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Abstract

Mutations in amino acid sequences can affect protein function. Such aspects have been
poorly studied for arthropods. As recent studies have shown mutations in cytochrome b
(Cytb) associated with geographic locations in several Phytoseiidae species, the present
study aims at investigating (i) the mutation pattern in additional species for the Cytb frag-
ment, (ii) the mutation pattern for another mitochondrial amino acid sequence, cytochrome
¢ oxidase subunit 1 (COI), and (iii) factors affecting the mutations observed (taxonomy,
plant support, climatic variables, wild vs. commercialised species). Mutations in amino
acid sequences were assessed in seven Phytoseiidae species, with populations collected
in contrasted environments. The DNA sequences were mainly obtained from published
studies and some were newly obtained. Mutations were observed within and between the
populations considered for both fragments, with higher mutation rates in Cytb than in COI
sequences, confirming the robustness of this former fragment. Plant support and taxonomic
position were not related to mutation patterns. A lower number of mutations was observed
in commercialised populations than in wild ones. As preliminary tendencies, mutations in
Cytb and COI sequences seem associated to temperature and moisture. Such a prelimi-
nary approach, attempting to relate mutation to functional adaptations, clearly opens new
research tracks for better assessment of the drivers of mite adaptation, in a context of cli-
mate change.

Keywords Protein - Mutations - Phytoseiid mites - Temperatures - Precipitations - Water
vapour pressure

Introduction
Molecular approaches using DNA sequences greatly increase since a few decades, especially

for population genetics and phylogenetic issues. Recently, researches focus not only on DNA
diversity but also on amino acid composition (e.g., Young and Hebert 2015; Pentinsaari et al.
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2016; Khalifa et al. 2018). Whereas the impact of amino acid changes on protein function is
well studied in vertebrates (e.g., mammals, fishes), especially for human health, those aspects
are poorly investigated for arthropods (i.e., Camps et al. 2007; Somero 2010; Pappalardo
et al. 2015). The scarce studies on insects and mites essentially focus on the impact of amino
acid mutations in insecticide targets (i.e., acetylcholinesterase, ATP-ase, Cytb mtDNA) (i.e.,
Van Leeuwen et al. 2011; Dobler et al. 2012; Douris et al. 2016) and in heat shock proteins
(Hsp) for climate warming adaptation, especially in Drosophila melanogaster Meigen (Hoft-
man et al. 2003; Hoffman and Willi 2008). Recently, studies on several species of Phytoseii-
dae mites—Typhlodromus (Anthoseius) recki Wainstein, Phytoseiulus macropilis (Banks),
Typhlodromus (Typhlodromus) phialatus Athias-Henriot, and Typhlodromus (Anthoseius)
rhenanoides Athias-Henriot—suggest that mutations in the amino acid sequences of the Cytb
mtDNA are associated with adaptation to geographical locations (Queiroz et al. 2021; Tixier
et al. 2021). Such results clearly open new avenues to determine / predict population adapta-
tion to different constraints (Portner 2002).

Phytoseiidae mites are predators, largely used in biological control of pest mites and small
insects all over the world (i.e., Gerson et al. 2003; McMurtry et al. 2013; Demite et al. 2020).
They show diverse feeding habits, with most of the species being generalists and some spe-
cialists on their prey (McMurtry et al. 2013; Tixier 2018). Investigating relationships between
DNA variation, amino acid mutations and functional aspects can provide knowledge on the
drivers of Phytoseiidae evolution. Such knowledge might be useful for biological control
applications especially in an early selection of adapted populations / species to specific condi-
tions (i.e., drought). Even if mutations in the acid amino sequence of Cytb mtDNA seem to
be associated to geographical locations, conclusions based on a few species cannot provide a
general rule. Furthermore, no attempt to relate climatic factors to differentiation was carried
out until now (Queiroz et al. 2021; Tixier et al. 2021).

The two proteins herein considered (Cytb and COI mitochondrial fragments) belong to the
cytochrome C oxidase complex involved in electron transport, dioxygen reduction and pro-
ton pumping in the respiratory chain of mitochondria (e.g., Degli Espoti et al. 1993; Tsuki-
hara et al. 1996). Thus, mutations in the amino acid sequence may affect mite metabolic
performance and adaptation to particular environmental conditions. As the number of COI
and Cytb mtDNA sequences is increasing for Phytoseiidae (because of diagnosis and phy-
logenetic aspects), the objective here is to analyse these datasets to assess the occurrence of
mutations and their relation to ecological factors as climatic conditions, plant supports and
taxonomy. Furthermore, as some Phytoseiidae species are commercialised and mass-released
in crops whereas others occur naturally (McMurtry et al. 2013; Tixier 2018), higher diversity
is expected in wild populations than in commercialised ones.

Furthermore, several studies on insects report a purifying selection on COI mtDNA and
Cytb mtDNA, because of their functional importance (Simmons and Weller 2001; Meikle-
john et al. 2007; Pentinsaari et al. 2016; Sabir et al. 2019). For mites, such studies are scarce.
Brandt et al. (2017) showed more effective purifying selection despite the lack of sex across
Oribatida lineages, considering 10 orthologous mitochondrial genes (atp6, cob, cox1, cox2,
cox3, ndl, nd2, nd3, nd4 and nd5) and comparing asexual and sexual taxa. Using the two
datasets for COI and Cytb mtDNA, here we also evaluate purifying selection in Phytoseiidae.
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Materials and methods
Species and populations considered

The species considered, the locations where the populations were collected and Gen-
Bank accession numbers are shown in Table 1. We considered different species for the
two proteins studied, because no congruent datasets in both DNA fragments exist. In both
cases, we chose species with a sufficient number of specimens per population: the number
of specimens is > 10 except for T. (A.) recki for which only five specimens were available
for the COI DNA fragment. We also considered populations collected in contrasted cli-
matic areas, and/or with contrasted biological control features (commercial vs. wild pop-
ulations, see Table 1). Species considered belong to the three sub-families of the family
Phytoseiidae.

For the Cytb mtDNA analyses, five species were considered, three commonly commer-
cialised ones: Neoseiulus californicus (McGregor), Phytoseiulus persimilis Athias-Henriot
and Amblyseius swirskii Athias-Henriot (sub-family: Amblyseiinae) and two non-com-
mercialised species: Typhlodromus (Typhlodromus) pyri Scheuten (Typhlodrominae) and
Kampimodromus aberrans (Oudemans) (Amblyseiinae). For the COI mtDNA fragment,
five species were considered, two commonly commercialised ones — P. persimilis, A. swir-
skii — and three non-commercialised species: Phytoseius finitimus Ribaga (Phytoseiinae), T.
(A.) recki and T. (T.) pyri (Typhlodrominae).

DNA analyses

The two molecular markers considered are mitochondrial DNA fragments (Cytb and COI),
currently used for species diagnosis in Phytoseiidae (e.g., Dos Santos and Tixier 2017). In
the present work, we mainly used the DNA sequences already obtained (by ourselves) and
published in studies focusing on molecular identification (Table 1). For some specimens,
DNA sequences were herein obtained following the protocols used by Kanouh et al. (2010)
for DNA extraction and Tixier et al. (2012) for PCR conditions. The nucleotide composi-
tion and transition / transversion rates were calculated using MEGA following the MCL
substitution matrix model (Kumar et al. 2018).

Amino acid analyses

The amino acid sequences of the partial Cytb and COI mtDNA fragments were obtained
using https://web.expasy.org/translate/. The total amino acid sequence of one specimen of
Tetranychus urticae Koch retrieved from GenBank (YP_001795379) was aligned (using
MEGA) with the Phytoseiidae amino acid sequences to determine common mutations and
refer to universal positions. We used 7. urticae sequence as in Tixier et al. (2021) and Que-
iroz et al. (2021) for assessing the mutation positions (Table 2).

Some mutations were present in all the specimens of a single population, but it was
not the case for all populations. However, if one mutation was dominant in a population
(occurring in>70% of the specimens), we considered this mutation as ‘characteristic’ of
the population. For the study of mutation occurrence within populations, mutations were
considered variable, if at least one specimen per population carries this mutation. Swiss-
model (https://swissmodel.expasy.org/) and DynaMut (http://biosig.unimelb.edu.au/dynam
ut/) online tools (Rodrigues et al. 2018) were used for assessing mutation impact on the
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Table 2 Nucleotide frequencies (%) in the Cytb and COI mtDNA fragments for the Phytoseiidae species
herein considered

Marker Species Nucleotide frequency (%)
A T(U) G C

Cytb Amblyseius swirskii 33.6 38.2 7.9 20.3
Kampimodromus aberrans 319 37.7 8.2 222
Neoseiulus californicus 29.8 40.5 9.4 20.3
Phytoseiulus persimilis 36.15 39.38 6.49 17.97
Typhlodromus (T.) pyri 28.3 43.8 11 16.9

CoI A. swirskii 25.39 43.74 13.02 17.34
P. persimilis 26.22 42.61 13.79 17.38
Phytoseius finitimus 31.94 37.84 17.59 12.62
Typhlodromus (Anthoseius) recki 23.37 43.20 13.77 19.66
T. (T.) pyri 26.22 39.64 20.10 14.04

protein structure and function. The AAG index (Gibbs free energy) was assessed to charac-
terise mutation impact on protein stability and dynamics.

For the species and the DNA fragments for which a sufficient number of populations
were considered and a significant number of mutations between the populations was
observed, principal component analyses (PCA) were carried out to identify for each spe-
cies relationships between population clusters and mutations. For this, a matrix was con-
structed: the rows are the populations, the identified mutations are the columns and in
each cell we noted the percentage of specimens within the population carrying the muta-
tions. Fourteen climatic variables (see below) were considered as supplementary factors to
determine any correlation between mutations and climatic conditions. First, we used fac-
tors associated to temperature: (i) the mean global temperature (°C) per year, (ii) mean
temperature of the driest quarter, (iii) mean temperature of the wettest quarter, (iv) mean
temperature of the warmest quarter, (v) mean temperature of the coldest quarter, (vi) mean
temperature of the wettest month, and (vii) mean temperature of the driest month. Second,
we considered precipitation (mm) variables: (i) annual precipitation, (ii) precipitation of
the driest quarter, (iii) precipitation of the wettest quarter, (iv) precipitation of the warm-
est quarter, and (v) precipitation of the coldest quarter. Water vapour pressure (kPa) and
altitude were also considered. Climatic variables and water vapour pressure (kPa) were
retrieved from World Clim v.2 at 10 min resolution (ca. 340 km?). The averages (from
1970 to 2000) were extracted using R software and Geotiff files for each variable con-
sidered (Raster/map packages). Altitude was retrieved from https://www.coordonnees-gps.
fr/, based on GPS coordinates of the locations where mites were collected. Multifactorial
analyses were performed using R package FactoMineR v.2.3 (R Core Team 2020).

To estimate the non-synonymous / synonymous substitution rates (dN/dS), the amino
acid sequences were aligned and the mixed effects model of evolution (MEME) model was
applied using the on-line tool http://www.datamonkey.org/meme, to detect any sites subject
to episodic diversifying or positive selection (Murrell et al. 2012). If the ratio dN/dS > 1,
the sequence is considered under positive selection, with an overabundance of non-syn-
onymous substitutions encouraging a sweep of new beneficial alleles. When the ratio dN/
dS < 1, purifying selection is inferred. For the Cytb analysis, amino acid sequences already
published for the species T. (A.) recki, P. macropilis, P. finitimus, T. (A.) rhenanoides, and
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T. (T)) phialatus (Tixier et al. 2021; Queiroz et al. 2021) were included in the analysis to
increase the dataset analysed.

Results and discussion
Overall data description

The Cytb fragments considered range between 399 and 414 bp, and the COI mtDNA frag-
ments from 549 and 1,059 bp (Table 4). For both fragments and all species, the percentage
of A-T is the highest, which agrees with previous results on arthropod mitochondrial DNA
(Simmons and Weller 2001; Albu et al. 2008). Table 3 shows the substitution rates between
each nucleotide for both fragments. A similar pattern is observed for all species and both
fragments. Higher transition than transversion rates are observed.

Table 4 shows the number of variable sites for each species and each DNA fragment.
For the Cytb mtDNA, the percentage of variable sites ranges between about 17% (for N.
californicus and T. (T.) pyri) and 1.25% (for P. persimilis). No relation between this var-
iation and the number of specimens and populations considered per species was clearly
observed, even if the highest variation was observed for the two species for which the high-
est number of populations was considered. For the COI mtDNA fragment, the percentage
of variable sites ranges between 1.64% (T. (A.) recki) and about 15% (T. (T.) pyri, P. finiti-
mus). It seems that high variation is associated with species for which the number of speci-
mens considered was the highest. However, it is not the only explanation as for A. swirskii,
with many specimens studied, only 4.15% of variable sites were noted. The variation in 7.
(T>) pyri, P. persimilis and A. swirskii shows the same trend for both DNA fragments (low
variation for A. swirskii and P. persimilis, high variation for 7. (T.) pyri). Generally, for all
species, less variation was observed for the COI than for the Cytb mtDNA fragment, which
agrees with previous results on intraspecific variation of these two markers in Phytoseiidae
species (i.e., Dos Santos and Tixier 2017).

The percentage of variable sites in the amino acid sequence for Cytb mtDNA (Table 4)
ranges between 1.5% (P. persimilis) and 21.4% (N. californicus). These values are higher
than the variation rates observed at DNA level, except for 7. (T)) pyri. For the COI mtDNA,
the percentage of variable sites ranges between 2.2% (P. persimilis) and 8.8% (P. finitimus).
Generally, these rates are lower than the ones observed at DNA level, suggesting that most
DNA mutations in the COI fragment are probably silent at the protein level.

Figure 1 shows the proportion of each amino acid and their biochemical properties in
both protein fragments, for all the species considered. The two protein sequences consist
mainly in non-polar amino acids whatever the species considered. Such results are con-
sistent with other data on insects, stating that for membrane-embedded protein, a large
majority of non-polar amino acids is expected (Pentinsaari et al. 2016; Sabir et al. 2019).
The second main category is polar uncharged amino acids, the three other types (aromatic,
positive and negative) being less frequently observed. Some amino acids are frequent,
especially isoleucine, leucine, methionine (non-polar), proline, serine (polar uncharged)
and phenylalanine (aromatic). Similar amino acid compositions are observed among the
species considered, even if the Cytb sequence of P. persimilis shows higher rates of alanine
and glycine than in the other species. Figure 2 shows the position of variable amino acids
along the two protein fragments for each species herein considered and other species (data
retrieved from Tixier et al. (2021) for Cytb fragment). For both Cytb and COI sequences,
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Table 3 Nucleotide substitution patterns (%) for the Phytoseiidae species considered and the two mtDNA
fragments (Cytb and COI), calculated using MEGA following the MCL substitution matrix model

Species Cytb COI

A T C G A T C G

Amblyseius swirskii A - 6.72 3.63 458 - 235 0.7 1322
T 591 - 1405 134 137 - 1315 095
C 591 2602 - 1.34 1.37 43.89 - 0.95
G 20.17 6.72 3.63 - 19 235 0.7 -
Transition rates 64.82 89.26
Transversion rates 35.18 10.74

Kampimodromus aberrans A - 343 2 8.3
T 2.89 - 1511 0.73
C 2.89 25.86 - 0.73
G 3263 343 2 -
Transition rates 81.9
Transversion rates 18.1

Neoseiulus californicus A - 553 276 6.74
T 4.06 - 1483 127
C 4.06 29.72 - 1.27
G 2148 553 276 -

Transition rates 72.77

Transversion rates 27.23

Phytoseiulus persimilis A - 9.59 438 532 - 2.67 0.86 13.95
T 8.8 - 5.13 158 1.64 - 1279  1.09
C 88 1124 - 1.58 1.64 3972 - 1.09
G 29.61 9.59 438 - 21.02 267 0.86 -
Transition rates 51.3 87.48
Transversion rates 48.7 12.52

Phytoseius finitimus A - 1.26 0.59 14.66
T 1.06 - 13.07 041
C 1.06 28.16 - 1.41
G 3747 126 0.59 -
Transition rates 93.36
Transversion rates 6.64

Typhlodromus (Antho- A - 2.9 093 343

seius) recki T 1.58 _ 251 1.29

C 1.58 7.89 - 1.29
G 419 2.9 0.93 -
Transition rates 86.6
Transversion rates 134

Typhlodromus (T.) pyri A - 34 1.26 14.3 - 205 1.05 8.92
T 2.21 - 8.64 0.82 1.36 - 2158 0.73
C 221 2327 - 0.82 1.36 42.38 - 0.73
G 384 34 1.26 - 1674 205 1.05 -
Transition rates 84.61 89.62
Transversion rates 15.39 10.38
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(a)

16
& Amblyseius swirskii
14
12 i i Kampimodromus
aberrans
10 1 I
Neoseiulus
8 - californicus
6 + i Phytoseiulus
persimilis
4 “4—
& Typhlodromus
2 —  (Typhlodromus) pyri
0 -
Ala Gly lle Leu Met Val Cys Asn Pro GIn Ser Thr Phe Trp Tyr His Lys Arg Asp Glu
Non polar Polar uncharged Aromatic Positive Negative
(b)
16
& Amblyseius
14 swirskii
12
W Phytoseiulus
10 - | persimilis
SsT—3hHl RE —1 H Phyoseius
finitimus
6 <
W Typhlodromus
4 1 (Anthoseius) recki
2 A
i« Typhlodromus
0 (Typhlodromus)

Ala Gly lle Leu Met Val Cys Asn Pro GIn Ser Thr Phe Trp Tyr His Lys Arg Asp Glu pyr

Non polar Polar uncharged Aromatic Positive Negative

Fig.1 Average amino acid frequencies in Cytb (a) and COI (b) fragments for the Phytoseiidae species Neo-
seiulus californicus, Amblyseius swirskii, Typhlodromus (T.) pyri, Kampimodromus aberrans, Phytoseiulus
persimilis, Typhlodromus (Anthoseius) recki and/or Phytoseius finitimus. The amino acids are grouped by
their biochemical properties as in Pentinsaari et al. (2016)

mutations are distributed all along the fragments. No similarity in mutation distributions
between the species / sub-families considered was observed.

Table 5 shows the dN/dS ratio for each species and both markers. For the Cytb and COI
fragments considering 10 and five Phytoseiidae species, respectively, the dN/dS ratio is < 1
(Cytb: 0.188; COI: 0.0585). All these results suggest purifying selection (more synony-
mous mutations than non-synonymous ones), tending to limit the DNA mutations impact-
ing protein function, in accordance with the key role of these two proteins involved in
electron transport during the respiration process (Degli Espoti et al. 1993; Tsukihara et al.
1996). Those results also agree with previous analyses stating that there is a prevalence
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Table 5 dN/dS ratio obtained

using MEME (http://www. Species dN/dS Cytb dN/dS COI
dé‘y‘i“;‘;‘:jkgyé‘ffé ‘;’f;gzsf‘;gr‘fiﬁe Amblyseius swirskii 0.194 0.0442
Phytoseiidae species considered Kampimodromus aberrans 0.208 -
Neoseiulus californicus 0.158 -
Phytoseiulus persimilis 0.119 0.215
P. macropilis 0.174 -
Phytoseius finitimus 0.0828 0.0352
Typhlodromus (Anthoseius) recki 0.593 0.899
T. (A.) rhenanoides 0.275 -
T. (T") phialatus 0.157 -
T. (T) pyri 0.0678 0.0141

of purifying selection in mtDNA (Meiklejohn et al. 2007; Galtier et al. 2009). The dN/
dS ratio is lower for COI than for the Cytb sequences, perhaps because we considered a
lower number of specimens, or because of the lower robustness of this fragment, requiring
higher purifying selection to avoid deleterious mutations. These results are similar to those
reported in previous studies that demonstrated that COX genes seem to have lower rates of
divergence than Cytb gene (Monthooth unpubl., in Meiklejohn et al. 2007).

Cytb amino acid variation between populations within species
Neoseiulus californicus

Fourteen mutations are observed among the 20 populations of N. californicus considered
(Table 6). Six mutations separate the populations Marsillargues, Midi-Pyrénées and Vil-
leneuve-les-Maguelone from the 17 others. It seems that these mutations separate ‘com-
mercial’ populations (introduced in various countries) and ‘wild” populations collected in
France (except France-Corsica assumed to be wild). Four of these mutations have a sta-
bilizing effect (S161N, V181M, V223L and A233V) and two have a destabilizing effect
(F184I, T185I). Three mutations decrease molecule flexibility (SI61N, V181M, A233V),
whereas three increase it (F1841, T185I, V223L). Mutation effects on vibrational Entropy
Energy and interatomic interactions are shown in the supplementary files 1 and 2.

Other mutations, separating one population from the others, are also observed (Greece
S215F, USA W216S, Corsica M145Y, Q146T, Italy rearings A231T). The unique speci-
men from Villeneuve-les-Maguelone is cumulating four prevailing mutations.

The amino acid mutation (aam) pattern of the multifactorial analysis (Fig. 3a) shows
no differentiation among the ‘commercial’ (all grouped in the centre of the graph). ‘Wild’
populations are well separated from the ‘commercial’ ones but also from each other, espe-
cially along axis 2, except from Midi-Pyrénées and Marsillargues populations grouped
together. No clear relation between climatic variables and mutations is noted probably
because the commercial populations are grouped together whatever the localities where
they have been collected. The aam pattern of the four ‘wild’ populations (Corsica, Marsil-
largues, Midi-Pyrénées and Villeneuve-Les-Maguelone) seems to be slightly related to one
climatic variable (mean temperature of the wettest quarter) along axis 1 (higher tempera-
ture in Corsica and Villeneuve-Les-Maguelone than in the other two localities, and muta-
tion Q146T).
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(a) Neoseiulus californcius

Villeneuve les maguelones »
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(b) Amblyseius swirskii
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Fig. 3 Multifactorial analysis carried out on Cytb amino acid mutation pattern retrieved in different popula-
tions for each species, showing variable (mutations and climatic variables) and population representations
for a Neoseiulus californicus, b Amblyseius swirskii, ¢ Kampimodromus aberrans (with and without the
Brissac population) and d Typhlodromus (T.) pyri (with and without the Belgium population). The climatic
variables (additional variables) are presented in blue; the colours of both mutations (variables) and popula-
tions correspond to their more or less good representation in the system

Amblyseius swirskii

Mutations are observed between populations at two positions (three mutations) (Table 6).
Mutations at position 254 separate the two Benin (1254M) and the Capo Verde (1254L)
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(c) Kampimodromus aberrans
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Fig.3 (continued)

populations from the six others. The two populations from Benin have a different origin
(one is issued from commercial units and one is a wild population), but because they are
similar to each other and different to commercial populations, we hypothesize a mix of
these two populations in the mass-rearing units and certainly a replacement of the com-
mercial one by the wild one (Benin Idigny) (Tixier et al. 2022). Mutation G263E separates
the Reunion population from the others. Mutation 1254M has a destabilising effect and
decreases molecule flexibility, and mutations 12541 and G263E have a destabilizing effect
and increase the molecule flexibility (supplementary files 1 & 2).
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(d) Typhlodromus pyri
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Fig.3 (continued)

The aam pattern in the multifactorial analysis shows on axis 1 (accounting for 42.7%
of the variability and mainly explained by the mutations 1254M and G263E) a differen-
tiation of the Reunion Island population from the others (Fig. 3b). This differentiation is
mainly related to temperature variables. Kreiter et al. (2016) suggested that the Reunion
population has been introduced in this island via commercial releases. However, it is sepa-
rated from the current commercial strains, by one mutation, suggesting a probable recent
evolution of this population. On axis 2 (explained by 1254L), the population from Capo
Verde, is well separated from the Benin and Reunion populations, the other strains having
an intermediate position. The climatic factors associated to axis 2 are mainly related to
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precipitation. It is interesting to note that a different mutation at the same position (1254M
and 1254L, from isoleucine to methionine or leucine) seems to lead to adaptation to differ-
ent climatic conditions.

Kampimodromus aberrans

Six mutations are observed among the eight populations of K. aberrans considered
(Table 6). One mutation separates a population (France-Montpellier T180A, Austria-
Vienna V2551, Italy-Padova P262C) from the seven others. The population cumulating the
highest number of mutations (3) is France-Brissac. No relation between plant supports and
mutations is noted. All mutations have a stabilizing effect, four decrease molecule flexibil-
ity and two increase it (E263G, T180A) (Supplementary files 1 & 2).

The aam pattern in the multifactorial analysis shows a separation of the France-Brissac
population from the others on axis 1 accounting for 51.6% of the variability and mainly
explained by the mutations V231A, F201S and G263E (Fig. 3c). Axis 2, mainly explained
by the mutation T180A, differentiates the populations from (i) Italy-Padova and Austria-
Vienna, (ii) Croatia-Veprinac, France-Pouzolles, France-Marsillargues and France-Brissac,
and (iii) France-Restinclieres and France-Montpellier. Seven climatic variables are related
to the mutation pattern, especially on axis 2; among them, five are associated to tempera-
ture. In Italy-Padova and Austria-Vienna, temperature of the wettest quarter and precipita-
tion of the warmest quarter are higher than in France-Restinclieres and France-Montpellier
(and potentially related to the mutations P262C, V255I). The French population localities
(Restinclieres and Montpellier) are characterized by high mean temperature (annual, cold-
est and driest quarters), which might be related to mutation TI80A. The other populations
have an intermediate position and no differentiation according to climatic conditions is
observed on axis 2.

Because only one specimen of Brissac was considered, an additional multifactorial
analysis, excluding this specimen, was performed. The aam pattern now shows differen-
tiation on axis 1 (explained by T180A) between the populations (i) France-Montpellier
and France-Restinclieres, (ii) Croatia-Veprinac, France-Pouzolles, France-Marsillargues,
and (iii) Austria-Vienna and Italy-Padova. Again, the climatic features associated to tem-
perature seem to be related to this mutation pattern. On axis 2, explained by the muta-
tions P262C and V2551, the populations from Austria-Vienna and Italy-Padova are well
separated from each other, whereas the five other populations have an intermediary posi-
tion. Axis 2 is essentially related to the water pressure in June — mutations V2551 (Aus-
tria-Vienna) and P262C (Italy-Padova) are negatively and positively related this variable,
respectively.

Typhlodromus (T.) pyri

Ten mutations are observed between the 10 populations of 7. (T.) pyri considered (Table 6).
Two mutations (I205M, V223M) separate the populations of Austria-Vienna, Italy-Padova,
Poland, Hungary and Belgium from the five others. These mutations have different proper-
ties (stabilising effect and increasing molecule flexibility for V223M and the opposite for
1205M). The Belgium population is the most differentiated from the others (six mutations).
Some populations share the same mutations: France-Mercantour and Belgium (M240I),
Belgium and Hungary (V255I), Restincli¢res, France-Valleraugue and Belgium (T256P).
Some mutations only prevailed in a single population: France-Mercantour (I178V),
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Belgium (V222M, M254K), Austria-Vienna (I236T) and France-Restincliéres (T256A).
Five mutations are stabilizing and six increase molecule flexibility (supplementary files 1
& 2).

The aam pattern in the multifactorial analysis (Fig. 3d) shows three groups of popula-
tions: (i) the French and USA populations, (ii) Belgium, and (iii) Italy-Padova, Austria-
Vienna, Poland and Hungary, especially on axis 1, accounting for 33.8% of the variability
and mainly explained by mutations M223V, M240I, M254K, V2551 and 1205M. Typhlo-
dromus (T.) pyri is a Palearctic species and its presence in USA is certainly due to an
introduction from France, as already suggested by Tixier et al. (2012). Axis 1 is not well
related to climatic features. Axis 2, mainly explained by mutations V1781, 1205M, M223V,
T236I and M240I, separates (i) Belgium and France-Mercantour populations, (ii) the other
French and USA populations, and (iii) Italy-Padova, Austria-Vienna, Poland and Hungary.
However, a gradient is observed within the latter group, with Padova and Vienna being
well separated, and Hungary and Poland being intermediate. The differentiation along axis
2 is related to nine climatic features, with two main ones: mean temperature of the driest
and of the wettest quarters.

As only one specimen represents the Belgium population, an additional multifactorial
analysis, excluding this population, was performed. The axis shows (mainly explained by
the mutations 1205M, M223V, T236I, M254K, V255I) no separation in French populations
and a differentiation between Padova-Hungary-Poland and Vienna populations. This dif-
ferentiation seems to be associated to temperature features (mean temperature of the driest
and wettest quarters). On axis 2, the France-Mercantour population is well separated from
France-Restinclieres and France-Valleraugue populations. The other French and USA pop-
ulations have an intermediate position close to Vienna and Hungary, whereas Poland and
Padova populations are intermediate between this latter group and the France-Mercantour
population. This axis is mainly explained by mutations V1781 and M2401, and the differen-
tiation observed is mainly related to climate variables associated to precipitation.

Phytoseiulus persimilis

No mutation separates the eight populations considered.

Cytb amino acid variation within populations
Neoseiulus californicus

Mutations are observed at 13 sites at the intra-population level, but only in five populations
among the 20 considered, showing a low intra-population variation concerning only a few
specimens (Table 7). The highest number of mutations is observed for the population Italy-
rearing (eight positions). Among the 13 mutations, 12 are observed in only one population
and one is observed in two populations (position 264 for France-Corsica and France-Mau-
guio). Of the five populations showing mutations, three are ‘commercial’ strains.

Kampimodromus aberrans

Twelve sites show mutations at the intra-population level for five populations among the
eight considered. The highest number of mutations is observed for France-Restinclieres
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(six positions) (Table 7). Among the 12 variable positions, eight are variable in only one
population and four in two populations.

Typhlodromus (T.) pyri

Twelve sites show mutations at intra-population level in eight populations among the 10
considered (Table 7). The highest number of mutations is observed for Italy-Padova (five
sites), France-Burgundy (four sites), Poland, Hungary and Austria-Vienna (three sites).
Among the 12 sites, five are variable in only one population, five in two populations, one
(site 222) in three populations, and one (site 256) in four populations.

Amblyseius swirskii

Nine sites show mutations at the intra-population level in five populations among the nine
considered (Table 7). The highest number of mutations is observed for Benin-Idigny (three
positions). Among the nine sites, eight are variable in one population and two in two popu-
lations (Capo Verde, Benin-Idigny).

Phytoseiulus persimilis

A low number of mutations is observed at the intra-population level, with two mutations
recorded in two populations (Italia and Tunisia) (Table 7).

Conclusive remarks on aam patterns in the Cytb fragment

Mutations between populations were observed in four species among the five considered,
and for all species mutations within populations were recorded. The number of mutations
was higher at intra-population (42 positions) than at inter-population level (25 positions).
Even if 19 mutations are globally retrieved at intra- and inter-population levels, the number
of common mutations at intra- and inter-population levels for a single species is low: three
for N. californicus, two for K. aberrans, seven for T. (T.) pyri and one for A. swirskii. One
possible explanation for high variability within a population might be a mix with other
populations and/or adaptations to particular biotic and abiotic constraints. On the 25 vari-
able sites at the inter-population level, mutations at the same site are observed in two spe-
cies—site 223 for 7. (T.) pyri and N. californicus, site 231 for N. californicus and K. aber-
rans, site 254 for T. (T)) pyri and A. swirskii, site 255 for T. (T.) pyri and K. aberrans—and
three species (site 263 for K. aberrans, N. californicus and A. swirskii). On the 42 sites
variable at intra-population level, seven and one mutations are retrieved in two and three
species, respectively.

Those results confirm the high mutation rate of the Cytb amino acid sequence and also
its robustness, as already stated for insects by Simmons and Weller (2001). No relation
between plant supports and mutations was observed. No relation between mutations and
taxonomy was noted either, suggesting polyphyletic and/or recent adaptations. Amino acid
variability is globally lower in ‘commercial’ species (N. californicus, A. swirskii and P.
persimilis) than in ‘wild’ ones (7. (T.) pyri and K. aberrans). ‘Commercial’ populations
are differentiated from the ‘wild’ ones by several mutations; however, we do not have
enough information on the biological features of these populations to conclude on the
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effects of such mutations on the protein functions and their consequences on population
performances.

As in previous studies on 7. (T') phialatus, T. (A.) recki, T. (A.) rhenanoides and P.
macropilis (Tixier et al. 2021; Queiroz et al. 2021), mutations according to localities are
also observed here. For ‘wild’ species, but also for some ‘wild” populations of the com-
mercial species, relations between mutation patterns and climatic features were observed.
We did not detect mutations clearly related to a single climatic feature, suggesting that (i)
climatic factors (at least those herein considered) can have combined effects, and (ii) other
factors, not herein considered, can act on mutation selection. However, globally, the main
factors associated with aam pattern seem to be temperature (especially temperature of the
wettest quarter) and, to a lesser extend, precipitation. A same mutation (V255]) is retrieved
in K. aberrans (Austria) and T. (T.) pyri (Poland, Hungary) populations, in relation to cli-
mate features. Climatic effects on protein function are not well documented, especially in
insects. As arthropod’s internal temperature is directly related to external temperature, we
can assume that external temperatures could lead to adaptation in proteins, as highly tem-
perature sensitive components (Somero 2010).

Studies on Lottia and anchovies have shown that a single amino acid substitution in a
protein (dehydrogenase enzymes for Lottia and COI for anchovies) can affect its stability
and its function, and can explain adaptation to temperature (Dong and Somero 2009; Silva
et al. 2014). Somero (2010) stated that a minor number of sequence changes is required for
temperature adaptation, and that many sites in a protein are able to support adaptive change
to climatic conditions. In woolly mammoth, mutations in several proteins, including Cytb
and COI, could be related to cold conditions and oxygen availability (Ngatia et al. 2019).
Cytb expression in mosquitoes was affected by environmental conditions, including tem-
perature (Zhao et al. 2009). To our knowledge, the present study is the first one attempting
to relate mutation occurrence to a large number of climatic variables. Even if, globally, the
present results seem to confirm an effect of climatic conditions on the Cytb protein in Phy-
toseiidae mites, we are not able to determine how such adaptations to climatic conditions
would modify protein functions. To answer this question, experiments focusing on protein
activity in different populations and at multiple temperatures would be required.

Mutations on the Cytb amino acid sequence have been related to resistance to bifenazate,
acequinocyl and Qo inhibitors in 7. urticae and Panonychus ulmi Koch (G132A, G126S,
A133T, P262T, 1136T, S141T, 1260V, N326S) (Van Leeuwen et al. 2008, 2011; Van Nieu-
wenhuyse et al. 2009; Fotoukkiaii et al. 2020). These mutations were not retrieved in the
234 specimens considered, except at site 262 in the population of Italy-Padova and in some
specimens of N. californicus from France-Corsica and Poland. For all these specimens,
however, the mutation is different from that in Tetranychidae (P262T for Tetranychidae vs.
P262C in Phytoseiidae). As we do not have information on the potential resistance of the
Phytoseiidae specimens bearing this mutation, we cannot determine whether the mutation
P262C observed here might be associated to resistance to those pesticides.

COl amino acid variation between populations within species
Typhlodromus (T.) pyri

Four mutations were observed among the eight populations of 7. (T.) pyri considered
(Table 8). Three mutations separate one population from the others (Hungary: 1162V,
Austria-Vienna: T183A, Poland: L241T). Mutation M182L separates the populations of
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Fig.4 Multifactorial analysis carried out on Cytb amino acid mutation pattern retrieved in different popu-
lations considered for each species, showing variables (mutations and climatic variables) and population
representations for (a) Typhlodromus (T.) pyri, (b) Phytoseiulus persimilis and (¢) Phytoseius finitimus. The
climatic variables (additional variables) are presented in blue; the colours of both mutations (variables) and
populations correspond to their more or less good representation in the system

France-Burgundy, France-Valleraugue and USA from the others. As also suggested by the
Cytb results, the population of T. (T') pyri introduced in USA seems to have a French ori-
gin. The four mutations have a destabilizing effect and increase the molecule flexibility
(supplementary files 1 & 2).

The aam pattern in the multifactorial analysis (Fig. 4a) shows a separation of three
groups on axis 1 accounting for 33.1% of the variation and mainly explained by mutations
MI182L, T183A and I162V: (i) France-Valleraugue, France-Burgundy, USA, (ii) France-
Mercantour, Poland, Italy-Padova, and (iii) Austria-Vienna and Hungary. Many climatic
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(c) Phytoseius finitimus
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Fig.4 (continued)

variables (mainly precipitation variables) are related to axis 1. Axis 2 separates the Austria-
Vienna and Hungary populations, the six others having an intermediate position. No cli-
matic feature was well related to axis 2 (mainly explained by T183A and 1162V).

Amblyseius swirskii

Two mutations (at positions H247T and P248Q) separate the Syngenta population from
the seven others (Table 8). The mutation H247T was common between Koppert and Syn-
genta, and separates these populations from the others. All other populations, whatever
their locality, host plant, or whether they are ‘wild’ or ‘commercial’, have the same amino
acid sequence.

Phytoseiulus persimilis

Three mutations were observed among the four populations considered (Table 8). Mutation
H247T separates France-Montpellier and Tunisia-Cap Bon from the other populations, two
mutations (H247T, E249K) separate France-Montpellier from the others, and one mutation
(Q248P) separates the Spain-Valencia population from the others. Mutation H247T has a
destabilising effect and decreases molecule flexibility, mutation Q248P has a destabilising
effect and increases molecule flexibility, and mutation E249K has a stabilising effect and
increases molecule flexibility (Supplementary files 1 & 2).

The aam pattern in the multifactorial analysis (Fig. 4b) shows that the four populations
are well separated from each other. Among the numerous climatic variables well repre-
sented in the system, most related to the three mutations are precipitation and water vapour
pressure. However, caution should be paid, as the number of populations and mutations is
low.
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Typhlodromus (A.) recki

No mutation prevailed in a population or group of populations. This can be due to the
low number of populations (two) considered.

Phytoseius finitimus

Eleven mutations were observed among the three populations considered. All these
mutations separate one population (Padova-Viburnum tinus) from the others (Table 8).
Four mutations have a stabilising effect, seven have a destabilizing effect, three increase
the molecule flexibility, whereas eight decrease it (Supplementary files 1 & 2). As the
three populations were collected on different plants, plant support does not seem to
affect the mutation pattern observed. The Italy-Padova V. tinus population is geograph-
ically closer to Italy-Padova Vitis vinifera than this latter population is from France-
Corsica Actinidia deliciosa. Thus, geographical distance cannot explain the mutation
pattern either. The multifactorial analysis shows that none of the climatic features con-
sidered are clearly related to the aam pattern (Fig. 4c). The two similar populations are
collected in crops whereas the Italy-Padova V. tinus population is collected in uncul-
tivated areas. Effects of agricultural practices, such as pesticide applications, might
explain the different amino acid pattern. However, to our knowledge, no previous study
has shown such an effect on COI amino acid composition.

COl amino acid variation within populations
Typhlodromus (T.) pyri

Six sites show mutations at intra-population level, for two populations among the
eight considered (Table 9). The highest number of mutations was observed for France-
Valleraugue (five positions). Among these six sites, two show mutations at inter-popula-
tion level (sites 182 and 241). The France-Valleraugue population is reared under labo-
ratory conditions. Each year, new specimens are collected on Rubus sp. at Valleraugue
and added to the lab colony. This population renewing could explain the high number of
mutations at intra-population level (population mix).

Amblyseius swirskii

Intra-population mutations were observed at eight positions for three populations among
the eight considered (Table 9). The highest number of mutations was observed in the
‘wild” Capo Verde population (six positions). One mutation recorded at inter-population
level also occurs at the intra-population level (position 248).

Typhlodromus (A.) recki
Intra-population mutations are observed at eight sites for the two populations (Table 9).

The highest number of mutations is observed in the Palermo population (seven
positions).
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Phytoseius finitimus

Eighteen sites show mutations at intra-population levels, for the three populations con-
sidered (Table 9). The highest number of mutations is observed for Padova V. tinus (13
sites), followed by Corsica A. deliciosa (six sites) and Padova V. vinifera (two sites).
Nine of these mutations are also observed at inter-population level. It is worth to note
that the high intra-population variation observed for Italy-Padova V. tinus is due to one
specimen, whose amino acid composition is globally the same as that of the specimens
of the two other populations. This can be due to dispersal (mix of populations).

Phytoseiulus persimilis

Four mutations were observed in only one population (commercial strain Koppert)
(Table 9). Two sites (248, 249) also concerned mutations at inter-population level.

Conclusive remarks on aam patterns in the COIl fragment

As for Cytb analysis, the mutation rates are higher at intra-population (35 positions)
than at inter-population levels (18 positions). Sixteen mutations are observed both at
inter- and intra-population level, but — as for the Cytb fragment — not within the same
species: three for T. (T.) pyri, one for A. swirskii, 10 for P. finitimus and three for P.
persimilis. On the 18 positions variable at the inter-population level, mutations at the
same site are observed only in two species (A. swirskii and P. persimilis, for positions
247 and 248). On the 35 sites variable at the intraspecific level, five carry mutations for
two species, and two for three species (positions 135 and 248). As for Cytb, it seems
that mutations are not fixed in the same way for intra- and inter-population levels, and
no similarity between muted sites is observed across the two sub-families considered.
High mutation rates were observed for the COI amino acid sequence, but those values
are lower than for Cytb, suggesting that COI is less robust to changes than the Cytb
sequence, as already stated for insects by Simmons and Weller (2001).

Some mutations were observed in COI acid amino sequences, prevailing in a population
or a group of populations. As for the Cytb amino acid sequences, neither plant support nor
taxonomical characteristics seem to be associated to the mutation patterns. Similar to the
Cytb results, lower variation was observed in ‘commercial’ than in ‘wild’ species. Finally,
for the species both analysed with COI and Cytb markers, the relation between aam pattern
and climatic features is not similar, suggesting that these two proteins answer in a differ-
ent way to external constraints and might be markers of different adaptations, as already
observed for T. (A.) recki for the 12S and Cytb markers (Tixier et al. 2021). The COI muta-
tions herein observed are mostly associated to precipitation features. This is in accordance
with results obtained on anchovy, where COI mutations not seem to be selected according
to temperature, contrary to Cytb (Pappalardo et al. 2015). However, the number of species,
populations and mutations considered is low and this conclusion should be corroborated
by further comparisons. Moreover, for P. finitimus such an effect was not shown. Literature
on effects of precipitation (and humidity conditions) on mutation selection is quite scarce,
especially for arthropods. In flies, mutations in proteins (ionotropic receptors) affect their
sensitivity to dry environments (Enjin et al. 2016). The functional effects of COI mutations
are not well investigated in arthropods, whereas functional impacts have been reported
on hummingbird flight (Dunn et al. 2019) and human fecundity and disease development
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(Zhen et al. 2015). Phytoseiidae mites are affected by moisture and most species are sus-
ceptible to dry conditions (limiting egg survival) (Rowles et al. 2009; Ferrero et al. 2010).
Adaptations to moisture conditions would not be surprising for such organisms.

General conclusion

This study shows mutations in COI and Cytb amino acid sequences and investigates for
the first time factors affecting these mutations in Phytoseiidae mites. Despite the impor-
tant functions of these two proteins involved in the respiratory chain, many mutations
were observed both at inter- and intra-population levels, indicating their robustness. Glob-
ally, purifying selection was observed confirming results of previous studies on arthro-
pods (Sabir et al. 2019). The present study also shows that mutations in the Cytb and
COI amino sequences are related to localities, confirming similar trends observed in pre-
liminary studies carried out on the Cytb protein. Mutation patterns seem to be related to
climatic conditions, especially to temperature and precipitation for the Cytb fragment, and
mainly precipitation and moisture for the COI fragment. However, no unique climatic fac-
tor was clearly related to the aam pattern, suggesting that a mix of climatic factors could
explain adaptation and/or that the climatic factors investigated should be refined. This
work clearly opens new research lines on proteomic approaches and impacts on life traits,
in line with the perspectives addressed by Hoffman and Willi (2008). We did not have
information on biological traits of the populations considered to conclude on effects of
mutations on their performances. Clearly, the present results constitute the basis of further
innovative studies, to determine how aam pattern could be used as proxy of (i) adaptations
to climatic conditions, and (ii) biological performances for improving the efficiency of
predatory populations, both in a context of climate change.
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