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Recovery of Dermatophagoides pteronyssinus (Acariformes: Astigmata: Pyroglyphidae) is influenced by vacuuming protocol, fabric type and the viability of dust mites
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Dermatophagoides pteronyssinus (Trouessart, 1897) (Acariformes: Astigmata: Pyroglyphidae) is amongst the most common house dust mites (HDMs) species in Europe. Vacuuming is commonly employed as a method for the recovery for the subsequent quantification of mite densities. The vacuuming protocols employed and their efficiencies are frequently unreported. In this study, a constant-flow vacuum sampler was used to evaluate the recovery of laboratory-reared D. pteronyssinus from cotton, denim or fleece. Two vacuuming protocols were employed. Protocol 1 (P1) entailed a single unidirectional pass of the vacuum head across the fabrics for 60, 90 or 120 seconds. For Protocol 2 (P2), fabrics were vacuumed twice (laterally followed by diagonally) for the same time periods. Vacuuming was carried out on fabrics seeded with live mites (LM), dead mites (DM), and live mites, which were applied to fabric surfaces for 10 minutes and then euthanized by freezing prior to vacuum sampling (EM). There was a significant difference (P<0.001) in mean HDMs recovery with regard to mite viability (LM, DM, EM), fabric type (cotton, denim, fleece), duration of sampling (60, 90, 120s) and vacuuming protocols employed (P1, P2). The numbers of mites recovered from fleece (compared to cotton and denim) were lower for each treatment type where LM and EM were deployed. Overall, the use of protocol 2 resulted in the greatest mean percentage recovery (>80%) of dust mites for all fabrics combined. Recovery rates were also influenced by entrapment of mites (or active attachment) in the fabric microstructure within the weave. The results have implications for the standardisation of mite recovery from fabrics by means of vacuuming.

Introduction

House dust mites (HDMs) are microscopic arachnids belonging to the sub-class Acari [START_REF] Colloff | Dust mites[END_REF]. Dermatophagoides pteronyssinus (Trouessart, 1897) is commonly found in temperate regions of Western Europe whilst D. farinae Hughes, 1961 is more commonly found in North America and hotter climes of continental Europe [START_REF] Tham | Aeroallergen sensitization and allergic disease phenotypes in Asia[END_REF]. Studies carried out in Poland and other European countries indicated that D. pteronyssinus was found to be the dominant species in Bydgoszcz, Warsaw, Poznań and vicinity, whereas D. farinae was predominant in Gdansk and Gdynia (Solarz 2001; Solarz et al., 2021; Racewicz 2001; Colloff, 2009). Whilst mite populations thrive in environments with high humidity (>75%) and at temperatures of 25 °C [START_REF] Colloff | Dust mites[END_REF], these parameters influence the abundance and occurrence of the individual mite species. It is known that the optimal outdoor/indoor air temperature is higher (25 °C-30 °C) and the optimal humidity is lower (50%-75%) for D. farinae compared to D. pteronyssinus, [START_REF] Arlian | Water balance and humidity requirements of house dust mites[END_REF]. In contrast, for D. pteronyssinus, [START_REF] Colloff | Dust mites[END_REF] has shown that higher relative humidity (75%-80%) and reduced temperature (15 °C-20 °C) is best for their growth in laboratory studies. The average relative humidity in the homes studied was below a critical equilibrium humidity (CEH) for Pyroglyphidae house dust mites but above 45% RH, the lowest threshold for mite survival in households (Hart, 1998; Arlian et al., 1998; Korsgaard, 1998). House dust mites inhabit soft furnishings including mattresses [START_REF] Bischoff | New methods for the assessment of mite numbers and results obtained for several textile objects[END_REF], carpets [START_REF] Svendsen | House dust collection efficiency of the high volume small surface sampler on worn carpets[END_REF] and upholstered couches [START_REF] Mollet | Dispersal of American house dust mites (Acari: Pyroglyphidae) in a residence[END_REF] . They have been isolated from fabrics used in the manufacture of clothing cotton, denim, fleece (Clarke et al., 2015a). Furthermore, cotton, denim and fleece are used for the manufacture of clothing and soft toys as well as covers for furniture (sofas, pillows, mattresses covers, cushions, pet beds); all potential reservoirs of house dust mites. The presence of house dust mites, their body parts or excrement in the home can lead to the production of allergens and sensitisation resulting in conditions including asthma, atopic eczema and rhinitis [START_REF] Mumcuoglu | Abundance of house-dust mites in relation to climate in contrasting agricultural settlements in Israel[END_REF].

House dust mites are routinely sampled from fabrics using a variety of methods, including the heat escape method [START_REF] Hill | Quantification of house-dust-mite populations[END_REF], the mobility test method [START_REF] Bischoff | New methods for the assessment of mite numbers and results obtained for several textile objects[END_REF] and by vacuum sampling [START_REF] Lewis | A Comparison of the sampling characteristics of two vacuum surface samplers for the collection of dust mite allergen[END_REF]. Sticky film is required for both the heat escape and the mobility test methods making these methods more time-consuming and cumbersome. Vacuum sampling is the most widely used sampling procedure for HDMs and their allergens. It is relatively simple to perform and rapid to carry out [START_REF] Colloff | Dust mites[END_REF]. A review of the literature shows that a wide range of vacuum sampling methodologies have been reported but with variation in sampling areas and fabric types and strength of vacuuming sources applied (Zare et al., 2021; Mumcuoglu et al. 1999; Svendsen et al., 2006). Others have considered the efficiency of vacuum samplers for the purpose of dust collection (Platts-Mills et al., 1997; Zare et al., 2021). [START_REF] Tovey | Four methods of sampling for dust mite allergen: differences in dust[END_REF] recommend vacuum sampling (for reasons of practicality) as one of the preferred sampling options for measuring Der p 1 allergen exposure, whilst [START_REF] Stemeseder | Exposure to indoor allergens in different residential settings and its influence on IgE sensitization in a geographically confined Austrian Cohort[END_REF] used a nominal 30 seconds vacuuming period for the recovery of HDMs allergens from mattress, carpet and couches. The effect of torsion forces on the transfer of mites from child seats to fabrics was considered by Clarke et al. (2015a). Given the correlation between HDMs densities and HDMs allergen, specifically Der p 1 [START_REF] Anasis | Density of Dermatophagoides spp. and its relationship with House-dust Mite specific serum IgE in persistent Asthma[END_REF], the levels of efficacy of HDMs recovery has implications for HDMs allergen sampling efficiencies. Furthermore, HDMs are also carriers of microorganisms [START_REF] Hubert | Microbial communities of stored product mites: variation by species and population[END_REF] which have the potential to negatively affect human health in cases where HDMs infest fabrics and bedding within homes. Such studies did not determine the efficiency of mite recovery from fabrics by vacuuming. Furthermore, the effect of the vacuuming protocol on HDMs recovery from fabrics is not standardised.

In this paper we report the effect of vacuuming duration, nature of fabric type and vacuuming direction (single or multiple pass) on the recovery hose dust mites seeded to fabrics. The efficiency of recovery of live mites (LM) and dead mites (DM) from fabrics are also considered. The seeding of live mites to fabric surfaces with subsequent euthanization prior to vacuuming (EM), facilitates the quantification of intact, fabric-embedded but dead mites, a fraction not considered previously. relative humidity (RH). Mites were reared on a diet composed of a fish food and brewery yeast (Holland and Barret, Ireland) at a 3:1 (w/w) ratio [START_REF] Colloff | Dust mites[END_REF].

Material and methods

Culture of mites

Experimental design

Three experimental procedures were undertaken at room temperature using fabric squares (10 × 10 cm) each consisting of smooth cotton, denim or fleece. A stereo-binocular microscope (× 40 Olympus) was used to seed fabrics (using a fine brush) with HDMs (D. pteronyssinus) and to check for presence of HDMs on fabrics before and after seeding, and on filters after vacuuming. Each fabric was individually seeded with 25 HDMs at 2 cm spacing (Figure 1) as follows:

Experiment 1: Recovery of live mites from fabrics

Live mites (LM) were seeded onto fabrics and petroleum jelly (derived from cotton tree) was applied to the perimeter of the fabrics to prevent mite escape in accordance with protocols described by others [START_REF] Reddy | Integration of the predatory mite Neoseiulus californicus with petroleum spray oil treatments for control of Tetranychus marianae on eggplant[END_REF]. The fabrics were vacuumed after 10 minutes post seeding of mites. This facilitated the recovery of live mites from the surface of fabrics and from within the fabric weave (after mites burrowed/were entrapped within the fabric weave).

Experiment 2: Recovery of dead mites from fabrics

Dead mites (DM), euthanized by freezing prior to seeding, were added to the surface of fabrics and these were then vacuumed after 10 minutes. As such, this represented the recovery of dead mites from the surface of fabrics.

Experiment 3

Fabrics were seeded with live mites as described in Experiment 1. The mites were allowed to remain on the fabric for 10 minutes after which the fabrics were sealed in a plastic bags and frozen at (-20 °C) for 38 hours. Fabrics were then removed from the freezer and allowed to thaw fully before vacuuming took place. Mites recovered thus were called euthanized mites (EM) and represent mites which have died on the surface or within the fabric weave.

Sampling protocols

Samples were collected using a SKC Flite-2 air sampling pump (flow rate in l/min = 13.68 + 0.03 S.D.) fitted with a cassette containing a Whatman Nucleopore Polycarbonate membrane filter (diameter 37 mm, pore size 0.4µm). All cassettes were washed and dried between samples and new membrane filters fitted. Two sampling protocols (Figure 1) were adopted. In Protocol 1 (P1), each fabric was vacuumed only once in a unidirectional manner for 60, 90 or 120 seconds. The path begins at (A), and it ends at (B). In Protocol 2 (P2), fabrics were vacuumed every 30 seconds in a multi-directional manner; i.e. vacuumed twice in 60 seconds (A-B-A), thrice in 90 seconds (A-B-A-B), and four passes were applied for in 120 seconds of vacuuming (A-B-A-B-A).

Data analysis

Basic descriptive statistics were calculated using Minitab 19 statistical software (2019). The General Linear Model (GLM) is an ANOVA procedure performing a least squares regression approach to describe statistical correlations. Here the GLM analysis was used to test the effect of several factors by using a coding scheme for time, protocols, fabric and viability of mites.

The response variable was the number of mites recovered. The input variables were mite viability: live (LM), dead (DM) and euthanized (EM), sampling protocol used (P1 and P2), fabric type (cotton, denim and fleece) and duration of sampling (60 seconds, 90 seconds and 120 seconds). The GLM model requires normally-distributed data, therefore all data (number of mites recovered was transformed first to root squared values). A one-way ANOVA test was also carried out to compare the three different sampling times in each time category as well as comparing the same sampling times between the three different fabrics. Each one-way ANOVA test was followed by a Tukey post-hoc test to determine whether there were significant differences between the groups tested.

Scanning electron microscopy

Scanning electron microscopy images were taken of fabrics inoculated with live and dead mites. Fabric samples were taken 10 minutes after the mites were seeded to the surface of the fabrics. Iodine stained samples were imaged using an Electron Microscope (Hitachi S2600N), University of Galway.

Results

Descriptive analysis

The percentage recovery of HDMs from fabrics (Table 1-Experiments 1, 2 and 3), pooled data (Table 2), and box plots are shown in plots 2, 3 and 4. The efficiency of recovery ranged from 7.2% (fleece, LM, protocol 2, 60s) to 91.2% (fleece, DM, protocol 2, 120s). The recovery (irrespective of treatment) was consistently lowest for fleece when LM and EM were deployed.

In contrast, no discernible patterns were observed with DM recovery across fabrics (Table 1; Figure 2). The application of the P2 protocol resulted in slightly greater mean numbers of HDMs being recovered from all fabrics when compared with P1 (Figure 3). However, increasing the duration of sampling time on all fabrics combined, resulted in more efficient recovery rates of all groups i.e. LM, DM and EM (Figure 4).

General linear model outputs

The GLM was used to determine the statistical effect of every possible combination of the experimental treatments on the response variable i.e. number of mites recovered (Table 3).

All treatments (mite viability, fabric type, protocol applied and duration of sampling) had a significant effect on the response variable. Furthermore, Tukey pairwise comparisons indicated significant differences in mite recovery between the mite categories (LM, DM and EM). While no significant difference in mite recovery was detected between cotton and denim, there were significant differences between fleece and denim/cotton. Furthermore, as presented in Table 3, there were significant effects on the mean number of mites recovered from fabrics between all sampling durations (60 seconds, 90 seconds and 120 seconds). on the surfaces of textiles while live mites frequently showed evidence of burrowing into the fabric (Figure 6).

Scanning electron microscopy images

Discussion

The variability of vacuuming protocols employed in the recovery of mites from household fabrics (Svendsen et al., 2006; Byrne, 2000; Lewis and Breysse, 2011) can present challenges to the interpretation of mite density results between studies. Furthermore, the efficiency of recovery of mites which entered the fabric weave and subsequently died within the fabric (without active attachment by tarsi) has not been reported in the published scientific literature. Data presented here shows that vacuuming protocol and the type of fabric under test influenced the efficiency of mite recovery. We have evaluated vacuuming protocols for the recovery of live (LM), dead (DM) and mites euthanized post-seeding (EM). These represent mites that actively cling to the fabric weave (LM), thus resisting removal by vacuuming whilst dead mites (DM) are mainly surface based. Finally, we have determined the efficiency of recovery of live mites that are on the fabric surface or embedded in the weave but have died in-situ. These embedded mites (EM) do not actively resist the vacuum force and the efficiency of their recovery has not been reported previously.

Of the three fabrics used in this investigation (Figure 5), data presented in Table 1 (and summarised in Table 2), demonstrate that the recovery of DM (from the surface of fabrics) was significantly greater for denim (76%), cotton (75%) and fleece (72%) than the same fabrics seeded with live mites (11.6-58%). Dead mites remain on the surface of the fabric and are more amenable to recovery by vacuuming. On the other hand, the smallest number of LM (11.6%) and EM (15.2%) were recovered from fleece and this recovery was significantly different to the recovery from denim and cotton (p=0.000: Figure 2 and Table 2). It is probable that mites burrowed and were entrapped in the fleece weave (which acted akin to a depth filter), thereby reducing recovery rates of HDMs (Figure 6). There was no significant difference (P=0.990) in the recovery of HDMs between denim and cotton (Table 3). Denim and cotton have a structured and low pile-depth weave which acts as a barrier for the penetrability of mites (Figure 5). It is likely that LM adhere to fabrics by clawing which reduces their recovery by vacuuming [START_REF] Colloff | Dust mites[END_REF]. It is interesting to note that Clarke et al. (2015a) observed greater transfer efficiencies between fabrics using dead rather than live mites. This was also observed for inert particles deposited on fabrics in surface to surface contact experiments [START_REF] Mcdonagh | Mass Transport of Deposited Particles by Surface-to-Surface Contact[END_REF]. [START_REF] Hay | An in Situ coring technique for estimating the population size of house dust mites in their natural habitat[END_REF] has indicated the efficiency of recovery of mites from natural habitats was in the region of 0.5 -1% of recovery rates. However, the vacuuming protocols employed in the present study yielded a greater recovery (41%-80%) of live, dead or euthanized mites. It is evident that the protocols described here enhance the recovery of mites from natural fabrics.

Generally, a greater recovery was achieved using Protocol 2 (Figure 3) and vacuuming for 120s (Figure 4) under all conditions employed in this study (Table 2). There was a direct relationship between the time of vacuuming and the number of the mites recovered irrespective of the of the type of fabric tested where 120 seconds > 90 seconds > 60 seconds (Table 2). These results would support the use of 120 seconds of vacuuming as a standardised procedure for the recovery of HDMs from fabrics.

A novel aspect of this study was that comparisons were made between a single pass (Protocol 1) of the vacuum sampler and repeated sampling (Protocol 2) for mite-incurred fabrics. Regardless of fabric or sampling duration, Protocol 2 yielded a significantly greater recovery of mites than Protocol 1 (p<0.001) in 50 of the 54 tests carried out (Table 3). Thus, the use Protocol 2 in tandem with 120 seconds of vacuuming is the protocol of choice for the recovery of HDMs from the fabrics under investigation. The methodologies used in in this study may be useful in providing some insight to the standardisation of sampling/collection of HDMs by the vacuuming protocol.

Mite-associated allergies are influenced by the air quality of the indoor environment. Allergic determinants contained on clothing (Tovey et al., 1995; Lucca et al., 2000) and within carpets (Becher et al., 2018; Salo et al., 2018) can manifest an allergic response in humans and pets. Der p 1 is associated with the faecal pellets of Dermatophagoides pteronyssinus and is a significant mite allergen leading to skin and lung-associated allergic responses. Clarke and co-authors (2015b) have shown a correlation between HDMs densities and HDM-derived Der p 1 allergen concentrations. The recovery of live, dead and euthanized HDMs (which represent mites that have died within the fabric weave) vary significantly with the sampling protocol. Furthermore, as shown in the present study, weave-bound mites resist vacuuming and recovery. The levels of allergens may thus be underestimated if inefficient vacuuming protocols are employed or if mites are embedded in the fabric weave. Future studies might consider a wider range of fabrics with varying weave densities and varying the vacuuming force applied to fabrics.

AFigure 1

 1 Figure1Protocol for seeding and recovery of live mites (LM), dead mites (DM) and euthanized mites (EM) from cotton, denim and fleece.

Figure 5

 5 Figure5shows the weave structures of fabrics used in this study. Cotton (A) and denim (B) are both tightly woven fabrics making them structurally similar while fleece (C) is a non-woven fabric consisting of a deep pile (3-4mm) of polyester material. Dead mites generally remained

Figure 2

 2 Figure 2 Mean number of LM (Live Mites), DM (Dead Mites) and EM (Mites euthanized post fabric seeding) recovered from each fabric type irrespective of the vacuuming protocol used and duration of vacuuming. "*", "**" represent values for outliers (outliers are observations outside the interquartile range), ∆ Mean value, and the central line in boxes represents median of recovered mites.

Figure 3

 3 Figure 3 Mean number of LM (Live Mites), DM (Dead Mites) and EM (Euthanized Mites post fabric seeding) recovered according to each treatment applied irrespective of fabric type and duration of vacuuming. ∆ Mean value, and the central line in boxes represents median value of recovered mites.

Figure 4

 4 Figure 4 Mean number of LM (Live Mites), DM (Dead Mites) and EM (Euthanized Mites post fabric seeding) recovered from each fabric type according to duration of sampling irrespective of fabric type and vacuuming protocol applied. "*", "**" represent values for outliers (observations outside the interquartile range), ∆ Mean value. The central line in boxes represents median value of recovered mites.

Figure 5

 5 Figure 5 Scanning Electron Microscope image of the weave structure for fabrics used in this study. A -Cotton; B -Denim; C -Fleece.

Figure 6

 6 Figure 6 Scanning electron microscope for mites on fabrics: A -Cotton -LM (A1), DM (A2); B -Denim -LM (B1), DM (B2); C -Fleece -LM (C1), DM (C2).

Table 1

 1 Mean percentage recovery efficiencies of house dust mites (HDMs) recovered from each fabric type under each treatment protocol; LM = Live Mites; DM = Dead Mites; EM = Mites euthanized post fabric seeding.

	Cotton	Denim	Fleece

Table 2

 2 Summary (Mean ± SD) of the number of mites recovered for each treatment.

	Mite Viability/	LM	DM	EM
	Treatment	Mean ± SD (% recovered)	Mean ± SD (% recovered)	Mean ± SD (% recovered)
	Fabric type			
	Cotton	14.5 ± 3.56 (58%)	18.76±1.95 (75%)	16.5 ± 2 (66%)
	Denim	12 ± 2.7 (48%)	19.11±2.64 (76%)	18 ± 2 (72%)
	Fleece	2.91 ± 1.3 (11.6%)	18 ± 2 (72%)	3.8 ± 1 (15%)
	Protocols			
	Protocol 1 (P1)	9.2 ± 2.5 (36.8%)	17.2 ± 2.7 (68.8%)	12.5± 2 (50%)
	Protocol 2 (P2)	10.4 ± 2.7 (41.6%)	20.1 ± 1.7 (80.4%)	13 ± 1.7 (52%)
	Time (Sec.)			
	60s	8.1 ± 2.55 (32.4%)	17.8 ± 2.45 (71.2%)	11.4 ± 1.9 (45.6%)
	90s	9.6 ± 2.8 (38.4%)	18.6 ± 1.93 (74.4%)	13 ± 1.7 (52%)
	120s	11.8 ± 2.4 (47.2%)	19.7 ± 2.2 (78.8%)	13.8 ± 1.9 (55.2%)

Table 3

 3 General Linear Model outputs showing the P values associated with each main effect (LM = Live Mites; DM = Dead Mites; EM = Mites Euthanized post fabric seeding).

	Variables	Factor levels	P-values
	Mite Viability	3	
	LM-DM-EM		P<0.001*
	Tukey pairwise comparison of mite Viability		
	LM-DM		P<0.001*
	LM-EM		P<0.001*
	DM-EM		P<0.001*
	Fabric type	3	P<0.001*
	Tukey pairwise comparison of fabric		
	Cotton-denim		P=0.990
	Cotton-fleece		P<0.001*
	Denim-fleece		P<0.001*
	Duration of sampling	3	
	60s-90s-120s		P<0.001*
	Pairwise comparison of sampling duration		
	60s-90s		P<0.004*
	60s-120s		P<0.001*
	90s-120s		P<0.003*
	Treatment applied	2	
	P1-P2		P<0.001*

*Significant P-value Aljohani A. et al. (2023), Acarologia 63(1): 136-147. https://doi.org/10.24349/ai0y-0w09
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