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Abstract

Kin recognition has been widely observed in various taxa. Cannibalism avoidance may be a strong driver for the evolution of kin recognition, as
it may avoid a reduction in inclusive fitness. Kin recognition has recently been observed in a generalist phytoseiid, Amblyseius herbicolus (Acari:
Phytoseiidae). This study experimentally examined the degree of relatedness needed between prey larvae and cannibal adults of A. herbicolus
for the occurrence of kin discrimination. The adults were individually placed in enclosed arenas with two prey, a daughter and a more distant
related larva, to observe their cannibalizing choice. The adults of A. herbicolus did not discriminate between close relatives (daughter versus
niece) but preferably cannibalized more distant kin (i.e., first and second cousins once removed). Phenotype matching and familiarization seem
prominent as recognition mechanisms used by A. herbicolus adults. The effect of learning on kin recognition through prior contact in A. herbi-
colus requires further investigation. Studies on other adaptive functions of kin recognition of A. herbicolus, such as cooperation and parental

care, may provide meaningful insights.
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Abstract

Identifying relatedness is significant to the evolution of social
behavior, and the knowledge of how relatedness and behav-
ior are interrelated is essential to predicting species ecology
(Breed 1998; Penn and Frommen 2010; Fisher et al. 2021).
Kin recognition, the ability to discriminate and treat conspe-
cifics differently according to their genetic relatedness, has
been widely observed across the animal kingdom (Hamilton
1964; Holmes and Sherman 1983; Tang-Martinez 2001; West
et al. 2007; Penn and Frommen 2010; Clemens and Brecht
2021). The perception and identification of individually asso-
ciated cues can instigate different actions toward individu-
als of varying relatedness (Mateo 2004; Penn and Frommen
2010; Godoy et al. 2016). Kin recognition is used in social
interactions, including parental care, cooperation, competi-
tion, cannibalism and group living (Waldman 1988; Pfennig
and Frankino 1997; Fellowes 1998; Pfennig et al. 1998;
Penn and Frommen 2010). Prior association and pheno-
type matching are among the most reported kin recognition
mechanisms (Mateo 2004; Penn and Frommen 2010; Henkel
et al. 2011; Clemens and Brecht 2021). Prior association is
the direct learning of individual’s phenotypic cues that can
be used to recognize familiar relatives from unfamiliar con-
specifics later encountered (Mateo 2004; Penn and Frommen
2010). Phenotype matching is the generalization of a template
from assessing own or other conspecific’s characteristics to
allowing the discrimination between indirectly familiar and
unfamiliar phenotypes later encountered (Mateo 2004; Penn
and Frommen 2010; Henkel et al. 2011; Clemens and Brecht

2021). Other recognition mechanisms were also reported
(Penn and Frommen 2010). For example, contextual (or spa-
tial) cues, such as locality (e.g., nests or burrows) can pro-
vide information on the kinship of individuals encountered
(Mateo 2004; Penn and Frommen 2010). Genetic recognition,
where recognition alleles mediate the recognition process, has
also been suggested (Mateo 2004; Penn and Frommen 2010;
Leedale et al. 2020). Inbreeding avoidance and increased
inclusive fitness have been suggested as the ultimate causes
of kin recognition (Hamilton 1964; Holmes and Sherman
1983; West et al. 2007; Johnstone and Cant 2008; Penn and
Frommen 2010). Individuals would avoid inbreeding when
it is deleterious to do so, and show altruistic behaviors to
increase their own and relatives’ reproductive success (Penn
and Frommen 2010).

Phytoseiidae (Acari: Mesostigmata) contains many canni-
balistic predatory mites (Schausberger 2003). Cannibalism
has been suggested as a cause for the evolution of kin recog-
nition in invertebrates (Schausberger and Croft 2001; Fisher
et al. 2021). Identifying between kin and non-kin is essential
to the inclusive fitness of a cannibal (Schausberger 2003): by
preferentially eating non-kin, cannibals can gain nutritional
benefits without reducing their inclusive fitness (Schausberger
2003; Khodaei and Long 2020). Several phytoseiids have
been found to recognize kin, including the specialist preda-
tors, Phytoseiulus persimilis, and P. macropilis (Schausberger
and Croft 2001), and generalist predators, Amblyseius her-
bicolus, Gynaeseius liturivorus, Iphiseius degenerans, and
Neoseiulus californicus (Faraji et al. 2000; Christiansen
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and Schausberger 2017; Saitoh and Choh 2018; Zhang and
Zhang 2022). Prior association and phenotype matching
were mostly reported in phytoseiids (Schausberger 2003,
2007; Christiansen and Schausberger 2017; Schausberger and
Cekin 2020). However, the two mechanisms are not mutually
exclusive. Without prior association, P. persimilis preferred
the cannibalism of non-kin (Schausberger and Croft 2001).
However, when familiarization was allowed, unfamiliar kin
were favored by P. persimilis cannibals over familiar non-kin
(Schausberger 2007). These results indicate the ability of P.
persimilis to use multiple kin recognition mechanisms, which
can be modified through learning.

Sexually produced diploid organisms share half of their
genetic material with their parents (Makowicz et al. 2018).
However, with no fertilization, meiosis and fusion of gametes
(syngamy) do not occur during parthenogenesis or thelytoky
(Normark and Kirkendall 2009; Stenberg and Saura 2009).
Therefore, the degree of genetic relatedness between a mother
and her offspring, and among offspring is higher in thelytok-
ous than sexually reproducing species (Makowicz et al. 2016).
Kin recognition in species with extreme intra-specific genetic
similarities is less understood than in sexually reproducing
individuals (Makowicz et al. 2016). The thelytokous raider ant
(Cerapachys biroi) can distinguish between nest and non-nest
mates (Kronauer et al. 2013). The clonal species, Amazon mol-
lies (Poecilia formosa), are more aggressive towards distant kin
(non-sister clones) compared to clonal sisters (Makowicz et al.
2018). We recently observed kin recognition (kin versus non-
kin) ability in a thelytokous phytoseiid A. herbicolus (Zhang
and Zhang 2022). Most studies on kin recognition focused
on discrete classes of kin and non-kin (Ryan and Lacy 2003;
Cassinello and Calabuig 2008). Fine-scale kin discrimination
(small difference in their kinship) has only been reported in
several vertebrate species (e.g., mice, Peromyscus polionotus
rhoadsi,aoudad Ammotragus lervia,and Siberian jays Perisoreus
infaustus) (Ryan and Lacy 2003; Cassinello and Calabuig 2008;
Griesser et al. 2015). However, it is uncertain whether the asex-
ually reproduced A. herbicolus can show fine-scale discrimina-
tion of relatives regarding the degree of their relatedness. Since
A. berbicolus reproduce asexually, parents and offspring would
share remarkable genetic similarities (Makowicz et al. 2018).
Therefore, we hypothesize that individuals would be less likely
to discriminate between close relatives (i.e., mother, daughter,
and niece). As a result, those more distantly related individuals
will be preferably cannibalized. To test this hypothesis, the dif-
ference in relatedness needed between prey larvae and cannibal
adults of A. herbicolus for the occurrence of kin discrimination
was examined experimentally.

Materials and methods

Mite rearing

Amblyseius herbicolus adults were field-collected from natu-
rally infested nightshade Solanum nigrum leaves at Manaaki
Whenua—Landcare Research, St Johns, Auckland, and from
a garden in Epsom, Auckland, and maintained under lab-
oratory conditions during early 2021. The dried fruit mite
Carpoglyphus lactis (Acari: Astigmata), obtained from
Bioforce Limited (Karaka, Auckland), was fed to A. herbi-
colus (see Zhang and Zhang 2021, for details). Cultures were
checked weekly, and yeasts and C. lactis were replenished when
needed. Culturing arenas and experiments were maintained at
25 +1°C, 80 = 5% relative humidity, and 16:8 h (L:D).
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Experimental set-ups

A choice experiment was done using the methods of
Schausberger and Croft (2001) and Zhang and Zhang (2022).
Modified Munger cells were used for rearing and testing (see
Zhang and Zhang 2021, for details). Eggs of A. herbicolus
(collected from cultures using 2-cm long purple threads) were
reared singly with ad libitum mixed stages of C. lactis using
the modified Munger cells to breed different families (Figure
1). For each family, the first adult (common ancestor) was
not used in the choice test but allowed to lay eggs to breed
the second generation. The eggs were hatched individually in
new Munger cells and reared until oviposition. More than
four eggs were harvested from each adult of the second gen-
eration. Rearing cells were checked twice a day, and eggs laid
by the prospective cannibals were removed immediately and
placed into new cells individually for hatching. Thus, contact
between adults and their hatched larvae before the choice test
was limited to few hours. One egg laid by the adults from
the second generation was reared for the third generation,
while others were used as prey in the choice test. The choice
of eggs being used as prey or to start the next generation was
randomly assigned (using a random number generator). The
same steps were repeated for the fourth generation. Adults
from the second, third, and fourth generations were tested
as cannibals in the choice experiment. Cannibals and prey
were tested separately between generations. Twenty families
were replicated, and a total of 80 testing subjects (i.e., 20
families with 4 cannibals per generation) were available for
each generation (second, third, and fourth). A subset of the
testing subjects was lost due to human errors or death from
random causes. Each choice combination was replicated more
than 60 times (daughter versus niece: n# = 62; first cousin once
removed: 7 = 62, and second cousin once removed = 70).

Adult cannibals used in the experiment were at the begin-
ning of their oviposition period (3-9 days after the final
molt), and larvae were within 20 h post-hatching. To ensure
they were of similar sizes, larvae were not fed. Hunger level
can modulate kin discrimination in A. herbicolus (Zhang and
Zhang 2022). With extended starvation, the benefit of can-
nibalism can outweigh the cost of eliminating kin (Van den
Beuken et al. 2019). Therefore, the cannibals were not starved
before the choice test in this study.

Experimental procedures

For the choice test, one adult and two prey were placed into
the cell (Figure 1). No food (C. lactis) except water was pro-
vided to the choice test cells. One prey was the daughter of
the cannibal and the other prey was close kin (nieces), inter-
mediate kin (first cousin once removed), or distant kin (sec-
ond cousin once removed). Randomly selected colors were
marked on the dorsal shields of both prey for distinction.
Mites in the cells were checked every 30 min until the death
of one prey individual. Choice and latency (time elapsed from
the start of the experiment to the cannibalism of one larva)
were recorded. Cells were monitored for 6-8 h during the day
and unmonitored overnight.

Each cannibal and prey individual was used only once in
the experiment. Live subjects were returned to the culture.
During the choice test, newly laid eggs by the cannibals were
removed immediately from the cell. Cells were excluded
from the experiment when a larva starved to death (body not
deflated), when cannibals ate both prey before observation, or
when the cannibal died before eating a larva.
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Figure 1. Family tree of Amblyseius herbicolus. The relatedness of adults within the same generation is: common ancestor (1), siblings (2), first cousins
(3), and second cousins (4). Arrows point to the descendants. Dotted lines denote larvae used as prey for the choice test, and the relatedness of the

prey to the cannibals are indicated.

Statistical analysis

R version 4.0.5 (R Development Core Team 2021) was used
for statistical analysis and package ggplot2 (Wickham 2016)
for generating graphs. The preference of A. herbicolus was
determined using a two-tailed binomial test, with the proba-
bility of eating daughters being 0.5. The mixed effects logistic
regression (Bates et al. 2015) was used to determine the effect
of latency to cannibalism on the choice (daughter or more
distant kin) made by the cannibals, which included random
effects of the longitudinal design and individuals’ relatedness.
Overdispersion test was done on the mixed effects logistic
regression model. The amount of cannibalism was summa-
rized with proportion and standard errors. Proportions were
compared using the chi-square test. An alpha level of 0.05
was used.

Results

Adults of A. herbicolus did not show a preference for either
their daughters or their nieces when given a choice (P =
0.871) (Figure 2). When the distance of genetic relatedness

increased, adults of A. herbicolus displayed a statistically sig-
nificant preference towards larvae of their first (P = 0.004)
and second (P = 0.039) cousins over their daughters.

The cannibalism preference was not affected by the latency
to cannibalism (mixed effects logistic regression: likelihood
ratio test = 0.020, df = 1, P = 0.887). No significant over-
dispersion was detected (overdispersion ratio = 1.003, P =
0.473). The early attackers (0-8 h) and late attackers (8-20
and > 20 h) were all non-discriminant between daughters
and nieces (Figure 3). The preference to cannibalize the
first cousin’s larva rather than their own within the first
8 h, between 8 and 20 h (overnight predation), and after
20 h was marginally non-significant (P = 0.065), non-signif-
icant (P = 0.607), and significant (P = 0.021), respectively
(Figure 4). The early attackers (0-8 h) and late attackers
(8=20) had non-significant (P = 0.344) and marginally
non-significant (P = 0.064) preferences, respectively, to
cannibalize the second cousin’s larva rather than their own
(Figure 5). Adults showed no preference (P = 1) towards
second cousin’s larvae rather than their own for cannibal-
ism that occurred after 20 h.
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Figure 2. Prey cannibalized by Amblyseius herbicolus adults with a choice between daughters versus niece, daughters versus first cousin once
removed, and daughters versus second cousin once removed. Sample sizes are in parentheses for each treatment. Asterisks denote significant

differences in the adults’ choice (two-tailed binomial test: P = 0.039 and 0.004 from top to bottom).
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Figure 3. Prey cannibalized by Amblyseius herbicolus adults, choosing between daughters and nieces at different latency periods. Sample sizes are in
parentheses for each period. Chi-square test on the proportion between different periods: X?(2) = 0.077, P = 0.962.
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Figure 4. Prey cannibalized by Amblyseius herbicolus adults, choosing between daughters and first cousin’s larvae at different latency periods. Sample
sizes are in parentheses for each period. Asterisks denote significant differences in the adults’ choice (two-tailed binomial test: P = 0.021). Chi-square
test on the proportion between different periods: X?(2) = 3.273, P = 0.195.
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Figure 5. Prey cannibalized by Amblyseius herbicolus adults, choosing between daughters and second cousin’s larvae at different latency periods.
Sample sizes are in parentheses for each period. Chi-square test on the proportion between different periods: X?(2) = 1.983, P = 0.371.

Most adults of A. herbicolus cannibalized a conspecific
larva during the experiment: 92.7% (daughter versus niece),
87.8% (daughter versus first cousin once removed), and
93% (daughter versus second cousin once removed). The
proportion of cannibalism between different choice groups
was statistically similar [chi-square test: X*(2) = 0.879, P =
0.644]. The proportion of cannibalism at different latencies
(i.e., 0-8, 8-20 and 20+ h) did not vary significantly between
different treatments [chi-square test: X*(4) = 4.516, P = 0.341]
(Figure 6). The latency to cannibalism varied between 0.5 and
35.1 h. However, most cannibalism occurred more than 8 h
after the cannibal and prey were placed into the choice cell.

Discussion

Relatively fine-scale discrimination to other invertebrates was
found in A. herbicolus, where adults preferentially cannibal-
ized cousin’s larvae over their own daughters. To our knowl-
edge, only limited invertebrate species have been reported
with this relatively fine-scale kin discrimination; most were
eusocial insects. For example, honey bees Apis mellifera
can have multiple patrilines within a colony, where workers
were found to cooperate with full-sisters but were aggressive
against half-sisters (reviewed in Carlin 1988). The cuticular
profiles of the leafcutter ant Acromyrmex octospinosus are
genetically polymorphic and can potentially allow the dis-
crimination between full- and half-sister workers (Nehring et
al. 2011). The ponerine ant Pachycondyla villosa and paper
wasp Polistes fuscatus can recognize individual nest mates
(Tibbetts 2002; D’Ettorre and Heinz 2005). The recognition
of conspecific individuals based on familiarity was also found
in the predatory mite P. persimilis (Schausberger 2005, 2007).
However, it has been suggested that compared to noneusocial
species, highly cooperative eusocial species with a division of
labor would face a higher cost of nepotism, and fine-scale
discrimination of different matrilines or patrilines would be
less likely (Lihoreau et al. 2016).

In contrast, many vertebrate species show fine-scale dis-
crimination among close relatives. The mandrill Mandrillus
sphinx performed more grooming towards close kin (mother,
offspring, and maternal half-siblings) compared with more
distant kin (grandmother, aunt, uncle, and cousin) and

non-kin, despite the richness of groomees’ contagious parasite
load (Poirotte and Charpentier 2020). Female freshwater rain-
bowfish Melanotaenia eachamensis preferred shoaling with
full-sib sisters over half-sib sisters and non-kin, but preferred
shoaling with non-kin brothers over half- and full-sib broth-
ers (Arnold 2000). Belding’s ground squirrels Spermophilus
beldingi recognize close kin (mother, sisters, and daughters)
from distant kin (grandmother, aunts, and cousins) by pro-
ducing more alarm calls (Sherman 1977; Mateo 2002). Our
study suggests that the thelytokous invertebrate species such
as A. herbicolus can have relatively fine-scale kin discrimina-
tion compared to vertebrate species. Whether A. herbicolus
can show a preference towards cannibalizing distant kin (i.e.,
cousin’s larvae) versus non-kin may be interesting for further
investigation.

The choice test found that adults of A. herbicolus did not
show a preference in cannibalism between close relatives
(i.e., daughter and niece). Likewise, the gregarious cock-
roaches Blattella germanica had similar preferences to rest
with full-siblings and half-siblings or cousins (Lihoreau et
al. 2016). Although B. germanica had enough variations in
the chemical properties of their cuticular hydrocarbon pro-
files to allow accurate discrimination between close relatives,
behaviorally, they did not. Chinook salmon Oncorbynchus
tshawytscha discriminated against non-kin and kin behav-
iorally but showed similar aggressiveness towards full- and
half-siblings (Henkel et al. 2011). Due to a lack of specificity
or an insignificant benefit, individuals may not show a pref-
erence between close and more distant relatives. Additionally,
the diverse mating systems may affect the variation in kin rec-
ognition across different species (Henkel et al. 2011).

Like our previous study, most A. herbicolus adults were
cannibalistic (Zhang and Zhang 2022). For most species,
food shortage and starvation are the main drivers of can-
nibalism (Schausberger 2003; Van den Beuken et al. 2019).
Although the benefit of cannibalizing kin is increased with
extended starvation (Van den Beuken et al. 2019), no differ-
ence in the choice made was seen between the early and late
attackers. In this study, the cannibals were not starved before
the choice test. Thus, they were not cannibalistic at the start
of the experiment. Adults had multiple physical encounters
with the prey during the choice test before cannibalism since
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Figure 6. The proportion of cannibalism by adults of Amblyseius herbicolus when given a choice between daughters versus niece (1), daughters versus
first cousin once removed (2), and daughters versus second cousin once removed (3), at different latency intervals.

arenas had small dimensions favoring frequent encounters
among them (personal observation). As hunger develops with
extended starvation, adults might choose the prey based on
the previous contact. However, our study eliminated disper-
sal. During food scarcity, A. herbicolus adults may disperse
rather than cannibalize due to their wide range of prey. Thus,
cannibalism prevalence can be much lower in nature (Walzer
et al. 1999).

Adults of A. herbicolus are likely to use an innate recog-
nition mechanism or phenotype matching in kin discrimi-
nation (Zhang and Zhang 2022). Phenotype matching and
prior association are likely to be used by A. herbicolus in kin
discrimination. In this study, the adults could have contacted
their eggs and by this way learned the kin labels during ovi-
position. Eggs can provide cues to be used potentially as a
template in future kin recognition (Faraji et al. 2000; Saitoh
and Choh 2018; Saitoh et al. 2020). The self-referent phe-
notype matching, where individuals compare themselves as
a template to others, is possible since adults can access their
eggshells and shed skins after molting and memorizing these
characteristics (Schausberger 2004; Penn and Frommen
2010). The adult cannibals of A. herbicolus can compare prey
larvae against the template generalized by accessing them-
selves or eggs laid for dissimilarities. Daughters of A. herbi-
colus would be genetically and phenotypically more similar to
nieces than cousin’s offspring. Hence, more dissimilar larvae
(i.e., cousin’s larvae) over daughters were preferentially can-
nibalized by A. herbicolus cannibals.

The discrimination among relatives was observed in the
adults of A. herbicolus. This relatively fine-scale kin discrim-
ination of A. herbicolus has rarely been reported in inver-
tebrates, especially among mites. Phenotype matching and
familiarization seems likely as promising recognition mech-
anisms used by A. berbicolus adults to avoid kin cannibal-
ism. The influence of learning through familiarization in kin
recognition of A. herbicolus requires further investigation.
Studies on other adaptive functions of kin recognition of A.
herbicolus, such as cooperation and parental care, may pro-
vide important insights.
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