, 2 x 151 bp paired-end sequencing was
performed using NovaSeq 6000 sequencing system. After sequencing, QC test and trimming were conducted
using QV 220 by CLC Genomics Workbench v10 to prevent low-quality sequences from affecting further
analyses.

Transcriptome analysis — annotation and quantification

Since currently there is no reference sequence data of H. holmerae, we performed the de-novo assembly
method using Trinity’® and Strand-specific RNA-Seq read orientation, followed by Contig clustering using
CD-HIT”778. Finally, BlastX analysis was performed to annotate each contig by DIAMOND” with the nr
database. Annotated sequences’ information was all uploaded to the NCBI database. To find out genes exhibiting
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significant differences between the HA and LA groups, RNA-Seq analysis of CLC Genomics Workbench v10
was used to calculate the read numbers of each contig. Since longer sequences were associated with higher
read numbers, Fragments Per Kilobase of exon model per Million mapped fragments (PFKM) was used to
standardize the expression level of each gene®’. (see Supplementary Information 1 for detailed methods)

(PFKM = total exon fragments ipy)- All annotated sequences were uploaded to NCBI

mapped fragments(millions) X exonlength

database. (see Supplementary Information 2 for annotated sequences’ information).

Transcriptome analysis — comparison between groups

After annotation and quantification, those genes with more than 2X expression difference between groups were
verified by DESeq2 package in R®! and were designated as Differential Expression Genes (DEGs), and were
illustrated in a volcano plot (see Figure S1 of Supplementary Information 1). These analyses would help verify
whether categorizing spiders into the HA and LA groups could be supported by the results of transcriptome
analyses. To understand gene differences systematically, we performed pathway analysis by using KEGG
Automatic Annotation Server (KAAS) to make KEGG Orthology (KO) ID prediction®?-%. We also calculated
percent differences to find out physiological systems exhibiting large gene expression differences between the
HA and LA groups. (see Supplementary Information 1 for detailed methods, and Supplementary Information 6
for sequences’ information with KO ID prediction).

HPLC analysis — chemical extraction

To further understand the differences in amine systems identified from transcriptome analyses, we used HPLC-
MS/MS to estimate the concentrations of various amines and related amino acids. Six individuals from HA
group with a mean score of 3.267 points and another six individuals from LA group with a mean score of 0.533
point were used to perform HPLC analyses. Samples were placed in a 1.5 ml Eppendorf with 0.2 ml 0.3% formic
acid in ddH,0 and were ground with a polypropylene grinding rod followed by 60 s of sonication. Then the
samples were centrifuged for 10 min (15000 rpm at 4°C), and the supernatant was centrifuged again with a 10 K
molecular sieve for 20 min (14000xg at 4°C). Samples were stored at —20°C for further analysis.

HPLC analysis - HPLC-MS/MS

We used an Ultra-High Performance Liquid Chromatography (UHPLC) with a Quadrupole-Time of Flight Mass
Spectrometer (Q-ToF), and an Acclaim RSLC120 C18 tube (150 mm x 2.1 mm). All analyses were performed
at 30°C and the volume of each sample was 20 pl. For UHPLC analyses, 0.3% formic acid in ddH2O (liquid A)
and 0.3% formic acid in acetonitrile (liquid B) were used, and the flow rate was set at 0.075 ml/min. Transitions
of liquid concentrations were as follows: 100% liquid A for 4 min, liquid A decreased to 90% in 5 min, liquid
A decreased to 0% in 6 min, liquid A kept at 0% for 7 min, and liquid A increased to 100% in 13 min. We used
a mass spectrometer to quantify and verify the identity of chemicals. Electrospray ionization (ESI) parameters
were set as follows: flow rate 200 ul/min, electric current 500nA, voltage 3500 V, flow rate of gas Nitrogen 9 L/
min, temperature 200°C, and length 0.25 mm. During the first MS, we identified chemical identity by flow rate
and calculated concentration by area with positive ion mode. During the second MS, we identified chemicals
detected in the first MS phase more precisely with positive ion mode and multi-reaction monitoring mode
(MRM).

After verifying the identity of the chemicals and quantifying their concentrations, Student t-tests were
performed to determine whether there were significant differences in concentration of various chemicals between
the HA and LA groups. Before the t-tests, we first performed Shapiro-Wilk tests to make sure that relevant data
followed normal distribution (Histamine: LA p=0.987, HA p=0.751; Acetylcholine: LA p=0.07, HA p= 0.491;
Glutamate: LA p= 0.266, HA p= 0.646; Tryptophan: LA p= 0.433, HA p= 0.797). We also performed F-tests to
determine the appropriate t-tests to be used (Histamine: p = 0.01; Acetylcholine: p = 0.027; Glutamate: p = 0.885;
Tryptophan: p< 0.001). Standard t-tests were used when variance was equal (p> 0.05 in F-test) while Welch’s
t-tests were used when variance was not equal (p < 0.05 in F-test). All statistical analyses were performed in R
version 4.2.2%7. (see HPLC results and its code for analysis in Supplementary Information 5).

Data availability

We provide all transcriptome sequences’ NCBI annotated results and the expression level comparison results
in xlsx format in Supplementary Information 2. The behavioral data and the R code for building GLMM and
GLM models are provided in Supplementary Information 3 and 4. Additionally, the results of the HPLC-MS/
MS analysis and the corresponding analysis code are provided in Supplementary Information 5. The results of
the behavioral tests organized in txt format and video clips of 0, 1, 2, and 4-point events are provided in the Sup-
plementary Materials, along with video legends in Supplementary Information 1. Regarding the transcriptome
analysis data, although we cannot provide the analysis code, we provide detailed methods in Supplementary
Information 1. Detailed KEGG pathway analysis results are provided in Supplementary Information 6 in xlsx
format. The transcriptome sequence data are also deposited in the NCBI Sequence Read Archive (SRA) under
accession number SRR31147554 in FASTQ format. (https://www.ncbi.nlm.nih.gov/sra?term=SRR31147554).
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