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Abstract Bacteria associated with mites influence their fitness, nutrition and reproduction.
Previously, we found Solitalea-like (Sphingobacteriales) and Candidatus Cardinium
(Cytophagales) bacteria in the stored product mite Acarus siro L. by cloning and using
pyrosequencing. In this study, taxon-specific primers targeting 16S rRNA gene were used
to detect and quantify the bacteria in mites and eggs of three A. siro populations. The
specific probes for fluorescent in situ hybridization (FISH) were used to localize Solitalea-
like and Cardinium bacteria in mite bodies. The population growth as an indirect estimator
of fitness was used to describe the mite-bacteria interactions on (1) control diet; (2)
rifampicin supplemented diet; (3) tetracycline supplemented diet; (4) rifampicin pretreated
mites; (5) tetracycline pretreated mites. Solitalea-like 16S rRNA gene sequences from A.
siro formed a separate cluster together with sequences from Tyrophagus putrescentiae.
gPCR analysis indicated that number of Solitalea-like bacteria 16S rRNA gene copies was
ca. 100x higher than that of Cardinium and the numbers differed between populations.
FISH analysis localized Solitalea-like bacteria in the parenchymal tissues, mesodeum and
food bolus of larvae, nymphs and adults. Solitalea-like, but not Cardinium bacteria were
detected by taxon-specific primers in mites and eggs of all three investigated populations.
None of the antibiotic treatments eliminated Solitalea-like bacteria in the A. siro popu-
lations tested. Rifampicin pretreatment significantly decreased the population growth. The
numbers of Solitalea-like bacteria did not correlate with the population growth as a fitness
indicator. This study demonstrated that A. siro can host Solitalea-like bacteria either alone
or together with Cardinium. We suggest that Solitalea-like bacteria are shared by vertical
transfer in A. siro populations.
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Introduction

Acarus siro L. is a cosmopolitan mite species and one of the most common pests of stored
grains and flour (Palyvos et al. 2008; Athanassiou et al. 2011). Acarus siro is found also in
stored cheese and meat products (McClymont-Peace 1983; Armentia et al. 1994; Melnyk
et al. 2010). The importance of A. siro, as well as other stored product mites, is in
contamination of stored food and human environment with their bodies, excretory products
and substances of allergenic potential with risks to consumers (Marx et al. 1993; Sanchez-
Borges et al. 2009, 2013) and workers in food production, e.g. farmers (Musken et al.
2000) and bakers (Armentia et al. 1997). Acarus siro transfers microorganisms on the body
surface or in the mite bodies (Hubert et al. 2004, 2012, 2016; Erban et al. 2016b).

Except of gut-associated bacteria, the mites host intracellular symbiotic or parasitic
bacteria, e.g. Candidatus Cardinium (Bacteroidetes, Cytophagales, Amoebophilaceae) and
Wolbachia spp. (Alphaproteobacteria, Rickettsiales, Anaplasmataceae). Cand. Cardinium
was originally described as a manipulator of reproduction in insects and mites (Nakamura
et al. 2012). However, the underlying mechanisms of cytoplasmic incompatibility (in
parasitoid wasps, planthoppers, phytoseiids and spider mites) or feminization (in false
spider mites) are still unknown. With exception of one diplodiploid insect host, a plan-
thopper (Nakamura et al. 2012), host reproductive manipulations have been described only
in haplodiploid and parahaploid hosts (Weeks et al. 2001; Zchori-Fein et al. 2004;
Breeuwer et al. 2011; Wu and Hoy 2012a). However, no relevant observation was reported
in diplodiplod Acari. The ultrastructure observations repeatedly showed Cardinium bac-
teria living in almost every single tissue of their insect, proturan, mite and tick hosts.
Therefore, Cardinium is not exclusively associated to the reproductive tissues (Hess and
Hoy 1982; Kaurtti et al. 1996; Bigliardi et al. 2006; Kitajima et al. 2007; Sacchi et al. 2008;
Dallai et al. 2011). Though Cardinium endosymbionts are prevalent in arthropods
including several diplodiploid members of Chelicerata, no reproductive manipulations
were uncovered so far (Chang et al. 2010; Perlman et al. 2010; Stefanini and Duron 2012;
Kopecky et al. 2013). Interestingly, a relevant role in host nutrition was suggested by
analysis of the Cardinium genome (Penz et al. 2012). For example, C. hertigii (strain
cEperl) may provide biotin for insect growth and metamorphosis that cannot be syn-
thetized by its insect host, the parasitoid wasp Encarsia pergandiella (Penz et al. 2012).
Santos-Garcia et al. (2014) described the genome of Cardinium strain C1 from Bemisia
tabaci (cBtQ1) containing a plasmid that carries a unique combination of four gliding
genes gldK, gldL, gldM and gldN. It has shed some light on behavior of several Bac-
teroidetes species, which spread within different host tissues (Santos-Garcia et al. 2014).
Cardinium ubiquity within chelicerates might be justified by a long-term interaction
(Stefanini and Duron 2012; Duron 2013) due to a similar, predominantly nutritional role in
diplodiploid chelicerates (Fukuzawa et al. 2008).

In the previous screening of cloned 16S rRNA gene sequences of A. siro, Lepidoglyphus
destructor, T. putrescentiae and Dermatophagoides farinae from laboratory populations of
Crop Research Institute, Prague, Czechia, the sequences of Bacteroidetes were found in D.
farinae and A. siro (Hubert et al. 2012). In A. siro, they represented 34 % (20/170) of the
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cloned sequences. The phylogenetic analyses of cloned 16S rRNA gene sequences indi-
cated two clusters (1) ‘Candidatus Cardinium’ in D. farinae and (2) Solitalea-like clade
within Sphingobacteriales in A. siro (Hubert et al. 2012). The genus Solitalea comprises
free-living species found in soil samples (Weon et al. 2009). In another experiment, both
Cardinium and Solitalea were found in the cloned universal bacterial 16S rRNA gene
amplicon from the laboratory population of A. siro (Kopecky et al. 2014). The presence of
Cardinium in this laboratory population and 12 other species of astigmatid mites was
confirmed using Cardinium specific primers (Kopecky et al. 2013). Further, the pyrose-
quencing analysis of A. siro bacteriome showed that the bacteriome is formed by two
dominant groups, i.e. Bartonella-like and Solitalea-like bacteria covering almost 75 and
25 % of sequences, respectively (Hubert et al. 2016). Additionally, Solitalea-like sym-
bionts were identified in the cloned amplicons of bacterial 16S rRNA primers from Phillips
and Dog populations of T. putrescentiae (Erban et al. 2016a). Using the taxon-specific
primers, Solitalea-like bacteria were found in four populations of T. putrescentiae
including the eggs indicating that the bacterium is transmitted vertically (Erban et al.
2016a). The results showed that 7. putrescentiae populations varied in the amount of these
bacteria. The data indicated that Cardinium and Solitalea-like bacteria can co-exist in both
A. siro and T. putrescentiae (Erban et al. 2016a). However, the changes observed in the
bacterial communities of A. siro laboratory populations may suggest that the two groups
replace each other at the population level. The fact that the analyses were done on only one
A. siro population was a weakness of the previous studies (Hubert et al. 2012, 2016;
Kopecky et al. 2014).

In this study, we analyzed Solitalea-like and Cardinium bacteria associated with three
populations of the stored product mite A. siro. Conventional PCR and qPCR were used to
analyse samples of adults/juveniles and eggs. Fluorescent in situ hybridization (FISH) was
used to localize Solitalea-like bacteria inside the mite bodies. The antibiotic treatment was
used to suppress the symbiotic bacteria thereby showing strength of interaction between
the symbionts and their hosts. We investigated temporary variations of the intracellular
symbiotic bacteria after rifampicin and tetracycline treatments and pre-treatments. This
study aimed to answer the following questions: (1) Do Solitalea-like bacteria form one or
more clusters when 16S rRNA gene sequences are analyzed? (2) Are Cardinium and
Solitalea-like bacteria present in various populations of A. siro? (3) Are Solitalea-like
bacteria present in mite body and in the eggs? And (4) do the Solitalea-like bacteria affect
the fitness of A. siro?

Materials and methods
Mites

Acarus siro populations and sampling design are given in Table 1. The mites were cul-
tivated on a 25 cm? surface area in 70 mL tissue culture flasks (IWAKI flasks; Cat. No.
3100-025; Sterilin, Newport, UK). A constant 85 % RH was maintained with saturated
KCl solutions in a Secador desiccator (Bel-Art Products, Pequannock, NJ, USA), which
was in an air-conditioned, dark room maintained at 25 °C. The mites were reared on a
wheat-derived diet designed for stored product mites (SPMd), which included a mixture of
oat flakes, wheat germ and Pangamin-dried yeast extract (Rapeto, Bezdruzice, Czechia)
(10:10:1 w/w) (Erban and Hubert 2008). The populations are maintained by transferring of
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Table 1 Three populations of Acarus siro used for experiments

Population ~ Sampling conditions Control ~ Treatments
Sampled/ Collector Rifampicin  Riff. pre- Tetracycline Tet. pre-
obtained treated treated
LAB Grain, E. Zdarkova LAB-Con LAB-Tre-Rif LAB-Pre-Rif LAB-Tre-Tet LAB-Pre-
Bustehrad, Tet
Czechia
ZVO Oil rape seed M. Nesvorna ZVO-Con ZVO-Tre-Rif ZVO-Pre-Rif ZVO-Tre-Tet ZVO-Pre-
debris, Tet
Zvoleneves,
Czechia
LET Lettuce seed, S. Tuckova LET-Con
Prague,
Czechia

All the mites were collected in Czechia, but from different sites and the former habitat is characterized by
different food sources. Next, the mites were maintained for a different period. The laboratory (LAB)
population is reared in the laboratory for 20 years. The lettuce (LET) population is used for mass rearing of
the predatory mite Cheyletus eruditus on lettuce seeds. For this study, the LAB population was sampled in
12/2012 for FISH and 10/2014 for antibiotic experiment and in 12/2015 for eggs and adults/juveniles. The
Zvoleneves (ZVO) population was sampled in 12/2014 for antibiotic experiment and 12/2015 eggs and
adults/juveniles. LET population was sampled in 4/2016 for mites and eggs. The table provides the codes for
the samples used in the experiment

ca. 1000 mites into the new diet and new flasks every month. The unsexed mites of known
age were used for experiments. The mites were collected by a bush under STEMI 2000-C
dissection microscope (Carl Zeiss, Jena, Germany). The samples of fresh mites were
weighed using a microbalance, and a weight of 10 mg each was transferred to Eppendorf
tubes in 6 replicates per population (LAB, ZVO, and LET in Table 1). The samples of
mites were stored at —40 °C until they were used for the extraction of DNA. The eggs
were obtained using a modified method of Stepien and Rodriguez (1973). The food with
mites from rearing flasks was placed on mesh with a size of 176 pm under the water
surface. All of the used mesh was polyamide (Silk & Progress, Brnenec, Czechia). The
females deposited eggs on the water surface after 48 h. The water was collected and
filtrated though the mesh manifold (Stepien and Rodriguez 1973) using a vacuum pump.
The mesh sizes in the manifold were in decreasing order: 411, 300, 206, 176, 139, 109, 86,
42 pm diameter. Next, the eggs were cleaned with ddH,0, Tween 20 (Cat No. P9416,
Sigma-Aldrich, St Louis, MO, USA), bleach, and 80 % ethanol. The eggs were captured at
86 and 42 pm mesh and removed by pipetting into Eppendorf tubes and stored in 80 %
ethanol. Each sample consisted of 50 eggs. The design included three replicates per LAB
population.

DNA extraction

One mL of bleach (5 % solution of sodium hypochlorite) was added to the Eppendorf tubes
with the mites or eggs and left for 1 min. The sample was centrifuged at 3000g for 1 min.
The bleach was replaced by 1 mL of pure ethanol for 1 min and centrifuged again at
3000g for 1 min. The ethanol was replaced by phosphate-buffered saline (PBST: 3.2 mM
Na,HPO,, 0.5 mM KH,POy,, 1.3 mM KCl, and 135 mM NaCl) with 0.05 % w/w Tween
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20 detergent to remove the surface microflora. Washing by PBST and Tween with sub-
sequent centrifugation was repeated 3 x. The mites or eggs were then homogenized in 100
L of PBST in Tissue Grinders (Cat No. 440613, Radnoti, Monrovia, CA, USA). DNA was
extracted from mite homogenates using tissue Genomic DNA Mini Kit (Cat No. GT100,
Geneaid, New Taipei City, Taiwan) following the manufacturer’s protocol. The eggs were
extracted using the Exgene Genomic DNA micro Kit (Cat No. 118-050, Gene All,
Biotechnology, Seoul, South Korea) according to the manufacturer’s protocol. The
extracted DNA was stored at —28 °C until analysis.

Standard PCR conditions

Based on the alignment of 20 16S rRNA gene sequences from A. siro (Hubert et al. 2012),
specific primers for Solitalea-like bacteria were designed (see Table 2). To validate the
prepared templates, PCR amplification of the 16S rRNA gene was performed with uni-
versal bacterial primers (Barbieri et al. 2001). Amplification was conducted in a C1000
Thermal Cycler (Bio-Rad, Hercules, CA, USA) in a 25 pL. PCR reaction mixture, con-
taining 200 uM dNTPs, 3 mM MgCl,, primers (100 nM each), 1.25 unit Tag polymerase
(Top-Bio, Prague, Czechia) and 100-300 ng template DNA (including mite genomic
DNA). The amplification conditions were: 3 min at 94 °C, 30 cycles of 110 s at 94 °C,
110 s at 50 °C for eubacterial primers and 56 °C for Solitalea-like bacteria specific primers

Table 2 List of primers and probes used for conventional PCR, quantities PCR (qPCR) and fluorescent
in situ hybridization (FISH) in this study

Group Name Primer/probe (5-3) AT Size References
“°C)  (bp)

Eubacteria, UF AGAGTTTGATYMTGGC 50 1500  Barbieri et al.
PCR UR GYTACCTTGTTACGACTT (2001)

Eubacteria, Coml CAGCAGCCGCGGTAATAC 59 270 Dorn-In et al.
qPCR 769R ATCCTGTTTGMTMCCCVCRC (2015)

Cardinium, Card6 CTTAACGCTAGAACTGCGA 52 900  Kopecky et al.
PCR Card8 TCA AGCTCTACCAACTCC (2013)

Cardinium, Card_6QF TGCAAATCTCAAAAGCATGT 54 160  This study
qPCR Card_6QR TCAAGCTCTACCAACTCCCA

Cardinium CY3- Matalon et al.
probe TATCAATTGCAGTTCTAGCG (2007)

Solitalea-like,  Soli F TGCGACACAAAGAGCTGA 54 627  Erban et al.
PCR Soli R GCTGGCAACAGTACATGG (20162)

Solitalea-like, ~ Soli_3QF GCGAGACAAAGAGCTGAAG 60 180  This study
qPCR Soli_3QR GAGTTTCAAGGGCAGGC

Solitalea-like, CY55- 40 This study
probe CTTCCTCCTTGCTTACGCAG

Wolbachia WpF TTGTAGCCTGCTATGGTATAACT 52 900  O’Neill et al.

WpR GAATAGGTATGATTTTCATGT (1992)
Bartonella-like Bart IF TGTCWCCGAYCCAGCCK 63 920  Kopecky et al.
Bart 2R TGTCTCCGACCCAGCCT (2014)
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(see Table 2), and 60 s at 72 °C, and a final extension for 5 min at 72 °C. The resulting
PCR products were purified with Wizard® SV Gel and the PCR product clean-up system
Kit (Promega, Madison, WI, USA) and were cloned using the pGEM®-T Easy Vector
(Promega). Selected clones were sequenced by Macrogen (Seoul, South Korea).

Quantitative PCR

DNA samples of the mites included control, and rifampicin or tetracycline treated and pre-
treated mites. The samples were used for bacterial quantification via the quantitative PCR
(qPCR). The primers are shown in Table 2. To avoid the influence of chloroplast DNA to
analyse, we selected Coml and 769R primers for quantification of total bacteria copies
(Dorn-In et al. 2015). New taxon-specific primers were designed for quantification of
Solitalea-like and Cardinium bacteria (Table 2). The qPCR standard was prepared from a
cloned 16S rRNA gene amplicon (pGEM®—T Easy Vector, Promega) from the Solitalea
and Cardinium specific primers. The competent bacterial cells with plasmids were inoc-
ulated in the LB medium (Himedia, Mumbai, India) with ampicillin 0.1 g/L. (Cat No.
A01104.0005, Duchefa Biochemie, Haarlem, The Netherlands) for 16 h at 37 °C. The
plasmid was then purified with a Wizard Plus SV Mninipreps DNA purification system
(Cat No. A1330, Promega) according to the manufacturer’s protocol. Plasmids were lin-
earized by Sacl restriction (Cat No. R6061, Promega) and cleaned with a Wizard SV gel
and PCR Clean-Up system (Cat No. A9285). The concentration of the cleaned product was
measured on P330 Implen NanoPhotometer (Munich, Germany) and adjusted to 10 ng of
DNA for each reaction. The standard of DNA was diluted by 1/10. Amplifications were
conducted using a StepOnePlus™ Real-Time PCR System (Life Technologies, Grand
Island, NY, USA). SYBR green (Bio-Rad Laboratories, The Netherlands) was used as a
double-stranded DNA (dsDNA) binding dye. Baseline and threshold calculations were
performed with the StepOnePlus software. The amplification consisted of 40 cycles,
including a denaturation of 30 s at 95 °C, annealing for 35 s at 54-60 °C (Table 2), and
elongation for 45 s at 72 °C. Melting curves were recorded to ensure qPCR specificity. The
gPCR measurements were conducted in duplicate. We used design for six biological
replicates each analyzed in two technical repeats.

Phylogenetic analyses

Partial 16S rRNA gene sequences of Solitalea-like bacteria were assembled with
CodonCode Aligner, v.1.5.2 (CodonCode, Dedham, MA, USA) and assigned to bacterial
taxonomy using the Ribosomal database project naive Bayesian classifier (Wang et al.
2007). The sequences were aligned using SILVA Incremental Aligner v.1.2.11 (Pruesse
et al. 2012). The best-fit model of nucleotide substitution was selected using jModelTest
v.2.1.7 (Guindon and Gascuel 2003; Darriba et al. 2012). Based on the selection, a model
GTR with a proportion of invariable sites (41I) and a gamma distribution with four rate
categories (+G) was used to infer phylogeny through Bayesian analysis with PhyloBayes-
MPI v.1.4e (Jow et al. 2002; Lartillot et al. 2009; Rodrigue and Lartillot 2014) and
maximum-likelihood analysis in PhyML v.3.0 (Guindon et al. 2010). The phylograms were
finalized using Figtree v.1.4.2 (http://tree.bio.ed.ac.uk/).

@ Springer


http://tree.bio.ed.ac.uk/

Exp Appl Acarol (2016) 70:309-327 315

Fluorescent in situ hybridization

FISH was performed using specific bacterial probes (Table 2) on LAB population. From
the control diet group, ca. 30 mites were transferred into 4 % formaldehyde and whole mite
specimens were hybridized according to a previously described protocol (Perotti et al.
2007). For the hybridizations, samples were incubated at 45 °C in darkness for a maximum
of 20 h and then washed for 1 h with the same hybridization buffer, followed by washing
in PBTA (phosphate buffer with Triton X-100 plus sodium azide) at room temperature.
Samples were mounted in PBS/glycerol and examined under a microscope.

The bacterial probes Cy3 and Cy5 (Eurofins Genomics, Ebersberg, Germany) used in
this experiment (Table 2) were equimolar mixed in the hybridization buffer (following
remarks of ProBase). No probe and competition suppression controls using excess unla-
beled probes were performed. The hybridized specimens were visualized using a Confocal
Zeiss LSM510 microscope (Carl Zeiss) with a Coherent Multiphoton laser. Length mea-
surements were performed using the Zeiss LSM Image Examiner.

The growth experiment with antibiotics
Antibiotic diets preparation

The diet was derived from the house dust mite diet (HDMd), which is composed of dog
food (Ontario-pet, Placek, Podebrady, Czechia), wheat germ, dried fish food (LonBio,
Aqua Tropic Lonsky, Prague, Czechia), Mauripan-dried yeast extract (Rapeto, Bezdruzice,
Czechia) and gelatin (Serva Electrophoresis, Heidelberg, Germany) (10:10:3:2:1 w/w)
(Erban and Hubert 2008). The antibiotics rifampicin (Cat No. R3501; Sigma-Aldrich) and
tetracycline (Cat No. T3258; Sigma-Aldrich) were diluted in HPLC-grade methanol and
incorporated into the diet to obtain concentrations of 0 (control), 0.1, 1, 5, 10, 50 and
100 mg g’l. The resulting combination was properly mixed using a MS1 Minishaker
(IKA, Staufen, Germany). The 50-mL centrifuge tubes containing the diet were covered
with a filter, fixed with a vented cap and lyophilized in a PowerDry LL3000 lyophilizer
(Thermo, Shanghai, China). The lyophilized material was ground into a powder in a
pottery grinding mortar. Prior to the experiment, the material in the flasks was rehydrated
24 h before the experiment in desiccators using distilled water (Erban et al. 2012). The
tested diets for the growth test were rifampicin or tetracycline diet at concentrations 0, 0.1,
1, 5, 10, 50 and 100 mg g_' on LAB and ZVO populations of mites. The growth test
started by adding 100 + 5 mg of the experimental diet and 10 unsexed mites into IWAKI
flask. The flasks with the diets and mites were incubated in the dark for 21 days in
desiccator cabinets at 85 % RH and 25 °C. The experiment was terminated with the
addition of Oudemans fluid (8 mL of acetic acid, 5 mL of glycerol and 87 mL of 70 %
ethanol) to the flasks. Mites were counted under a dissection microscope (Carl Zeiss).

Antibiotic treated mite

Ca. 300 adults/juveniles were added to flasks with 100 & 50 mg of HDMd, containing
5mg g of antibiotics or the control diet. The flasks were cultivated under the same
conditions used for the population growth experiments. After 21 days, the mites were
placed into sterile Eppendorf tubes. Samples of fresh weight of 10 & 1 mg of mites were
weighed using a microbalance. Six replicates per treatment were prepared. The samples
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were coded as LAB-Rif-Tre, LAB-Tet-Tre, ZVO-Rif-Tre and ZVO-Tet-Tre (Table 1). The
samples were stored in a deep freezer at —40 °C until use.

Antibiotic pre-treated mites: Ten mite adults originated from previous mass production,
i.e. diets with 5 mg g~ of rifampicin or tetracycline and control were transferred into
IWAKI flasks on HDMd 100 + 5 mg and incubated for 21 days in the same conditions as
growth experiments. The mites were collected during next moth according to the actual
population density in the flask. The samples were coded as LAB-Rif-Pre, LAB-Tet-Pre,
ZVO-Rif-Pre and ZVO-Tet-Pre (see Table 1). The samples were stored in a deep freezer at
—40 °C until use.

Data analyses
Numbers of copies of bacteria, Solitalea and Cardinium 16S rRNA gene fragment

The design usually included six biological and two technical replicates. The data were log-
transformed and analyzed by the Kruskal-Wallis nonparametric test, using Dunn potshot
comparison and a Bonferroni correction.

Growth test

First, we compared the population growth of A. siro on HDMd diet, when the populations
were factor, by 7 test. In the next step, the population numbers (N) of A. siro after 21 days
of cultivation had a normal distribution, and data were analyzed by analysis of covariance
(ANCOVA). Population numbers were dependent, and type of antibiotics, concentration,
mite population and their interactions were independent variables. The ANCOVA models
had higher R? values when the antibiotic concentration (x) was transformed according to
the formula In[x + 1.10_7] than the models that were not transformed. Finally, the
interaction between the final population number and the antibiotic concentration was
analyzed separately for each antibiotic type and mite species using regression models.
Effective doses of antibiotic concentrations that reduced the final population to 50 %
(ECsp) compared to the control were estimated from the model with 95 % confidence
intervals.

To evaluate the effect of antibiotic pretreatment on the fitness of A. siro, final population
numbers (N) were analyzed using ANOVA separately for each mite population. In the
model, the dependent variable was the final population size, and the factors were the
control, rifampicin and tetracycline treatment and pretreatment. A Tukey post host com-
parison of means was used to identify samples with different population growth. The
analyses were conducted in XLSTAT 2007 (Addinsoft, New York, NY, USA) and QC-
Expert (TriloByte Statistical Software, Pardubice, Czechia).

Results
Phylogenetic analysis of Solitalea-like bacteria
The 16S rRNA sequences classified as Solitalea-like group were obtained in previous

studies by cloning of nearly full-length 16S rRNA gene amplified from total DNA isolated
from the whole-body homogenates of mites using universal bacterial primers (Hubert et al.
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2012; Kopecky et al. 2014; Erban et al. 2016a). A set of 110 Solitalea-like clones were
analyzed together with the reference sequences including 191 type-strains of the order
Sphingobacteriales, 27 closest sequences retrieved by BLAST search in GenBank data-
base, and 29 other strains and clones classified within the genus Solitalea in the Ribosomal
database project database. Phylogeny was inferred by Bayesian and Maximum-likelihood
analyses employing the GTR model with a proportion of invariable sites (41) and a gamma
distribution with four rate categories (+G) chosen according to the Akaike information
criterion. All Solitalea-like clones formed a new distinct cluster separated from the
neighboring clusters of the genus Solitalea and of uncultured bacteria associated with
amoebae and sweet water or soil habitats. The phylogenetic analysis did not show a close
relatedness of the three clusters, but it supported the common node shared with the other
Sphingobacteriaceae genera (Fig. 1).

Differences in Solitalea-like and Cardinium bacteria in populations of Acarus
siro

Based on the conventional PCR using taxon-specific primers the presence of Solitalea-like
and Cardinium bacteria differed in the DNA samples from A. siro populations (Table 3).
Cardinium was identified in LET population only, whereas Solitalea-like bacteria was
present in the DNA samples from all populations. The Cardinium presence was confirmed
by qPCR in all populations. The numbers of bacterial 16S rRNA copies differed among the
populations based on qPCR with universal Coml and 769R primers (K33, = 17.573,
P < 0.001) (Fig. 2a). The numbers decreased in the order from LET, LAB to ZVO. The
numbers of Cardinium and Solitalea-like bacterial 16S rRNA gene copies also differed
among populations (Fig. 2a). The Solitalea-like bacteria copy numbers differed among
populations (K, 39 = 24.881, P < 0.001) (Fig. 2a). The LET population had 10x higher
Solitalea-like copy numbers than LAB and ZVO populations. The differences in Car-
dinium copy numbers were significant among the populations (K;33 = 31.135,
P < 0.001). ZVO population had 10x and 100x higher Cardinium copy numbers than
LET and LAB populations, respectively (Fig. 2a).

Localization of Solitalea-like bacteria by FISH and detection of bacteria
in eggs using PCR in LAB population

Cells of Solitalea-like bacteria were localized inside the digestive tract (i.e., cells of colon,
diverticula, food bolus), reproductive tract and fat bodies in larvae, nymphs, males and
females (Fig. 3). In multi-infected specimens, bacteria were observed at different loca-
tions. Cardinium bacteria were detected in reproductive tissues (Fig. 3b). In A. siro eggs,
Solitalea-like bacteria were detected using the group-specific primers with the exception of
LET population, whereas Cardinium-specific primers yielded no specific amplicon
(Table 3).

The growth test
Mite growth in control (HDM) diet

Acarus siro population densities on HDMd significantly differed between ZVO and LAB
populations (T 5o = 2.85; P = 0.01). The population density of ZVO populations was
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1.4x higher compare to LAB population. The antibiotic supplemented to the diet sup-
pressed the growth of mites (ANCOVA model: Fyq ;33 = 37, P < 0.001). The population
density was influenced by antibiotic concentration (F; 4o = 33, P < 0.001), but not by
population (F; 4o = 0.82, P = 0.37) or type of antibiotic (F 4, = 1.64, P = 0.20).
However, the interaction of antibiotic concentration with population had a significant effect
(F4,139 = 2.48, P < 0.05). The effect of antibiotics on A. siro population density is shown
in Fig. 4. ECs, indicated that the LAB population was more susceptible to both antibiotics

< Saprospiraceae

‘ Chitinophagaceae

% Cyclobacteriaceae

HM153810 Fodinibius salinus (T)

EF988655 Gracilimonas tropica (T)

Balneola

{I Rhodothermaceae

—— KC331382 uncultured bacterium

—— AB630803 uncultured bacterium

100/87
Solitalea
] 100/100

A. siro and T. putrescentiae clones

uncult. bacteria from other studies

(associated to amoebae, sweetwater, and soil
Sphingobacteriaceae

0.3 100/96

Fig. 1 Phylogenetic analysis of Solitalea-like clones from Acarus siro and Tyrophagus putrescentiae.
Phylogeny was inferred by Bayesian analysis employing the GTR model with a proportion of invariable
sites (+1) and a gamma distribution with four rate categories (+G). The initial alignment consisted of 110
nearly full-length sequences of the 16S rRNA gene from this study, 20 sequences from Hubert et al. (2012)
and 247 reference sequences including 191 type-strains representing the order Sphingobacteriales, 27
closest sequences retrieved by BLAST search in the GenBank database, and 29 other sequences classified in
the genus Solitalea in the Ribosomal database project database. Branch lengths correspond to mean
posterior estimates of evolutionary distances (scale bar 0.3). Branch labels indicate the Bayesian posterior
probability and supporting bootstrap value from maximum-likelihood analysis. The phylogram was rooted
using Cytophaga fermentans sequence M58766 as an outgroup
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Table 3 Presence or absence of amplicons of bacterial 16S rRNA generated with universal and taxon-
specific primers in different populations of Acarus siro

Population Source Bacteria Cardinium Solitalea Wolbachia Bartonella
LAB Adults/juveniles + - + - +
Eggs + - + - -
ZVO Adults/juveniles + - + - +
Eggs + - + = =
LET Adults/juveniles + + + - -
Eggs + - - - -

LAB laboratory, ZVO Zvoleneves, LET lettuce

+ presence, — absence

than ZVO (Fig. 4b). ECs5q was found 13x and 40x higher in ZVO-Tet-Tre and ZVO-Rif-
Tre than in LAB-Tet-Tre and LAB-Rif-Tre populations, respectively.

Effect of antibiotic pretreatment on the mite growth on the control (HDMd) diet

Pretreatment by antibiotics (5 mg g’l) significantly influenced the population growth of
mites on the HDMd of LAB and ZVO populations (F, 3, = 15.489 and F, 3, = 26.844,
both P < 0.001) (Fig. 2b). In the LAB population, rifampicin pretreatment (LAB-Rif-Pre)
decreased the population density to 89 % of the control (LAB-Con). In the ZVO popu-
lation, rifampicin pretreatment (ZVO-Rif-Pre) decreased the population density to 72 % of
the control (ZVO-Con).

Effect of antibiotic treatment on numbers of bacteria and Solitalea-like
bacteria

The numbers of bacteria and Solitalea-like bacteria 16S rRNA copies were compared in
the mites on control diet, treated mites by 5 mg g~ of rifampicin or tetracycline and in the
mites pretreated by 5 mg g~ of rifampicin or tetracycline. The effects of treatment and
pretreatment to the numbers of bacteria and Solitalea-like bacteria were different. The
pretreatment of mites significantly reduced the numbers of bacteria in both populations
(K464 = 35.57 and 23.92, both P < 0.001, for LAB and ZVO, respectively) (Fig. 2b).
However, no effect of antibiotic treatment and pretreatment was observed on Solitalea-like
bacteria in both populations (K4, = 3.896, P = 0.44 and K4,, = 7.225, P = 0.12, for
LAB and ZVO, respectively) (Fig. 2b).

Discussion

Solitalea-like bacteria in astigmatid mites

Among the neighboring Solitalea taxa, according to our phylogenetic analysis (Fig. 1), the
known Solitalea species S. koreenis and S. canadensis are considered free-living bacteria

with representatives isolated from the soil (Weon et al. 2009). Solitalea has an ability to
hydrolyze gelatin, starch and maltose (Weon et al. 2009; Liu et al. 2016). Members of
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Fig. 2 The quantification of bacteria, Solitalea-like and Cardinium 16S rRNA copies per one mite by gPCR
in samples and the effect of antibiotic pretreatment to mite growth. The points are means, bars indicate
standard deviations and the letters indicated significant differences (P < 0.05) based Kruskal-Wallis
nonparametric test, using Dunn potshot comparison and a Bonferroni correction. a The numbers of Bacteria,
Solitalea-like and Cardinium in samples of three populations of Acarus siro; b the effect of antibiotic
pretreatment (5 mg g~ ") on the final population density of A. siro reared on HDMd; ¢ the effect of antibiotic
treatment (5 mg g~ ') and antibiotic pretreatment (5 mg g~ ") to the numbers of bacteria and Solitalea-like
bacteria in the samples of A. siro form the laboratory (LAB) and Zvoleneves (ZVO) populations. Let Lettuce
populations, Con control (HDMd diets without any antibiotics), Tet tetracycline, Rif rifampicin, Tre
treatment (antibiotic in the diet), Pre pretreatment (after antibiotic application on HDMd diet)

another Sphingobacteriaceae genus, Pedobacter, were reported to be associated with the
glassy-winged sharpshooter and bees (Mohr and Tebbe 2006; Lacava et al. 2007). Sph-
ingobacterium spp. were reported from the gut of longhorn beetles (Batocera horsfieldi)
and are suggested as symbionts and xylanase producers (Zhou et al. 2009). A hypothetical
ability of Solitalea-like bacteria to hydrolyze starch-like substrates would correspond to the
digestion of starch-type substrates in A. siro (Hubert et al. 2005; Erban et al. 2009).
Bacteria could compete for or participate in utilization of plant starch from the grain diets.
It would be supported by enzyme profiles of known Solitalea species (Weon et al. 2009;
Liu et al. 2016). The important findings of this analysis is that Solitalea-like bacteria from
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Fig. 3 Localization of Solitalea-
like bacteria in the body of
Acarus siro using fluorescent

in situ hybridization. a Single
infection by Solitalea-like
bacteria indicated by white
arrows. b Multiple infection by
Solitalea-like (green color, white
arrows)/Cardinium bacteria (red
color, black arrows). The
Solitalea-like probe is CyS5,
whereas Cy3 was a probe for
Cardinium. ¢ colon, fb food
bolus, ov ovipositor, pc
postcolon, pd diverticula

two populations of A. siro and two populations of T. putrescentiae are closely related
forming a cluster separated from other Sphingobacteriaceae genera. However for verifi-
cation, future isolation and genome characterization of the Solitalea-like bacteria would be
necessary.

Both Solitalea-like and Cardinium bacteria co-occur in mite populations

The present study has demonstrated the co-occurrence of Solitalea-like and Cardinium
bacteria in all investigated populations of A. siro at the population and individual levels.
At the population level, the numbers of Solitalea-like bacteria are much higher than those
of Cardinium. Since Solitalea-like bacteria appear as new symbionts, to our knowledge,
no information is available about the co-infection of these bacteria. Co-infection has
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Fig. 4 The effect of addition of the antibiotics tetracycline (Tet) or rifampicin (Rif) to HDMd on the final
population size (N) of Acarus siro. The regression models described the interaction between
In(x + 1 x 1077) transformed antibiotic concentration and population density (a). Fitted values of ECs
of antibiotic concentration reduced the final population density by 50 % compared to the control (b). LAB
laboratory, ZVO Zvoleneves, LET Lettuce populations, Con control (HDMd diets without any antibiotics)

been reported for Cardinium and Wolbachia (Weeks et al. 2003; Zchori-Fein and Perl-
man 2004; Gotoh et al. 2007; Duron et al. 2008). For example, a Tetranychus phaselus
spider mite population was simultaneously infected by Cardinium and two distinct lin-
eages of Wolbachia (Zhao et al. 2013). In some cases of multi-infested mites, only one
symbiont is present in the eggs and is vertically transmitted. Both Wolbachia and Car-
dinium were found in the predatory mite Metaseiulus occidentalis, whereas in the eggs,
only Cardinium were detected (Wu and Hoy 2012b). Here we found 100x lower num-
bers of Cardinium than of members of the Solitalea-like group in A. siro. In addition, we
did not detect Cardinium in the eggs by taxon-specific primers, whereas Solitalea-like
bacteria were present in the eggs. It means that Cardinium were rare in bodies of A. siro
and under the detection limits in the mite bodies and eggs by conventional PCR. An
alternative explanation of the absence in eggs might be that Cardinium were not verti-
cally transmitted in A. siro populations used in the study. A further study employing high
numbers of individuals would be necessary to solve the question regarding the vertical
transmission.

Changes in symbiotic bacterial populations during long-term growth
in the rearing facility

Our data indicated the disappearance of Cardinium infection in the laboratory strain of A.
siro and replacement by Solitalea-like bacteria during a long-term cultivation lasting for
several years in the rearing facility. An investigation of the LAB population in 2010
indicated the presence of both Cardinium and Solitalea-like bacteria in that population
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(Kopecky et al. 2014). However, a more recent study of the same population in 2012
showed Solitalea-like and Bartonella-like bacteria predominating, whereas Cardinum was
represented only by one sequence in a subsample dataset (Hubert et al. 2016). Later, in
2014, almost complete replacement of Cardinium by Solitalea-like bacteria was observed
in this study. In summary, these results suggest that during 4 years of observation within
one laboratory-reared population, Cardinium were replaced by another group of Solitalea-
like bacteria. Further experiments are necessary to address such symbiont replacements in
mites, and the physiological studies should uncover whether and how such replacements
may or may not be beneficial for the host.

Localization of Solitalea-like and Cardinium bacteria

Based on the FISH localization, Solitalea-like bacteria were present in the digestive tract,
reproductive organs and fat bodies. Such distribution is similar to the known distribution of
Cardinium in Brevipalpus mites (Kitajima et al. 2007). We also found Solitalea-like
bacteria in both sexes and all developmental stages. The presence of bacteria in the eggs
provided the first evidence that these bacteria were vertically transmitted. The eggs were
surface cleaned by bleaching a method recommended for symbiont detection in eggs by
PCR (Wu and Hoy 2012b). The localization of Solitalea-like infection in reproductive
organs, where the infection is transferred to the offspring and the presence of it in the eggs
confirms transovarial transmission and rules out external contamination or horizontal
transmission. Here we found Solitalea-like bacteria inside the gut, but also in the internal
organs. Previously, it was found that Candidatus Erwinia dacicola resided intracellularly in
the gastric ceca of the larval midgut but extracellularly in the lumen of the foregut and
ovipositor diverticulum of adult olive flies (Bactrocera oleae) (Estes et al. 2009). Our
results indicated that such distribution is also possible for Solitalea-like bacteria.

In specimens of A. siro with multiple infections of Solitalea-like bacteria and Car-
dinium, we observed a spatial separation of bacteria in their bodies. However, in some
individuals, multiple infections were detected in reproductive organs. The reproductive
organs are the source of the vertical transfer of bacteria, which is known to be the case for
Cardinium (Ros et al. 2012).

Antibiotic treatment did not eliminate Solitalea-like bacteria

Antibiotic treatment is suggested as a useful tool for elimination of parasitic bacteria in
mites and observation of cytoplasmic incompatibility, for instance, in Tetranychus urticae
and T. turkestani (Breeuwer 1997). For example, tetracycline treatment eliminated Wol-
bachia and Cardinium in Neoseiulus paspalivorus females (Sourassou et al. 2014) and
penicillin-cured females of Eotetranychus suginamensis were free of Cardinium (Gotoh
et al. 2007). Tetracycline eliminated Cardinium in Brevipalpus phoenicis (Groot and
Breeuwer 2006) and Tetranychus pierce (Zhu et al. 2012). Antibiotics added to the diet of
Pieris rapae larvae (Lepidoptera) were used to detect previously unobserved bacterial
species after perturbation of the gut bacterial community (Robinson et al. 2010). The dose
5 mg g~ of tetracycline and rifampicin in the diet did not eliminate Solitalea-like bacteria
in A. siro. Similar results were reported previsouly, when we found that Solitalea-like
bacteria were still present in the clones of bacteria from A. siro after neomycin and
streptomycin treatments (1 mg g~ ') of A. siro (Kopecky et al. 2014). Here, we found that
in antibiotic pretreated A. siro the total number of bacteria is 10x lower than on control
diet. It means that the relative proportion of Solitalea-like bacteria is increasing in A. siro
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bacteriome after antibiotic treatment. We also observed different responses in terms of
population growth suppression between populations and antibiotics. The fitted values of
antibiotic concertation for 50 % suppression of the population growth of mites were at
least 5x lower for ZVO population than that of LAB population. We observed 1.4 x higher
population growth, suggested as an indirect estimator of fitness (Erban and Hubert 2008),
of ZVO population than of LAB population. The pretreatment of mites by rifampicin and
tetracycline (5 mg g~ ') did not increase fitness, contrary to the previously observed effect
of streptomycin and neomycin (10 mg g~") (Kopecky et al. 2014). Moreover, the pre-
treatment by rifampicin resulted in the decrease of population fitness in comparison to
tetracycline pretreatment and the control situation in both A. siro populations. It seemed
likely that rifampicin eliminated some beneficial symbionts in A. siro, whereas neomycin
and streptomycin suppressed parasitic or pathogenic bacteria. ZVO population was found
to have higher fitness, higher sensitivity to antibiotics and higher numbers of Solitalea-like
bacteria. With respect to the higher effect of antibiotics on Solitalea-like bacterial numbers
and fitness decrease, the suggestion is that the Solitalea-like group might be more
important in the ZVO than in the LAB A. siro population.
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