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SUMMARY

Putative antmimicry is a remarkable example of an evolutionary strategy that can
be well integrated into the framework of natural selection and adaptation. How-
ever, challenges remain in understanding imperfect ant mimicry. Here, we
combine trait quantification and behavioral assays to investigate imperfect ant
mimicry in the jumping spider Siler collingwoodi. We performed trajectory anal-
ysis and gait analysis to show that the locomotor characters of S. collingwoodi
generally resemble those of the putative ant models, supporting the multiple
models hypothesis. We then performed background-matching analysis, revealing
that body coloration may be involved in background camouflage. We further car-
ried out antipredation assays and found that S. collingwoodi had a significantly
lower risk of predation than nonmimetic salticids, suggesting an overall protec-
tive effect of Batesian mimicry. Our findings quantitatively demonstrate a combi-
nation of mimicry and camouflage in S. collingwoodi and thus highlight the signif-
icance of a complex phenomenon driven by natural selection.

INTRODUCTION

Batesian mimicry is a classic example of antipredator adaptation and natural selection.1,2 The mimetic spe-

cies imitates a co-occurring unpalatable model species through morphological features and body colora-

tion to gain protection, a phenomenon that has been widely observed and studied in butterflies, snakes,

and hoverflies.3–7 Only recently has mimicry involving dynamic visual traits, i.e., locomotor mimicry,

received attention and been studied with quantitative approaches.7–14 For example, swallowtail butterfly

(Papilio polytes) and clearwing moth (Heterosphecia pahangensis, Aschistophleps argentifasciata, Pyro-

phleps cruentata, and Pyrophleps sp.) mimics are morphologically and behaviorally similar to their

models.8,14 Belonging to an impressive class of Batesian mimics, ant mimics gain ecological benefits by

mimicking ants,15 which is attributed to ants’ widespread presence and possession of multiple offensive

and defensive strategies.16,17 Although morphological ant mimicry in spiders has been investigated, scant

attention has been given to locomotor mimicry using quantitative approaches.9,10,18 For example, the ant-

mimicking jumping spider Myrmarachne formicaria has been demonstrated to mimic sympatric ants in

both limb use and overall movement patterns, and behavioral experiments with predators confirmed a pro-

tective role of locomotor mimicry.10 Such perfect mimicry has attracted considerable attention; it is

commonly assumed that higher accuracy is optimal and may promote predator deception, thus leading

to lower predation risk.19 However, inaccurate mimicry has been observed with high abundance and is

assumed to be evolutionarily unstable,19 leading to the development of multiple hypotheses to explain

the maintenance of imperfect mimicry, such as the multiple models hypothesis and multiple predators hy-

pothesis.20–23 The multiple models hypothesis proposes that general mimics gain advantages such as pop-

ulation expansion and population size magnification from mimicry, which enable them to expand to larger

areas if models occupy different habitats or to gain multiple protections from each model if the habitats of

models overlap.20 According to the multiple predators hypothesis, imperfect mimicry may be a better op-

tion under complex selective pressures from model-specialized predators and model-aversive predators:

the former may prey on mimics of poor resemblance with low likelihood, imposing relaxed selection on the

imperfect mimics, whereas the latter may avoid mimics with high similarity, promoting mimetic accuracy.23

In the present study, to understand the nature of imperfect mimicry, we studied the salticid species

S. collingwoodi, which exhibits ant-like locomotion, brilliant body coloration, and female-limited polymor-

phism. We first compared the locomotor traits of S. collingwoodi with those of putative ant models and

sympatric nonmimetic jumping spiders. Our results indicate that S. collingwoodi dynamically mimics
iScience 26, 106747, June 16, 2023 ª 2023 The Author(s).
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Figure 1. Sampling location, morphological phenotype, and host plants of Siler collingwoodi

(A) Sampling locations and sympatry of species used in this study, including three jumping spider species (the ant-mimetic species S. collingwoodi (cyan),

nonmimetic species Phi. versicolor (yellow) and predator Por. labiata (black)), five ant species (M. bicolor (light green), C. egidyi (gray), Technomyrmex sp.

(green), Pol. jianghuaensis (purple) and Pol. dives (blue)), and one mantis species (G. brunneri (black)) as a predator.

(B) Morphological phenotypes of S. collingwoodi and the perfect ant-mimetic species T. maxillosus.

(C)Two host plants of the habitat of S. collingwoodi. See also Table S1 in the supplemental information.
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co-occurring ants. Specifically, S. collingwoodimoves in a fashion similar to multiple ant species in terms of

trajectory characteristics, movement speed, opisthosoma bobbing and leg lifting, which together may sup-

port the multiple models hypothesis, improving the inaccurate static visual resemblance and therefore

leading to higher mimetic accuracy. We then explored the mechanisms that promote brilliant body color-

ation by conducting background-matching analysis, and our findings suggest that body coloration is

involved in background camouflage. We further performed antipredation experiments, revealing that

S. collingwoodi combines locomotor mimicry and background matching to reduce its predation risk, ulti-

mately revealing the nature of Batesian mimicry. In summary, we disentangle the benefits of ant-like loco-

motion and brilliant body coloration in S. collingwoodi and explore the driving forces, providing a remark-

able example for understanding the complex biological phenomenon of imperfect mimicry shaped by

natural selection.

RESULTS

Quantification of the ant-like locomotion of S. collingwoodi

To assess the locomotor mimicry of S. collingwoodi, we collected S. collingwoodi from four geographic lo-

cations in southern Hainan (Figure 1A). During this process, we noted that S. collingwoodi adopts a ‘‘stop-

and-go’’ walking pattern similar to that of ants: during antiphase, it extends its first pair of legs anterolat-

erally away from the body, creating the illusion of an ant holding the antennae upward and forward, which is

often seen in ant-mimicking spiders.10,24–26 We thus hypothesized that S. collingwoodimay mimic multiple

ant model species in locomotion, potentially supporting the multiple models hypothesis. To test this hy-

pothesis, we also collected co-occurring putative ant models (Table S1), i.e., Meranoplus bicolor, Crema-

togaster egidyi, Technomyrmex sp., Polyrhachis jianghuaensis, and Polyrhachis dives, the nonmimetic

jumping spider Phintelloides versicolor, and two potential predators, Portia labiata (Araneae, Salticidae)

and Gonypeta brunneri (Mantodea, Gonypetidae). We selected putative ant species with high abundance

and co-occurrence with S. collingwoodi, suggesting that they have the potential to serve as model species.

Furthermore, we chose both Por. labiata and G. brunneri as potential predators for the following reasons.
2 iScience 26, 106747, June 16, 2023
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Figure 2. The overall movement pattern and trajectory analysis of ants and mimetic and nonmimetic jumping spiders

(A) Movement patterns of the ant species C. egidyi and two jumping spider species S. collingwoodi and Phi. versicolor. Both C. egidyi and S. collingwoodi

show a ‘‘stop-and-go’’ pattern.

(B) Trajectories of two jumping spider species, S. collingwoodi and Phi. versicolor, and five ant species, C. egidyi, M. bicolor, Technomyrmex sp., Pol.

jianghuaensis and Pol. dives. (C) Results of PCA based on trajectory- and movement rate-related parameters of spiders and ants, including sinuosity,

amplitude (C(D)) and wavelength (Ds) of trajectory periodicity, directional change (DC, mean and standard deviation), movement speed (mean and standard

deviation) and acceleration (mean and standard deviation). S. collingwoodi showed high similarity in locomotion to ants, whereas Phi. versicolor resembled

ants the least. The ellipses with different colors indicate different groups, i.e., blue: large ant species, purple: small ant species, green: mimetic

S. collingwoodi, and yellow: nonmimetic Phi. versicolor.

(D) A summary of locomotion similarity between S. collingwoodi and putative ant models. Statistical analyses were performed using (Welch’s) ANOVAs or

Kruskal‒Wallis tests for trajectory and movement rate parameters, followed by Tukey’s pairwise comparisons, Games-Howell multiple comparisons, or

Dunn’s test with Bonferroni correction to compare between species. The locomotion features of S. collingwoodi best resembled those of the putative ant

model C. egidyi, followed by M. bicolor and Technomyrmex sp., which supported the multiple models hypothesis. See also Figure S1 and Table S2 in the

supplemental information.
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First, these two species are highly abundant in the habitat of S. collingwoodi (Z.H., personal observation).

Second, Por. labiata is a jumping spider that specializes in preying upon other spiders,27 whereas

G. brunneri is a generalist predator with a monochromatic visual system. Thus, the selection of these

two species allowed us to test the multiple predators hypothesis. Notably, the sampling location in Wuz-

hishan showed the richest diversity, with up to five ant species and two predator species, among the sam-

pling locations, indicating that this area is a suitable habitat for these species (Figure 1A). However, distinct

from the dark, dull body color of the sympatric perfect ant-mimicking Toxeus maxillosus, S. collingwoodi

displays brilliant body coloration and female-limited polymorphism on the host plants Ixora chinensis and

Carmona microphylla (Figures 1B and 1C). Focusing on S. collingwoodi, we quantified mimetic accuracy by

characterizing and comparing a total of 93 trajectories. These trajectories included 25 mimetic trajectories

of S. collingwoodi; 57 ant trajectories of M. bicolor, C. egidyi, Technomyrmex sp., Pol. jianghuaensis, and

Pol. dives; and 11 nonmimetic trajectories of Phi. versicolor (Figure 2). Notably, all individuals of

S. collingwoodi and the ants moved with a single pattern comprising ‘‘walk’’, whereas 10 of the 11 tested

Phi. versicolor individuals moved in a ‘‘walk-jump’’ fashion. Second, all ant individuals raised their antennae

during their walk, and C. egidyi also lifted their abdomen; all individuals of S. collingwoodi were observed

to raise the first pair of legs and bob their abdomen during the walk. In contrast, no individuals of Phi. versi-

color were found to exhibit either behavior (Figure 2A). The overall movement pattern and trajectory char-

acteristics of S. collingwoodi were similar to those of the ants, whereas the pattern of Phi. versicolor was

different from that of both S. collingwoodi and the ants (Figures 2A and 2B); in other words,

S. collingwoodi exhibited more pronounced ant-mimicking characteristics than Phi. versicolor.

We analyzed five parameters to describe trajectory features, including the sinuosity of the trajectory, mean

and standard deviation of directional change (DC), amplitude (C(Ds)) and wavelength (Ds) of periodicity in

the trajectory, and four movement rate-related parameters, including the mean and standard deviation of

walking speed and the mean and standard deviation of acceleration, using principal component analysis

(PCA). PC1 explained 39.5% of the total variance, whereas PC2 and PC3 explained 25.7% and 13.2% of

the total variance, respectively. Significant differences were found among species in PC1 (one-way analysis

of variance (one-way ANOVA): F6,86 = 30.23, p < 0.001) and PC2 (Kruskal‒Wallis test: c2(6) = 48.44, p <

0.001), and marginal differences were found among species in PC3 (ANOVA: F6,86 = 2.18, p = 0.05). PC1

had high loadings for the mean and standard deviation of DC (�0.49 and �0.48), sinuosity (�0.46), mean

speed (0.36), and wavelength (Ds) of trajectory periodicity (�0.31). PC2 had high loadings for the standard

deviation of speed (�0.62) and standard deviation of acceleration (�0.61), and PC3 had high loadings for

wavelength (C(Ds)) of trajectory periodicity (�0.62) and mean acceleration (0.53). Notably, S. collingwoodi

showed a high degree of similarity to the small ant models (i.e., C. egidyi, M. bicolor, and Technomyrmex

sp.) and lower similarity to the large ants (i.e., Pol. jianghuaensis and Pol. dives), whereas Phi. versicolor was

different from the ants (Figure 2C). To further dissect the relationship between the mimetic species

S. collingwoodi, the model species, and the nonmimetic species Phi. versicolor, we performed separate

one-way (Welch’s) ANOVAs or Kruskal‒Wallis tests for each parameter.

Sinuosity was significantly different among species (Kruskal‒Wallis test: c2(6) = 69.26, p < 0.001):

S. collingwoodi walked as tortuously as C. egidyi, M. bicolor and Technomyrmex sp.; significantly more

tortuously than Pol. jianghuaensis and Pol. dives; and slightly less tortuously than Phi. versicolor. The

mean and standard deviation of directional change were significantly different among species (Welch’s

ANOVA: F6,33 = 27.69, p < 0.001; Welch’s ANOVA: F6,32 = 34.81, p < 0.001): S. collingwoodi changed
4 iScience 26, 106747, June 16, 2023
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movement direction at similar rates as C. egidyi andM. bicolor; significantly more frequently than Techno-

myrmex sp., Pol. Jianghuaensis and Pol. dives; and significantly less frequently than Phi. versicolor. The

amplitude (C(Ds)) of the trajectory period was significantly different among species (Kruskal‒Wallis test:

c2(6) = 21.81, p = 0.001): the trajectory period amplitude of S. collingwoodi was similar to that of

C. egidyi, M. bicolor, Technomyrmex sp., Pol. jianghuaensis, and Phi.versicolor, but slightly larger than

Pol. dives. The wavelength (Ds) of the trajectory period was significantly different among species (Krus-

kal‒Wallis test: c2(6) = 39.07, p < 0.001): the trajectory period wavelength of S. collingwoodi was similar

to that of M. bicolor, Technomyrmex sp. and Phi. versicolor; slightly shorter than that of C. egidyi; and

slightly longer than that of Pol. jianghuaensis and Pol. dives. The mean walking speed was significantly

different among species (ANOVA: F6,86 = 29.55, p < 0.001): S. collingwoodi walked as fast as Technomyr-

mex sp.; significantly faster than C. egidyi, M. bicolor and Phi. versicolor; and significantly slower than Pol.

jianghuaensis and Pol. dives. The standard deviation of walking speed was significantly different among

species (ANOVA: F6,86 = 12.24, p < 0.001): the variance in the walking speed of S. collingwoodi was similar

to that of Pol. dives, but significantly larger than that of C. egidyi, M. bicolor, Technomyrmex sp., Pol. jian-

ghuaensis and Phi. versicolor. The standard deviation of acceleration was significantly different among spe-

cies (ANOVA: F6,86= 13.21, p < 0.001): the variance of acceleration of S. collingwoodi was similar to that of

Pol. dives and Phi. versicolor but significantly larger than that of C. egidyi, M. bicolor, Technomyrmex sp.

and Pol. jianghuaensis. In brief, S. collingwoodi was indistinctive to the small ants in almost all trajectory

feature-related parameters but had low similarity in velocity-related parameters; on the other hand,

S. collingwoodi was similar to the large ants in only trajectory periodicity features (i.e., amplitude C(Ds)

and wavelength (Ds)) but different from them in most velocity-related parameters. Among ant species,

we found that the two large ants were alike in all examined parameters. The three small ants showed a

high degree of similarity, except that Technomyrmex sp. walked faster and had more variable acceleration

than the other two small ant species, and C. egidyi had a wavelength of periodicity (Ds) larger than that of

M. bicolor and Technomyrmex sp. (Figure S1; Table S2). We also performed parallel comparisons between

Phi. versicolor and ants and found that Phi. versicolor showed low similarity to the small ants in terms of the

two trajectory periodicity features (i.e., amplitude C(Ds) and wavelength (Ds)) and velocity-related param-

eters (i.e., mean and standard deviation of walking speed); however, Phi. versicolor had no similarity in tra-

jectory-related parameters to the large ants (Figure S1; Table S2). Furthermore, mean acceleration was not

significantly different among all species, suggesting its low capacity in distinguishing these animals (Krus-

kal‒Wallis Test: c2(6) = 7.55, p = 0.272, Figure S1; Table S2). Taken together, our findings demonstrate that

although S. collingwoodi and the large ants were similar in only movement pattern and trajectory period-

icity features, S. collingwoodi and the small ants showed high similarity in both overall movement pattern

and trajectory features, as well as a low similarity in velocity. Specifically, the behavioral pattern of

S. collingwoodi most closely resembles that of C. egidyi, followed by M. bicolor and Technomyrmex sp.,

supporting the multiple models hypothesis (Figure 2D).

We further explored the behavioral patterns of the mimetic species S. collingwoodi, the nonmimetic spe-

cies Phi. versicolor, and the ant species using gait analysis. We observed that S. collingwoodi always lifted

its forelimbs during the quick antiphase of walking, which seemed to be an imitation of the ant antennae,

whereas Phi. versicolor never behaved in such a way (Figure 3A). We calculated the probability of a spider’s

forelimb or an ant’s antennae being above the head. The nonmimetic species Phi. versicolor was found to

never lift the forelimbs during rest or movement, in contrast to the observations in both S. collingwoodi and

ants (Figure 3B). Moreover, C. egidyi was observed to raise the abdomen during rest or in agonistic inter-

actions with other creatures; thus, we calculated the probability that a spider or an ant would raise its

abdomen above its head. Consistent with the potential ant model C. egidyi, S. collingwoodi showed a

high probability of raising the abdomen above the head, which was significantly higher than that of the

nonmimetic species Phi. versicolor (ANOVA: F2,24 = 8.23, p = 0.002; Figure 3C).

We also estimated the unpalatability of each of the five potential model species by measuring their

morphological traits, including the number of spines, total spine length, total body size and mandible

size. We found that Pol. dives appeared to be the most unpalatable among the ant model species, whereas

Technomyrmex sp. was the least unpalatable (Figure S3; Table S3).
Body color involved in background camouflage

Unlike typical ant-mimicking spiders that mimic the brown or black body color of ants, S. collingwoodi has

brilliant body coloration and female-limited polymorphism; from a human’s perspective, it seems to blend
iScience 26, 106747, June 16, 2023 5
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Figure 3. Gait analysis of putative ant models and mimetic and nonmimetic jumping spiders

(A) The relative height of the forelimbs or antennae to that of the head of spiders and ants during motion or at rest. The

gray part shows that during antiphase, S. collingwoodi raised its forelimbs above the head, close to the height of the

antennae of the two Polyrhachis ants; however, Phi. versicolor did not behave in a similar way. The motion curve was

smoothed by the Savitzky‒Golay method (window points: 41; polynomial order: 6). Scale bar = 1 mm.

(B) Conditional probability of forelimbs or antennae being higher than the head in stationary or moving conditions. For

both the mimetic species S. collingwoodi and ants, the probabilities were higher than the nonmimetic species Phi.

versicolor, during both the moving and stationary stages.

(C) Abdomen height relative to the head at different movement rates for S. collingwoodi, Phi. versicolor, and C. egidyi.

Vertical lines indicate the boundary between motionless and moving stages, horizontal lines indicate the height of

forelimbs or antennae consistent with that of the head, and n indicates the number of points used for calculation. Data

were normalized to the range of [0,1] separately for each species. The distribution probabilities of the forelimbs or the

antennae whereas stationary are shown in the upper right corner. During the stationary stage, the probability of the

abdomen being higher than the head for the mimetic species S. collingwoodi and for C. egidyi were similar (in red,

meanG S.E.) and much higher than that for the nonmimetic species Phi. versicolor. The gradient indicates the probability

of the forelimbs or antennae being in each region. Fromwhite to black: 0%–100%. See also Figures S2 and S3 and Table S3

in the supplemental information.
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well with plants in its environment (Figures 1B and 1C). Specifically, I. chinensis and C. microphylla are the

two plants where S. collingwoodi is normally found in the wild. The former blooms year-round, exhibiting

red flowers with green leaves, which appear to be similar to the color pattern of S. collingwoodimales and

the red morph of females, whereas the latter exhibits green leaves and brown twigs that may be similar to

the golden morph of S. collingwoodi females. Because animals with concealment/camouflage may gain

survival advantages by reducing detection and consumption by predators,25,28 our a priori hypothesis

was that body coloration served as camouflage to protect S. collingwoodi against predators.

To test this hypothesis, we first examined body color differences between S. collingwoodi and its putative

ant models; then we investigated the background matching of S. collingwoodi to its two host plants

I. chinensis and C. microphylla (Figure 1C). To do so, we obtained reflectance spectra of six main color

patches (the dorsal carapace red patch (DCR), the irregular dorsal abdomen red/golden patch (DAR),

the orbicular dorsal abdomen blue patch (DAB), the posterior part of the dorsal abdomen black patch

(DEB), the front-end dorsal carapace green patch (DCG) and the posterior part of dorsal abdomen goldish

brown patch (DEG)) on S. collingwoodi (red-morph females: n = 10, golden-morph females: n = 9, males:

n = 12) and Phi. versicolor (females: n = 12, males: n = 10), as well as corresponding color patches for the
6 iScience 26, 106747, June 16, 2023
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Figure 4. Reflectance spectra and color contrast between spiders and plants from the perspective of a jumping spider

(A) Illustrations of the main color patches compared for the mimetic species S. collingwoodi, the nonmimetic species Phi. versicolor, and the ants.

(B) Color patches of interest for the host plants I. chinensis and C. microphylla with the illustration of the mimetic system in their natural environment.

(C) Reflectance spectra (mean G S.E.) of all measured species, illustrated by color patch. From left to right: dorsal carapace green patch (DCG), dorsal

carapace red patch (DCR), dorsal abdomen red patch (DAR), dorsal abdomen blue patch (DAB), posterior part of dorsal abdomen black patch (DEB) and

goldish brown patch (DEG).

(D) Color contrast (just noticeable difference, JND) between spiders and host plants from the perspective of a jumping spider (green boxplot: between

S. collingwoodi and the host plant; yellow boxplot: between Phi. versicolor and the host plant; upper: I. chinensis, lower: C. microphylla). Color contrast

values >3 JND suggest increasingly distinguishable colors, while values%3 JND indicate low discriminability of the colors for a given visual system (dashed

line = 3). S. collingwoodi had better camouflage than Phi. versicolor, especially on I. chinensis. For details, please see the main text. Boxplots show the

median, upper and lower quartiles, and maxima and minima; dots indicate outliers. Different letters (a, b, and c) indicate statistically significant differences

between groups (p < 0.05). See also Figure S4 and Table S4 in the supplemental information.
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ants (C. egidyi: n = 13, M. bicolor: n = 12, Technomyrmex sp.: n = 12, Pol. dives: n = 10, Pol. jianghuaensis:

n = 12) andmeasured reflectance spectra of both the petals and leaves of I. chinensis (n = 10) and twigs and

leaves of C. microphylla (n = 10) (for a detailed description and illustration of color patches, see STAR

Methods; Figures 4A–4C; Figure S4A). To explore whether and how potential predators perceived the co-

lor difference, we conducted visual modeling of potential predators by estimating color contrasts between

S. collingwoodi and the ant models and between S. collingwoodi and the nonmimetic species Phi. versi-

color. The color perception abilities of salticids and mantids are quite different: salticids possess acute

eye sight and excellent color discrimination, whereas mantids are monochromatic, which means that

they can detect only differences in brightness rather than coloration. Therefore, we generated a chromatic

contrast for the salticid visual system and an achromatic contrast for the mantid visual system. We found

that from the perspective of both salticids and mantids, S. collingwoodi shows no color similarity to sym-

patric ants or Phi. versicolor (Table 1). We then conducted visual modeling in a similar manner to compare

spider coloration to the two host plants. From the perspective of salticids, S. collingwoodi was more similar

to the host plants than Phi. versicolor (Figure 4D; Table S4). Specifically, color contrasts between

S. collingwoodi and I. chinensis were significantly lower than those between Phi. versicolor and

I. chinensis for DCR (ANOVA: F3,39 = 299.40, p < 0.001), DAR (Welch’s ANOVA: F3,18 = 177.03, p <

0.001), DAB (ANOVA: F3,40 = 49.62, p < 0.001) and DEB (Welch’s ANOVA: F3,17 = 88.35, p < 0.001) but

not for DCG (Welch’s ANOVA: F3,20 = 51.12, p<0.001) or DEG (Kruskal‒Wallis Test: c2(3) = 32.28, p <

0.001), indicating a better camouflage capability in S. collingwoodi (Figure 4D; Table S4). In contrast,

compared to Phi. versicolor, S. collingwoodi did not seem to have better camouflage on C. microphylla,

i.e., only the color contrast values for DAB between S. collingwoodi and C. microphylla were significantly

lower than those between Phi. versicolor and C. microphylla (ANOVA: F3,39 = 41.06, p < 0.001), whereas the

color contrast values of S. collingwoodi were higher for the other color patches, especially for those on

S. collingwoodimales (Figure 4D; Table S4). From the perspective of mantids with a monochromatic visual

system, S. collingwoodi was more camouflaged than Phi. versicolor on I. chinensis because of overall lower

just noticeable difference (JND) values between S. collingwoodi and I. chinensis than between Phi. versi-

color and I. chinensis for DCG (ANOVA: F3,40 = 26.86, p < 0.001), DCR (ANOVA: F3,39 = 17.13, p <

0.001), DAR (ANOVA: F3,40 = 26.36, p < 0.001) and DAB (Kruskal‒Wallis test: c2(3) = 14.99, p = 0.002),

and such a difference was more pronounced for S. collingwoodi females (Figure S4B; Table S4). However,

S. collingwoodi seemed to be similarly noticeable as Phi. versicolor onC.microphylla because of the overall

equivalence of JND values between S. collingwoodi and C. microphylla and between Phi. versicolor and

C. microphylla (Figure 4D; Table S4). Therefore, we inferred that the body color of S. collingwoodi provides

some degree of protection.
Validity of Batesian mimicry and protective coloration in S. collingwoodi

Because we characterized ant-like locomotion and explored the mechanisms promoting brilliant body

coloration in S. collingwoodi, we performed a series of antipredation experiments to further evaluate

the possibility that this phenotypic combination reduces predation risk by imperfectly mimicking ants.

We used S. collingwoodi and Phi. versicolor as the prey and exposed them to different potential predators,

the jumping spider Por. labiata and the praying mantisG. brunneri. With Por. labiata as the potential pred-

ator, a total of 17 trials were conducted to test whether locomotion and background matching jointly

contributed to low predation risk in S. collingwoodi. During the predator–ant interaction phase, Por. labiata

showed obvious avoidance of the ant C. egidyi in 11 trials and did not show a response to the presence of

the ant C. egidyi in the other six trials. No attacks on the ant were observed in any trial. During the
8 iScience 26, 106747, June 16, 2023



Table 1. Color contrast between spiders and ants from different predator perspectives

Visual system Comparison Color contrast (JND)

Jumping spider DCG DCR DAR DAB DEB DEG

Female golden morph Crematogaster egidyi 6.38 G 0.31 7.00 G 0.31 9.25 G 0.71 4.44 G 0.31 3.32 G 0.81 8.25 G 0.81

Meranoplus bicolor 5.82 G 0.31 7.57 G 0.31 10.83 G 0.71 4.36 G 0.31 3.95 G 0.81 8.80 G 0.71

Technomyrmex sp. 6.83 G 0.51 11.15 G 0.61 10.78 G 0.71 3.15 G 0.31 3.23 G 0.71 7.45 G 0.81

Polyrhachis jianghuaensis 5.35 G 0.31 7.86 G 0.71 9.05 G 0.71 3.33 G 0.21 4.46 G 0.51 6.09 G 0.61

Polyrhachis dives 5.01 G 0.41 7.51 G 0.61 8.12 G 0.71 3.45 G 0.31 5.59 G 0.51 3.96 G 0.61

Phintelloides versicolor female 2.44 G 0.20 5.09 G 0.68 6.32 G 0.47 5.48 G 0.37 4.31 G 0.61 3.00 G 0.43

Phintelloides versicolor male 5.40 G 0.49 10.26 G 0.72 6.11 G 0.62 10.95 G 0.33 5.76 G 0.44 3.66 G 0.42

Female red morph Crematogaster egidyi 6.81 G 0.21 11.26 G 0.81 19.30 G 1.31 4.85 G 0.31 4.70 G 0.81 9.67 G 0.71

Meranoplus bicolor 6.22 G 0.21 11.49 G 0.81 21.13 G 1.31 4.71 G 0.41 5.61 G 0.81 10.21 G 0.71

Technomyrmex sp. 7.52 G 0.31 17.17 G 0.81 21.19 G 1.31 3.39 G 0.31 4.03 G 0.81 8.79 G 0.71

Polyrhachis jianghuaensis 5.84 G 0.31 14.66 G 0.81 19.58 G 1.21 3.58 G 0.21 4.09 G 0.41 7.00 G 0.51

Polyrhachis dives 5.54 G 0.31 13.76 G 0.81 18.62 G 1.21 3.94 G 0.41 3.68 G 0.41 4.73 G 0.61

Phintelloides versicolor female 2.31 G 0.20 11.87 G 0.80 16.40 G 1.18 5.91 G 0.58 3.23 G 0.49 3.39 G 0.50

Phintelloides versicolor male 6.08 G 0.37 16.70 G 0.86 16.51 G 1.25 11.12 G 0.58 4.37 G 0.27 3.90 G 0.47

Male Crematogaster egidyi 7.53 G 0.61 17.23 G 0.91 24.90 G 0.41 5.61 G 0.31 18.79 G 1.51 2.95 G 0.41

Meranoplus bicolor 6.96 G 0.61 17.43 G 0.81 26.77 G 0.41 3.91 G 0.31 19.00 G 1.51 3.77 G 0.41

Technomyrmex sp. 8.36 G 0.71 23.15 G 0.91 26.90 G 0.41 4.41 G 0.41 18.22 G 1.51 2.67 G 0.31

Polyrhachis jianghuaensis 6.63 G 0.61 20.49 G 0.91 25.39 G 0.41 5.29 G 0.41 16.41 G 1.41 3.99 G 0.21

Polyrhachis dives 6.33 G 0.71 19.69 G 0.91 24.40 G 0.41 7.99 G 0.41 14.50 G 1.41 5.20 G 0.51

Phintelloides versicolor female 3.13 G 0.37 17.39 G 1.01 22.30 G 0.42 10.52 G 0.49 16.00 G 1.53 6.87 G 0.60

Phintelloides versicolor male 6.91 G 0.76 22.66 G 0.94 22.33 G 0.44 16.60 G 0.49 14.43 G 1.42 6.57 G 0.59

(Continued on next page)
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Table 1. Continued

Visual system Comparison Color contrast (JND)

Mantis DCG DCR DAR DAB DEB DEG

Female golden morph Crematogaster egidyi 8.26 G 1.36 15.73 G 1.56 30.95 G 1.56 28.75 G 2.26 27.29 G 3.09 23.67 G 1.57

Meranoplus bicolor 4.31 G 0.58 7.21 G 0.56 22.04 G 1.56 33.51 G 2.26 17.09 G 2.43 34.88 G 1.57

Technomyrmex sp. 22.10 G 1.42 30.83 G 1.57 30.85 G 1.56 22.67 G 2.26 36.84 G 3.15 14.12 G 1.53

Polyrhachis jianghuaensis 20.91 G 1.33 11.44 G 1.13 18.68 G 1.54 36.52 G 2.26 18.74 G 2.19 34.31 G 1.57

Polyrhachis dives 7.47 G 0.95 6.50 G 1.00 8.31 G 0.95 7.66 G 0.52 42.12 G 3.15 11.11 G 1.02

Phintelloides versicolor female 9.93 G 0.52 5.31 G 0.61 13.62 G 0.64 3.50 G 0.47 31.39 G 1.03 2.56 G 0.30

Phintelloides versicolor male 5.19 G 0.52 13.39 G 0.64 5.13 G 0.43 3.65 G 0.55 18.23 G 1.03 3.48 G 0.10

Female red morph Crematogaster egidyi 9.58 G 1.09 24.42 G 1.62 28.39 G 2.04 27.90 G 1.81 28.69 G 3.09 27.97 G 3.24

Meranoplus bicolor 4.37 G 0.59 13.64 G 1.57 19.65 G 1.96 32.64 G 1.83 17.96 G 2.87 39.13 G 3.28

Technomyrmex sp. 23.54 G 1.10 39.53 G 1.62 28.29 G 2.04 21.79 G 1.83 38.33 G 3.09 18.89 G 2.94

Polyrhachis jianghuaensis 22.18 G 1.07 19.31 G 1.62 16.50 G 1.84 35.64 G 1.83 19.61 G 2.63 38.56 G 3.28

Polyrhachis dives 6.33 G 0.65 7.02 G 0.81 8.17 G 0.71 7.30 G 0.51 43.61 G 3.09 15.59 G 2.26

Phintelloides versicolor female 9.65 G 0.31 8.39 G 0.88 21.59 G 1.09 3.32 G 0.25 32.86 G 0.88 3.49 G 0.56

Phintelloides versicolor male 5.46 G 0.31 16.51 G 0.90 12.35 G 1.09 3.20 G 0.32 19.70 G 0.88 4.07 G 0.40

Male Crematogaster egidyi 10.15 G 0.74 23.25 G 1.44 31.56 G 0.92 40.97 G 1.87 20.30 G 2.92 18.30 G 2.33

Meranoplus bicolor 4.25 G 0.47 12.65 G 1.28 22.65 G 0.92 45.75 G 1.87 30.14 G 3.60 10.43 G 1.24

Technomyrmex sp. 24.15 G 0.74 38.36 G 1.44 31.46 G 0.92 34.90 G 1.87 14.28 G 1.85 27.64 G 2.47

Polyrhachis jianghuaensis 22.73 G 0.73 18.19 G 1.41 19.25 G 0.92 48.75 G 1.87 29.84 G 3.44 12.76 G 1.17

Polyrhachis dives 5.80 G 0.40 6.72 G 0.45 8.13 G 0.51 13.29 G 1.66 12.98 G 1.43 32.82 G 2.54

Phintelloides versicolor female 9.51 G 0.33 12.40 G 1.13 25.55 G 0.48 7.93 G 0.69 24.12 G 0.82 14.24 G 1.02

Phintelloides versicolor male 5.60 G 0.33 20.55 G 1.13 16.32 G 0.48 2.99 G 0.39 10.96 G 0.82 14.11 G 1.02

Note: Data are presented as means G standard errors. Color contrast values >3 JND suggest increasingly distinguishable colors, while values %3 indicate low discriminability of the colors for a given visual

system.

See also Figures 4 and S4 in the supplemental information.
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A B
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Figure 5. Antipredation assays for different species or manipulated S. collingwoodi individuals

(A and B) Por. labiata initiated prey assessment equally toward Phi. versicolor (n = 11) and S. collingwoodi (n = 6), but spent significantly longer time assessing

the nonmimetic species Phi. versicolor, indicating a higher attack likelihood compared with that of the mimetic species S. collingwoodi.

(C and D)G. brunneri initiated prey assessment equally (Phi. versicolor: n = 8; S. collingwoodi: n = 4), and spent the same amount of time assessing both prey

species, suggesting that the nonmimetic species Phi. versicolor and the mimetic species S. collingwoodi bore similar extents of predation risk.

(E) Illustration of manipulations applied to S. collingwoodi individuals to disentangle the role of ant-like locomotor characteristics and camouflaged body

coloration in antipredation. From left to right: intact individual (L+C+), colorless individual (L+C-), foreleg-removed individual (L-C+), both foreleg-removed

and colorless individual (L-C-).

(F) Por. labiata spent a significantly longer time assessing L-C+ individuals than L+C+ and L+C- individuals, indicating that ant-like locomotor characteristics

contributed to a lower predation risk in S. collingwoodi. Moreover, Por. labiata spent a slightly shorter time assessing L+C- individuals than L+C+ individuals

and a slightly shorter time assessing L-C- individuals than L-C+ individuals, suggesting that the ant-like color may also provide S. collingwoodi with some

protection. *, p < 0.05; **, p < 0.01. Boxplots in (B), (D) and (F)showmedian, upper and lower quartiles, andmaxima andminima; dots show raw data. See also

Tables S5 and S6 in the supplemental information.
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predator‒prey interaction phase, Por. labiata were equally likely to orient toward the prey first regardless

of the prey characteristics and position (S. collingwoodi: n = 6, Phi. versicolor: n = 11; left: n = 10, right: n = 7;

GLMM: c2(1) = 2.32, p = 0.13); Figure 5A; Table S5). However, prey characteristics, but not position, pre-

dicted the attack likelihood, such that Por. labiata spent significantly less time assessing the mimetic spe-

cies S. collingwoodi than the nonmimetic species Phi. versicolor (LMM: F1,22 = 8.31, p = 0.009; Figure 5B;

Table S6). Moreover, S. collingwoodi incurred a lower predation risk than Phi. versicolor; Por. labiata

launched attacks in five trials, and all these attacks were exclusively toward Phi. versicolor.

WithG. brunneri as the potential predator, we performed another 17 trials. Unlike the obvious avoidance of

C. egidyi ants by Por. labiata, C. egidyi ants were eaten by the mantis in five trials during the predator–ant

interaction phase and thus were excluded from further analysis. In ten of the remaining 12 trials, the mantis

attacked the ant, whereas obvious avoidance or no interaction with the ant was observed in each of the

other two trials. During the predator‒prey interaction phase, the predator oriented first toward the
iScience 26, 106747, June 16, 2023 11
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prey, and this outcome was independent of prey characteristics and position (S. collingwoodi: n = 4, Phi.

versicolor: n = 8; left: n = 6, right: n = 6; GLMM: c2(1) = 2.56, p = 0.11; Figure 5C; Table S5). Neither

prey characteristics nor position predicted the attack likelihood, such that G. brunneri spent the same

amount of time assessing each prey (LMM: F1,22 = 2.59, p = 0.12; Figure 5D; Table S6). Moreover, themantis

launched an attack in ten trials, five of which were toward S. collingwoodi and the other five of which were

toward Phi. versicolor (Fisher’s exact test: p = 1.000). These results indicate that the mimetic species

S. collingwoodi and the nonmimetic species Phi. versicolor experience similar predation risks by predators

that do not avoid ants.

We further investigated the effects of ant-like behavior and body coloration as a form of camouflage on

predator avoidance. For this purpose, we conducted the antipredation experiments described above using

manipulated S. collingwoodi as the prey and Por. labiata as the predator. For spider manipulation, we

removed one foreleg (L-C+), painted the dorsal side of the carapace and the abdomen black (L+C-) or con-

ducted both alternations (L-C-) and then examined how the predator responded toward each form

compared to the intact individual (L+C+) (Figure 5E). To determine whether color manipulation affected

the spider’s behavioral pattern, we performed gait analysis comparisons between color-manipulated indi-

viduals (L+C-, N = 5) and normal individuals (L+C+, N = 4). We detected no difference between color-

manipulated and normal individuals for either the probability of holding forelimbs above the head when

stationary (manipulated: 0.28 G 0.04, intact: 0.23G 0.06; two-sample t test: t(7) = 0.69, p = 0.51) or moving

(manipulated: 0.01 G 0.003, intact: 0.02 G 0.01; two-sample t test: t(7) = �1.67, p = 0.14) or the probability

of holding the abdomen above the head during stationary stage (manipulated: 0.17 G 0.04, intact: 0.20 G

0.02; two-sample t test: t(7) =�0.65, p = 0.54). We performed a total of 39 trials, and no ant was eaten during

the predator-ant interaction phase. We excluded one trial from the dataset in which the predator was not

active and only paid attention to one of the four prey candidates for a very short time.We found that manip-

ulation significantly affected the predator’s response (LMM: F3,25 = 3.09, p = 0.045). Specifically, foreleg-

removed prey (L-) experienced a higher predation risk; Por. labiata spent a significantly longer time assess-

ing L-C+ individuals than L+C- and L+C+ individuals and a slightly longer time assessing L-C- individuals

than L+C- and L+C+ individuals, indicating the contribution of ant-like locomotion to a lower predation

risk. We also observed that Por. labiata spent a slightly shorter time assessing L+C- individuals than

L+C+ individuals and a slightly shorter time assessing L-C- individuals than L-C+ individuals, suggesting

that the artificial dark color may have provided some protection due to its similarity with dull ants. Prey po-

sition did not affect how much time Por. labiata spent assessing the prey (LMM: F3,125 = 1.01, p = 0.389;

Figure 5F; Table S6). Moreover, Por. labiata launched a total of ten attacks in nine trials, four of which

were toward L-C+ individuals and only two of which were toward L-C-, L+C-, and L+C+ individuals.

Notably, no significant differences were found between treatments (Fisher’s exact test: p = 0.843); however,

L-C+ individuals experienced more attacks.

In short, our findings support the idea that the combination of locomotor characteristics and body color-

ation of S. collingwoodi provides effective protection against specific predators that show ant avoidance,

which further supports the presence of a Batesian mimetic complex in S. collingwoodi and ants.
DISCUSSION

In this study, we combined trait measurements and receiver responses to comprehensively assess the accu-

racy and driving forces of imperfect locomotor mimicry in S. collingwoodi. We found that S. collingwoodi

individuals typically move in a fashion similar to that of multiple sympatric ants, whereas the bright-colored

appearance blends themselves well into their living environment. In antipredation assays, spider-eating and

ant-avoiding predators showed lower predation likelihood on S. collingwoodi than on nonmimetic salticids.

By quantitatively demonstrating the locomotion resemblance of S. collingwoodi to its ant models, we pro-

vide practical evidence that such mimicry increases the likelihood of survival, thus highlighting the impor-

tance of locomotor mimicry. S. collingwoodi is not necessarily a perfect mimic, as trajectory analysis and

gait analysis revealed high similarity between S. collingwoodi and multiple ant species. Specifically,

S. collingwoodi better resembled small ant species (i.e., C. egidyi, M. bicolor and Technomyrmex sp.)

than large ant species (i.e., Pol. jianghuaensis and Pol. dives). We also investigated the unpalatability of

potential ant models and found that Polyrhachis ants are the most unpalatable because of their large

body size and impressive defensive capability (i.e., numerous and long spines); Technomyrmex sp. was

the least unpalatable, and M. bicolor and C. egidyi were in between. These results support the multiple
12 iScience 26, 106747, June 16, 2023
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models hypothesis that general mimics may gain higher fitness than specific mimics by adopting interme-

diate phenotypes corresponding to multiple models.20 Of interest, although Polyrhachis ants are more un-

palatable than the other three small ants, S. collingwoodi seems to behaviorally mimic the latter to a higher

degree. This is possibly due to a body structure limitation (i.e., S. collingwoodi is smaller than Polyrhachis

ants and has a similar body size to small ant models such as C. egidyi and M. bicolor). Alternatively, some

ant species may have a wider distribution or higher abundance, whichmay providemore protection to their

mimics. Indeed, during our field trips, we noted that the distributions ofM. bicolor, C. egidyi, and Techno-

myrmex sp. overlapped at multiple collection sites with high abundance, andM. bicolor shared every occu-

pied habitat with S. collingwoodi. A higher co-occurrence rate may also promote the mimicking by

S. collingwoodi of these ants (Figure 1A). The various abundance and unpalatability of multiple models

may benefit S. collingwoodi in multiple ways; the former may lie in the dilution effect whereas the latter

may imply Batesianmimicry, whichmay both effectively divide or reduce the danger from a successful pred-

ator.29,30 Nevertheless, the protective role of mimicry in S. collingwoodi does not support the multiple

predators hypothesis that different predators may impose differential selective pressures on the prey.23,31

Relative to the nonmimetic species Phi. versicolor, S. collingwoodi showed a significantly reduced likeli-

hood of predation risk by the spider-eating salticid Por. labiata but not the praying mantis G. brunneri.

Both jumping spiders and mantids are known to be active predators that utilize visual cues to locate their

prey; thus, the visual information used and how this information is processed are important for understand-

ing decision-making regarding prey selection.31Por. labiata is a spider-eating predator with high cognitive

function and complex predation strategies that develops hunting strategies through careful observation

and trial-and-error tactics.27,32,33 With such cautious predation behavior, Por. labiata launches an attack

only when it can distinguish between S. collingwoodi and ants with high confidence, as a random attack

on an ant-like animal may result in unexpected injury. In contrast, the praying mantis G. brunneri is a pred-

ator with more general feeding habits and, in particular, a much larger body size than either prey species or

the ant species used in this study. Such distinct differences could cause an indiscriminate attack tendency of

G. brunneri toward both prey types, given that body size and mass are principal elements that may affect

agonistic animal interactions.34

In addition, we took body color into account to interpret this phenomenon of imperfect mimicry. Relative to

the dynamic visual signal released by locomotion, coloration and color patterns have beenmore thoroughly

demonstrated inmany species and have the potential to serve as static visual signals that protectively benefit

the mimic. We revealed a potential role of the brilliant body coloration of S. collingwoodi in camouflage by

conducting visual system-based color comparisons between the ant-mimicking S. collingwoodi and its host

plants, using the nonmimetic species Phi. versicolor as a control. We also investigated the role of ant-like

locomotion and body coloration in reducing predation using leg- or color-manipulated S. collingwoodi as

the prey and Por. labiata as the predator. Of interest, we found that leg-removed S. collingwoodi suffered

significantly higher predation risk (i.e., longer assessment duration by the predator), which highlighted

the vital role of ant-like locomotion in reducing predation risk, whereas blackened S. collingwoodi experi-

enced slightly lower predation risk (i.e., shorter assessment duration by the predator). Given the white back-

ground in the assay, the blackened S. collingwoodimay have mimicked an ant more accurately, as it resem-

bled the ant in both appearance and behavior. Taken together, the results from the visual system-based

color comparison indicate that the brightly colored imperfectmimic S. collingwoodimay have a high survival

rate in the open, as its partial mimetic resemblance to ants effectively reduces predation; whereas it hunts in

the vegetation, it may retain a low predation risk given both its ant-like locomotion and camouflaged body

coloration. To investigate howbody colorationmay contribute to spider fitness, futurework shouldmake use

of an experimental apparatus with a corresponding background because the environment may influence

both how the spiders behave and how the predator perceives and responds to the prey.35,36 Moreover,

we hypothesized that the sexual dimorphism and female-limited polymorphism in S. collingwoodi may be

driven by sexual selection, as documented in many jumping spiders,37 which warrants further investigation

in the future. If this hypothesis is confirmed, S. collingwoodimay serve as a remarkable example to support

body color as a key visual signal in the sexual selection of jumping spiders and to illustrate the nature of such

imperfect mimics that is driven by both natural and sexual selection.
Limitations of the study

Owing to experimental conditions, we conducted unpalatability analyses of the potential ant models

based on morphological traits, but did not involve other defensive strategies such as chemical repellents
iScience 26, 106747, June 16, 2023 13
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and venom. Given limited samples, we did not perform antipredation assays with background similar to the

habitat to reveal the contribution of body coloration. As we aimed to investigate imperfect ant mimicry in

S. collingwoodi, we did not explore the driving forces of female-limited polymorphism. Additional samples

and further investigations will be needed to address the above issues.
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Critical commercial assays

HiPure Insect DNA Kit Magen D3129-03

Deposited data

Siler collingwoodi CO1 gene partial sequence This paper; NCBI Nucleotide ON834482

Toxeus maxillosus CO1 gene partial sequence This paper; NCBI Nucleotide ON827526

Crematogaster egidyi CO1 gene partial

sequence

This paper; NCBI Nucleotide OQ607473

Meranoplus bicolor CO1 gene partial

sequence

This paper; NCBI Nucleotide OQ607472

Technomyrmex sp. CO1gene partial sequence This paper; NCBI Nucleotide OQ627925

Polyrhachis jianghuaensis CO1 gene partial

sequence

This paper; NCBI Nucleotide OQ612558

Polyrhachis dives CO1 gene partial sequence This paper; NCBI Nucleotide OQ607475

Behavioral raw data This paper; Mendeley Data https://doi.org/10.17632/jrvzn7n475.1

Experimental models: Organisms/strains

Siler collingwoodi Collected from Hainan, China N/A

Phintelloides versicolor Collected from Hainan, China N/A

Meranoplus bicolor Collected from Hainan, China N/A

Crematogaster egidyi Collected from Hainan, China N/A

Technomyrmex sp. Collected from Hainan, China N/A

Polyrhachis dives Collected from Hainan, China N/A

Polyrhachis jianghuaensis Collected from Hainan, China N/A

Portia labiata Collected from Hainan, China N/A

Gonypeta brunneri Collected from Hainan, China N/A

Oligonucleotides

Forward primer for CO1:

GGTCAACAAATCATAAAGATATTGG

This paper N/A

Reverse primer for CO1:

TAAACTTCAGGGTGACCAAAAAATCA

This paper N/A

Software and algorithms

MATLAB R2020a MathWorks https://ww2.mathworks.cn/products/

new_products/release2020a.html

R v4.1.2 R Core Team, 202138 https://www.R-project.org/

Solomon Coder beta19.08.02 András Péter https://solomon.andraspeter.com/

ArcMap 10.8 Esri https://desktop.arcgis.com/en/arcmap/

BLASTX NCBI https://blast.ncbi.nlm.nih.gov/Blast.cgi

pavo v2.0 Maia et al., 201939 https://github.com/rmaia/pavo

Trajr McLean and Volponi, 201840 https://github.com/JimMcL/trajr

multcomp Hothorn et al., 200841 https://github.com/r-forge/multcomp

Car Fox and Weisberg, 201942 https://github.com/renesas-rcar

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DLTdv8a Hedrick, 200843 https://biomech.web.unc.edu/dltdv/

Other

Sony DSC-WX500 camera Sony N/A

Nikon SMZ18 stereo microscope Nikon N/A

Ocean Optics FLAME-S spectrometer Ocean Optics Inc. N/A

DH2000-BAL deuterium and tungsten halogen

light source

Ocean Optics Inc. N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Wei Zhang (weizhangvv@pku.edu.cn).
Materials availability

All specimens used in this study are available from the lead contact upon request.

Data and code availability

The datasets that were compiled and analyzed in this study are publicly available from Mendeley Data

(https://doi.org/10.17632/jrvzn7n475.1). The CO1 gene sequences are available from the NCBI Nucleotide

(https://www.ncbi.nlm.nih.gov/nuccore) with accession numbers ON834482, ON827526, OQ607473,

OQ607472, OQ627925, OQ612558, and OQ607475.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal collection

We collected juvenile and adult S. collingwoodi from southern Hainan Province, China, betweenNovember

2019 and October 2022. We also collected cooccurring putative ant model species (C. egidyi, M. bicolor,

Technomyrmex sp., Pol. jianghuaensis and Pol. dives) and the nonmimetic jumping spider Phi. versicolor,

as well as potential predators, i.e., the jumping spider Por. labiata and praying mantis G. brunneri. Specif-

ically, regarding putative ant models, only worker ants were collected. All animals were collected with the

permission and assistance of Wuzhishan National Natural Reserve (China) and were collected by visual in-

spection and beating the foliage of bushes on sunny days during daylight hours when the animals were

most active. Specimens were brought to the laboratory at Peking University immediately after the field-

work. Adult spiders and mantids were housed separately in 5.5 cm 3 5.5 cm 3 4.5 cm clear containers,

fed Drosophila flies twice a week, and provided with water ad libitum. Based on the microhabitat where

the spiders were collected, juvenile S. collingwoodi were kept in groups in 30 cm 3 10 cm 3 20 cm clear

containers. To imitate the spider’s original environment, three inner sides of the container housing juve-

niles collected from the host plants of I. chinensis were covered with red paperboard, while the container

housing juveniles collected from the host plants of C. microphylla were covered with green paperboard.

We also included I. chinensis or C. microphylla in the containers. Juvenile S. collingwoodi were inspected

daily; once they matured, we transferred them into individual containers. Ants were kept in Petri dishes in

their collection groups and fed sugar water. All animals were reared at 28G 2�C under a 12 h light:12 h dark

photoperiod.
METHODS DETAILS

Species identification

Morphological and molecular methods were combined for species identification. The collected spiders

and ants were anesthetized with carbon dioxide and photographed (Figure 1; Figure S3). Morphological

identification was performed by referring to the World Spider Catalog,44 AntWeb45 and taxonomic refer-

ences.46–49 Moreover, legs on the right side of the spider or the ant were removed for genomic DNA extrac-

tion using the HiPure Insect DNA Kit. The DNA fragment of the mitochondrial CO1 gene was amplified
18 iScience 26, 106747, June 16, 2023

mailto:weizhangvv@pku.edu.cn
https://doi.org/10.17632/jrvzn7n475.1
https://www.ncbi.nlm.nih.gov/nuccore
https://biomech.web.unc.edu/dltdv/


ll
OPEN ACCESS

iScience
Article
using PCR with the forward primer (GGTCAACAAATCATAAAGATATTGG) and the reverse primer

(TAAACTTCAGGGTGACCAAAAAATCA) and was sequenced (Table S1). The CO1 gene sequences

were compared to the DNA sequences in the NCBI database using BLAST.50
Trajectory analysis

To assess locomotor mimicry, we characterized and compared the trajectories of the ant-mimicking

S. collingwoodi, nonmimetic species Phi. versicolor, and putative ant models (S. collingwoodi: n = 25,

Phi. versicolor: n = 11, five ant species (M. bicolor: n = 9; C. egidyi: n = 11; Technomyrmex sp.: n = 11;

Pol. jianghuaensis: n = 11; Pol. dives: n = 15). Animals were allowed tomove freely on a 25 cm3 25 cmwhite

platform surrounded by a 20 cm-tall white paper wall. Trials were recorded with a Sony DSC-WX500 camera

from above (1920 pixels 3 1080 pixels at 50 fps) with an LED light providing illumination. A 20-cm custom-

ized scale was used for calibration.

Before the experiment, we transferred one animal from its host container into a covered 5-mL microtube

that was inserted into the center of the platform; the animal was left there for a 2-min acclimation period.

Next, we removed the cover and allowed the individual to move freely on the platform for 5 min or until it

reached the boundary of the platform, whichever happened first. Once the trial was performed, we brought

the animal back to its host container and cleaned the platform with 75% alcohol to remove the chemical

material and the spider’s silk. The next trial was started 15 min later to ensure alcohol volatilization. No in-

dividuals were reused.

The trajectories were extracted using the DLTdv8a digitizing package43 in MATLAB51 To analyze and

compare the trajectories between the ant-mimetic species S. collingwoodi, ants, and nonmimetic species

Phi. versicolor. Stationary periods were excluded from digitization and further analysis. For each trajectory,

the X–Y coordinates of the head were obtained by manual frame-by-frame digitization. The data were pro-

cessed using the R package trajr40 to generate the following trajectory parameters: (a) sinuosity, a reliable

estimate of the tortuosity of a random search path52; (b) directional change (DC, mean and standard devi-

ation), a measurement of the angular change in direction over time8; (c) direction autocorrelation, a mea-

surement of the overall regularity of trajectory shape that characterizes the amplitude (C(Ds)) and wave-

length (Ds) of periodicity in a trajectory10; (d) walking speed (mean and standard deviation), determined

by the displacement of the head over the horizontal plane/time; and (e) acceleration (mean and standard

deviation), a measurement of changes in walking speed between steps. The X–Y coordinate data were

smoothed using a Savitzky–Golay filter before data processing (window size: 41 samples; polynomial

order: 6).53 We also noted three categorical parameters characterizing the walking pattern, namely,

whether the individual jumped during the recording session, whether it lifted its first pair of legs (for spi-

ders) or its antennae (for ants), and whether it raised its abdomen.
Gait analysis

To compare the gait features among S. collingwoodi, Phi. versicolor, and ants, we filmed animals walking

across a slide surface using two high-speed cameras, one capturing a top view and the other capturing a

side view (S. collingwoodi: n = 9, Phi. versicolor: n = 10, M. bicolor: n = 8; C. egidyi: n = 8; Technomyrmex

sp.: n = 8; Pol. jianghuaensis: n = 8; Pol. dives: n = 8; video recorded at 500 frames per second). The move-

ments of the forelimbs of the spiders and ants were quantified using the DLTdv8a application43 in

MATLAB.51

We calculated the differences in height between the spider’s forelimb and the ant’s antennae relative to the

head. We divided the motion into two states, i.e., a stationary state, in which the animal’s moving velocity

was slower than 3 mm/s (for the three small ant species) or 10 mm/s (for the other species), and amovement

state. Since the velocity calculation was based on the change in the centroid of different species in the high-

speed video, their behavior at rest changed their centroid, resulting in a low velocity. Therefore, we artifi-

cially revised the results based on the video, that is, to determine a speed limit.10 Specifically,

S. collingwoodi and C. egidyi ants were observed to raise their abdomen during movement; therefore,

we also recorded the height of their abdomen relative to the head at different velocities for

S. collingwoodi,C. egidyi and Phi. versicolor and calculated the probability that the height of the abdomen

was above the head.10
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Unpalatability analysis of the potential ant models

We estimated the unpalatability of the potential ant model species, i.e., M. bicolor, C. egidyi, Technomyr-

mex sp., Pol. jianghuaensis, and Pol. dives, using the following four traits: number of spines, total spine

length, total body size and mandible size.54 For each species, eight individuals were measured using a

Research Stereo Microscope (Nikon SMZ18) and inbuild microscope imaging software (NIS-Elements

v5.11.01).
Spectrophotometry and visual modeling

Color reflectance measurement

To quantify the color similarity between the spiders and host plants, reflectance spectra of the main color

patches for each individual were obtained using reflectance spectrophotometry. Specifically, we measured

the two chromatic color patches on the dorsal carapace, i.e., the dorsal carapace green patch (DCG) and

the dorsal carapace red patch (DCR), and two chromatic color patches on the abdomen, i.e., the dorsal

abdomen red/golden patch (DAR) and the dorsal abdomen blue patch (DAB). For further comparison be-

tween S. collingwoodi and sympatric ants, we also measured the two achromatic color patches on the

abdomen, i.e., the posterior part of the dorsal abdomen black patch (DEB) and the goldish brown patch

(DEG) (Figure 3A). To quantify the visual background where the spiders are most active, we measured

the reflectance spectra of both the petals and leaves of I. chinensis and the twigs and leaves of

C. microphylla, with two replicates for each of five plants. The measurements were conducted using an

Ocean Optics FLAME-S spectrometer (Ocean Optics Inc., USA) and a DH2000-BAL deuterium and tung-

sten halogen light source (Ocean Optics Inc., USA), which provides stable full-spectrum light (210–

2500 nm). A customized three-dimensional adjustable translation stage was used to hold the illumination

probe and the reflection probe. A Spectralon white standard (Labsphere, USA) was used as the white refer-

ence, and the shutter was closed for the dark reference. To facilitate color measurement, the spiders and

ants were temporarily anesthetized with carbon dioxide for approximately 5 min before the measurement.

Five spectral readings from each color patch were recorded, and the mean values of the five readings were

used for later spectral analysis.

Visual modeling (color discrimination capability)

Spectral data analysis was performed using the R package ‘pavo’ v2.0.39 We smoothed the spectra with a

span of 0.1 before further analysis. To assess the ability of potential signal receivers to discriminate spectral

reflectance between themimetic species and the potential ant models or between themimetic species and

the host plant, we fit the Vorobyev–Osorio color discriminationmodel55,56 and calculated the color contrast

for each color patch. Jumping spiders are renowned for their remarkable color vision and acute sight, mak-

ing them excellent models for studying the function of color-based visual signals. In contrast, mantids are

sensitive to movement but have poor color vision. In this study, we used the sympatric spider-eating jump-

ing spider Por. labiata and the prayingmantisG. brunneri as potential predators. Thus, we performed visual

modeling based on salticid visual sensitivity and mantid visual sensitivity separately.

Since the visual sensitivities of Por. labiata are not yet available, we used data from another salticid species,

Habronattus pyrrithrix, in which three types of photoreceptors (i.e., UV, green/medium wavelength (MW),

and red/long wavelength (LW)) have been reported, i.e., a trichromatic model with sensitivity peaks at

377 nm, 530 nm and 626 nm.57 The Weber fraction of the long-wavelength-sensitivity (LWS) cone was set

at 0.05 due to a lack of behavioral data on the visual thresholds of these species.57 A cone ratio of 1:2:4

(UV:MW:LW) was used.57 D65 data were used as the irradiance spectrum. Contrast values are expressed

in units of the just noticeable difference (JND), which indicates the discriminability between two colors

for a given visual system. Normally, a JND value less than three indicates difficulty with color discrimination

in natural lighting conditions, while larger values indicate increasing discriminability.58,59 JND values were

calculated for all pairwise comparisons between the spider and the ants, also between the spider and the

host plant separately. Average values were generated for further analysis.

The photoreceptor sensitivity of the other potential predator, the praying mantis G. brunneri, is unknown;

therefore, we used data from Tenodera aridifolia, which has only one photoreceptor with a peak sensitivity

between 510 nm and 520 nm.60 We constructed a monochromatic model for mantid vision with peak sensi-

tivity of a single photoreceptor using the average value, i.e., 515 nm. We estimated receptor noise using a

honeybee Weber fraction of 0.13,53 as used in other insect systems.61
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Antipredation experiment 1 – Differences in predation risk betweenmimetic and nonmimetic

spiders

To evaluate whether S. collingwoodi benefits from adopting ant-like walking patterns and bearing body

colorations that seem to well match host plants, we performed a series of antipredation experiments using

S. collingwoodi and Phi. versicolor as the prey and Por. labiata (n = 9) and G. brunneri (n = 11) as the pred-

ators. Given the small number of predators available, some of the predators were reused, but the interval

between two rounds was at least one week. The experiments were performed in an 8 cm 3 8 cm 3 3 cm

white cuboid box under natural light and at laboratory temperatures (28 G 2�C), which were similar to

the conditions in the field. The platform was divided into three chambers: one large chamber for the pred-

ator and two small chambers containing one prey each. An opaque paperboard was placed between the

two small chambers, while the small rooms and the large room were separated by full-spectrum-transmit-

ting glass. As a result, only visual signals were available between the predator and prey. The chambers were

covered with a piece of quartz glass, preventing the animals from escaping. The whole apparatus was sur-

rounded with white paper to prevent external influences. To standardize the hunger level of the predator,

each predator was fasted for 5 days before the experiment. Each prey animal was fed fruit flies the day

before the experiment. All behavioral assays were conducted between 10:00 and 17:00.

For each trial, we first introduced the predator into the large chamber and provided a 3-min acclimation

period. Next, we introduced a C. egidyi ant into the large chamber, covered the top with glass, and re-

corded the interaction between the ant and the predator to verify whether the ant had an effect as the

model of Bastian mimicry, i.e., the predator–ant interaction phase. The interaction lasted for 5 min unless

the ant was eaten. Interactions between the predator and the ant included the following: (1) the predator

did not interact with the ant, (2) the predator attacked the ant but failed to capture it, (3) the predator at-

tacked the ant but was bitten by the ant, thus avoiding any more interactions, or (4) the predator consumed

the ant. The experiment ceased if the ant was consumed; otherwise, it continued to the next phase.

After the predator–ant interaction phase, we removed the ant and kept the predator in the large chamber.

Meanwhile, we placed the opaque paperboard between the large chamber and the small chambers and

introduced one S. collingwoodi individual and one Phi. versicolor individual into the two small chambers

for the predator‒prey interaction phase. We randomly paired one S. collingwoodi individual with one

Phi. versicolor individual and exposed them simultaneously to the larger salticid predator or the mantis.

After a 3-min acclimation period, we removed the opaque paperboard and allowed visual cue-based inter-

action between the predator and the prey. The interactions were recorded for 10 min using a Sony DSC-

WX500 camera.

For each trial, we played back and analyzed the video frame-by-frame using Solomon Coder,62 starting

from the moment that the predator turned its body and oriented toward one of the preys to the end of

the video. The predator was considered to be performing ‘‘prey assessment’’ while it was oriented toward

and/or approached the prey, which indicated a tendency for predation. We noted which prey the predator

first oriented toward and whether the predator launched an attack toward either of the prey. We also re-

corded the prey assessment duration of the predator toward each prey, i.e., the attack likelihood, which

served as a proxy of predation tendency in which a shorter duration suggested a lower predation risk.
Antipredation experiment 2 – Contribution of mimetic traits and body coloration to low

predation risk in S. collingwoodi

To determine whether S. collingwoodi benefits both from ant-like locomotion patterns and background-

matching body colorations which seem to reduce ant-mimicry accuracy on a visual level, we further con-

ducted antipredation experiments using manipulated male S. collingwoodi individuals as prey and Por. la-

biata (n = 15) as the predator. Given the small number of predators available, some of the individuals were

reused; the interval between two rounds was at least five days. The manipulations that were applied to the

prey included: (a) removing the first leg on either the left or the right side of the prey, i.e., leg-removed in-

dividuals (L-C+); (b) covering the dorsal side of the cephalothorax and the abdomen of the prey with black

acrylic paint, i.e., color-manipulated individuals (L+C-); (c) removing one of the first legs and covering the

prey with black paint, i.e., leg-removed color-manipulated individuals (L-C-); and (d) no manipulation, i.e.,

intact, normal-colored individuals (L+C+). The experimental platform was similar to that in the predation

experiments for different species, except that the platform was divided into five 4 cm 3 4 cm 3 4 cm
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chambers forming a cross-like configuration with the predator in the central chamber and the prey in the

four surrounding chambers.

Before each trial, we covered the top surface with a piece of quartz glass and placed an opaque paper-

board between the chambers to prevent visual contact between the predator and the prey. We first intro-

duced the predator into the central chamber. After a 3-min acclimation period, we introduced a C. egidyi

ant into the central chamber and recorded the predator–ant interaction phase. The interaction lasted for

5 min unless the ant was consumed, at which point the experiment was ceased; otherwise, the experiment

continued to the predator‒prey interaction phase.

We removed the ant after the predator–ant interaction phase, kept the predator in the central chamber,

and introduced four male S. collingwoodi individuals of different treatments into the four surrounding

chambers. The position of the prey was randomly assigned. After a 3-min acclimation period, we removed

the opaque paperboard and allowed visual cue-based interactions between the predator and the prey. The

predator was allowed to interact with the prey for 10 min. Both the predator–ant interaction phase and the

predator–prey interaction phase were recorded using a Sony DSC-WX500 camera. Videos were later

played back and analyzed using Solomon Coder.62
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using R program,38 and means G standard errors are reported.

Normality and homogeneity of the residuals were verified before further analysis. All tests were two-tailed

and conducted with a = 0.05.
Trajectory analysis

To assess the extent of locomotor mimicry in S. collingwoodi relative to the walking pattern of putative ant

models, we first performed a principal component analysis (PCA) on trajectory- andmovement rate-related

parameters, i.e., sinuosity, the mean and standard deviation of directional change, direction autocorrela-

tion (C(Ds) and Ds, respectively), and the mean and standard deviation of movement speed and accelera-

tion. All variables were zero-centered and scaled. After principal components (PCs) were obtained for each

individual, we then separately compared the PCs among species using analysis of variance (ANOVA) or

Kruskal–Wallis tests. To further identify specific species differences, we performed multiple ANOVAs for

each high-loading parameter as well as post hoc Tukey’s paired comparisons using the ‘‘multcomp’’ pack-

age were used (if p < 0.05 in the ANOVAs).41 We applied the Shapiro‒Wilk test and Levene’s test to

examine the assumptions of normality and homogeneity of variance, respectively. Data were log- or square

root-transformed when necessary; otherwise, Welch’s ANOVA was performed when the assumption of ho-

mogeneity of variance was violated, or the nonparametric Kruskal–Wallis test was performed when the

assumption of normality was violated, followed by Games-Howell multiple comparisons or Dunn’s test

with Bonferroni correction for pairwise comparisons.
Gait analysis

We compared the differences of the probability that the height of the abdomen was above the head for

C. egidyi, S. collingwoodi and Phi. versicolor using ANOVA, followed by Tukey’s paired comparisons in

the ‘‘multcomp’’ package.
Spectrophotometry and visual modeling

We performed multiple one-way (Welch’s) ANOVAs or Kruskal‒Wallis tests to evaluate how well

S. collingwoodi matched their microhabitat in terms of body coloration compared to sympatric species

Phi. versicolor. Color contrast was used as the dependent variable, and species and morph, i.e.,

S. collingwoodi female, S. collingwoodi male, Phi. versicolor female, and Phi. versicolor males, were

used as independent variables. Color contrast values were log-transformed to meet the normality and ho-

mogeneity of variance assumptions when necessary, and raw data are presented in the figures. Post hoc

tests were conducted with the ‘‘multcomp’’ package using Tukey’s paired comparisons,41 Games-Howell

multiple comparisons, or Dunn’s test with Bonferroni correction. The average of the pairwise JND values

of each individual was used for comparison.
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Antipredation experiment 1 – Differences in predation risk betweenmimetic and nonmimetic

spiders

To examine whether movement pattern affected prey assessment initiation by the predator, i.e., which prey

the predator first oriented toward, and prey assessment duration, i.e., attack likelihood, we fitted a gener-

alized linear mixed model (GLMM) with a binomial distribution and a linear mixed model (LMM). The

response variables were whether the prey was first oriented toward by the predator (yes = 1, no = 0) and

the predator assessment duration. The initial model included the prey characteristics, i.e., mimetic or

nonmimetic, prey position, i.e., left or right, and their interaction as the fixed factors. Predator ID and

prey ID were included as random factors. Multicollinearity inspection was conducted using the function

‘‘vif’’ in the package ‘‘car’’.42 We conducted backward elimination of the nonsignificant interaction term

and compared models using the Akaike information criterion (AIC) and ANOVAs at each step for model

reduction. We retained the model with the smallest AIC value. LMM fitting, GLMM fitting, and post hoc

tests were implemented by lme4, lmerTest, car, and lsmeans in the R environment.42,63–65 Finally, Fisher’s

exact test was performed to examine whether prey characteristics affected the predator’s attacking

behavior. Analyses were performed separately for the two predators. Notably, Fisher’s exact test was

only performed to test the attacking behavior of the mantis since the jumping spider Por. labiata launched

attacks exclusively toward Phi. versicolor.
Antipredation experiment 2 – Contribution of mimetic traits and body coloration to low

predation risk in S. collingwoodi

We also analyzed how mimetic traits and body coloration affected predator assessment duration by using

an LMM, with predator assessment duration as the response variable andmanipulation (i.e., L+C+, L+C-, L-

C+, or L-C-), prey position (i.e., north, south, east, or west), and their interaction as fixed factors. Predator ID

and prey ID were included as the random factors. We inspected multicollinearity using the function ‘‘vif’’ in

the package ‘‘car’’.42 We conducted backward elimination of the nonsignificant interaction term and

compared models using the Akaike information criterion (AIC) and ANOVAs at each step for model reduc-

tion; the model with the smallest AIC value was retained. We then applied Fisher’s exact test to evaluate

whether both mimetic traits and body coloration influenced attacking behavior.
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