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Abstract

The two spotted spider mite, Tetranychus urticae Koch L. (Acari: Tetranychidae), is a plant

pest that can lead to severe economic losses in open field cucumber cultivation. Between

2017 and 2019 we studied the abundance of spider mites in the soil to estimate the potential

infestation pressure of soil colonizing spider mites. The spider mites were heterogeneously

distributed in small concentrations in the soil. Soil colonizing spider mites did not affect spi-

der mite abundance on plants and reversed. We observed that spider mite migration

occurred primarily from the edge of the field adjacent to the weed strip. In 2020 and 2021,

we investigated the efficacy of the predatory mite Neoseiulus californicus (McGregor) for

suppressing spider mite hotspots in the cropland. We compared untreated spider mite hot-

spots with N. californicus treated hotspots and showed that a single release of predatory

mites could result in a high level of control when spider mite infestation density was initially

high. With this study, soil can be ruled out as a habitat for spider mites, and attention to spi-

der mite pest control can be directed to plant infestations. The highly sensitive HRM real-

time PCR assay was used for the quantification of the spider mites.

Introduction

The Two-Spotted spider mite, Tetranychus urticae Koch, (Acari: Tetranychidae), is a globally

distributed phytophagous and economically important pest that attack over 1,169 plant hosts,

some with economic importance. Wheat, peanut, cotton and ornamentals, as well as vegetables

such as pepper, tomato and cucumber are infested by spider mites [1–4].

Cucumbers (Cucumis sativus L.) are often exposed to a serious infestation of spider mites

and could be attacked by 10 to 15 generations of this pest per year under temperate climate

conditions [5]. A single spider mite can cause a yield loss of 5.03 g per cucumber plant in a

greenhouse cultivation just in spring [6]. This enormous harmful effect can lead to high yield

losses in commercial cultivation and needs to be counteracted, especially since cucumber

ranks among one of the widely cultivated cucurbits worldwide [7].
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Citation: Kersten A-K, Büttner C, Lentzsch P (2022)

Determination of spider mite abundance in soil of

field-grown cucumbers and in plants under

predatory mite pressure in invasive infestations

using HRM real-time PCR assay. PLoS ONE 17(7):

e0270068. https://doi.org/10.1371/journal.

pone.0270068

Editor: Livia Maria Silva Ataide, Universidade

Federal de Lavras, BRAZIL

Received: January 31, 2022

Accepted: June 2, 2022

Published: July 14, 2022

Copyright: © 2022 Kersten et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

available at: https://doi.org/10.4228/zalf-6ecw-

hs10.

Funding: This research was funded by the

European agricultural fund for rural development

(EAFRD) (project number 204016000007/

80168354). The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

https://orcid.org/0000-0002-8820-7203
https://doi.org/10.1371/journal.pone.0270068
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0270068&domain=pdf&date_stamp=2022-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0270068&domain=pdf&date_stamp=2022-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0270068&domain=pdf&date_stamp=2022-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0270068&domain=pdf&date_stamp=2022-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0270068&domain=pdf&date_stamp=2022-07-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0270068&domain=pdf&date_stamp=2022-07-14
https://doi.org/10.1371/journal.pone.0270068
https://doi.org/10.1371/journal.pone.0270068
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4228/zalf-6ecw-hs10
https://doi.org/10.4228/zalf-6ecw-hs10


The use of acaricides and insecticides is currently the most common control method of T.

urticae and related Tetranychus species [8]. However, a problem in effective spider mite con-

trol is the long-term use of those chemical agents and the rapid development of resistance due

to the high reproduction rate and short generation time of spider mites. Furthermore, modern

agriculture with monoculture and the use of pesticides eliminates natural coexistence with

predators and creates conditions favorable for spider mites to grow in high density [9]. Preda-

tory mite release of the family Phytoseiidae is a well-known control agent of T. urticae for

greenhouse cultivation [10, 11] but has not been well documented in the field. The control effi-

ciency of these commercially used predatory mites decreases under dry and hot conditions

while these increasingly common conditions lead to an explosive proliferation and spread of

spider mites, which have a development period of 10.26 days on cucumbers at 35˚C under lab-

oratory conditions [5]. The predatory mite Neoseiulus californicus (McGregor) has been

proven to be more resilient to variable temperatures and humidity, as well as prey deficiency,

than the commonly used Phytoseiulus persimilis Athias-Henriot [12–14]. Biological control

agents such as the application of predatory mites are popular, but curative releases of predatory

mites like N. californicus every two to four weeks as recommended is approximately five times

the cost of the chemical alternative [15, 16]. Targeted and localized release of predatory mites

could be a more cost-effective application method.

T. urticae infests new host plants by crawling or wind assisted when the quality of the host

declines due to mite-induced injuries, plant senescence, or harvest [17, 18]. Therefore, T. urticae
exploits diverse habitats throughout the year [18, 19]. Knowing the different habitats or potential

sources of spider mites is mandatory for spider mite management and for the targeted use of con-

trol agents. Previous studies showed that weeds, litter, clods of soil, cracks in trees and barks, or

plant debris serve as (overwintering) shelters for spider mites [19, 20] and that spider mites prefer

dark shelters for overwintering [21]. Moreover, it is well studied that spider mites migrate mainly

from the surrounding weed edges into the cropland [17]. Studies on the soil as potential shelter

and source of spider mite infestation in open field cucumber cultivation are lacking.

The aim of our study was to gain knowledge about the abundance of Tetranychus spider

mites in the soil of cucumber cultivation in order to assess the soil as a potential habitat by spi-

der mites. The goal was to understand the importance of soil as a source of spider mite infesta-

tion in cucumber production and to determine how intensive soil needs to be involved in

control strategies, especially in invasive infestations. In addition, we considered the effect of a

targeted one-time release of N. califonicus in spider mite hotspots, thus limiting the application

of predators to a small area and reducing costs. The study emphasized practical relevance in

order to be able to apply the knowledge gained and strategies developed here.

Materials and methods

Open field plot design

The trial plots were integrated into commercially farmed open field cucumber cropland

located in the Spreewald region, in eastern Germany. A total of 12 different cultivation areas

with the same subsoil irrigation and fertilization were analysed between 2017 and 2021 (differ-

ent plots were analysed each year; no duplication of trial plots). The defined trial plots were

500 m long and 30 m wide with 17 to 19 rows of cucumber plants of the cultivars ‘Liszt‘ or ‘Pla-

tina‘ (Fig 1). Two trial plots were always placed side by side and combined to one plot, result-

ing in an analysed area of 30,000 m2. Due to the harvesting method of cucumbers, there was a

2.5 m wide rut for the harvester between the two trial plots. Distances between plants (30 cm)

and plant rows (160 cm) were standardized and adapted to the harvesters. Transects with

GPS-coded sample points were defined every 100 m in each trial plot. The sample points were

PLOS ONE Spider mite abundance in the soil and under predatory mite pressure

PLOS ONE | https://doi.org/10.1371/journal.pone.0270068 July 14, 2022 2 / 20

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0270068


placed on plant rows and maintained during growing season (Fig 1). Samples from two adja-

cent sample points were combined into one mixed sample. There were a total of eight regularly

spaced sampling points on a transect, resulting in 48 mixed soil samples on one plot.

Sampling 2017 to 2019

Three trial plots of different sites in the Spreewald region were analysed in each of the years

2017 (plot A; B; C), 2018 (plot D; E; F) and 2019 (plot G; H; I) (no duplication of the trial

plots). Soil samples were collected per sampling point to a depth of 20 cm with a core volume

of 56.55 cm3 using a drill rod (diameter 2 cm). In total 48 mixed samples of soil were analysed

per plot (Fig 1, brown dots). Soil samples were collected before planting the cucumbers

(April), during the main harvest (end of July) and after the end of the harvest (September)

each year. In 2018, additional sampling of soil and foliage (was conducted at plot D (over a 30

m width)) at 24 sample points in mid-June. Three to Five leaves and two soil samples were col-

lected at one sampling point and merged together for analysis. Leaves of approximately the

same age and 30 cm from the shoot tip were taken to ensure that the leaves were sampled as

homogeneously as possible at the various sampling sites. Due to severe leaf damage caused by

pest infestation, the collected leaves weighed approximately 2 g at a size of 10x10 cm. The

degree of spider mite density was measured in spider mite number/ g leaf by HRM (high-reso-

lution melt analysis) real-time PCR. All samples were sterile packed, transported refrigerated

and stored at 4˚C (soil) or -20˚C (foliage) until further analysis after 10 to 20 days.

Sampling of spider mite hotspots and predatory mite release in 2020 and

2021

Visually detectable spider mite hotspots occurred within the trial plots (Fig 2) at different sites

during the main cucumber harvest in the years 2020 (plot J; K) and 2021 (plot L) (no duplica-

tion of trial plots between the trial years).

Fig 1. Schematic design of an exemplary trial plot. A total of nine trial plots of different sites in the Spreewald region

were analysed in 2017, 2018 and 2019. All trial plots were analysed according to the sampling design shown here. Trial

plot dimensions were 500 m long and 30 m wide with 17 to 19 rows of planted cucumbers (green dotted line) included.

Transects with GPS-coded sample points (brown dots) were established every 100 m.

https://doi.org/10.1371/journal.pone.0270068.g001
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A hotspot showed a clearly visible characteristic damage pattern by spider mites such as

punctuate brightening on the leaves on 80% of the plants. Two spider mite hotspots were

selected per trial plot, each with an approximate diameter of 6 m and a minimum spacing of

10 m apart. One of the two hotspots per trial plot served as untreated control (- predatory

mites), whereas the second was treated with predatory mites (N. californicus (Acari: Phytoseii-

dae)) (+ predatory mites) (Katz Biotech AG, Baruth/Mark, Germany). The control hotspots (-

predatory mites) were therefore also colonized with spider mites and represented the natural

infestation process without countermeasures. Thus, spider mite dynamics could be compared

in a total of three control (- predatory mites) and three treated hotspots (+ predatory mites).

Randomly collected soil (4 to 8 samples, each 56.55 cm3) and foliage samples (8 to 12 leaves

per hotspot, approximately 2 g each) were analysed weekly per hotspot for three weeks in late

July to early August (first sampling date: T0; second sampling date: T1; third sampling date:

T2). The samples collected at time T0 were used to determine the initial spider mite density.

Samples taken at T1 and T2 were used to determine spider mite dynamics and to measure a

potential predatory mite effect. The predatory mite release occurred once between T0 and T1

in the “treated”hotspots (+ predatory mites) in 2020 and 2021. Approximately 10,000 preda-

tory mites were distributed as leaf material in a hotspot (+ predatory mites). According to the

supplier, the commercially available leaf material includes predatory mites of all life stages

(adult females ready to oviposit, nymphs, and eggs), and in case of infestation, up to 5 to 10

predatory mites/ m2 should be applied. This research on spider mite control by predatory

mites should be close to practical application and not be limited to laboratory conditions.

Therefore, spider mites detected were naturally occurring and not artificially exposed spider

mites. The degree of spider mite density was measured in spider mite number/ g leaf by real-

time PCR. All samples were sterile packed, transported refrigerated and stored at 4˚C (soil) or

-20˚C (foliage) until further analysis after 10 to 20 days.

Fig 2. Schematic representation of spider mite hotspots in a trial plot. Visually detectable spider mite hotspots were

analysed 2020 and 2021. Two spider mite hotspots were sampled per trial plot. One hotspot was treated with predatory

mites (Neoseiulus californicus (Acari: Phytoseiidae) (McGregor)) (+ predatory mites), the second remained untreated

and served as a control (- predatory mites). Hotspots had a minimum spacing of 10 m and a diameter of approximately

6 m. Crosses indicate sampling points for soil and foliage.

https://doi.org/10.1371/journal.pone.0270068.g002
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DNA extraction

Spider mite abundance was determined via extraction of total DNA from collected samples

(leaves or soil) followed by specific HRM real-time PCR. Two pooled soil samples were thor-

oughly mixed. Total DNA was extracted from 500 mg ± 1 mg soil using the NucleoSpin1 Soil

Kit (Macherey-Nagel GmbH and Co. KG, Düren, Germany; User’s Manual May 2016, Rev.

06) according to the manufacturer’s instructions. Soil samples for analysis were treated with

FastPrep1-24 (M.P. Biomedicals, CA, USA) at 5 m/ s for 30 sec for mechanical lysis. Random-

ized parts of the collected leaves (3 to 5 leaves) from one sampling point were pooled and

ground with 90 mg fine-grained silica sand in a mortar before DNA extraction. 400 to 700 mg

of this homogenate were used for DNA extraction and therefore incubated in lysis buffer

(Macherey-Nagel GmbH and Co. KG, Düren, Germany) at 22˚C for 90 min in a rotary shaker

(Enviro-Genie, Scientific Industries, Inc., NY, USA) and DNA was finally extracted according

to the standard protocol of NucleoSpin1 Soil Kit. Total amounts of purified DNA were

assessed using NanoDrop ND-1000 (Kisker Biotech GmbH and Co. KG, Steinfurt, Germany)

and stored at 4˚C until further analysis.

HRM real-time PCR assay

The T. urticae real-time PCR assay according to Li et al. (2015) [22] was conducted in a modi-

fied form using Quantstudio 12K Flex Real-Time-PCR-System (ThermoFisher Scientific, MA,

USA). The specific primer Turti_1F: 50-GTTTTACACTTCTTCGCCTAA-30 (forward primer)

and Turti-1R: 50-CACCGCTTGAAGATGTATCT-30 (reverse primer) are focused on the ITS1

region, with single nucleotide polymorphisms and indels present in non-targeted Tetranychus
spp. sequences in the forward primer. Li et al. (2015) note that their probe real-time PCR assay

is highly specific for T. urticae and is unlikely to be false positive in other unrelated species

[22]. PCR reaction of 20 μL volume contained 4 μL 5x HOT FIREPol1 EvaGreen1HRM

Mix (solis Biodyne, Tartu, Estonia), 300 nM of each primer, and 1 μl DNA extracted from the

sample. The cycling conditions include preincubation at 95˚C for 15 min and an amplification

program of 45 cycles as follows: denaturation 95˚C, 15 s; annealing/ extension at 60˚C for 20 s

and finally high-resolution melt analysis (HRM) at 95˚C for 15 s, 60˚C for 60 s and 95˚C for 15

s. The HRM real-time PCR method allows differentiation of genotypes [23]. The standard

curve was carried along with each PCR run and based on extracted DNA from counted spider

mites (T. urticae, Katz Biotech AG, Baruth/ Mark, Germany) in twofold execution. Based on

the PCR run design, eight no template controls (NTC) were included in each PCR run to

exclude DNA contamination in the PCR reagents and primer dimers (single measurement).

The analysed melting curves did not show shoulder peaks or extra peaks, so that non-specific

amplification reactions could be excluded. Furthermore, DNA samples with a known number

of T. urticae specimens were carried in varying dilutions, which served as reference points.

Fluorescence intensity over time was determined using the Ct value with QuantStudioTM 12K

Flex Software v1.2. The standard curve of the logarithmic quantity was plotted against the cor-

responding Ct value to quantify the spider mites in the samples. Results were calculated in spi-

der mite number/ g sample. All samples were tested in duplicate under the conditions of HRM

real-time PCR assay.

Statistical analysis was completed with GraphPad Prism 8 Version 8.3.0 (538) (GraphPad

Software, San Diego, CA, USA) based on Analysis of Variance (ANOVA) and linear regres-

sion. ANOVA was performed with not significant (ns) p> 0.05, and significant correlations at
� p� 0.05, �� p� 0.01, ���� p� 0.0001. Normal distribution was verified by Quantile-Quan-

tile-Plot. Linear regression analysis was performed after outliers were removed to determine if
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the initial spider mite concentration in the hotspot influenced the further development of spi-

der mite abundance during the measurement period.

HRM real-time PCR assay sensitivity and specificity

The HRM real-time PCR assay in this study was modified from Li et al. (2015) [22] without

probes, therefore species specificity of the assay was tested in silico. DNA sequences of Tetrany-
chus species listed in S4 Table from the GeneBank database were compared in silico [22, 24–

33]. Unreliable sequences were excluded. The ITS1 sequences of the species T. collyerae, T.

desertorum, T. evansi, T. ezoensis, T. kanzawai, T. lambi, T. ludeni, T. macfarlanei, T. mergan-
ser, T. misumaiensis, T. neocaledonicus, T. okinawnus, T. pacificus, T. parakanzawai, T. phase-
lus, T. piercei, T. pueraicola, T. takafujii, T. truncatus, and T. turkestani were analyzed. Primer

alignment (primer BLAST) was used to determine the in silico resulting amplicons ranging

from 138 to 155 bp in length. The multiple alignment program MAFFT and MUSCLE were

used to identify indeels and SNPs in these amplicons. Melting profiles of the amplicon

sequences of the Tetranychus species were determined via the software uMELT Quartz (Reac-

tion conditions: free [Mg++]: 2.5 mM, [Mono+]: 20 mM, DMSO: 0%, Resolution: 0. 25˚C)

and uAnalyzesm (Reaction conditions: free [Mg++]: 2.5 mM, [Mono+]: 20 mM, DMSO: 0%)

and compared with the melting curve of T. urticae (Reference from GenBank accession num-

ber HM565874).

PCR sensitivity for target DNA detection was determined using a dilution series (up to

10−4) of extracted DNA from counted spider mites. Extracted DNA from a known number of

spider mites was tested and detected against the dilution series.

Furthermore, it was important to test the PCR assay for possible inhibition by humic sub-

stances contained in the DNA samples obtained from soil and plant material. Even small

amounts of these potent inhibitors can lead to complete failure of enzymatic reaction. DNA

isolation in this study was performed using the NucleoSpin1 Soil kit (Macherey-Nagel), spe-

cifically designed for soil and environmental samples to minimize humic substances. The kit

manufacturer guarantees the complete removal of humic substances and other PCR inhibitors

typically found in soil and sediment samples (as confirmed in our laboratory) (User’s Manual

May 2016, Rev. 06). Nevertheless, aliquoted samples in which no fluorescent signal was

detected were spiked with a known concentration of standard T. urticae DNA and analyzed by

Ct value comparison to the standard. This procedure was performed with DNA extracted

from plant material and soil samples.

Results

Performance, specificity and sensitivity of the HRM real-time PCR assay

The standard series was prepared using extracted DNA from T. urticae. T. urticae was deter-

mined securely by the distributor (Katz Biotech AG, Baruth/Mark, Germany). There was no

possibility to obtain other Tetranychus species, so alignment analyses were done in silico.

Alignment comparisons of the entire sequence from forward to reverse primer of Tetranychus
species showed that SNPs and indels are present in the amplicons. In the forward primer

region, all Tetranychus species have SNPs, indels, or mismatches divergent from T. urticae (Fig

3). The species T. truncatus, T. parakanzawai, T. kanzawai, and T. ezoensis have two SNPs in

the forward primer region. The two species T. piercei and T. phaselus each have one SNPs and

one indel, but more than four mismatches in the forward primer region. T. turkestani and T.

pueraicola each have a mismatch at the crucial 30-end of the forward primer. The species T.

evansi, T. takafujii, T. ludeni, T. lambi, T. merganser, T. misumaiensis, T. neocaledonicus, T.

pacificus, T. collyerae, T. okinawanus, and T. desertorum have more substantial mismatches
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(� 4), especially at the 5’-end of the forward primer (Fig 3). Just the two species T. evansi and

T. merganser each have a SNP in the region of the reverse primer.

In our experimental analyses, we determined a melting temperature (Tm) of 79.24˚C for T.

urtic. The melting curve for T. urticae showed only a single, narrow peak, with no shoulder or

extra melting peaks. This is also shown by the in silico melt profiles for T. urticae and other

related species (S1 Fig). Melting curve shifts due to sequence variation excluded therefore

Fig 3. Alignment of partial amplicon sequence from ITS1 sequence of Tetranychus species. Color-coded bases

indicate sequence similarity between amplicons. Bases without color or dashed lines indicate mismatches between

sequences.

https://doi.org/10.1371/journal.pone.0270068.g003
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about 5 to 6% of DNA-samples. Such cases occurred only in soil, not in leaf samples. These

samples were not considered further and were rejected.

The in silico melt profiles of the very closely related Tetranychus species differ from the melt

profile of T. urticae in varying degrees of distinctness. A manual analysis of all samples compared

to the standard is therefore necessary. The similarity of the melting profiles increases, the closer

the degree of relationship of the species is, and thus the similarity of the amplicon sequences

increases. Melting temperatures at the maximum fluorescence signal of the HRM real-time PCR

(in silico) are listed in S5 Table. The individual melting profiles (in silico) of the most closely

related Tetranychus species (T. turkestani, T. truncatus, T. pueraicola, T. parakanzwai, T. kanza-
wai, T. ezoensis) compared to T. urticae are shown in S1 Fig. The melting profiles often have the

same melting temperature but a different maximum fluorescence signal.

PCR sensitivity for target DNA detection was determined using a dilution series of

extracted DNA from counted spider mites. Dilution was up to 10−4 resulting in a sensitivity of

0.0077 spider mites/ g soil at a Ct > 40 cycles. The amplification efficiency is> 98% with a

strong correlation coefficient (r2 = 0.99). Extracted DNA from a known number of spider

mites was tested and detected against the dilution series (data not shown), providing experi-

mental consistence.

During an overwintering analysis of spider mites in the soil, a large number of samples was

noted in which the target DNA could not be amplified, so inhibition of PCR was suspected.

For this reason, aliquoted samples in which no fluorescent signal was detected were spiked

with a known concentration of standard T. urticae DNA and were analyzed. This procedure

was performed with DNA extracted from plant material and soil samples. The T. urticae spiked

plant material samples revealed a Ct value of 24.65 ±0.25 (n = 5), and the corresponding stan-

dard showed a Ct value of 24.52 ± 0.07. No inhibition occurred in the extracted DNA samples

obtained from plant material of cucumber. The soil samples were spiked with a lower concen-

tration of the standard DNA and had an average Ct value of 36.15 ±0.61 (n = 4), whereas the

Ct value of the corresponding standard was 34.5 ±0.78, which is in the tolerable range with a

deviation of 4.7%.

Spider mite abundance in the soil 2017 to 2019

It was observed that spider mites were distributed very heterogeneously and occurred in hot-

spots within and between the trial plots (Fig 4). Fig 4 shows the seasonal abundance of spider

mites in the soil. A plotted point in Fig 4 includes the mean of a sample transect of a trial plot

consisting of eight mixed sample points (= 16 individual values). Spider mites could be

detected in the soil in varying concentrations up to 11.48 spider mite number/ 100 g soil (Fig

4, highest average value of a transect in plot C). The average value of spider mite abundance

per plot did not exceed 0.002 spider mites per 100 g of soil in three of nine plots examined (Fig

4, plot E; G; I) at any time. In the remaining six plots, the highest average value per plot was

1.592 spider mite number/ 100 g soil in plot A (September), 0.043 spider mite number/ 100 g

soil plot B (September), 4.11 number/ 100 g soil in plot C (July), 0.0166 spider mite number/

100 g soil in plot D (July), 0.0185 spider mite number/ 100 g soil in plot F (September) and

0.026 spider mite number/ 100 g soil in plot H (September). Thus, the most spider mites

occurrence were measured in 2017, and the fewest in 2019. A seasonal increase in spider mite

abundance was observed at all plots with the highest concentration in July (Fig 4, plots C; D;

E) or twice as often in September (Fig 4, plots A; B; F; G; H; I). In April, without plants growing

on the fields, spider mite infestations always averaged less than 0.001 spider mites per 100 g of

soil, except for 2019 (Fig 4, plot H). If the maximum of spider mites was already reached in

July, a distinct decrease of spider mites was registered in September.
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Fig 4. Spider mite abundance in the soil of cucumber plots measured 2017 to 2019. Three different open field cucumber plots

were investigated per year: A-C 2017; D-F 2018; G-I 2019. Sampling always took place in April, July, and September. Spider mites

were detected by HRM real-time PCR (spider mite number/ 100 g sample). A plotted point includes the mean of a sample transect

of a trial plot consisting of eight mixed sample points (= 16 individual values). The seasonal development of the spider mite

occurrence in the cucumber field is illustrated by a dotted line. The solid lines represent the mean values of all transects at the

measurement times.

https://doi.org/10.1371/journal.pone.0270068.g004
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Spider mite abundance in the phyllosphere vs soil

In 2018, additional sampling of soil and foliage was conducted at plot D in mid-June. The pur-

pose was to determine spider mite infestations in the phyllosphere and soil and the relation-

ship between them. High spider mite infestations on leaves compared to very low occurrences

in the soil at the same sample point were distinct (Fig 5). Therefore, the colonization of leaves

and soil with spider mites appears to be independent of each other. High spider mite abun-

dance on leaves was recorded significantly more often on plot edges adjacent to the weed strip

with highest value of 4,799.9 spider mite number/ 100 g leaves (transect 4, row 1). A increased

spider mite occurrence on the leaves (7.71 spider mite number/ 100 g sample) was recorded at

one sample point in the middle of the field (transect 3, row 9). Only one spider mite accumula-

tion with 15.22 spider mite number/ 100 g sample was detected in the soil (transect 2, row 1)

compared to spider mite abundance on leaves at the same sampling point with 1.12 spider

mite number/ 100 g sample.

Effect of predatory mites on spider mites in field-grown cucumbers

High spider mite growth dynamics and heterogeneity were observed on leaves and soil in the

hotspots of all three plots during the measurement period (Fig 6). The leaves were 1,000 times

more infested with spider mites compared to the soil.

In 2020, plots J and K differed significantly in the severity of their initial spider mite coloni-

zation on the leaves (0.358 and 29.258 spider mite number/ g sample), allowing the effect of

predatory mite application to be estimated under different starting conditions. The control

hotspots had initial spider mite concentrations of 27.026 (plot J) and 50.223 spider mite num-

ber/ g leaf (plot K). The peak spider mite densities on the leaves and in the soil were reached

mostly in the second week of the measurement (T1) (Fig 6, plots J; K). Thereafter, spider mite

occurrence on leaves and in the soil decreased considerably in both the controls and the hot-

spots with predatory mite application. Thus, similar spider mite abundance dynamics could be

seen on the leaves and in the soil in all hotspots (except for plot K, predatory mites; with a gen-

erally very low spider mite abundance in the soil). The hotspots with predatory mite applica-

tion exhibited the lowest spider mite occurrences (plot J (T2) 0.038 and plot K (T2) 0.307

spider mite number/ g sample) compared to the control (plot J (T2) 0.231 and plot K (T2)

8.470 spider mite number/ g sample) at the end of the measurements (T2).

In 2021, the maximum spider mite density was measured at the beginning of the analysis in

the control (on leaves 73.282 spider mite number/ g; in soil 0.090 spider mite number/ g) and

the hotspot with N. californicus release (on leaves 170.135 spider mite number/ g; in soil 0.008

Fig 5. Spider mite abundance in the phyllosphere and soil of an open field cucumber cultivation. Plot dimensions

were 500 m long and 30 m wide included 19 plants rows and 6 transects. Three to five leaves and two soil samples were

collected at one sampling point and merged together for analysis. Quantification of spider mites in the samples was

conducted by HRM real-time PCR (spider mite number/ 100 g sample). The spider mite number/ 100 g sample

increases from green to red. Spider mite colonization of the crop is highest at the field edge adjacent to the weed strip.

The spider mite colonization of soil and phyllosphere do not influence each other.

https://doi.org/10.1371/journal.pone.0270068.g005
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Fig 6. Effect of predatory mites on spider mite hotspots in cucumber cultivation in 2020 and 2021. Soil and leaf

samples from spider mite hotspots located in cucumber fields were analysed weekly for three weeks during main

cucumber harvest (first sampling time: T0; second sampling time: T1; third sampling time: T2). Untreated control

spider mite hotspots (- predatory mites) were compared with hotspots where predatory mites were released

(+ predatory mites). Predatory mites (N. californicus) were applied between T0 and T1. The control hotspots

(-predatory mites) were therefore also colonized with spider mites and represented the natural infestation process

without countermeasures. Predatory mites show a reducing effect on spider mites in the hotspot only when the initial

level of spider mite colonization is high. Spider mites were detected by HRM real-time PCR. ANOVA was performed

with not significant (ns) p> 0.05, and significant correlations at � p� 0.05, �� p� 0.01, ���� p� 0.0001. Shown are
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spider mite number/ g) (Fig 6, plot L). The hotspot with predatory mite release showed a sig-

nificantly greater spider mite decrease than the control at measurement times T1 and T2.

There, the average of 170.135 detectable spider mite number/ g leaf at T0 reduced to approxi-

mately 0.090 spider mite number/ g leaf at T2, a reduction of almost 100%. In comparison, spi-

der mite abundance in the untreated control hotspots drops to 26.284 by time T2, a reduction

of 64.13%. The abundance of spider mites in the soil was generally low and reduced by approx-

imately half at T2 in both the control and the hotspot with predatory mite application.

Linear regression analysis of spider mites on leaves showed no correlation between the ini-

tial spider mite occurrence in the hotspot and the ongoing spider mite dynamics during the

measurement neither in the control nor in the treated hotspots (simple linear regression of

control (T0:T1): F(1, 1) = 118.0, p = 0.0584; control (T0:T2): F(1, 1) = 9.625, p = 0.9185); pred-

atory mite release (T0:T1): F(1, 1) = 5.208, p = 0.2629; predatory mite release (T0:T2) F(1, 1) =

0.08467, p = 0.8197). It was assumed that a particularly low initial spider mite concentration

would continue to increase despite the release of predatory mites (due to the migration of

predators as a result of the food deficiency).

Discussion

Real-time PCR assay

Morphological identification of tetranychid species is difficult due to limited diagnostic char-

acters, small size and large phenotypic plasticity of key characters. Morphological identifica-

tion requires expertise and rarer male individuals. However, the very closely related spider

mites T. turkestani and T. urticae, for example, cannot be distinguished based on their mor-

phology [22, 28, 34–36]. Molecular techniques such as mtDNA barcoding or ITS-RFLP were

recommended for species identification of this genus [24, 29]. These approaches involve tech-

nical effort, many handling steps, extensive library of banding patterns and are time-consum-

ing [37]. The HRM real-time PCR assay used here combines the annealing and extension steps

of the reaction, making it much faster than conventional PCR or PCR-RFLP and allowing

simultaneous analysis of a large number of samples without post-PCR processing. The real-

time PCR assay is highly specific (detects all life stages of T. urticae), allows quantification of

the spider mites and reduces the time required to approximately four hours (compared to

PCR-RFLP with 8 hours). The combination of real-time PCR assay with the HRM method

allows genotype-specific discrimination upon melting curve shift due to the intercalating fluo-

rescent dye [23]. The HRM method further refined the real-time PCR assay and enabled the

rejection of 5 to 6% false-positive samples each year via the melting curve shift.

HRM real-time PCR assay specificity

The HRM real-time PCR assay in this study was modified from Li et al. (2015) [22] without

probes, therefore species specificity of the assay was tested. The in silico mismatches, SNPs,

and indels determined in the forward primer region in the related Tetranychus species com-

pared to T. urticae suggest that successful primer annealing would occur only in T. urticae, pri-

marily because mismatches can affect annealing temperature. The probability that

amplification occurs decreases with increasing deviation from the primer sequence. In addi-

tion, it was shown by Lefever et al. (2013) [38] that at four mismatches or more in one of the

primers, PCR is completely blocked, resulting in the majority of Tetranychus species not being

the mean values with standard deviation, dots represent individual measured values. Values for ANOVA of plot J; K; L

are shown in S1–S3 Tables.

https://doi.org/10.1371/journal.pone.0270068.g006

PLOS ONE Spider mite abundance in the soil and under predatory mite pressure

PLOS ONE | https://doi.org/10.1371/journal.pone.0270068 July 14, 2022 12 / 20

https://doi.org/10.1371/journal.pone.0270068.g006
https://doi.org/10.1371/journal.pone.0270068


amplified due to the primers used here. Species that cannot be amplified include T. collyerae,
T. desertorum, T. evansi, T. lambi, T. ludeni, T. macfarlanei, T. merganser, T. misumaiensis, T.

neocaledonicus, T. okinawnus, T. pacificus, T. phaselus, T. piercei, and T. takafujii. Annealing of

the forward primer cannot be entirely excluded in very closely related species with only two

SNPs (T. parakanzawai, T. kanzawai, T. ezoensis, T. truncatus) or only one SNP at the 3’-end

(T. turkestani, T. pueraicola). However, Lefever et al. (2013) [38] also showed that especially

mismatches at the 3’-terminus of a primer (as present in all very closely related Tetranychus
species) have a severe impact on amplification due to steric hindrance, etc.. Therefore, we

assume a low probability of amplification of Tetranychus species other than T. urticae. There is

no evidence in the literature that the very closely related Tetranychus species have been

detected in Germany, even though T. turkestani and T. kanzawai have already occurred in var-

ious European countries such as Greece, France, Spain, the Netherlands, and Poland (T. puer-
aicola, T. truncatus, T. parakanzawai and T. ezoensis only in the Asian region or the USA) [4].

The occurrence of these species closely related to T. urticae cannot be excluded in field cucum-

ber cultivation in eastern Germany but seems unlikely according to current knowledge and

thus their detection by HRM real-time PCR in the present study. In addition, the individual

melting profiles of each sample were used to distinguish them. All analyzed species differed in

their amplicon sequence by at least three bases. HRM real-time PCR allows the identification

of individual SNPs. Sequence divergence of often 2 to 3% between the different Tetranychus
species amplicons and thus a change in the melting profile make a high-resolution separation

of the samples possible. Nevertheless, the method is critical in closely related species and

reaches its limits. The in silico melting profiles of the amplicons of the Tetranychus species,

which could be amplified, show a very similar shape and often the same melting temperatures

at the maximum fluorescence signal in closely related species as in T. urticae, thus confusion

could happen. If the amplicon sequences change due to additional SNPs or indels or their

omission, the melting profile would also change, which could difficult evaluation or make it

impossible to distinguish between samples, thus limiting the robustness of the method. Espe-

cially the species T. turkestani, T. truncatus, T. pueraicola, T. parakanzawai, T. kanzawai and

T. ezoensis show a high degree of melt profile similarity with T. urticae. In silico, the melting

profiles of the related species often showed the same Tm but different fluorescence signals. In

practice, however, a weaker fluorescence signal may also indicate inhibitors or samples with

low expression levels. A verified T. urticae standard must be carried at each HRM real-time

PCR. Verification of primer annealing and possible amplification in combination with melt

profile analysis must be performed with morphologically determined and sequenced speci-

mens of the Tetranychus species. The broad detection approach is suitable for monitoring the

pest T. urtiace and the closely related species and their invasion and overwintering.

The ITS1 region of Tetranychus species (target in this study) is less conserved than the ITS2

region and exhibits 2 to 3% nucleotide divergence in T. urticae exemplars collected in different

countries (Europe, USA, Japan) at a total length of 450 bp according to Hurtado et al. (2008)

[25] Nucleotide divergence would potentially lead to a change in the melting profile. The

primer pair used in this study results in an amplicon of 141 bp when amplified. The probability

of nucleotide divergence decreases with a smaller base pair number, even if possible. The

amplicon sequences available in GenBank (S4 Table) were aligned against each other using

BLAST to detect possible variations within the amplicon. A divergence was detected only in

the sequences submitted in GenBank under accession numbers HM565880 and HM565883,

with no change in Tm and melting curve profile (base swipe). The T. urtiace sequences avail-

able in Genbank originate from specimens collected in different countries, and therefore

sequence divergence is more likely.
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Distribution and seasonal abundance of spider mites in cucumber fields

Due to rare knowledge about the dynamics and occurrence of spider mites in soil, it is difficult

to assess whether soil serves as a habitat, niche or shelter for spider mites and thus as a source

of the infestation in open field cucumbers. The purpose of this analysis was to estimate how

intensively the soil must be involved in the spider mite control and when the highest potential

infestation pressure comes from the soil. Especially in the Spreewald region, which is charac-

terized by intensive cucumber cultivation and its geographically protected cucumber brand,

possible cucumber cultivation areas are limited, and crop rotation (if possible at all) is closely

timed. The cucumber plants are not removed from the fields at the end of the season but plo-

wed into the soil. With this background, our studies on the abundance of spider mites in the

soil concerning overwintering rate and emergence during the season are of particular interest,

especially in cucumber cultivation. Other studies have also shown that spider mites prefer to

overwinter in dark places and were detectable in clods of soil [21].

The results show that few, often only traces, of spider mites were present in the soil of open

field cucumbers. The spider mites were concentrated mainly in hotspots heterogeneously

spread in the field. This type of distribution and occurrence was proven over three years in

nine different open field cucumber plots. Only in one trial plot, spider mites were detected

slightly elevated in about one third of the total number of samples. Minor spider mite occur-

rences distributed in individual samples were also detected in soil and litter from cotton fields

in Australia [17] or in apple orchards in South Korea [39].

Despite the low occurrence of spider mites in the soil, seasonal spider mite dynamics could

be detected. The seasonal abundance of the spider mites in the soil of cucumber fields showed

three main phases: first, an initial very weak colonization at seedling emergence, second, a

mid- to late-season increase with varying intensity, and third, a decline in colonization. Spider

mite abundance in the soil was particularly low to absent in April, indicating that overwinter-

ing or prolonged residence of spider mites in the field soil is minor. The bare unprotected soil,

as well as the habitat destruction of overwintering spider mites in soil and litter between grow-

ing seasons due to abrasion, burial, and climatic conditions, are probable causes of mortality

[18]. Probably, there is no infestation pressure from spider mites living in the soil at the time

when the cucumber seedlings emerge. However, a general increase in the spider mite inci-

dence of the soil was observed during the cucumber growing season with peaks in July or Sep-

tember on all plots of the three years of the analysis. This may have been the result of the

effects of cultivation. Open field cucumbers are grown with fleece cover from mid-April or

without cover from mid-May to the end of September in temperate latitudes. The relatively

late cultivation of cucumber plants in the field provides a potential fresh food source for spider

mites, especially during the dry summer months, while surrounding plants already have lost

food attractiveness due to pest, climatic damage and senescence of the plants. In our study, we

observed that cucumber plant colonization occurred primarily from the edge of the field adja-

cent to the weed strip indicates that a substantial portion of the colonizing spider mite popula-

tion enters the crop from an external source. This so-called edge effect was also found in other

studies investigating spider mite colonization in cotton fields [17]. The edge effect in our study

concentrated on the infestation of the plants since the sometimes very high spider mite infesta-

tion on the cucumber plants did not correlate with the infestation density in the soil. Spider

mite hotspots within the field can also be attributed to wind dispersal (or crawling) of the

mites rather than infestation due to soil colonization [40]. Our study shows that the abundance

of spider mites in soil was mainly very low and that there was no clear evidence of economic

relevance from soil-colonizing spider mites. In addition, spider mite hotspots in the soil did

not appear to increase spider mite infestations on the plants and vice versa (Fig 4). There
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seemed to be no supporting infestation effect or "storage" of spider mites in the soil. Conse-

quently, the soil seems to be occupied only temporarily (e.g. by crawling even across the soil

[35]) and not as a permanent habitat or shelter by spider mites. As previously reported in

other studies, weed strip management appears to be a necessary measure in successful spider

mite control [17, 41, 42].

Predatory mites release at spider mite hotspots

The biological control of T. urticae with predatory mites seems to be an alternative to chemical

control agents due to the frequent resistance of T. urticae to such agents. The application of

predatory mites is already well-known and successfully used in the greenhouse [15, 43, 44],

whereas field application has been little researched and appears uneconomical for wide-scale

release due to high costs [15, 45]. Possible natural occurrences of N. californicus in the climatic

latitudes of the Spreewald gherkin cultivation region are most likely minor and should not

influence the study. In addition, there were no greenhouses or other fields with N. californicus
utilization in the vicinity of the surveyed croplands from where the predators could have dis-

persed. To date, natural populations of N. californicus outside the greenhouse have been

recorded only in Asia, South America, southern North America, parts of southern Europe,

and along the Mediterranean Sea [46, 47]. Sustained establishment and applied biological con-

trol in the environment rely on the ability of predators to adapt to the local environment of the

region in which they are released. For example, N. californicus naturally occurs considerably

less frequently in the cooler north and warmer south of Japan than in central Japan. [46] In

Central and Northern Europe including Germany and the cultivation area of Spreewald gher-

kins natural occurrences of this predator have not been documented so far [48, 49]. A study in

the UK estimates that up to 7 generations of a commercially available N. californicus can theo-

retically develop there within a year in the field, but overwintering mite abundance is low and

dependent on diapausing ability [14]. In Korea, on the other hand, N. californicus was found

to survive exposed to bare soil for no longer than 27 days, and no overwintering of mites

occurs despite shelter [50].

Our objective was to capture the effect of a targeted single release of N. californicus into spider

mite hotspots within the cucumber field, thus limiting the application of predators to a small area.

One more objective was to conduct the investigations in an environment as natural as possible

without manipulations. This means that all spider mite hotspots were of natural origin with natu-

ral variances. Furthermore, we ensured that the application of the predatory mites is practicable

and applicable for the growers. The single release of predatory mites occurred after the level of spi-

der mite infestation was determined in the visually detectable hotspot.

Trial plots 2020

In 2020, the trial plots had an average initial spider mite concentration of already 26.716 spider

mite number/ g sample. Nevertheless, spider mite infestation continued to increase sharply in

the hotspots with released predatory mites and without release until the second measurement

indicating a too late release of predatory mites or an inappropriate predator-prey ratio, as

found in strawberry and tomato fields [8, 15]. By the last measurement, the spider mite popu-

lation collapsed in both hotspot variants. A possible reason could be the migration of the T.

urticae due to the decreasing food quality in the hotspots [17].

Trial plot 2021

In 2021, spider mite infestation was significantly reduced after predatory mites release. The

release of predatory mites as a control agent seems to break the spider mite dynamics and
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significantly reduce them permanently. The different initial levels of spider mite colonization

in the hotspots studied in 2020 and 2021 were conspicuous. Although N. californicus is robust

to food deficiency [13, 51, 52], this predator operates more effectively when a high level of T.

urticae is initially present [15]. Even we did not observe any influence of the initial spider mite

concentration on the ongoing spider mite occurrence on the leaves, we observed a severe

reducing and persistent effect of the predatory mites at initially high spider mite concentra-

tions in the hotspot. More extensive studies with different initial spider mite concentrations in

hotspots are needed to determine this with confidence.

The spider mite infestations in hotspots with predatory mites release were always below the

infestation level of the control hotspots in all plots at the end of the measurement series, indi-

cating a possible control effect of the predators against spider mites. Similar success with pred-

atory mites was also seen in field trials with blackberries, strawberries and hops [15, 16, 43].

Akyazi and Liburd (2019) even showed a permanent reduction of T. urticae infestation on

blackberries from the second week after N. californicus application [43]. Thus, further applica-

tion was not necessary and consequently, costs can economize. In addition, predatory mites

leave odorants on plants that have a deterrent effect on spider mites, which avoid these plants

[53]. Various factors such as the predatory mites themselves, their odorants, declining food

quality of the plants, or other biotic and abiotic influences can contribute to the reduction of

spider mite abundance in the hotspots. Therefore, it would be relevant for future research to

determine how the spider mite ratio changes around the hotspot to find out if spider mite

numbers are actually decreasing or if they are only migrating. Studies show that an initial pred-

ator: prey ratio of 1:10 is necessary for successful control of phytophagous mites so that a single

application of N. californicus results in tolerable levels of T. urticae throughout the season [8,

15, 54]. The individual adaptation of the predator: prey ratio for each hotspot would only be

possible with extensive monitoring (e.g. by real-time PCR) or at different application times

and appears impractical. Alternatively, an additional application of a highly specific predator

such as P. persimilis may be used to compensate the low prey specificity of N. californicus and

to increase the spider mite control [52, 55, 56].

Conclusions

We examined the seasonal abundance and distribution of spider mites in the soil of open field

cucumber cultivation and found that the occurrence of spider mites in this habitat was very

low. With this extensive study, soil can be ruled out as a habitat for spider mites, and attention

to spider mite pest control in cucumber production can be directed to plant infestations. Thus,

our study provides another clue to the lifestyle of spider mites and a better understanding of

spider mite control for practitioners. The spider mite control should focus on weed strips and

spider mite hotspots in the field. A single release of predatory mites as a biological control

agent may contribute to a localized reduction in spider mite infestations, although this is

unlikely to be sufficient as a stand-alone measure. Localized control limited to hotspots enables

precise monitoring and cost control. This study provides the basis for further research on the

single release of predatory mites in spider mite hotspots with varying levels of infestation. In

this context, the HRM real-time PCR assay provides a reliable and rapid detection method for

spider mites. For the final validation of this method for quantifying a spider mite infestation in

the field, a comparative count of spider mites of all ontogenetic stages should be conducted.
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occurrences on leaves and in soil in untreated spider mite hotspots (Crtl = control) and spider
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S5 Table. ITS sequences of Tetranychus species for analysis of alignment, melt temperature

(Tm) and maximum fluorescence signal of HRM real-time PCR. The specimens listed here

with the corresponding accession number were used for the alignment (Fig 3) and the melting

curves (S1 Fig).
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S1 Fig. Melting profiles of closely related Tetranychus species compared with T.urticae.
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and Knösels Gemüse-Erzeugungs GmbH & Co. KG (Kasel-Golzig, Germany) for providing

the cucumber growing sites and supporting this study as well as Kaatz Biotech for providing

spider mites.

Author Contributions

Conceptualization: Peter Lentzsch.

Data curation: Anne-Katrin Kersten.

Formal analysis: Anne-Katrin Kersten.

Funding acquisition: Peter Lentzsch.

PLOS ONE Spider mite abundance in the soil and under predatory mite pressure

PLOS ONE | https://doi.org/10.1371/journal.pone.0270068 July 14, 2022 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270068.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270068.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270068.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270068.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270068.s006
https://doi.org/10.1371/journal.pone.0270068


Investigation: Anne-Katrin Kersten.

Supervision: Carmen Büttner, Peter Lentzsch.
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16. Vidrih M, Turnšek A, Rak Cizej M, Bohinc T, Trdan S. Results of the Single Release Efficacy of the

Predatory Mite Neoseiulus californicus (McGregor) against the Two-Spotted Spider Mite (Tetranychus

urticae Koch) on a Hop Plantation. Applied Sciences. 2021; 11(1):118.

17. Wilson L, Morton R. Seasonal abundance and distribution of Tetranychus urticae (Acari: Tetranychi-

dae), the two spotted spider mite, on cotton in Australia and implications for management. Bulletin of

Entomological Research. 1993; 83(2):291–303.

18. Wilson L. Habitats of Twospotted Spider Mites (Acari: Tetranychidae) During Winter and Spring in a

Cotton–Producing Region of Australia. Environmental Entomology. 1995; 24(2):332–40.

PLOS ONE Spider mite abundance in the soil and under predatory mite pressure

PLOS ONE | https://doi.org/10.1371/journal.pone.0270068 July 14, 2022 18 / 20

https://doi.org/10.1023/b%3Ajoec.0000013183.72915.99
http://www.ncbi.nlm.nih.gov/pubmed/15074658
https://www1.montpellier.inra.fr/CBGP/spmweb/notespecies.php?id=872
https://www1.montpellier.inra.fr/CBGP/spmweb/notespecies.php?id=872
https://doi.org/10.1023/a%3A1010685903130
https://doi.org/10.1023/a%3A1010685903130
http://www.ncbi.nlm.nih.gov/pubmed/11508527
https://doi.org/10.1016/s0022-1910%2802%2900087-2
http://www.ncbi.nlm.nih.gov/pubmed/12770070
https://doi.org/10.1007/s10493-007-9109-7
http://www.ncbi.nlm.nih.gov/pubmed/17924197
https://doi.org/10.1371/journal.pone.0270068


19. Meck E, Walgenbach J, Kennedy G. Effect of vegetation management on autumn dispersal of Tetrany-

chus urticae (Acari: Tetranychidae) from tomato. Journal of Applied Entomology. 2009; 133(9-10):742–

8.

20. Diapause Veerman A. In Spider mites. Their biology, natural enemies and control. Helle W, Sabelis M,

editors. Amsterdam: Elsevier; 1985.

21. Suzuki T, Kojima T, Takeda M, Sakuma M. Photo-orientation regulates seasonal habitat selection in the

two-spotted spider mite, Tetranychus urticae. Journal of Experimental Biology. 2013; 216(6):977–83.

https://doi.org/10.1242/jeb.079582 PMID: 23197101

22. Li D, Fan Q-H, Waite DW, Gunawardana D, George S, Kumarasinghe L. Development and validation of

a Real-Time PCR assay for rapid detection of Two-Spotted Spider Mite, Tetranychus urticae (Acari:

Tetranychidae). PLoS One. 2015; 10(7):e0131887. https://doi.org/10.1371/journal.pone.0131887

PMID: 26147599

23. Rugman-Jones PF, Stouthamer R. High-resolution melt analysis without DNA extraction affords rapid

genotype resolution and species identification. Molecular Ecology Resources. 2017; 17(4):598–607.

https://doi.org/10.1111/1755-0998.12599 PMID: 27658237

24. de Mendonça RS, Navia D, Diniz IR, Auger P, Navajas M. A critical review on some closely related spe-

cies of Tetranychus sensu stricto (Acari: Tetranychidae) in the public DNA sequences databases.

Experimental and Applied Acarology. 2011; 55(1):1–23. https://doi.org/10.1007/s10493-011-9453-5

PMID: 21468751

25. Hurtado M, Ansaloni T, Cros-Arteil S, Jacas J, Navajas M. Sequence analysis of the ribosomal internal

transcribed spacers region in spider mites (Prostigmata: Tetranychidae) occurring in citrus orchards in

Eastern Spain: use for species discrimination. Annals of Applied Biology. 2008; 153(2):167–74.
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