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Abstract 32 

Soil-dwelling predatory mites are important biocontrol agents of several pests. Despite their 33 

wide prey range, they have never been evaluated as predators of mealybugs that inhabit the soil. 34 

Here, we tested the potential of the soil mite Gaeolaelaps (Hypoaspis) aculeifer (Canestrini) 35 

(Acari: Laelapidae) as a predator of the invasive citrus mealybug Delottococcus aberiae (De 36 

Lotto) (Hemiptera: Pseudococcidae). The predation, and fecundity of mites over a 14-day period 37 

were analyzed when fed on three different diets under laboratory conditions: D. aberiae eggs, 38 

first instar nymphs, and without food. Gaeolaelaps aculeifer preyed on D. aberiae and both 39 

predation rates and the proportion of females that laid eggs were significantly higher when 40 

females preyed on mealybug nymphs than on eggs. These data prompted the evaluation of G. 41 

aculeifer as a biological control agent of D. aberiae under semi-field conditions. Infestation 42 

levels of D. aberiae on citrus potted plants were reduced in response to G. aculeifer releases. 43 

The implications of these results on conservation biological control of mealybugs are discussed.  44 

Key words: prey range, citrus, Delottococcus aberiae, invasive pest, integrated pest 45 

management  46 
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 47 

Introduction 48 

Microarthropods are well-represented in most agricultural soils (Crossley et al., 1992), playing a 49 

key role in nutrient cycling, organic matter decomposition, and establishment of multitrophic 50 

interactions between above and belowground communities (Coleman et al., 2004; Loreau et al., 51 

2001; Van Der Putten et al., 2001). Out of all microarthropods, soil mites (Acari) form one of 52 

the most diverse and abundant group (Hendrix et al., 1986; Kardol et al., 2011; St John et al., 53 

2002). This group includes predatory mites, which exert significant predation from the top of 54 

the food chains (Postma-Blaauw et al., 2010). Most predatory mites are mobile predators that 55 

feed predominantly on collembola, nematodes, insect eggs, and the larvae of other 56 

microarthropods (Baatrup et al., 2006; Koehler, 1997; Walter and Proctor, 2013). Their 57 

efficiency in regulating soil ecosystems has contributed to their being used in both open field 58 

and greenhouses (Karg 1998). In fact, some mesostigmatid mites of the family Laelapidae, 59 

namely Gaeolaelaps aculeifer (Canestrini) and Stratiolaelaps miles (Berlese), have been 60 

successfully reared and released for the augmentative biological control of nematodes, shore 61 

flies (Diptera: Sciaridae), bulb mites Rhizoglyphus spp. (Enkegaard et al., 1997; Koehler, 1997), 62 

and thrips pupae (Gillespied and Quiring 1990; Wiethoff et al. 2004; Navarro-Campos et al. 63 

2012). However, these species have not been documented as predators of mealybugs, which 64 

also inhabit soil ecosystems.  65 

Mealybugs (Hemiptera: Pseudococcidae) are small sap feeding insects that are covered with a 66 

powdery wax (Franco et al. 2000, Tabata et al. 2012; Mani and Shivaraju 2016). They are 67 

globally distributed, and many species are considered primary agricultural pests (Williams and 68 

Miller 2002; Franco et al., 2004; Daane et al. 2012; Wetten et al. 2016). Mealybugs tend to 69 

aggregate and remain immobile for large periods of their lives. Some species, however, move 70 

from the aerial part of the plant to the subterranean crown or plant roots (Franco et al. 2000; 71 

Daane et al. 2012; Mani and Shivaraju 2016), especially when they need protection against 72 

extreme climate conditions (Geiger and Daane, 2001; Gutierrez et al., 2008). In these habitats, 73 

generalist soil predators, such as predatory mites, might be potential biological control agents.  74 
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Delottococcus aberiae (De Lotto) (Hemiptera: Pseudococcidae) is the latest invasive mealybug 75 

pest that has been introduced to citrus orchards in Europe (Beltrà et al. 2012; Pérez-Rodríguez et 76 

al. 2017). It is likely native to Limpopo Province (NE part of South Africa) (Beltra et al., 2015). 77 

Unlike other species of citrus mealybugs, it causes severe damage to developing fruit, leading to 78 

major economic losses (Pérez-Rodríguez et al. 2017). Delottococcus aberiae is often located in 79 

the tree canopy (leaves, twigs, flowers, and fruit); however, gravid females migrate to the 80 

subterranean crown in search of shelter during spring (Martínez-Blay et al. submitted). Once 81 

there, they lay the ovisacs, and emerging nymphs (crawlers) climb to the upper part. Today, the 82 

biological control of D. aberiae is limited due to the ineffectiveness of native parasitoids (Tena 83 

et al. 2017) and the late arrival of predators (Pérez-Rodríguez et al. in prep). We, thus, 84 

questioned whether G. aculeifer would feed on D. aberiae instars found in the soil.  85 

This study is the first to evaluate the potential of a soil mite as a predator of mealybugs. We 86 

tested whether: i) G. aculeifer is able to feed on the eggs and first instar nymphs of the recently 87 

introduced citrus pest D. aberiae and ii) the survivorship and fecundity of G. aculeifer increases 88 

when feeding on these prey items. Based on these results, we subsequently: iii) tested the 89 

efficacy of G. aculeifer as predator of D. aberiae in a semi-field assay. Our results are expected 90 

to provide new insights on the utility of G. aculeifer for the biological control of mealybugs.  91 

 92 

2. Materials and methods 93 

2.1. Arthropods 94 

Gaeolaelaps aculeifer culture  95 

Gaeolaelaps aculeifer mites were obtained from the commercial product EntomiteTM, in a 96 

cardboard cylinder containing ca. 50,000 mites of all growth stages mixed with vermiculite as 97 

the carrier material and storage mites Tyrophagus putrescentiae (Acari: Acaridae) (Koppert 98 

Biological Systems, The Netherlands). For the laboratory assay, ~350 nymphs were removed 99 

from the cylinder and kept in five ventilated Petri dishes (5.3 cm in diameter; ~70 nymphs per 100 
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dish). Petri dishes were kept under controlled conditions (14:10 h light:dark [L:D], 25 ± 2°C, 101 

60–70% relative humidity [RH]), and were checked daily until the nymphs reached the adult 102 

stage to obtain an adult cohort of the same age. The artificial diet (provided ad libitum) and 103 

substrate were taken from the original bottle and provided to the nymphs. Newly emerged adults 104 

were sexed based on their size and abdominal shape (Beaulieu 2009; Ramroodi et al. 2014).  105 

The semi-field assay was carried out using 5 ml of the commercial product content, which 106 

contained 30.2 ± 3.78 nymphs and 29.8 ± 3.99 adults of G. aculeifer (n = 25 replicates), as well 107 

as the substrate and artificial diet.  108 

Delottococcus aberiae culture 109 

A laboratory colony of D. aberiae was established at the Instituto Valenciano de 110 

Investigaciones Agrarias (IVIA), Spain, using specimens collected from a citrus orchard located 111 

in Quartell (733,915.65X 4,401,857.39Y, Les Valls, Valencia, Spain), in 2015. Mealybugs were 112 

reared on organic lemons inside cardboard boxes (30 cm × 22 cm × 25 cm), in which egg 113 

cartons were placed on the bottom. Lemons used to rear D. aberiae were covered with red 114 

paraffin around the mid-section to slow desiccation, as described by Tena et al. (2013). Between 115 

four and five lemons were introduced weekly, and dried lemons were removed. The mealybug 116 

colony was maintained in darkness in a climatic chamber at 20 ± 1°C and 70 ± 5% RH. 117 

2.2. Laboratory experiments: Predation experiment 118 

Each adult mite was isolated in the cells (arenas) of plastic bioassay trays (Bio-BA-128©, Bio-119 

Serv, Frenchtown, NJ, USA). An E995 cover (CV-16) was placed onto the tray to prevent mites 120 

from escaping. Cells were 15.9 mm in diameter and 15.9 mm deep. The bottom of each cell was 121 

covered with moist plaster of Paris (DAP®) as the substrate, and 70–100 µl distilled water was 122 

supplied every 2 days to each cell to maintain humidity, following a similar methodology to 123 

Prischmann et al. (2011) and Bernd et al. (2004b). Mites were then starved for 24 h to 124 

homogenize their nutritional status. Then, one of three diets was assigned: no food, three alive 125 

D. aberiae first-instar nymphs, and three D. aberiae eggs. All arenas were checked daily for 14 126 
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days, and the number of live and preyed on D. aberiae eggs and nymphs, as well as mite 127 

fecundity (measured as the proportion of females that laid eggs) were recorded. Trays were 128 

maintained at 14:10 h L:D, 25 ± 2°C and 60–70% RH during the experiment. Initially, there 129 

were 30 replicates per treatment, and escaped mites were not considered in the analysis. 130 

2.3 Semi-field predation experiment 131 

The semi-field experiment was conducted in a glasshouse located in the IVIA. The conditions in 132 

the glasshouse were 22 ± 3°C, 65 ± 10% RH, and a natural photoperiod (June–July).  133 

A total of 69 pesticide-free Citrus volkameriana Tenore & Pasquale seedling plants (~30 cm 134 

high) were planted in 8 × 8 × 8 cm pots, with sterilized peat moss and cocopeat (70:30)  135 

homogenized and watered at field capacity. Plants were assigned to one treatment with 136 

predatory mites (n = 34) and one treatment without predatory mites (n =35), as the controls. 137 

Pots were kept on plates with a layer of water to avoid cross contaminations and mealybug 138 

escape. Plants were randomly designated for each treatment in a complete randomized design.  139 

Mealybug ovisacs were transferred from the colony to the center of a glass cover slip, with one 140 

ovisac being used per cover slip. Ovisacs on the cover slips were kept in separate meshed-lid 141 

5.3 cm diameter Petri dishes. The Petri dishes were checked daily until the eggs started to hatch. 142 

Then, a glass cover slip with the ovisac was transferred to the corner of a pot and G. aculeifer 143 

were released on the soil of plants designated for G. aculeifer release. Ovisacs were assigned to 144 

alternate treatments. The number of predatory mites and mealybug nymphs on the soil was 145 

counted daily by directly observing the soil for 2 min periods. Five days later, the plants were 146 

transferred to the laboratory and the number of mealybugs per plant was counted.  147 

 148 

2.4 Statistical analysis 149 

The number of eggs and nymphs of D. aberiae preyed on by the males and females of G. 150 

aculeifer was compared using a two-way ANOVA (α = 0.05), with the number of preyed 151 
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mealybugs representing the dependent variable and mealybug stage (egg and first instar) and 152 

mite sex representing the explanatory variables. The number of D. aberiae nymphs observed per 153 

plot over the 5-day semi-field assay was analyzed using an ANOVA with repeated measures (α 154 

= 0.05). The normality assumption was assessed using the Shapiro-Wilk test and 155 

homoscedasticity by the Levene test (α = 0.05). These analyses were run using the package 156 

Statgraphics Centurion XVI.I. Proportional data (proportion of females that laid eggs and tree 157 

infestation) were analyzed with generalized linear models. We assumed a binomial error 158 

variance, and assessed the error structures using a heterogeneity factor equal to the residual 159 

deviance divided by the residual degrees of freedom. If we detected over- or under-dispersion, 160 

we re-evaluated the significance of the explanatory variables using an F test after rescaling the 161 

statistical model by a Pearson chi-square divided by the residual degrees of freedom (Crawley, 162 

2007). Bonferroni post hoc test was used when differences between treatments were found. The 163 

means of the untransformed proportion are presented. These analyses were performed with R 164 

studio (Version 1.0.143, Rstudio, Inc., https://www.rstudio.com); (Ihaka and Gentleman, 1996).  165 

 166 

3. Results 167 

3.1. Gaeolaelaps aculeifer predation on mealybugs  168 

Gaeolaelaps aculeifer males and females preyed on significantly more D. aberiae nymphs than 169 

eggs (F = 62.01; df = 1, 71; P < 0.001) (Fig. 1), even though females were more voracious than 170 

males (F = 102.82; df = 1, 71; P < 0.001). The interaction between diet and sex was significant 171 

(F = 57.61; df = 1, 71; P < 0.001), thus revealing that females preyed more than males when 172 

they had access to D. aberiae nymphs (Fig. 1).  173 

3.2. Effect of diet on G. aculeifer fecundity 174 

The diet provided to G. aculeifer individuals affected their fecundity. The proportion of female 175 

mites that laid eggs was significantly higher when they had access to the first instar nymphs of 176 

D. aberiae than for starved females or the ones fed on eggs (χ2 = 59.63; df = 2, 60; P = 0.0037) 177 

(Fig. 2).  178 
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3.3. Semi field conditions 179 

During the 2-minute observations, a mean of 0.3 ± 0.11 G. aculeifer individuals were observed 180 

in pots where the mite was released. In comparison, no mites were observed in pots without 181 

predator releases (Fig. 3A). The mean number of D. aberiae per pot was similar in pots with 182 

and without releases of G. aculeifer throughout the assay (ANOVA with repeated measures, 183 

treatment: F = 2.85; df = 1, 320; P = 0.093; time: F = 6.56; df = 4, 320; P < 0.0001; treatment * 184 

time: F = 0.5; df = 4, 320; P = 0.74) (Fig. 3B).  185 

At the end of the assay, the ratio of trees infested by D. aberiae (those that had at least one 186 

mealybug) was significantly higher in the control pots than in pots where mites were released (F 187 

= 71.89; df = 1, 67; P < 0.001) (Fig. 4).  188 

4. Discussion 189 

 190 

Males and females of a soil dwelling mite G. aculeifer preyed on the first instar nymphs of D. 191 

aberiae mealybugs. The adult females of this mealybug lay eggs in the soil and on the trunks of 192 

citrus trees during spring, after which newly emerged nymphs return to the tree canopies 193 

(Martínez-Blay et al., submitted). Our results demonstrate that soil predatory mites are potential 194 

biological control agents of D. aberiae and, possibly, other mealybug species that spend part of 195 

their life cycle in the soil, such as Dysmicoccus brevipes Cockerell, Geococcus coffeae Green, 196 

Rhizoecus hibisci Kawai & Takagi, and Rhizoecus kondonis (Broza et al., 1995; Godfrey and 197 

Pickel, 1998; Huang et al., 2002; Kabi et al., 2016).  198 

Gaeolaelaps aculeifer preyed two times more frequently on the nymphs than eggs of D. aberiae 199 

in our no-choice test. This result supports the hypothesis of Wright and Chambers (1994), which 200 

indicates that predatory mites might have difficulty recognizing immobile prey items. Other 201 

Gaeolaelaps species also prefer mobile stages rather than eggs (Abou-Awad et al.1989; Nawar 202 

et al. 1993). In the case of mealybugs, eggs are protected by a cottony ovisac that might also 203 

hinder the predatory behavior of G. aculeifer. Of note, our study supplied eggs individually (i.e., 204 
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without their natural cottony protection), demonstrating that mealybug nymphs are much more 205 

vulnerable to G. aculeifer than eggs.  206 

Gaeolaelaps aculeifer females were more voracious than males, as they consumed two times 207 

more D. aberiae nymphs than males. Similarly, Ragusa and Zedan (1988) found that G. 208 

aculeifer females consumed three times more immature individuals of Rhizoglyphus echinopus 209 

(Fumouze and Robin) (Acari: Acaridae) than males. The higher voracity of females might be 210 

explained by several biological traits. First, mite females tend to feed to repletion, unlike males 211 

(Wright and Chambers, 1994). Second, females have higher energetic needs than males, because 212 

they are bigger (Oliver Berndt et al., 2004) and repeatedly produce and mature eggs throughout 213 

their lifespan (Write & Chambers, 1994; Berndt et al. 2004a). In fact, more G. aculeifer females 214 

laid eggs when they fed on D. aberiae nymphs than when they fed on eggs or did not have 215 

access to food.  216 

Our semi-field study demonstrated that G. aculeifer could be considered in future biological 217 

control programs of D. aberiae mealybugs inhabiting the soil. During the 5 days of the assay, 218 

we observed the presence of newly emerged nymphs of D. aberiae crawling on the soil of both 219 

treatments, with and without the presence of G. aculeifer. However, at the end of the assay, the 220 

infestation level and the number of nymphs per plant were double in the control pots compared 221 

to pots containing G. aculeifer. Future studies should test and compare the potential of other soil 222 

predatory mites commonly used in biological control, such as H. miles, or those that are 223 

common on citrus, such as Parasitus americanus  (Berlese) (Parasitidae), Gaeolaelaps 224 

praesternalis (Willmann) and Gaeolaelaps sp.(Laelapidae), Neomolgus sp. (Bdellidae), 225 

Pachylaelaps islandicus (Berlese) (Pachylaelapidae), and Macrocheles scutatiformis  (Berlese) 226 

(Macrochelidae) (Navarro-Campos et al. 2012).  227 

Here, we chose G. aculeifer because it is commercially available and also has higher 228 

consumption rates and fecundity than other Laelapidae mites (Berndt et al., 2003). In addition, 229 

this species is able to survive under prey scarcity, as demonstrated in this study and in the study 230 

by Berndt et al. (2004b). Obviously, in natural soil environments, there is a more complex food 231 
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chain structure, with the prey preference of G. aculeifer requiring elucidation. Gaeolaelaps 232 

aculeifer has a broad range of food sources, including sciarid larvae, nematodes, collembola, 233 

other mites, and thrips (Kevan and Sharma 1964; Ragusa and Zedan 1988; Gillespie and 234 

Quiring 1990; Lesna et al. 1996; Premachandra et al. 2003; Berndt et al. 2004b). To resolve this 235 

issue, future studies should determine the prey preferences of predatory mites. In this context, 236 

DNA-based approaches have shown great potential in identifying prey that remain in the gut or 237 

feces of predators (Hoogendoorn and Heimpel 2001; Symondson 2002; Sheppard and Harwood 238 

2005; Juen and Traugott 2006; Waldner et al. 2013; Athey et al, 2017). In fact, the development 239 

of DNA barcoding offers the opportunity to identify the complete diet of predators by 240 

simultaneously amplifying and sequencing DNA from all organisms present in a sample 241 

(Pompanon et al. 2012; Pérez-Sayas et al. 2015). Our study indicates that the optimal time to 242 

detect prey would be during spring season, when D. aberiae spend part of their life cycle in the 243 

soil, and might be predated on by G. aculeifer. Consequently, the artificial provisioning of a 244 

suitable substrate (mulching) around the trunks of trees, which could serve as a reservoir of 245 

suitable prey items for these mites, could support and increase the populations of soil-dwelling 246 

predatory mites, ultimately resulting in better pest control. Nevertheless, the presence of several 247 

suitable prey items might reduce the effectiveness in controlling the target pest (D. aberiae) by a 248 

generalist predator (G. aculeifer). 249 

 From the perspective of biological control, the presence of soil predatory mites in citrus 250 

could be enhanced in conservation biological control by adding compost (Navarro-Campos et 251 

al. 2013) or through the application of mulch (Hurlbutt et al. 1958; Parr et al. 2011). The 252 

proliferation of soil predatory mites, due to application of mulch, might be caused by an 253 

increase in prey microarthropods associated with the mulch, changes in microclimatic factors, or 254 

by providing shelter (Kawashima and Jung, 2010; Navarro-Campos et al., 2013; Samaritani et 255 

al., 2011; Thomson and Hoffmann, 2007). The positive effect of ground cover should not be 256 

disregarded, as it might also benefit the presence of these mites. Thus, ground cover based on 257 

Poaceae, such as the grass Festuca arundinacea L. (Poales: Poaceae), improves the biological 258 
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control of mites (E. Aguilar-Fenollosa et al., 2011; Ernestina Aguilar-Fenollosa et al., 2011; 259 

Aguilar-Fenollosa and Jacas, 2013) and aphids (Gómez-Marco et al., 2016), and increases the 260 

number of predators of the Mediterranean fruit fly, Ceratitis capitata Wied (Diptera: 261 

Tephritidae) (Monzó et al., 2011).  262 

Overall, our results demonstrate that G. aculeifer could contribute to the mortality of 263 

mealybugs that spend part of their life cycle in the soil. Therefore, their presence in agricultural 264 

soils should be promoted to improve biological control. To our knowledge, this study presents 265 

the first step towards understanding the importance of this group of natural enemies as 266 

biological control agents of mealybugs. Future studies should investigate whether other species 267 

are able to break the cottony defense of the mealybug eggs to feed on them, as eggs remain for 268 

longer periods in the soil than first instar nymphs.  269 
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Fig. 1. Mean number (± SE) of eggs and nymphs of the mealybug Delottococcus aberiae preyed 456 

on by females and males of the predatory mite Gaeolaelaps aculeifer. Different uppercase 457 

letters above columns denote significant differences between sexes for each diet (P < 0.05). 458 

Different lowercase letters above columns denote significant differences between diets for each 459 

sex at P < 0.05. 460 
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Fig. 2. Proportion of females of the predatory mite Gaeolaelaps aculeifer that laid eggs when 487 

they had access to three diets: without food, with Delottococcus aberiae eggs, with 488 

Delottococcus aberiae first instar nymphs (N1). Different letters above the columns show 489 

significant differences between treatments (P < 0.05) 490 
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Fig. 3. Mean number (±SE) of (A) predatory mites, Gaeolaelaps aculeifer, and (B) 509 

Delottococcus aberiae nymphs counted during 2 min direct observations of pots with and 510 

without the release of the mite over the 5-day experiment.  511 
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Fig. 4. Proportion of citrus trees infested by the mealybug Delottococcus aberiae in pots with 527 

and without the release the mite Gaeolaelaps aculeifer after 5 days. Different letters above the 528 

columns show significant differences between treatments (P < 0.05). 529 
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