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ABSTRACT

Airborne transmission has been suspected to beneigpe for epidemics of highly infectious
disease in livestock production. In such transmigsthe pathogenic microorganisms may associate
with dust particles. However, the extent to whidtib@ne transmission plays a role in the spread of
diseases between farms, and the relationship betweeroorganisms and dust remain unclear. In
order to better understand airborne transmissiohtarset up effective control techniques, this gtud
investigated the performance of multi-stage airulsbers on the reduction of emissions of
microorganisms and dust from pig houses, and tluaimthe effectiveness and efficiency of different
sampling devices for collecting microorganisms duosi.

In winter, multi-stage scrubbers reduced emissairarborne total bacteria by between 46% and
85%, PM, by between 61% and 93%, RPMby between 47% and 90%, and ammonia by between
70% and 100%. The EU reference dust sampler witlmgaction pre-separator, which was designed
for sampling dust in ambient air, could not be usedample PMs in livestock houses where dust
concentrations were high, because overloading ceduA sampler with a cyclone pre-separator was
more tolerant of dust loads in livestock houses wad validated as a reference equivalent sampler.
The method for evaluating the efficiency of bioamlosamplers for airborne microorganisms was
appropriate. It calculated the physical and bialagsampling efficiencies separately, by excludhm
viability losses in the non-sampling processes. Bmglersen six-stage impactor, the All Glass
Impinger (AGI-30) and the MD-8 had higher physiafficiencies than the OMNI-3000. The
Andersen impactor and the AGI-30 had high (100%)dgjical efficiencies on sampling all five
aerosolized microbial specie€rterococcus faecalisEscherichia coli Campylobacter jejuni
Mycoplasma synoviaand Gumboro vaccine virusE. jejuni and Gumboro vaccine virus were
inactivated by the OMNI-3000 during sampling, wiees&. coli andC. jejuni were inactivated by
MDS8. As a result, these two bioaerosol samplersitvaér biological efficiencies. Although recipient
broilers became infected, no culturable airbo@@mpylobacterwere detected by the Andersen
impactor, the AGI-30 and the OMNI-3000 in an airmtransmission dtampylobactein broilers.

From this study we concluded that installing metage scrubbers at the air exhausts makes it
possible to appreciably reduce aerial pollutantseians from livestock production systems. As PM
samplers with cyclone pre-separators are less ralfeeto high dust loadings, it is recommended that
they are used to sample dust in livestock prodoctsgstems. The efficiency of the bioaerosol
samplers varies according to the microbial spesdspled. Suitable samplers can be selected on the
basis of their efficiencies and detection limitew_aerial concentrations of specific microbial spec
are difficult to detect with current bioaerosol gdens. Knowledge gaps still exist throughout the
process of long-distance airborne transmissioniofaarganisms, from suspension and transportation

to deposition and infection.
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CHAPTER 1

GENERAL INTRODUCTION



Chapter 1

BACKGROUND

Livestock production has intensified tremendouslysome areas in the world during the last 50
years. For example, in 2009, there were approxigna&@00 farms with 12 million pigs and 1300
farms with 97 million poultry in the Netherlands) area of only about 41 848 krfCBS 2010). In
China, the contribution of intensive productionrffia with 500 head of pigs or more) to total pig
production almost doubled from 1999 to 2004, amdsthme trend was also seen in poultry production
(Chen et al. 2008). Intensive livestock productimeates high yields (e.g. milk, meat and eggs) per
unit of labor, feed input and housing area. Howeiteis associated with high concentrations and
emissions of aerial pollutants, which may creatisance and health problems to farmers and people
living in the vicinity, and have detrimental effeqeutrophication, acidification and global warn)ing
on the local, regional or global environment (Wexgd Wolf 2000; Wilson 2004). Two of these air
pollutants are of special interests in this stddyey are airborne microorganisms and dust.

The concentrations of airborne microorganisms amst th livestock houses are generally much
higher than those in the ambient air. The conctatra of microorganisms in urban areas are around 3
logy colony forming unit (CFU) m (Fang et al. 2008; Wang et al. 2010). The figdoesmicrobial
concentrations in livestock houses can be as Hghlag, CFU m® and may even reach 9 lgCFU
m? (Seedorf et al. 1998). Research on airborne domstentration is increasingly focused on the
fractions with small particle sizes, e.g. BMparticulate matter smaller than 10 um) and,PM
(particulate matter smaller than 2.5 um). Thesetifsas do not readily settle on surfaces and are
reported to be more harmful to human health becthesecan be deposited deeper in the respiratory
tract than the larger particle fractions. The manmilg of PMy and PMs in EU urban areas has
revealed that their concentrations are around thmeua average limits permissible under EU
legislation (Pérez et al. 2008; Rodriguez et ab8}0i.e. 40 pg M for PMy and 25 ug m for PM,s
(European Commission 1999; European Commission)20®& concentrations of Plyland PMsin
livestock houses can be around 4400 and 170 Pgrespectively (Zhao et al. 2009). Although no
clear relationship has been demonstrated betweemitrobial and dust concentrations and human
health, a bunch of epidemiological studies havewshthat people working with livestock suffer
respiratory diseases due to inhalation of the kigtuncentrated aerial pollutants from livestock
houses (Schiffman 1998; Von Essen and Romberge; 200 Essen and Auvermann 2006).

Airborne microorganisms in livestock productionteyss can be emitted to the ambient air through
the ventilation exhausts. Whether and to what éxtieat emitted pathogenic microorganisms are
transmitted to other nearby livestock units andfrhumans through the airborne route remains
unclear. Lab-scale experiments have confirmed tHeomae transmission of some microorganisms
from animal to animal: it was found that healthynaals kept physically but not aerially separated
from the infected animals became infected (Berthdkrault et al. 2001; Brockmeier and Lager

2002). Also, some infectious microorganisms werkected kilometers away from the source farm
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(Otake et al. 2010). However, to date these firglilmgve not been incontrovertibly linked to
underlying physical and biological processes. Smvkedge gaps exist in the whole process of
airborne transmission of microorganisms, from gatien and transportation through inhalation and
finally to infection (Stark 1999).

It is assumed that microorganisms are somehow iassdavith dust, which may act as a carrier of
microorganisms in the air. However, the relationwaen microorganisms and dust in the whole
process of airborne transmission is unclear. Kndgde about this relation may be helpful for
developing and implementing effective control temlbgies for airborne microorganisms and dust
from livestock houses. It is therefore importantdarry out investigations in areas such as the
identification of their sources, suspension in #itre physical and biological decay in their airb®rn
transportation, deposition in respiratory tracts, veell as the available abatement and sampling
technologies.

Various abatement techniques have been implemeotestiuce the concentrations and emissions
of airborne microorganisms and dust from livestbokises (Pearson and Sharples 1995; Gustafsson
1999; Cambra-Lopez et al. 2009). The performandhede techniques varies when they are applied
under different housing systems and to differenimah species. The best approach to reduce
microorganisms and dust from livestock housesasght to be to control them at source, because this
approach not only reduces the emissions but algwowes the indoor air quality. However, the
demand for a better aerial environment forced th#haities to impose stricter legal limits on
exposure to air pollutants. To comply with thesgutations, more and more end-of-pipe abatement
techniques, i.e. acid and biological scrubbersparieg applied to the air exhausts of livestockdesu
The acid scrubbers have been originally designedeiducing ammonia emission, and are not very
effective at reducing odor. The biological scrulsbare more effective at reducing odor emission, but
vary considerably in their reductions of airbornienmorganisms (Seedorf and Hartung 1999; Aarnink
et al. 2005). Recently, multi-stage scrubbers (dost systems with acid scrubbers and biological
scrubbers) have been developed, to achieve highweval efficiencies for the major air pollutantgy.e
microorganisms, dust, ammonia and odor.

Sampling of airborne microorganisms and dust isoitgnt for evaluating the performance of
control techniques and for assessing the bio-ggcofi the aerial environment. Researchers and
manufacturers are still improving the available glimg techniques and looking for new techniques
with high efficiencies and accuracies. Samplers@iiecting airborne microorganisms apply different
principles, including impaction, impingement, cywtoforces and filtration. The efficiencies of these
samplers are generally known to be imperfect becaiborne microorganisms may either miss being
collected by so-called non-isokinetic sampling oe &illed by various sources of stresses during
sampling. To date, the efficiencies of the samplerscollecting different microbial species havet no
been well established. Notably, there is no stahg&otocol for sampling airborne microorganisms

that specifies the requirements for hardware arsd #ie procedures immediately prior, during and
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after the sampling. The lack of a protocol makedifficult to interpret and compare the results of
different studies. The sampling protocol for cdlieg PM,; and PMs in ambient air has been

legislated by the EU commission and US EPA (Europ@ammission 1998; European Commission
2005; US EPA 2010). These sampling techniques ¢amnaised to sample dust in livestock houses

Chapter 1

because the concentrations and particle sizesstfinllivestock houses are profoundly differentiro

those in the ambient air, and this may comprontiseetficiency and accuracy of the sampling. There

is therefore an urgent need to develop a techragdesventually a protocol suitable for samplingtdus

in livestock houses.

OBJECTIVES AND OUTLINE OF THIS THESIS

Review

(Airborne microorganisms and dust in livestock houses)

Problem: High emissions of microorganisms and dust
from livestock houses need to be reduced

|

Reduction

(Removal of microorganisms and dust by an end-of-pipe
technique-air scrubbers)

Problem: Overloading problem of EU standard
PM impaction pre-separator in livestock houses

Problem: Unknown efficiencies
of Bioacrosol samplers

Dust sampler

Jor use in livestock houses)

(Evaluation of PM cyclone pre-separator

(Assessment of physical and biological
efficiency on airborne bacteria and virus)

Bioaerosol samplers

Problem: Validation of
samplers in practices

Validation

{Detection airborne Campylobacter with bioaerosol samplers)

l

General discussion

Figure 1. Overview of the structure of this thesis.

The objective of this thesis was to gain knowledf@eut airborne microorganisms in livestock

production systems and their relation to dust thhawt the process of airborne transmission. Figure

gives an overview of the structure of this theSlse detailed objectives were:

= to review the current knowledge on airborne micganisms and their relation to dust in livestock
houses with respect to their sources, concentsatighysical and biological decay in transmission,

deposition in the respiratory tracts of human anichal, and sampling and mitigation techniques.

(Chapter 2).

= to evaluate the effects of three multi-stage aiulsicers installed in three different pig houses in

reducing emissions of airborne microorganisms,,custnonia and CO(Chapter 3).
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= to investigate the overloading problem of the Elfenence PM samplers (with impaction pre-
separators) when used in livestock houses, anddaioiae alternative PM samplers (with cyclone
pre-separators) in terms of their suitability feeun livestock houses. (Chapter 4).

= to evaluate the physical and biological efficiesox the Andersen six-stage impactor, the AGI-30,
the OMNI-3000 and the MD8 for collecting four aestised bacterial specie€Eterococcus
faecalis Escherichia coli Campylobacter jejunandMycoplasma synovideand one viral species
(Gumboro vaccine virus). (Chapters 5, 6 and 7).

= to detect airborn€ampylobactemith three bioaerosol samplers (Andersen impaé&&i-30 and
OMNI-3000) in a transmission experiment with bralgChapter 8).
The findings from these seven studies are syntbeésiz Chapter 9. That chapter ends with the

main conclusions from this thesis on airborne ndoganisms and dust from livestock houses.
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Chapter 2

ABSTRACT. High concentrations of airborne microorganisms @mesent in livestock production
systems. These microorganisms can be emitted eutgicbugh ventilation exhausts, and the
pathogenic ones are suspected to pose a riskbafrag infection to humans in vicinity and to animal
on other farms. However, the extent to which ainearansmission may play a role in the epidemic is
not yet fully understood. Furthermore, how dussaat a carrier of microorganisms in an airborne
transmission is unknown. This review paper prestmscurrent knowledge of the entire process of
airborne transmission of microorganisms - from smspon, transportation until deposition and
infection - and their relation to dust. Descripgoof the sources, species, size distributions and
concentrations of airborne microorganisms and duslivestock production systems have been
generalized. Their physical and biological decayirdy airborne transmission are discussed. The
deposition of microorganisms and dust in humanaarichal respiratory tracts and their infection dose
are reviewed. Finally, the sampling strategies, @@y devices and the mitigation techniques of
airborne microorganisms and dust in livestock potidn systems are introduced. It is concluded that
much less is known about the complexity in the psses of the airborne transmission of
microorganisms in relation to dust. In order td file gaps, there needs to be multidisciplinary
collaborative research involving engineers, vetaians, microbiologists and animal scientists.

Keywords. Airborne transmission, Agriculture, Animal, Prodion, Microorganisms.
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INTRODUCTION

Pathogenic microorganisms in livestock productigstems are important because of their ability
to cause diseases in animals and/or in humans. Méarthese microbial species occur in high
concentrations in the air inside the livestock lesuand they are also emitted to the environment
surrounding the houses (Seedorf et al., 1998).eMtent to which these pathogenic microorganisms
are transmitted to other livestock and to humameutih the airborne route remains unclear. For
example, a large proportion of the indirect trarssiain, i.e. transmission between animal houses and
between herds, of important livestock diseases saghfoot-and-mouth disease (FMD) is not
attributable to known routes (Elbers et al.,, 20Glgster et al., 2003). Airborne transmission is
therefore often assumed to be one cause of thi®atdransmission, but attempts to link transnaissi
of FMD virus or other pathogenic microorganisms pgeevalent wind directions have been
unsuccessful.

Given the lack of knowledge on indirect transmisgids important to study airborne transmission
better in order to understand what role it can pldgre we define airborne transmission as “a
mechanism that causes animals and humans to beodewed by inhaling aerial pathogenic
microorganisms through respiratory tracts”. Theba@ine transmission of certain pathogenic
microorganisms from animal to animal has been detnated in lab-scale experiments in which
healthy animals separated physically but not dgritlom infected animals became infected
(Berthelot-Herault et al., 2001; Brockmeier and ¢ag2002). Furthermore, some microorganisms
collected kilometers away from the source farm wetmd to be capable of infecting healthy animals
intramuscularly or intratracheally (Otake et aD1@). However, there is still uncertainty, becaoke
the incomplete knowledge about the entire procésérioorne transmission of microorganisms, from
generation and transportation through inhalatichfarally to infection (Stark, 1999).

Dust probably plays a role as the carrier of theragirganisms in the air, because it seems the
microorganisms are associated with particle siaggel than individual microorganisms (Zhao et al.,
2011a). In 1987, the importance of the relationdlgépween airborne microorganisms and dust from
livestock production systems was reviewed by Mulled Wieser (1987). The authors separately
described the indoor properties (source, conceotraind constitute) of airborne microorganisms and
dust, and the dispersion in ambient air outdoareeSthen, much research has been done on specific
processes involved in the transmission of the ambanicroorganisms and dust. However, we lack an
integrated overview of and insight into all the ggsses involved in the airborne transmission of
microorganisms in association with dust.

The objective of this paper is to review currenbkiedge on airborne microorganisms from
production systems for typical livestock speciesirfg, poultry and cattle), and their relation tesdu
Specifically, we identified the source, speciese sdistribution, and concentration of airborne

microorganisms and dust from livestock productigatems, as well as the factors affecting their
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concentrations in “ARBORNE MICROORGANISMS ANDDUST IN LIVESTOCK PRODUCTION SYSTEMS'.

The physical and biological decay of airborne macganisms and dust during transmission will be
described in “[ECAY OF MICROORGANISMS AND DUST IN THE AIR". The deposition of airborne
microorganisms and dust in respiratory tracts, thednfective dose of pathogenic microorganisms to
animals will be introduced in “EPOSITION ANDINFECTIVE DOSE. The strategy and techniques for
sampling microorganisms and dust in livestock potida systems are proposed inAMBPLING OF
AIRBORNE MICROORGANISMS AND DusST. The mitigation techniques will be described in
“MITIGATION TECHNIQUES FORAIRBORNE MICROORGANISMS ANDDUST".

AIRBORNE MICROORGANISMS AND DUST IN LIVESTOCK PRODUCTION SYSTEMS

Identification the sources of airborne microorganisns and dust

Identifying the source of microorganisms and dumstlivestock production systems helps to
elucidate how airborne transmission is generated,udtimately can help to develop and implement
strategies that prevent such transmission fromgbgenerated (Bull et al., 2006; Cambra-Lopez,
2010). Sources of dust in livestock production eyst have been identified and assessed qualitatively
and quantitatively (Aarnink et al., 1999; Donhand &ustafson, 1982). It is generally accepted that
all dust sources are also sources of airborne migemisms because these source materials somehow
contain certain microbial species that may be geedrtogether with dust. However, the source
identification of airborne microorganisms has net peen extensively investigated, and it is thought
to be more complicated than the source identificatif dust in at least two ways. The first way is
associated with the complex of microbial species isource. A source material always contains a
microbial flora composed of many different micrdbgpecies. Identifying the source of each
microbial species is much more laborious than ifigng the sources of dust. The second way is
associated with the dynamic viability of microorgamns in the generation process (Milne et al., 1989)
microorganisms may either decay or multiply in seeirce material. Thus the source identification for

microorganisms should also be dynamic.

Source of airborne microorganisms

Airborne microorganisms in livestock production teyss originate from the animals, organic
materials, farm personnel and visitors, and amlaent

Animals shed microorganisms by means of excrefityeir feces contain many microbial species,
some of which are highly concentrated (Letellierakt 1999; Pell, 1997). Consider two common
zoonotic bacterial specieSalmonellaandE. coli. Both have been found in feceé8almonellaat a
concentration of 2-7 log cfu'deces (Gray and Fedorka-Cray, 2001; Himathongkhizah €1999) and
E. coli at 2-6 log cfu gfeces (McGee et al., 2001; Omisakin et al., 2088)thermore, feces are an
important pathway for virus shedding from infectaimals (Fouchier et al., 2003). A list of viral

species that may be excreted by cattle was propogdekll (1997). Many other viruses have been

-10 -



Airborne Microorganisms and Dust

recovered from animal feces, such as avian inflaehzirus (Webster et al., 1978) and Newcastle
disease virus (Spradbrow et al., 1988) in pouluyine fever virus (Van Oirschot, 1979), hepatitis E
virus (De Deus et al., 2007) and porcine reprogtacind respiratory syndrome virus (PRRSV) (Yoon
et al., 1993) in pigs. The microorganisms in fecas go into suspension in the air when they are
disturbed by air flow or animal activity. Some seslhave managed to identify feces as the source of
airborne microorganisms by polymerase chain reacifCR) technology. A study by Duan et al.
(2009) found the airborng&. coli strains inside and downwind from the pig housesewdosely
associated with those isolated from pig feces. Wadatent binds particles in feces and prevents the
suspension, so, the microorganisms in dry feceshiénae low water content might become airborne
more easily than microorganisms in fresh feces. Wwheer content of fresh feces is about 85-92%
(Derikx et al., 1994). The water takes days to evafe to less than 10% - the water content of the
airborne dust in livestock production systems (Aret al., 1999). This means the microorganisms
must undergo a latent period between the momenptareexcreted in the feces and the moment they
go into suspension in the air.

During inhalation and exhalation the surface of tingcus in the respiratory tract is destabilized
through an interplay between surface tension asdous forces (Edwards et al., 2004) and this can
result in microorganisms in the mucus going intspgmsion. These microorganisms suspended in the
air in the respiratory tract can be expelled frdra body via coughing, sneezing and breathing, and
can thus become airborne in ambient air. This gaf@irborne microorganisms is widely accepted in
the human model of disease transmission, and patimgnicroorganisms have been frequently
recovered from the exhaled aerosols (Fabian e2@08; Weber and Stilianakis, 2008). Only a few
studies have been carried out to directly deteetrtiicroorganisms in air exhaled by animals. By
sampling exhaled air in masks placed over the hehdsfected pigs, Cho et al. (2006) recovered
PRRSV and Hermann et al. (2008) recovered two battpeciesMycoplasma hyopneumoniagad
Bordetella bronchisepticaNeither PRRSV noM. hyopneumoniaeould be proved to be infective,
however, because only their genes were detectdldeirair samples. Furthermore, none of the four
viral species (PRRSV, Porcine circovirus 2, swinfeuenza virus, and Porcine respiratory coronayirus
investigated by Hermann et al. (2008) were presethe exhaled air, although they were found in
oral and nasal swabs taken from the infected figese results indicate that some microorganisms in
animal respiratory tracts might not readily becauspended in the air or be expelled out of the pody
which implies that this is not an important souafemicroorganisms in ambient air in livestock
production systems. However, the reason the otheroorganisms were not detected could also be
because the quantities of exhaled microorganisnte Wwelow the detection limit of the sampling
devices. Animal respiratory tracts can only be eaetl as a source of airborne microorganisms until i
has been incontrovertibly established that evergleimicroorganism is detectable.

Studies done for the safety assurance of food|izt¢ion and the international trade in hides have

investigated and identified microorganisms in aniskéns (Baird-Parker, 1962; Gailiunas and Cottral,
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1966; Kloos et al., 1976). No information is cuttgmvailable on the release of microorganisms from
animal skins to the air, however, this releasessumed to be possible, given that microorganisms
could be conveyed from deeper in the skin to the slrface via sweat (Baxby and Woodroffe, 1965)
and be aerosolized by desquamation (Aarnink eii@89). Animal products, e.g. eggs (De Reu et al.,
2008; Doyle, 1984) and milk (Donaldson et al.,, 1983oyle and Roman, 1982), contain
microorganisms. When eggs are broken or milk iaspd, the microorganisms might become
airborne.

Organic materials such as feed and litter, whiehlasiought into livestock production systems, may
serve as carriers for variety of microorganismse ficroorganisms originate from the soil and are
transferred to standing crops by wind, rain, me@famgitation, or insects (Maciorowski et al., ZP0
Both non-pathogenic and pathogenic microorganiseng theen recovered from feed; analysis has
revealed concentrations of gram-negative bacterfeeéd as high as 5 lggCFU g* (Hofacre et al.,
2001). These microorganisms can be disseminatedtheg with feed particles during feeding
(Andersson et al., 1999; Chang et al., 2001); #tent of dissemination depends greatly on how the
feed is given (Pearson and Sharples, 1995).

Litter is a mixture of bedding materials (e.g. watdvings, chopped straw, sawdust, and rice hulls
etc.) animal feces, dander and feed (Torok eR@0D9). The provision of litter in livestock prodiast
systems may improve animal welfare by increasimgiticidence of natural behaviors (Appleby and
Hughes, 1991), which, however, may result in moreraorganisms being present in the air than in
housing systems without litter (Madelin and Wathd989; Vucemilo et al., 2007). The
microorganisms arrive in litter during the harvegtand processing of the bedding material and feed,
and through animal excretion and secretion. The@oinations of aerobic bacteria in poultry litter
range from 3 to 9 lag CFU g' (Lu et al., 2003; Martin et al., 1998). Most oktbacteria in the
poultry litter are gram-positive. Gram-negative tea@ and mold account for a fraction of the total
microbial count, but due to the high concentratibthe total microorganisms, their numbers ca stil
be high in some cases (Martin et al., 1998). Ssirmyly, some pathogenic bacteria which are
commonly recovered from animal feces (for instaBceoli, Salmonellaand Campylobactérare not
detectable in litter (Lu et al., 2003). The reasonot clear, but suggested explanations are therae
of bacterial prevalence in the sampled flocks, badterial concentrations in litter being below the
detection limit of the analysis technology. Othercnobial species which may be involved in
degradation of wood and cycling of nitrogen andwuhave been identified in poultry litter. They
include Globicatella sulfidofaciensCorynebacterium ammoniagen&orynebacterium urealyticum
Clostridium aminovalericumArthrobacter sp.andDenitrobacter permanen&.u et al., 2003).

Farm workers and visitors are also possible veavbranicroorganisms in livestock production
systems (Nishiguchi et al., 2007). Nowadays, hygiemeasures (such as changing clothes or UV
disinfection) are increasingly being taken to preévéumans introducing microorganisms into

livestock houses (Newell and Fearnley, 2003).
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Microorganisms in ambient air can enter livestoc&dpction systems through ventilation ducts
(Martin et al., 1996). These microorganisms cootebonly a limited extent to the microorganism
load in livestock systems: their concentrations farelower than those inside of livestock systems.
However, the ambient air pathway is still importaespecially for the highly infectious viruses
(Donaldson et al., 1987; Gibson and Donaldson, 1@86ster et al., 2003), because it needs only a

few of these microorganisms to trigger an outbieaklivestock farm.

Sources of dust in animal houses

Sources of airborne dust include feed, animal akith feather debris, feces, litter, microorganisms,
pollen, and insect parts (Aarnink et al., 1999; Bain et al., 1986). The contribution of these sairce
to airborne dust varies, depending on the animetisp and the housing system. Heber et al (1988a)

reported that the main source of airborne dustignhpuses was feed, which is consistent with the

findings of Donham et al. (1986) and Aarnink et(4P99). Muller and Wieser (1987) found that 55-

68% of the airborne dust in floor layer systemshwiitter originated from the bedding materials in

litter, while 80-90% of the airborne dust in laygstems with battery system originated from fedtistu

(Table 1). In floor systems with wood shavings iéterl for three-week old broilers, Aarnink et al.

(1999) found that airborne dust mainly (> 10 %povated from down feathers and urine components.

The contribution of feed to the airborne dust largkepends on its composition and how it has been

processed (Pearson and Sharples, 1995), e.g. mealrobles or pellets. The contribution of feces is

probably related to the housing system, e.g. witlithout litter (straw bedding versus liquid maeur

Table 1 lists the main sources of dust and givesstimation of their contributions.

Table 1. Sources of airborne dust in animal houses.

Animal Housing type Source (%) Contribution Refererce

Layers Floor housing with litter ~ Bedding materialibter 55-68% (Muller and Wieser, 1987)
Feathers 2-12%
Excrement 2-8%

Layers Battery housing Feed 80-90% (Muller andsafie1987)
Feathers 4-12%
Excrement 2-8%

Broilers Floor housing with litter ~ Feathers >10% afAink et al., 1999)
Crystalline dust >10%
Feed, microorganisms <1%

Rearing pigs  Partially slatted floors Feed >10% riik et al., 1999)
Skin particles >10%
Feces, crystalline dust 1-3%

Species of airborne microorganisms

Most of the airborne microorganisms in livestockdiction systems are bacteria, of which the

most dominant are gram-positive bacteria. Airbagrem-positiveEnterococciwere found to account
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for up to 96% of the total bacteria recovered inlpg and pig houses (Clark et al., 1983). The most
common species of these gram-positive bacterigStaphylococcysStreptococcusnd Enterococci
(Clark et al., 1983; Hartung, 1992; Matkovic et &007). The gram-negative bacteria account for
only a fraction of airborne bacteria (Zucker et 2000). Bakutis et al. (2004) reported that imiiof

the total bacterial count, the proportion of graegative bacteria was approximately 10% in cattle
houses, 4.9% in pig houses, and 2.6% in poultnsé®uZucker et al. (2000) found that the airborne
gram-negative bacteria in pig and cattle houses a®bic and includeEnterobacteriaceae
PseudomonadaceaandNeisseriaceaeno culturable obligate anaerobic gram-negativetdsaa were
isolated. In another study, although the genesesfain viable micro-aerophilic bacteria such as
Campylobactewere detected in the air of poultry houses, ndritbem were still culturable (Olsen et
al., 2009). A possible reason for the smaller propo of airborne gram-negative bacteria in livesto
production systems is that they are more vulnerableenvironmental stress such as oxidation,
radiation, and dehydration, probably because of thmner cell walls (Pal et al., 2007; Theunissgn
al., 1993). The proportion of fungi, molds and yeds the airborne microbial flora in animal houses
is low (Hartung, 1992; Lee et al., 2006). The nfostjuently reported fungi in poultry, pig and dairy
houses areAspergillus sp. Alternaria sp, Cladosporium sp. Penicillium sp, Fusarium sp.
Scopulariopsis spand yeast (Chang et al., 2001; Cormier et ab01®artin et al., 1996; Matkovic
et al., 2007; Vittal and Rasool, 1995; Wilson et 2002).

Size distribution of airborne microorganisms and dust

The size of an airborne particle determines itagpartation, sedimentation and resuspension, as
well as its deposition in the respiratory tractsr@feptors. Investigations of the size distributiasn
microorganisms and dust in livestock productiontesys may provide a useful overview of their
quantitative importance, indicate the health risk fhuman and animals, and facilitate the
establishment and evaluation of control techniglrethis chapter, size of an airborne microorgasism
refers to the size of the dust particle that caorstahis microorganism. Thus the size distributiébn o
airborne microorganisms refers to the relative am®of dust particles that contains microorganisms,
sorted according to size class.

According to the definition related to occupatiohahlth, particle sizes are categorized into three
categories: inhalable (< 1@@n), thoracic (< 1Qum) and respirable (particles which can go beyoed th
larynx and penetrate into the unciliated respisatsystem, diameter < 4m) (Zhang, 2004). In
scientific studies, the size of microorganisms iiiiguished between non-respirable () and
respirable (Cambra-Lopez et al., 2010; Curtis et #75; Madelin and Wathes, 1989). These
occupational health fractions are also appliedsiping the dust, while recent research is increggin
classifying dust as PM (< 10um) or PM s (< 2.5um). The size distribution of airborne dust has been

expressed either in mass or in counts.
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Zhao et al. (2011a) found that in three pig howderit 73-95% of the airborne bacteria were in the
non-respirable range (Figure 1). A similar resudtsweported by Curtis et al. (1975): non-respirable
bacteria accounted for approximately 78-89% of #wmdorne bacteria in pig houses. The size
distribution of microorganisms in poultry housegpeieds on the type of housing system. In broiler
rooms with wood-shaving litter, most of the baciewere non-respirable in the full life cycle of
broilers (eight weeks); a similar distribution gatt was found in broiler rooms with raised netting
floor only after the birds were older than six weeWhen the birds were two to five weeks old, the

proportions of airborne respirable and non-respérdiacteria were similar (Madelin and Wathes,

1989).
B >7 ym
W 4.7-7 um
M 3.3-4.7 ym
3 2.1-3.3um
01.1-2.1 ym
00.65-1.1 pm

Figure 1. Size distribution of airborne bacteria inthe exhaust air from three commercial fattening pj houses

measured with an Andersen six stage viable bio-sargp (Zhao et al., 2011a).

Heber et al. (1988a) reported that non-respirabléigbes in pig houses accounted for more than
80% in mass, but less than 30% in terms of counte recent study (Lai et al., 2010) gives more
detailed information. Expressed as percentagetaf doist, the mass of PMvas found to be 30-54%
in pig houses, 41-69% in poultry houses, and 36%aitle houses. In all three types of house;PM
count was 99%. The equivalent figures for RNhass were 1-3% in pig houses, 2-3% in poultry
houses, and 5% in cattle houses. ForLfddunts the figures were 90-99% in pig houses, 8-t
poultry houses and 99% in cattle houses. The diffe# in the mass and numeric size distribution is
caused by the fact that small dust particles douttei little to mass.

That more microorganisms and less dust particlefamd in the non-respirable range indicates
that a non-respirable dust particle is more likelyoe loaded with microorganisms than a respirable
one. This is a reasonable hypothesis, becausetherla particle is, the greater the chance it may
contain microorganisms. Nowadays, the size digiohuof airborne microorganisms is normally
determined with the Andresen stage impactor (Arefer$958). This sampler actually counts particles
containing one or more microorganisms of differsizes; it does not count the microorganisms. In
some cases, for instance a bio-security assessanentcupational health, it might be more reliatde
assess the total count of microorganisms rather the microbial-containing particles, because the

former will give a better idea of the risk of infem. This requires corresponding research on size
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distribution of microorganisms with sampling tedumes that can detach the microorganisms from
particles.

Concentrations of airborne microorganism and dust

Concentrations of airborne microorganisms and dudivestock production systems have been
investigated in previous studies (Kim et al., 20B8don et al., 2002; Zhao et al., 2011a). The t®sul
of these studies vary greatly as a consequenceutifpie factors, and this makes it difficult to
compare the data, even within the same animal epe8p far, the studies by Seedorf et al. (1998) an
Takai et al.(1998) still provide the most reprea@mé concentration data on microorganisms and dust
in livestock production systems. These data arensanwed in Table 2, together with the RhMind
PM, s concentration measured by Lai et al (2010). Faroarganisms, the highest concentrations of
airborne bacteria and fungi were found in broileuses. The concentrations found in layer, pig and
cattle houses were lower, but still higher tharséhon ambient air (Wang et al., 2010). For dus, th
highest dust concentrations were also found intpobbuses, and the lowest dust concentrations were
always in cattle houses.

Table 2. Concentrations of airborne microorganisms ad dust in livestock production systems.

Animal  Bacteria®® Fungi® Inhalable®™ Respirablé®” PM;J9  PM,d%

logio CFUmM?®  log,oCFUmM?®  mg m? mg m* mgm® mgm?
Broiler 6.4 4-5 3.8-10.4 0.42-1.14 0.9-24 0.04-0.09
Layer 4-5 34 1.0-8.8 0.03-1.26 5.9-6.1 0.25-0.29
Pig 5.1 3.7 0.6-5.1 0.09-0.46 0.2-2.0 0.01-0.07
Cattle 4.3 3.8 0.1-1.2 0.03-0.17 0.1 0.01

[l data from Seedorf et al. (1998).
bl data from Taikai et al.(1998).
[ data from Lai et al. (2010).

Factors affecting concentrations of airborne microoganisms and dust in animal houses

The concentrations of airborne microorganisms amst th animal houses are affected by animal,
housing system and management. In this chaptese tfactors are discussed separately, but one
should realize that these factors always colleltiadfect the concentration because they are inter-
correlated. For instance, animal activity is assted with animal age, weight, and light scheduhg, a

ventilation rate is affected by outdoor and senpt@mperature, humidity and the animals themselves

Animal

The animal factor can be further detailed into fadiers such as age, weight, activity and stocking
density. The concentrations of airborne microorgiausi and dust generally increase concomitantly
with animal age and weight (Hinz and Linke, 1998:dfcala et al., 2001; Yoder and Van Wicklen,
1988). However, an inverse relationship has alsnlfeund. Madelin and Wathes (1989) found a

decrease of microorganisms and dust concentraitiothee late fattening period of broilers. A similar
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result was reported by Saleh et al. (2005). Theedse in concentration of microorganisms and @ust i
probably because the older broilers occupied elfldor space, which limited their activity.

In general, higher concentrations of bacteria, fuargl dust are measured when the animals are
more active, as can be inferred from the findirgt their concentrations were higher in day timentha
at night (Seedorf et al., 1998; Takai et al., 1998age and infrared technology allows animal aigtiv
to be automatically detected (Gloster et al., 20@&gersen and Pedersen, 1995). Using an infrared
detector, Haeussermann et al. (2007) demonstrétgdthe indoor concentrations of RMvere
affected by pig activity. A similar study by Hebefral. (2006) showed that both total dust and, M
were correlated with the pig activity. Surprisingl@loster et al. (2007) failed to establish the
correlation between the concentration of airboriMDFvirus and pig activity quantified by taking
sequential pictures. The reason is not clear,Hmuaitithors explained that the virus production appe
to be more closely associated with other factarshss viraemia in the blood and physical symptoms
(Gloster et al., 2007). Hardly any other informatis available on the relation between quantified

animal activity and concentrations of microorgarism

Housing system

Compared to a cage system, an aviary system cedt&iigher concentrations of microorganisms
(De Reu et al., 2005) and dust (Appleby and Hugh®88]1). This is probably because in an aviary
system, laying hens have more scope for movingzbotally and vertically and perform dust bathing
behavior in the litter. Housing systems with bedfledrs caused more air quality problems, although
such housing systems are generally thought to re bemeficial for animal welfare (Kim et al., 2008;
Madelin and Wathes, 1989; Quarles et al., 1970k Wpe of bedding material also affects the
concentration of microorganisms in the air. Fotanse, in broiler houses, straw bedding released le
bacteria in the air than wood shavings did (Banleazl., 2008a). The authors argued that this was
probably because wood shavings provided a betteromeinvironment for bacteria viability and
multiplication. Hence housing systems that providere space and bedding material for animal
activities are generally more contaminated with@ine microorganisms and dust than those with less
space and without bedding material.

Comparisons of dust concentrations between natumr@lmechanical ventilation systems showed
that with mechanical ventilation, less respiralftillips, 1986) and total dust was found in pig $es
(Chiba et al., 1985) and there was less total idusirkey houses (Janni and Redig, 1986). By cehtra
concentrations of total bacteria and fungi weredown naturally ventilated pig houses without
bedding materials (deep-pit manure system witls s&td manure removal system by scraper) than in
mechanically ventilated houses. The contradictesults found for the effect of type of ventilation
(natural or mechanical) on microorganisms and dustnot fully understood, but it seems likely that
the situations (including the management) of thatilagion systems vary between the different stsidie

making the data less comparable.
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Management

Feed management may play an important role in@hrstentration in livestock production systems.
Previous studies have shown that dust concentsati@ne reduced by giving pelleted feed rather than
powdered feed, wet feed rather than dry feed amadedofeed rather than uncoated feed (Clark and
McQuitty, 1988; Pearson and Sharples, 1995; Zeitleal., 1987). The effect of feeding management
on airborne microorganism concentration has not les¢ensively studied.

Maintaining good hygiene in livestock productiors®ms may help to improve the air quality with
respect to microorganisms and dust. For instarleanimg (e.g. removing litter, scrubbing surfaces
and disinfecting the house) between two produdtiories may reduce both airborne microorganisms
and dust (Banhazi et al., 2008a). Investigationthefrelation between hygiene and air quality have
found they are not always positively correlatedcBaine et al. (2000) reported that a housing system
that appeared cleaner contained more airborne rimttan one that appeared dirtier. The probable
explanation is that houses with more settled dodhe surfaces are more readily ranked as ditdigr,
dust accumulated on surfaces is not an appropndieator of the concentration of bacteria in tive a

Ventilation management (e.g. adjusting the raterach indoor air is exchanged with outdoor air
by mechanical ventilation systems) is to contra@ temperature and other aerial variables such as
humidity and gas concentrations inside livestockides. Previous studies have shown that lower
concentrations of microorganisms and dust can lmewed by increasing the ventilation rate in
livestock production systems (Duchaine et al.,, 208hz and Linke, 1998; Kim et al., 2007b).
However, a non-significant correlation between ¢hgariables has also been reported in livestock
production systems (Banhazi et al., 2008b; Seedbrél., 1998). The probable reason for these
contradictory findings is that ventilation affet¢tge concentration of microorganisms and dust in two
ways: by exhausting airborne microorganisms and tlusutdoors, thereby reducing their indoor
concentrations, and by producing airflow turbuleabeve surfaces, agitating the particles and cgusin
them to go into suspension in the air, thus comsimy the removal effect. Smaller airborne partcle
might be more effectively removed from livestockubes by ventilation than bigger particles (Kuehn,
1988) because they are readily transported inittetraams.

A high relative humidity in the air reduced the dosncentration in livestock production systems
(Guarino et al., 1999). In humid environments, diost particles bind to the surface and are notyeasi
suspended after animal activity, and those in thaggregate and to settle faster (Heber et a88t9
Takai et al., 1998). Humidity seems not to affet toncentrations of total and gram-negative biacter
(Attwood et al., 1987; Banhazi et al., 2008b; Nieksl., 1993). It is reasonable to suppose thanwh
humidity is high, microorganisms are bound to stetaand removed from the air, just as dust.
However, a high humidity favors the multiplicatiof certain microbial species in the sources (De
Rezende et al., 2001). The multiplication mightutfegn there being more microorganisms on each

particle going into suspension from the source.
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Indoor temperature management has already beetategdor the poultry and pig industries, to
optimize productivity. Al Homidan et al. (1997) wped that the total dust in broiler rooms increlse
when the temperature was set 2°C above the recodedelevel. The correlation between dust
concentration and temperature reverses from pesitwnegative when the temperature is extremely
high, apparently because animal activity decreasdésgh temperature and thus fewer particles from
surfaces are disturbed and suspended (Donkoh, ag8jno et al., 1999; Wylie et al., 2001). As well
a high temperature triggers a series of events st affect the dust concentrations in livestock
production systems, such as increasing the vdnptilatate and activating wet cooling systems
(Simmons and Lott. B. D., 1996). Although some agskers (Banhazi et al., 2008a) have suggested
there is a relation between the concentration afoorganisms and temperature, little information is
available so far.

DECAY OF MICROORGANISMS AND DUST IN THE AIR

The decay of microorganisms and dust is a parantle&trcannot be ignored in empirical and
theoretical models of airborne transmission (Ligittand Frisch, 1976; Yu et al., 2004); it may help
when assessing health impacts from exposure. The“tecay” has two meanings. Firstly, decay is
the physical elimination of a particle from the &y means of a series of processes such as
gravitational sedimentation, impaction and elec¢ains precipitation. Secondly, decay is the loss of
biological activity of an airborne microorganismiog to loss of enzyme activities or denaturing of
membrane phospholipids, proteins or nucleic actdex( 1989). Below, these definitions will be
referred to as physical decay and biological decegpectively. It is clear that physical decay &l
to the elimination of dust particles, whereas bpliysical and biological decay apply to airborne

microorganisms.

Physical decay

Physical decay can be quantified by the rate ofosiéipn (particle rate loss coefficient or
deposition velocity) that refers to the speed ofiplas eliminating from the airspace (Deshpandal.et
2009). A model of the deposition rate was propasethe study by Lai (2002), in which various
mechanisms are included as parameters (Table 3lmost all practical cases, these mechanisms
collectively affect the deposition of particles.eTeombined effect has been extensively investigated
different airspaces, e.g. experimental chambers witigh or smooth surfaces (Abadie et al., 2001;
Chen et al., 1992), and furnished or unfurnishesim® (Fogh et al., 1997; He et al., 2005). It was
found that, for particles ranging from 0.01 to 1, the rate of deposition had a U-shaped pattern.
The lowest deposition rate was found for partickrsging from 0.1 to 1.0 um. Particles outside this
range decayed faster. The probable explanatiordb@séd.ai (2006) is that the larger particles sdttle

on surfaces by gravimetric sedimentation, and smalhrticles are deposited by diffusion (Brownian
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and turbulent) effect. These two physical decay hmaisms affect the deposition of 0.1-1 pm

particles to a lesser extent.

Table 3. Mechanisms associating physical decay of enborganisms and dust.

Mechanism Definition® Reference

Advection The mean transport of a particle byrttemn motion of (Baldocchi et al., 1988)
the atmosphere, and occurs when the spatial gitaidien
nonzero and the particle is transported along tbamm

wind

Brownian diffusion The process of mass transferasficles brought about (Vaithiyalingam et al., 2002)
by a random molecular motion (Brownian motion) and

associated with a concentration gradient

Thermophoresis The motion of a particle under til@énce of a (Langer and Holcombe, 1999)

temperature gradient

Gravitational The separation of dispersed particles from gaseous (Wunsch, 1994)
sedimentation phase under action of gravity
Impaction The deposition of particles due to tieamentum (Katz et al., 2001)

causing them to deviate from airflow streamlined an

impacting at bifurcations

Electrostatic The use of an electrostatic field for precipitatorg (Shen and Pereira, 1979)
precipitation removing charged particles from a gas flow in which

the particles are carried

@ Some definitions in this table that were origigalbr gases or molecules in non-aerial environmérage been
modified to make them suitable for describing tesogiating mechanisms of microorganisms and dubeimir.

Biological decay

The biological decay of airborne microorganisms lesn expressed in different ways, e.g. decay
rate (or death rate), survival or half-life. Thecdg rate is the decrease in concentration of
microorganisms over time. A proportionality consté) indicates the extent of decay rate, and is
shown in equation 1, wherg, is the initial concentration of airborne microangans, C; is the
concentration of microorganismstaftime) after initial (Phillips et al., 1964). Thsirvival represents
the percentage of viable microorganisms left atrgam moment vis-a-vis the initial microbial count
(Wu, 2009). The half-lifety,,, is the time taken for the concentration of viatplieroorganisms in the
air to decrease by half, see equation 2 (Zhaao,2@l1c). Previous studies showed that the bickbgi
decay of airborne microorganisms was species-depmenand was determined by many external
factors, such as humidity, oxygen concentratiompierature, ozone concentration, radiation (YV,
ray, X-ray), air ions and air pollutants (CO, Sidd NQ) (Benbough, 1971; Lighthart, 1973).

« = l0g(Cy/C,)

t
_ (log2)xt
“# "log(C,/C,)

(1)

()
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Environmental factors affecting biological decay

The effect of humidity on the biological decay @barne microorganisms has been investigated
since the 1950s. In the early studies, the measost used for humidity was relative humidity (RH,
the ratio of the actual water vapor pressure ofaiheéo the water vapor pressure of saturatedtar a
certain temperature). The results of these stughiewed that the microorganisms were prone to decay
at low RH (Lighthart, 1973), at median RH (Wrightad., 1968b) and at higher RH (Songer, 1967;
Theunissen et al., 1993). More recently, a fewistuttave used absolute humidity (AH, the actual
water content of the air) as another measure ofidityn For instance, Shaman and Kohn (2009)
reported that the survival of airborne influenzeusiwas more significantly constrained by AH than
by RH. They authors argued that RH is a meaningfiysical quantity and for certain organisms may
affect biological response; however, the AH candbegreater biological significance for many
organisms. Some studies investigated other meas@itasmidity, such as evaporation potential (EP,
the difference between actual water vapor contemhe air and the water vapor content in saturated
air at the same temperature). Zhao et al. (unphdadiglata) found that compared to RH and AH, EP
was a more significant factor on the decay of ambaGumboro vaccine virus. Although a bunch of
studies have been carried out, it is not yet fuliderstood exactly how humidity influences micrbbia
decay.

Temperature profoundly affects the biological deo&yirborne microorganisms. The microbial
cell temperature easily follows fluctuations in thmbient temperature because the microorganisms
are usually unicellular (Prescott et al., 2005)gémneral, the higher the ambient temperature &, th
faster the microorganisms decay. For instancedésay rate oFlavobacterium spis 0.007 log mif
at -2 to 24 °C, but increases to 0.017 log hah 29 to 49 °C (Ehrlich et al., 1970a). A fastecaly at
higher temperature has also been reported for oti@obial species, such &s coli, S. marcescens
(Ehrlich et al., 1970b) and Newcastle disease Vi murnikakis et al., 1988). Prescott et al. (2005)
have stated that high temperature may damage mgansms either by denaturing the enzymes,
transport carriers and other proteins, or by mgléind disintegrating the lipid bilayer, or both.

The ambient environment is full of various typesrafdliation, including UV (10-400 pm) and
visible light (400-750 pum), which may inactivate thnicroorganisms. The UV wavelength of 260 pm
can be effectively absorbed by microbial geneticemal, and is the UV wavelength most lethal to
microorganisms. The 260 pm UV light inactivates nmizganisms by inducing thymine dimmers that
inhibit the replication and function of genetic el (Prescott et al., 2005). The bacteria decagem
readily under UV radiation than RNA viruses (Haetsal., 1987; Hijnen et al., 2006). The probable
reason for this is that the thymine of bacterialOi more vulnerable to dimerization induced by UV
than the uracil of viral RNA. The mechanism whereigar-UV inactivates microorganisms is not
fully understood, but is suspected to be the bréalstrands of genetic materials that are induged b
the near-UV itself and toxic tryptophan photopragu@Prescott et al., 2005). Visible light may be

sufficient to damage microorganisms. Microbial pants become excited when they absorb light
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energy, which is transferred tg,@enerating singlet oxygen. Singlet oxygd®y,) is a highly reactive
oxidant, and it can inactivate microorganisms (Mgl et al., 1993). Some microorganisms may
possess carotenoids which can absorb the excitatiergy and reduce the formation of singlet oxygen,
thus preventing cells from being damaged by lightiation (McCambridge and McMeekin, 1981)

Oxygen may accept electrons forming other toxiévagives such as superoxide radical, hydrogen
peroxide, and hydroxyl radical, which may easilystday the cellular constituents. Many aerobic
microorganisms contain enzymes such as superoxieuthse and catalase, which protect the cell
against oxidation by the derivatives; all the $lyi@anaerobic microorganisms lack these enzymes
(Prescott et al., 2005). The effect of oxygen lexeldecay of airborn8erratia marcescen8UK and
E. coli Bwas studied by Cox (1989), who reported that orRyg@as toxic for these microorganisms
only when RH was lower than 70%. The toxicity iraged with oxygen concentrations up to 30%;
higher concentrations produced no additional toxicrhis finding was generally in agreement with
other similar studies (Benbough, 1967; Hess, 198klises seem to be less sensitive to oxygen than
bacteria. The decay of airborne viruses that iredu8emliki Forest virus, Langat virus, T7 coliphage
Poliovirus, and Encephalomyocarditis virus was iffent whether they were aerosolized in the air
or in nitrogen (Benbough, 1971; de Jong et al.5)97

Bacteria exposed to ozonegfO@nay be inactivated due to damage to the cellser{Giese and
Christensen, 1954; Scott and Lesher, 1963) andud#isin of the intracellular enzymes, protein and
genetic material (Barron, 1954; Ingram and Hail€gl9; Kim et al., 1999). Ozone may damage the
viral nucleic acids of viruses and alter the popt#e chains of the viral protein coat (De Mik &b
Groot, 1977; Kim et al., 1999; Roy et al., 198X)vdstigations of the ozone effect on decay of
airborne microorganisms showed that fungi seemede mesistant to ozone than bacteria; gram-
negative bacteria were more resistant than grarativegones (Heindel et al., 1993; Kowalski et al.,
1998). Ozone alone can be toxic to airborne migawisms; however, its toxicity is enhanced when
ozone reacts with compounds in the ambient airwknas open air factors (OAF). Studies have
shown that mixture of ozone with olefins (de Mikagt 1977; Druett and Packman, 1972), and ozone
with negative air ions (Fan et al., 2002) are moxéc to airborne microorganisms than ozone alone.

The dust particles to which microorganisms adheaig protect them from microbial decay. When
microorganisms are carried by the dust, they sudfes radiation and exposure to toxic gas, and less
fluctuation in micro-climate (Milling et al., 2005]t has been found that single bacteria are affelgt
inactivated by ozone; however, when these bactegi® covered with a coating of organic matter, as
in aerosols naturally emitted during a cough oregee ozone in permissible concentration had no
effect (Elford and van den Ende, 1942). As welpesviding physical protection, the composition of
dust particles might give bio-chemical support tdcroorganisms. In order to metabolize,
microorganisms require carbon, oxygen, nitrogemsphorus, sulfur and other elements (Maus et al.,
2001). Compounds containing these elements aredabtim airborne dust from livestock production

systems (Aarnink et al., 1999; Muller and Wies&87). An interesting hypothesis is that microbial
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decay in particles differs, depending on the contioosof the particles. There is some support fis t
hypothesis in the differences found in the decaynutroorganisms aerosolized from liquid

suspensions with different chemical compositionsnf@®ugh, 1971; Hess, 1965).

Studies on biological decay

There have been extensive studies on the biologleahy of microorganisms, using aerosol
experiments. In these experiments, microorganisarg &erosolized in airspace which was sampled at
certain intervals. The biological decay was indidaby the amounts of collected microorganisms at
different sampling moments. In order to avoid thafounding effect of physical decay, inert tracers
or labeled microorganisms were used (ljaz et 8871 ljaz et al., 1985b; Verreault et al., 2008)eT
biological decay of airborne microorganisms wasstigated at different temperatures and humidities.
The studies on biological decay with respect t@¢hievo factors have been summarized in Tables 4
and 5; studies in which the physical loss was msitrdjuished have been excluded. The tables show
the highest biological decay at the least favoradateperature/RH, and the lowest biological decay at
the most favorable temperature/RH (both the leadtraost climate conditions refer to “Extreme RH”
and “Extreme temp” in the tables). The values oldgical decay have been presented in three ways:
decay rate, survival and half-life. These cover tbsults reported in most of the relevant studies.
Some of the microorganisms show a bi-phase bickbgiecay, with a fast initial decay rate in thetfir
few seconds or minutes after aerosolization, foldwy a slow secondary decay (Cox, 1971; Songer,
1967; Webb, 1959). Because long transporting distamd duration are probably more influential in
airborne transmission (Brankston et al., 2007)y ¢tim secondary decay is presented in the tables.

Most of the previous studies have used wet aemsai in which microbial suspensions were
aerosolized. Wet aerosolization does indeed clam@tyic the fate of microorganisms expelled from
animal respiratory tracts in wet aerosols that dedg in the air. However, after they have been
generated, the large wet aerosols containing migemisms settle on surfaces and the small ones
shrink into dry nuclei; both processes are very, faking only seconds (Kincaid and Longley, 1989;
Sun and Ji, 2007; Wells, 1934). The microorganigmeet aerosols can only be transported over
short distances and induce infections in limitedaar (Brankston et al., 2007). In reality, airborne
microorganisms are also generated from dry soufdes feces, bedding material, feed etc.) in
livestock production systems, and are likely to dmnbined with dry dust particles in airborne
transmission. Dry aerosolization is then recommdndet this may give a picture of the biological
decay of microorganisms that differs from the deicayet aerosolization because the microorganisms

may suffer dehydration stress at low ambient RHebrydration at high ambient RH (Cox, 1971).

-23 -



Chapter 2

- (00€) % 0T < - 0z S6 ‘0L ‘05 il
(696T ‘ssoy pue uop) - (00g) % I-T0 - 0z o€ H 0z S6 ‘0L ‘0S ‘0€ nojidw wniqoziyy
- (09) %ge— 1T - - 09 ‘6€ il
(€66T ‘1215q8M pue A3|pUEH) - (09) % 1°0- 100 - - 6. H - 6. ‘09 ‘6€ ‘€2 SUS2S3I0N|} SBUOWOPNAS
- (ST)% oz - OT - - 0z il
(T26T x02) - (ST) %200 - 100 - - S. H - S6-02
- (ST) %01 < - - 0 il
(z26T 'B130p|0D pue X0D) - (ST) %90- 0 - - 18 H 892 06-0  (paziydoAgisuaien ejanalsed
- (ST) %08 < - - S6 1
(T26T ‘X02) - (ST %I-20 - - S5 H - S6-02
- (ST) %001 - - 06 1
(z26T ‘B1agp|oD pue x0D) - (ST) %g0-20 - - 05 H 8'92 06-0 sisuaJe|n) e|jainsised
(Sv) %68 - 9z or 1
(266T e 18 uoswoy]) - (sv) wtz - 9z 6L H 92e 6L ‘65 ‘Ov ‘82 epIoo)NW ejjainalsed
- (0¥2) %0S - Vi 0t il 06 ‘08 ‘S.
(e896T “[e 12 WBUM) - (0v2) %0 - 1z 08 ‘09 H 12 ‘09 ‘0§ ‘Ov ‘0O€ ‘'S¢ ‘0T aeluownaud ewse|dodAn
- (09) %001 - Vi 0t il
(a896T “"[e 12 WBUM) - (00€) %0 - 1z 09 ‘0§ H 12 06 ‘S. ‘09 ‘0S ‘O ‘Sz ‘0T wnopdasi|eh ewseldodAn
(09) %001 - 0T - Vi 06 ‘0T il
(9896T *[e 12 BUM) - (00€) %T > - Yk or H Iz 06 ‘S ‘09 ‘0S ‘O ‘Sz ‘0T lime|pre| ewse|dodA
- (021) % 0T < - 0z 06 il
(886T ‘9917 pue siuuaq) - (02T) %T > - 0z 09 H 0z 06 ‘09 ‘0 urese|iydownaud ejjauoibaT
- - W %L1 81- ‘Ov- 00T 1 67 ‘8€ ‘62
(20L6T ““[2 12 YoIlIy3) - - MW 9%T0°0 > 6¥ S8 H ‘v 'c-'8T-‘Op- 00T ‘S8
- - W %E'T vz 58 !
(20L6T ““[2 12 YoIlIy3) - - W %9°2 vz 66 H 174 66 'G8 ‘59 ‘G ‘ST winajoegqoAR 4
- (08) %0€ - 02 - §'9¢ 0z il
(0£6T x02) - (08) %2 - 60 - 592 00T-06 ‘ 05 H G592 00T-02 (pazi1iydoAy) 1102 '3
uw €8 - - ST HY UbiH 1
(986T “[e 18 sayrem) uiw g - - 0€ %06 > H 0€ ‘ST 18-2¢
- (§°G) %oT< - Gz ‘ST 56 [
(€66T "I 12 UasSIUNaY L) - (8°1) %0 - se 05 @wH SE€'GZ'GT'S8 S6'0S ‘S aeluownaud eipAwelyd
(uonezijosoiae (D,) Aeosp 1oy (%) Aeoap oy (D0)
ERIIEIETEN] aJIl-4eH Jaye sulw) [eAINS Aeoag  dwa] awanx3g HY awanx3 palsa) dwa | (%) paisar HY elseg

"ainesadwia)l pue HY 1ualayipapun els1de(q aulogire Jo Aeosp [eaifojoig ‘7 el

-24 -



Airborne Microorganisms and Dust

- (0€) %0T < - €z o) 1
(£96T ‘196u0S) - (06) %0T— T - ford g€ H ford 06 ‘SE ‘0T SNJIA SIHEWO)S JB[NDISSA
- (06) % 0T < - €2 06 1
(£96T ‘196u0S) - (06) %0T— 10 - ford g€ H ford 06 ‘SE ‘0T  SNJIA SIBYIBII0UIYI SUIAOG SNONIB)U
- (06) % 0T < - €2 ot 1
(L96T 196U0S) - (06) %0T— 10 - €2 Se H €C 06 ‘SE ‘0T SNUIA 3seasIp 9)ISeOMaN
- (08T) %07 —9'T - 9 06 1
(626T ‘anysAqiag pue Areyze|3) - (08T) %0 - 4> 06 H A) 06 ‘0€ € adAy ezusnjurered auinog
- (021) %0T - T - 12 0z 1
(0£6T ‘siaxy pue 1nognQ) - (02T) %10- 100 - 12 05 H 12 08 ‘05 ‘02 Z-SW ebeydeusioeg
- (021) % 0T < - 12 08 [
(0L6T ‘siayv pue 1nognq) - (02T) %I-T0 - 12 05 H 12 08 ‘0S ‘02 €1-S abeydeusioeg
] (uonezijosolee (Do) Ae23p J0) (o) Ae2BP IO} (Do)paisal
ERIEIETEN -JleH  Jaye sulw) [eAIAINS Aesaq dwa] sawanx3 HY awanx3 dway (%) paisal HY SNIIA
‘alnjeladwa)l pue Hyualaylp Japun sasnliA Jo Aedap [ealbojolg *g ajgel
“(8win 8yiI-yrey 1sebuo| pue feainins fewndo BukIURhI00IOIW BUJOgIe JO ABDBP [22160[0I] 1SBMOT (g
“(awn 8yil-jley 1S8HOYS pue [BAIAINS JSIOM SUBIURBI00.0]W Buloglre Jo Aedsp [ed160|olq 1S8UBIH
"sa.nbly woly erep parewnsy |
- (0v2) % 0T < - Yk 0z 1
(0£6T ‘WBUM pue Lemals) - (0g) %0 - Iz ov H Vi 08 ‘09 ‘O¥ ‘0 Swi04-7e20000ida.S
- - fhw bBo| €000 - 6€ !
(996T “JapjuIM pue sIBiSeNS) - - M Bol 68100 - S. H - G/ '6E 009T "08n22020jAyders
- - H%bBol 500 ST §'SLI0°EL 1
(e26T ‘Heyybr) - - H%bBoigoe0 ST 26/SY H ST 96/88 '9L/€L '2S/SY
- (z€) %001 - - L6 1
(G96T ‘ssaH) - (z€) %z - o4 or H o4 16 ‘OF SuadsadIeW enelss
- - H%bBorTo00 ST 26/SY 1
(e26T ‘Weyybr) - - Hwboore0 ST uer-g H ST 96/88 ‘9L/EL ‘TS/SY 'L2/ET ‘EIT ©alNn| BUIDIES
ayl| (uonezijosolee (Do) AR23p 10} (9p) Ae0Bp IO} (Do)paisal
ERIEIETEN -JleH  Jaye sulw) [eAIAINS Aesaq dwa] awanx3 HY awanx3 dwa] (%) paisal HY elualoeg

(panunuo)) ‘ainesadwal pue HyuaaYIp Japun eualoed Jo Aeoap [eaibojoig + ajgel

-25-



Chapter 2

- -  Bojgez €2-8T oL

(z,6T ‘uospreuoq) - - o°u €2-8T S5 €2-8T 0,L'G§  Aprequiag Bniin aseasip YINO pue 1004
- -  Boj o9z €2-8T oL

(z.6T ‘uospreuoq) - - o'u €2-8T o1} €2-8T 0. 's§ ©10S8Ig SNJIA 8SESSIP YINON pue 1004
- - Y bojgTE €Z-8T oL

(z,6T ‘uospreuoq) - - o'u €2-8T S5 €2-81 0L 'SS

- (S) %IT- 100 - 2C-6T 0L ‘09 ‘0§

(€26T ‘uospeuoq pue mopegd) - (8)%10- 100 - 2z-61 0z 2Z-6T 0L'09 ‘0G ‘OF ‘0€ ‘0z  098T S-@ SNIIA 8se8SIP YINON pue 1004
- (g€ - 0€) % 00T 0z 06 - 08

(G26T “re 10 Buor ap) - - 0€) %00 - Homm L€ 0z- 0t /€ '0€ ‘02 0T 06- 5 SNIIA stplesoAworeydasug
- (0%2) % 0T < - 1z 56 ‘2L ‘02

(696T ‘uairep pue yojeH) - (0v2) %ot - T°0 - 12 09 ‘05 ‘OF TZ G6 ‘2. ‘09 ‘0S ‘OF ‘02 afeydousioeg snsad ejj@inaised
- (0v2) % OT < - TZ 56

(696T ‘uairep pue yojeH) - (ov2) %0 - 12 8 12 S6 ‘08 ‘0G ‘O€ ‘8 afeydioo g1 g 1100 '3
- - 4 Boj €00 0T 06

(€86T ‘1odieH pue s0) - - u Boj6e o€ 0S 0€ ‘0z ‘0T 08 0§ ‘02 SnuiAelol BuIAog
uvls - - 9 0S

(05861 e 19 zel)) Lt - - 9 08 0z'9 08 0§ ‘0€ SnuiAelol UewnH
U§eoT - - 9 0S

(eg86T “[e 10 ZEl) yee - - 0z 08 0z'9 08 0§ '0€ 3622 SNIIA BUOIOD UBWNH
sy6 - - 0z 08

(ags6T “le 1o zEl) ru - - (014 0S ‘o€ 0z 08 ‘0S ‘o€ uigres T adA) snainoljod
uve - - 0z 0S

(ve6T “1e 10 Zell) ue - - 0z 08 0z 08 0§ '0€ SsnuiAejol 8SNOW
ust - - 0z 0S

(ve6T “'1e 10 zell) ue - - 0z 08 0z 08 0§ ‘0€ YN SniiAeiol sulnog
- (06) %0T < - €2 06

(£96T ‘186u0S) - (06) %0 - €2 Ge €z 06 ‘S€ ‘0T afeydousioeq €1 g 1109 '3

(uonezijosoiae (Do) Ae03p 10} (94) Ke2op 10} (20
ERIEIETEN Jaye suiw) [eAINNS Aeosq dwsa] swanx3 HY awanx3 paisa) dwa ] (%) pa1sal HY SNIIA

(panunuo)) ‘ainyesadwial pue HyuaIaIp Japun sasniiA jo Aeoap [eaibojolg ' ajgel

- 26 -



Airborne Microorganisms and Dust

- (09) %L9 - - (074
(T26T ‘ubnoquag) - (09) %1S - - 08 - 08 ‘0¢ SNIIA 13104 DijwaS
- (09) %es - - 0z
(T26T ‘ubnoquag) - (09) %0t - - 08 - 08 ‘0z snuin yebuen
ulw g9 - - e o€
(086T “'Ie 10 uosIe) uiw 8z - - 4 08 4 08 ‘SS ‘o€ sniIA siireydaous g asaueder
- (09) %eS - - 08
(T26T ‘ubnoquag) - (09) %S¢ - - (014 - 08 ‘0¢
- (08€T) %58 - §'€2/5°02 18/08 T8/08 ‘S9/79
(T96T 4adreH) - (09€) %0 - §'€2/S02 16/6v §'€2/S02 ‘TG/6Y ‘9E/SE ‘€2/8T snuIA sieAwolod
- (08€T) %9z - G'6/0'6 6T 0'€€ /0'2E
(T96T “JadreH) - (09€) %0 - 0'€e/0'ee G8/T8 ‘0'€2/0'TZ 'S'6/0'6 98/T8 ‘05/8 ‘€¢/6T SNIIA siijaAwoeydadsusd auinba uejanzausp
- (08€T) %99 - S'TT/S0T 0z G'EE/STE
(T96T ‘1adren) - (08€T) %0 - S'€E/STE €8/08 ‘0°€2/0'TZ ‘'S'TT/S0T ¥8/08 ‘TS/8% ‘02/LT SNUIA BIUIDORA
- (08€T) %19 - 0'8/0°L sz/ee 28/18 ‘59/¥9
(T96T ‘1adreH) - (072) %0 - 4> 18 0'2€ '0'72/S0Z ‘0'8/0°L ‘TS/6Y '9E/VE ‘G2/0T SnuIA ezuanjjuj
- - M60190T €2-81 0L
(z26T ‘uospreuoq) - - 4 Boj g0z €2-8T o] €2-8T 0L ‘GG 099yded TO SNIIA 8SeasIp YINo\ pue 1004
- - uborgeT €2-81 0L
(z26T ‘uospreuoq) - - Mborgee €2-8T S5 €2-81 0L'GS  bell zgv snia asessip yinow pue 1004
- - uboreyT €2-81 0L
(z26T ‘uospreuoq) - - 4 Bojor'z €2-8T o] €2-8T 0L ‘GS uoueqgeT D SNIIA 8SeasIp YINoW pue 100
- - uborgLT €2-81 0L
(z26T ‘uospreuoq) - - Mbologe €2-8T S5 €2-81 0L ‘GG  dnisA3 GV SNIIA 3seSSIP YINOW pue 1004
- - uboggT €z-81 oL
(z,6T ‘uospleuoq) - - ubolo6T €2-81 S5 €2-81 0L'SG  BIINON D SNIIA 8Se3SIP YINO pue 3004
(uonezijosoise (Do) Aedap I0)  (9p) Ae28p U0}
ERITEIETEN] ajl-leH Jaye sulw) [eAIAINS Aedag dwa] swanx3 HY awaunx3 (Do)pa1sar dwa (%) paisa) HY SNUIA

(panunuo)) ‘aimesadwal pue HuaIaIp Japun sasnliA Jo Aeoap eaibojolg 'S ajgqel

-27 -



Chapter 2

yov - - 0z 0S

(86T “'[e 10 Jenes) uye> - - 0z 08 0z 08 ‘0S ‘s TTVS Sninejoy
ulw €' - JUIW %€g'T 74 0€

(z86T “le 1o umolg) Ul ¥'TT - JUIw 9%T°9 74 08 vz 08 ‘SS ‘o€ TG-V'S SNIIA Jans} AojleA WY
ulw Q2L - JUIW %6°0 74 0€

(z86T “Ie 10 umoig) uiw 6'9 - MW %T 0T 74 08 vz 08 ‘SS ‘o€ TOG-HZ SNIIA 1ond) A3lep WY

- - “ Boj 210 50C (or4 06 ‘08 ‘0L

(696T “JOPIUIM pUE JBUIBISYIDY) - -  Boj 6v°T §'0¢ 08 S0 ‘09 '0S ‘Ov ‘Of ‘0 SnUIA [enfouAs Alojendsay
- - I %95°0 L9 08

(026T ‘uoyeH pue maylen) - - Ui %98°0 L9 0€ 192 08 ‘0S ‘0€ SNIIA eloueA
- - W %92°€ L9 0€

(026T ‘uoyeH pue maylen) - - MW %70°L 192 0S 192 08 ‘0S ‘0€ SNUIA 19A3) MOJIDA

- - UwosT-ST ve/e 56/S8 G6/S8

(z86T “'[e 10 swepy) - - Mwoyee-ge ve/te §€/S2 'GL/S9 ve/te  'SL/S9 'SS/SY ‘SE/ST Bue T adA snunoay
- - MW %9°0 192 0€

(0£6T ‘uoyeH pue mayken) - - MW %EL'9 192 08 192 08 ‘0S ‘0€ juabe sisooeIsd
uiw 2g6T - - S TLT

(2002 “[e 10 uueWIBH) uiw €'e - - o€ 8'€9 -G 06-S ASHYd
- (09€) %95 - 0T 0€/02

(886T “[e 10 sp{exIuINO) - (09¢) %8 - 0€ ‘'Se 08 0€ ‘Gz '0Z ST ‘0T 08 ‘05 '0€/02 SNIIA 9SE3SIP B)ISEIMON
uiw 9’y - - 14 S5

(066T “le 10 wnequaoydss) Ui LT - - 44 S8 2z G8 ‘'SS ShuIA salqeiopnasd
uiw 9'v§ (09) %691 JUIW %€°'T vz 0€

(#86T “[e 10 Uosuaydals)  uIWw T'0T (09) %e0 UIW 9%6°9 4 08 8€ '2€ 'vT 08 ‘S5 ‘0€ UeISor SniiA essen
- (09) %L - - 08

(T26T ‘ubnoquag) - (09) %S00 - - 0z - 08 ‘02 abeydijoo 21 g 1102 3
(uonezijosoiae (Do)AeO8p U0} (05) K00 Jo)

ESIEIEIEN] alll-ireH Jaye suiw) [eAINNS JARETq] dwa] awanx3g HY swanxg (Do)pa1sar dwa (%) paisal HY SNIIA

(panunuo)) ainyesadwial pue HyuaIaIp Japun sasniiA jo Aeoap [eaibojolg ' ajgel

-28-



Airborne Microorganisms and Dust

‘(8w ayl-yrey 1s8buo| pue eainns fewndo suBiuehI00IOIW BUIOgIe JO Aeddp [ed1Bo|0Ig 1ISBMOT (g

(3w ayI-Jfey 1s810YS pue [eAIAINS 1SIoM SausiueBI00Io1W sulogre Jo Aedap [eaiBojold 1S8YBIH

'saunBly wouy erep parewns3 |

sy L€l (ov¥T) % 0O - 0z 08
(G86T “'[e 18 wiey) - (ST) % S2'0> - 0z 0S ‘0€ 0z 08 ‘05 ‘0¢ PT-SniAouIyY
- (09) %.°88 —20°0 - 44 o€
(T26T ‘Assioq pue ipuaiag) - (09) %€°LL — 9000 - 44 09 44 09 ‘0€ snuIA sinj@Aworeydasus auinba ue@nzausp
- (09€) %6. - 1z 62
(696T “Ie 10 Aoqey) - (09€) %1 - 12 08 12 08 ‘09 ‘9 ‘62 sniiA (31S) shifeydaous siNo 1S
(uonezijosoise (Do) hed0p a0y (9p) Ae28p U0} (2.)

QJualajey

Jaye sulw) [eAIANS

feosq  dwal swanx3g

HY awanx3

palsa) dwa |

(%) pa1sal HY

SNIIA

(panunuo)) "ainjesadwa) pue HYUSIBYIP Japun SasnIIA Jo Aedap [edlbojolg G ajgel

-29 -



Chapter 2

DEPOSITION AND |NFECTIVE DOSE

Particle deposition in respiratory tract of humansand animals

According to Heyder et al. (1986), the probabilifydeposition will be different for each particle
even if all the particles in the air inhaled in dmeeath are identical, because the inhaled air with
particles penetrates the respiratory tract to diffe depths where it remains for different periofls
time, and because of the stochastic nature ofghattiansport. Therefore, “particle deposition” {fire
respiratory tract) refers to the mean probabilifyao inspired particle being collected on airway
surfaces. However, the deposition may be defindf@grdntly in different studies (Corbanie et al.,
2006). Particle deposition in the respiratory trdepends on particle characteristics (e.g sizgesha
density) and breathing pattern (e.g. nasal/orahthrerespiratory flow rate and cycle period), asd i

commonly expressed as a function of particle size.

Diffusion Diffusion Sedimentation
Sedimentation Impaction
1.0 -
_ Ve
0.5 // Total
7~
0
1.0
s 0.5 : Extrathoracic
’é 0 3 geal
g 1.0
=)
0.5 Bronchial
0 = =
1.0
0.5 = - | Alveolar
N :
0| ‘ ok 4
0.01 0.1 1 10 15

Particle size (um)

Figure 2. Deposition of unit density spherical paitles in human respiratory tract at a mean flow rae of 250 cmi s
1 and a breathing cycle period of 8 s. Solid curveshow the deposition curve for steady oral breathingand dashed
curves for steady nasal breathing. Adapted from Heger et al. (1986).

Particle deposition in the human respiratory ttzas been well documented (Brown et al., 2002;
James et al., 1991; Lippmann et al., 1980). Ingiple, the deposition of particles is governed gy t
mechanisms of diffusion (particles < Qufn), or by diffusion and sedimentation (0.1dh particles),
or by sedimentation and impaction (particles ) (Heyder, 2004). On the basis of previous
experimental studies, Heyder et al. (1986) devalagpsemi-empirical deposition model for particles
ranging from 0.00um to 15um. Figure 2 shows a deposition pattern for slowiiagion over a long
period for both oral and nasal breathing. The dépashas been shown for three regions of the

respiratory tract - extrathoracic, bronchial anekalar - based on how far down the tract partioiey
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be deposited. In addition, total deposition is giythe sum of the deposition in the three regiolts).
can be seen that the total deposition is leagptddicles of 0.1-1um, and that the deposition increases
as the size of small particles (< Quin) decreases, and the size of the larger part{cles um)
increases. Particles larger than [iih are mainly deposited in the extrathoracic regemd cannot
penetrate the alveolar region during slow anddesttand nasal inspiration.

The deposition in the human respiratory tract catmeoextrapolated to livestock because of the
unique morphology of the human respiratory syst€@wbanie et al., 2006). Particle deposition in
guinea pig head, trachea and lungs was investigatedarper and Morton (1953). They found an
increasing regional deposition in guinea pig headdrger particles: 35.7% of the 1 um particlesene
deposited in the guinea pig head, compared with%&f the 10 um particles. The reverse was true
for lung deposition: 55.2% of 1 um particles angP0.of 10 um were deposited in the guinea pig lung
The particle size most deposited in the trachea 2vasgm. A model of particle deposition in the
guinea pig respiratory tract was established by&dbr and Hutchens (1979), who found that 99% of
unit density particles of 1@m or more could be deposited in the nasopharyrtgaetheobronchial
region (Figure 3). The lowest deposition was 10%afparticle size of 0.8m. About 17% of particles
ranging from 0.08 to 4m could be deposited in the pulmonary region. Hewethis model was
compromised by several assumptions that were mgd#é authors, e.g. laminar airflow in the
respiratory tract, equal expansion of all lobes alvéoli, and complete mixing of the particles he t
alveoli.

Hayter and Besch (1974) investigated the regioepbdition of five particle sizes (0.091, 0.176,
0.312, 1.1, and 3.7 topm) in chicken. The particles deposited in the haad anterior trachea were
in the 3.7 to 7um size range, those deposited in the lung and poister sacs were 1.4m size, and
those deposited in the caudal regions of the higl® in the size classes 0.091 and 04m6 Those
of size 0.312um were deposited mainly in upper airways. Thess emta of particle deposition in
chicken airways are suspected to be compromisethéyuse of anesthetized chickens, because
anesthesia alters the animals’ breathing patteonbahie et al. (2006) investigated the depositibn o
particles in a wider range (1, 3, 5, 10 andu®) in unanaesthetized chickens of three ages. &iii&
definition of “deposition” that was proposed by tdey et al. (1986), Corbanie et al. (2006) defined
deposition as the percentage of particles depogitacarticular region of the respiratory tractosg
those in the entire tract. They found that parsidrger than um were too large to be deposited in
the lungs and air sacs in 2- and 4-week-old chiskas low percentages of particles were recovered i
these regions (Figure 4). For 1-day-old chicks, énay, the particle deposition in lungs and air sacs
was independent of particle size and even particfe20 um were deposited in the lower airway,
probably due to the chicks having a different drgf pattern than older chickens.

The deposition pattern of monodispersed parti@edym) in calf airways was studied by Jones et

al (1987). They found those particles were prefiatiy deposited in the trachea and major bronchi.
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Figure 3. Deposition of unit density spherical paiitles in the respiratory tract of guinea pig at aidal volume of
4.44 cnt and a respiratory rate of 60 breaths mift. NP-TB: nasopharyngeal-tracheobronchial region. Ppulmonary

region. Adapted from Schreider and Hutchens (1979).
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Figure 4. Deposition of fluorescent particles in th respiratory tract of 1-day-old (@), 2-week-old ¢), and 4-week-
old (A) broilers. NELTS: nose, eyes, larynx, trachea and siymx. LT: lungs and thoracic air sacs. LTOC: lower beak,

tongue, esophagus and crop. Adapted from Corbanid al. (2006).

Infective dose

Infection is more likely to fit a single-hit modeihich means that one pathogenic microorganism
may trigger an infection in a recipient. From tpaint of view, the infective dose (ID, or occurrenc
of infection) is therefore related to the probapilhat a recipient becomes infected after takimg i
certain dose of pathogenic microorganisms, follgnénPoisson distribution. The ID of pathogenic
microorganisms to human and animals has generaby lexpressed in two ways. In one way, ID is
expressed as the number of infected recipient®foaitpopulation after a dose of microorganisms has
been administered. The other way is to determiaantitrobial concentrations required to infect 50%
of a population (llv). Table 6 lists the ID of several pathogenic micganisms. The ID of the same
microorganism varies, depending on the recipiemhahspecies. For instance, a lower ID of FMD

virus is needed to infect sheep and cattle thainfext s pigs (Alexandersen and Donaldson, 2002;
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Donaldson et al., 1987; Gibson and Donaldson, 198&an be also seen that a certain dose of a
microorganism is not always capable of infectingedipients, probably because of a differencéen t
resistance of individual recipients (due to e.ge,dgeed etc.) (Roy, 1980). Furthermore, the rbyte
which the microorganisms are administered may lbésoesponsible for variation in ID (Cafruny and
Hovinen, 1988; Zimmerman et al., 1993). In previgtigdies, the administration routes were either
nasally or orally, or via aerosols, and these ceflgifferent deposition situations and regions for
microorganisms in the respiratory tract. Nasal aiktiation simulates infection because larger
microbial particles are deposited in the upper aysy the oral ministration may simulate oral
breathing; and the aerosol administration simulatéection because smaller microbial particles are
deposited in deeper airways. It was reported that rhicroorganisms had preferential sites for
multiplication and infection because of the compiatnerability of regions in respiratory tracts
(Cafruny and Hovinen, 1988; Druett et al., 1953uddt et al., 1956). This being so, infection occurs
more readily when the microorganisms are admirestén the more vulnerable regidhus resulting

in a lower ID value Baskerville (1981) summarized the preferred itiéec regions of some
microorganisms to animals by categorizing noseryphaand tonsils as the upper respiratory tract and

the trachea, bronchi and bronchioles, and alveaiha lower respiratory tract (Table 7).

SAMPLING AIRBORNE MICROORGANISMS AND DuUST

Sampling protocols for dust in ambient air haverbesgislated by both the US Environmental
Protection Agency (US EPA, 2006) and the Europeammittee for Standardization (European
Commission, 1998; European Commission, 2005). Neysdthe official sampling protocols focus
increasingly on small particles, e.g. RMnd PM s, because these have the potential to be suspended
for longer time, transported for longer distanced aleposited in the lower respiratory tract; in
addition, they are more hazardous to human he&tithensure unbiased sampling, these protocols
specify many details, such as sampling duratiqre tyf sampler, and sample handling.

The protocols for ambient air may not be directfyplecable for dust sampling in livestock
production systems where the dust concentratioasnarch higher than those in ambient air. In
addition, to date there is no protocol for samplaidporne microorganisms. Given that the sampling
of microorganisms and dust in livestock productgystems is increasingly being performed for
assessing the bio-security of air environmentsfan@valuating mitigation techniques, the sampling
protocol must be well designed, in order to asgefiable data. Below, sampling strategies and
samplers for airborne microorganisms and dust aghliphted taking into consideration their

sampling in livestock production systems.
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Table 7. Initial infection region of microorganisms(Baskerville, 1981).

Microorganism Animal Infection region
Bordetella bronchiseptica Pig URTY
Haemophilus spp. Pig URT
Pasteurella spp. Pig URT
Cattle URT
Sheep URT
Mycoplasma Poultry URT
Pig URT
Cattle URT
Bovine herpesvirus-1 Cattle URT
Parainfluenza-3 Cattle URT
Sheep URT
Infectious laryngo-tracheitis virus Poultry URT
Infectious bronchitis virus Poultry URT
Aujeszky’s disease virus Pig URT
Aspergillus fumigatuand other fungi  Poultry LRS
Respiratory syncytial virus Cattle LRT
Adenoviruses Cattle LRT

(B URT: Upper respiratory tract, including nose, phargnd tonsil.
bl RT: Lower respiratory tract, including tracheapichi and bronchioles, and alveoli.

Sampling strategy

Isokinetic sampling is the ideal sampling methoegduse it has been devised to sample the true
numbers of particles in the air. Such samplinglmaachieved if the sampler inlet is in alignmerthwi
and facing the direction of air flow and if the a@locity within the sampler is the same as theiantb
air velocity (Zhang, 2004). However, true isokinesiampling is impossible in practice due to the
variation in the surrounding air flow pattern (direction and velocity) and/or the limited possttdk
of some samplers (Liu and Pui, 1981). As a conoasghe current legislation aims to reduce the
sampling bias in non-isokinetic samplings by stiinlg the range of conditions under which the
samplings may be performed.

The sampling location should be chosen bearingimdine research purpose. When human health
is of concern, sampling should be carried out tlearhuman breathing zone. One option is to fit a
portable sampler on a worker’s body at a height5-170 cm above floor level and within a radius
of 30 cm around the mouth (Ouellette et al., 199%ere are difficulties in doing the same with
animals, so therefore stationary samplers in thesathing zones are recommended. The level of the
breathing zone is 30-40 cm above floor level fagspil0-25 cm for poultry and shoulder height for
cattle (Kim et al., 2007a; Topisirovic, 2003). Fpowing animals these figures should be adjusted to
the animal height at a certain age. When emisgsibnscroorganisms and dust are of interest, thé bes

sampling location is in or near the air outlet. €should be taken not to place the samplers at a
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location where the air speed is high, because ftheieacy of the sampler (the ratio of the
concentration calculated from the air samples &tthe concentration in the air) may drift far from
100% (Grinshpun et al., 1994; Hofschreuder eal07).

To protect against the adverse health effects etedovith short-term and long-term exposure, the
daily and annual thresholds for RNh ambient air have been set at 50 and.g0ri® respectively
(European Commission, 1999); the annual threshmidPV, 5 has been set at 36 mi® (European
Comission, 2008). To assess the concentratiomefdust, the sampling period is generally 24 hours.
This sampling duration may also be applied whenpsiagn dust in animal houses to obtain daily mean
concentrations. For studies collecting informatimm dust fluctuations during the day, successive
samplings for short periods should be performeds Kimd of sampling can be achieved by interval
sampling or sampling with online optical samplers.

Due to the lack of a standard, the sampling dunatar airborne microorganisms in different
studies varies, but is normally less than 1 hotwe duration is determined by taking account of the
estimated concentrations of microorganisms and ctharacteristics of the sampler in use. The
sampling duration can be set at a short periodyanfinutes) when the total microorganisms normally
abundant in livestock houses is of interest. Winenmicroorganism of interest is sporadically présen
(this is especially true for viruses indoors), fferiod should be set long enough to collect enough
microorganisms for further analysis. Some samplerge not been designed to be used for long
sampling duration. For instance, severe evaporatidiquid medium in All Glass Impinger (AGI-30)
occurs when the sampling period is long and thisy maffect its sampling efficiency. The
recommended maximum duration of the sampling peoodhe AGI-30 is 30 minutes. The Andersen
impactor may easily become overloaded when sangrkesaken in livestock houses (Thorne et al.,
1992), therefore, the sampling duration is limitegninutes or even to seconds.

Other aspects in a sampling strategy include mactand economic considerations. Active
sampling instruments require a power supply to agethe pump. These instruments are unlikely to
be used in many outdoor measurements unless thefacturers supply rechargeable batteries. The
portability of the instrument and its ancillariesg. weight and dimensions etc., are factors thauld
be considered. Instruments and sample analysisoatiet costs. For instance, a high quality pump is
required for dust filtration sampling, and it mus# intelligent enough to provide constant airflow
when ambient temperature changes and pressur@sesrdecause dust accumulates on the filter. The
post-sampling culturing and counting of microorgam, especially viruses, is time consuming and

particularly expensive.

Samplers for microorganisms

Current samplers for airborne microorganisms areegdly based on one of three main principles,
i.e. impaction, impingement, or filtration (Tablg. &hese different sampling principles have their

advantages and disadvantages. Samplers using tbection principle, e.g. Andersen six stage
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impactor, can be used to distinguish the microasyas according to their sizes (Andersen, 1958). In
addition, the bacteria impacted on agar plates beaglirectly incubated for viable counts. However,

its susceptibility to overloading limits its sammgi in livestock houses to short periods, which may
result in non-representative samples. The probleaverloading can be overcome by using samplers
with the impingement principle, because then thidi samples may be decimally diluted and

analyzed. A disadvantage of this sampler, e.g. BGlis that it may not be able to sample for a long
time due to evaporation of the collection liquidn(let al., 1997). Filtration is a user-friendly rfedl

in a practical situation, but not suitable for séimgp microorganisms that are vulnerable to

dehydration stress.

Table 8. Common samplers for airborne microorganisms

Sampling principle  Collection medium  Example samples

Impaction Agar plate Andersen One/Two/Six stagepdator (Andersen Instruments
Incorporated, Atlanta, USA)
Casella Slit Sampler (Casella Ltd, Bedford, UK)
Surface Air Systems (Cherwell Laboratories, Bicesit)

Impingement Liquid medium AGI-30 (Ace Glass, Vimada USA)
Multistage May Liquid Impinger (AW Dixon, Beckenhakent)

Filtration Filter Dissolvable gelatin filter (Sartos, Géttingen, Germany)

Polytetrafluoroethylene (Sartorius, Gottingen, Gang)

A sampler with known efficiency is a prerequisiter fa reliable evaluation of the microbial
concentration. The efficiency of a bio-sampler udgs physical and biological efficiency. The
physical efficiency describes how well non-viabidarne particles are aspirated by the devicestinl
and transported to the collection medium, refeteds inlet sampling efficiency, and how well the
bio-sampler retains these patrticles in its meditgferred to as collection efficiency (Griffiths and
Stewart, 1999; Nevalainen et al., 1992). For piagim the range from 1 to 10n and an airflow rate
between 0 and 500 cnit,sthe inlet sampling efficiency of the Andersen Sibage Impactor is 90 —
150% when the opening faces in direction of the fmiw and 8 — 100% when it is oriented
perpendicularly to the horizontal aerosol flow (@hpun et al., 1994). The inlet efficiency of the
AGI-30 for particles of 1 um is close to 100%, kus reduced to 70-90% for 5 um particles and to
20-30% for 10 um particles (Grinshpun et al., 199%hen the 50% collection efficiency of the
Andersen Six Stage Impactor and AGI-30 was invaestid it was found that the Andersen Six Stage
Impactor has 50% collection efficiency for 6.6-{ud particles at the first stage and 0.57-0.65 pm
particles for the last stage (Andersen, 1958; Nenah et al., 1992). The 50% collection efficienty
AGI-30 was for particles of 0.31m (Nevalainen et al., 1992).

Filters vary in their physical efficiency. Some drghly effective. By measuring the particle

concentration upstream and downstream of filtersthwian optical particle counter,
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polytetrafluoroethylene (PTFE) filters and geldilters were confirmed to collect more than 93% of
particles, even down to 80 nm (Burton et al., 2007)

If the particles are living organisms, they mayibactivated during sampling due to impaction
stress (Stewart et al., 1995), impingement sti@kgpé et al., 1959; Tyler and Shipe, 1959; Tylaalet
1959) and/or dehydration stress (Li et al., 199%erefore, in order to indicate how well a bio-
sampler maintains the microbial viability and pretgecell damage during sampling, the concept of
biological efficiency has been introduced (Griffitand Stewart, 1999). Different samplers may differ
in their biological efficiency. Moreover, due toetlvulnerability of microorganisms to the sampling
stress, a sampler’s biological efficiency may vary.

In some studies, the efficiency has been evalubted¢omparing samplers side-by-side in an
environment with unknown microbial concentratiomgglhart et al., 2007; Henningson et al., 1982;
Thorne et al., 1992). This method easily rankspitformance of different samplers; however, it does
not reveal whether the amount of microorganismiectid in the air samples accurately represents the
microorganism content of the air, nor does it digtish between the physical and biological
efficiency. Other studies separately investigateddfficiency of bio-samplers in aerosol experiragnt
in which a known amount of microorganisms togetheith an indicator (either labeled
microorganisms, or inert tracer compound) were hada in an isolator. The physical efficiency can
be determined by comparing the amount of tracdect®ld by a bio-sampler with that collected by the
reference sampler (a sampler that has a high plysificiency); the biological efficiency is
subsequently indicated by the change in the rdtimioroorganisms/indicator. Using this method,
Zhao et al. (2011b; 2011c; 2011d) reported theieficy of the Andersen Six Stage Impactor, AGI-30,
OMNI-3000 and gelatin filter in samplingnterococcus faecalisE. coli, Campylobacter jejuni

Mycoplasma synoviagnd Gumboro vaccine virus.

Samplers for dust

Filters are most commonly used for sampling airbodust. Both US and European reference
samplers use the filtration principle to collectsddrom the air (European Commission, 1998;
European Commission, 2005; US EPA, 1997). For sagulust in certain size fractions (e.g. RM
and PM ), a pre-separator for separating the coarse dust the target dust particle sizes has to be
installed in front of the filter. Sampling systemigh pre-separators using the impaction princieen
been legislated as reference methods for measddsgin ambient air in US (US EPA, 1997) and
European countries (European Commission, 1998;feam Commission, 2005). These systems show
steep collection curves for sampling fine dust mbgent air where dust load is low (Kenny et al.,
2000). However, the pre-separator with impactiangiple may become overloaded when sampling in
dusty livestock production systems, thereby resglin overestimated concentrations of fine dust

(Zhao et al., 2009). In contrast, a pre-separatitih wyclone principle has been found to be less
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vulnerable to overloading in dusty environmentstpee-separators based on impaction (Zhao et al.,
2009).

Optical dust samplers are now commercially avadlabhese dust samplers can monitor the real-
time dust concentrations, and no further processeeded after sampling (unlike the gravimetric
method, in which filters must be weighed). Moreowwme optical samplers may separately record
the concentrations of dust in different size randgtswvever, the optical samplers have limitations in

humid environments, because water droplets arecalsated as dust particles.

MITIGATION TECHNIQUES FOR AIRBORNE MICROORGANISMS AND DUST

Many techniques have been applied in practice tluge the concentrations and emissions of
airborne microorganisms and dust in the livestowustry. They vary in their utility, but can be
grouped into two main principles. The first prirleipto control particles at source, includes teghes
such as feed coating and oil spraying, which ha lstated to be “the most effective means” of
controlling airborne particles in the space (Pearaod Sharples, 1995). The second principle is air

purification. lonization (electrostatic) and airsisbers are examples.

Control at source

The fatty substances often added to feed to inergestabolizable energy content may reduce the
airborne microorganisms and dust in animal houBesrson and Sharples, 1995). Gore et al. (1986)
reported that concentrations of airborne bactedgeeweduced by 27%, and settled dust by 45 to 47%,
when 5% soybean oil was added to the pig diet. fidsslt is consistent with the study by Welford et
al. (1992), who found a 31% reduction of inhalablest with 2% oil addition to the feed. Other
substances, such as tallow, lecithin and lignirehalgo been used as effective feed additives #or th
purpose of particle control in animal houses (Daw$tearson and Sharples, 1995).

Spraying techniques reduce the particle conceatratmainly by coating the surfaces, thereby,
preventing particles from being suspended or resndgd from their sources (Takai, 2007). Kim et al.
(2006) reported that spraying 60 mi*rof tap water, salt water, treated manure, micloddalitive,
soybean oil, artificial spice, and essential oilynadl reduce particles in pig houses. These authors
found an average reduction of 53% for airborne dvét 51% for fungi and 30% for total dust. The
substance for spraying found to be the most effedidditive for reducing dust was soybean oil. In
broiler rooms, Aarnink et al. (2009) reported tR&l;, reduction increased linearly from 55 to 85%
when daily rapeseed oil application rates incredsed 6 to 24 ml rif. The PM s reduction was not
related to application rate and was about 80%yviara systems for layers, a 34% reduction for,pM
and 50% reduction for P\ were achieved by daily spraying with 20 mf Aarnink et al., 2009).
Although a high oil application rate achieves higjfl,o reduction in broiler rooms, it may adversely
affect animal health. When spraying 24 mf miaily, there was a tendency for statistically leigh

footpad lesion in broilers. Aarnink et al. (2008yommended limiting oil application to 16 m’m
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Air purification

The ionization (also referred to as electrostagéchnique produces negative ions in the air, which
causes airborne particles to become negativelygebahe negatively charged particles are attracted
to earthed or positively charged surfaces. Previbudies have shown promising reduction effects on
dust in animal houses Using ionization techniqteisl dust was reduced by 13 to 61% in poultry
houses (Lyngtveit and Eduard, 1997; Mitchell et 2000; Mitchell et al., 2004; Richardson et al.,
2003), and by 45 to 58% in pig houses (Rosentra@3; Tanaka and Zhang, 1996). Cambra-Lopez
et al. (2009) reported that the technique produmestage reductions of 36% for Rvand 10% for
PM, s The disparity is probably caused by the differgmrging mechanisms to particles. The small
particles (< 0.lum) are charged by the thermal charging mechanidnizhams proportional to the
diameter; large particles (> Qubn) are charged by field charging mechanism, whsgbroportional to
the square of the diameter (Bundy, 1984). lonizakias the potential to prevent airborne transnmissio
of microorganisms (Gast et al., 1999; Holt et 2899), however, no reduction of airborne bacteria,
fungi and mold was found in broiler houses by taehnique (Cambra-Lopez et al., 2009). Knowledge
of ionization on reduction of airborne microorganssin animal houses is still limited and needsdo b
augmented.

End-of-pipe techniques, dedusters and air scrubihgve been installed at air outlets of animal
houses to minimize emissions of air pollutants.ri¢hat al. (2001) found a deduster removed 90%
total dust from the air exhausted from a pig holecause dedusters are based on the centrifuge
principle, they are more effective at removing &rgarticles than smaller ones. The deduster studie
by Zhang et al. (2001) had a removal efficienc@@¥ for particles larger than 1@n, 77% for 7um
particles, and 50% for gm patrticles. The low removal efficiency for smadirficles was assumed to
be particle re-entrainment due to high air turbaterAcid and biological air scrubbers were oridinal
developed to reduce ammonia and odor emissionstteydalso appear to be effective in reducing
particle emissions. An acid scrubber which usefisalacid may achieve a 70% reduction of total
bacteria (Aarnink et al., 2005). In a lab-scaleegipent, Aarnink et al. (2005) found that faecalis
and Gumboro virus could be reduced by 100% wherapetic acid was used as the circulation
solution in a scrubber. The biological scrubbers apt consistent in reducing microorganisms
(Seedorf and Hartung, 1999), probably because tbhearganisms for digesting odorous compounds
can also be emitted to the ambient air. The remoivadtal dust by biological scrubbers was found to
be 22 to 96% (Seedorf and Hartung, 1999).

Combined techniques have been applied in pradticenstance, oil spraying combined with feed
coating (Takai and Pedersen, 2000) and multi-staigescrubbers (Zhao et al., 2011a). These
techniques are more consistent and effective inaied emissions of airborne microorganisms and
dust, as well as other gaseous pollutants (OginkBosma, 2007; Zhao et al., 2008). A disadvantage

of combined scrubbing techniques is the relativdlgh energy use and the complexity for use on
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practical farms. Therefore, further research isdedeto develop energy-saving and simple-to-operate
combined scrubbing techniques.

CONCLUSIONS

= The most important source of airborne microorgasismthe animals themselves by means of
respiration, coughing, sneezing and excretion. §dwrces of dust include excrement, litter, feed,
skin and feathers.

= Airborne microorganisms in animal houses are mostteria, with gram-positive bacteria
predominating; fungi account for only a small prdmm of microorganisms. Concentrations of
both microorganisms and dust are high in animakbsuThey are affected by animal type, housing
system, management and environmental factors. Bedtese factors play an interrelated role on
the concentrations of microorganisms and dustgmted research on the effects is required.

= The microorganisms transmitted in the air suffeygital and biological decay. The physical decay
largely depends on their size, and the biologiedag is mainly determined by environmental
factors, such as humidity, temperature, radiatiboxic gases. In airborne transmission,
microorganisms may be carried by dust particlesciwimay protect microorganisms from decay.
Knowledge of the role of dust in the transportatdmicroorganisms is still lacking, and needs to
be expanded.

= Microorganisms are deposited on different regianshie respiratory tract, mainly depending on
their size. They have different preferred infectregions in the respiratory tract. The amount of
microorganisms needed for an infection varies witbroorganism species and animal species.

= Reference methods for microorganism and dust samjti animal houses need to be legislated.
These methods should be suitable for highly miaohdind dusty environments, and the efficiency
of the sampling devices needs to be investigated.

= Different techniques have been applied to redudgoaie microorganisms and dust in and from
animal houses. Combining several abatement techsiqay achieve higher and more consistent

reduction. Energy-saving and simple-to-operate é¢onetbtechniques are of interest for further
development.
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EFFECTIVENESS OF MULTI -STAGE SCRUBBERS IN REDUCING
EMISSIONS OF AIR POLLUTANTS FROM PIG HOUSES

Zhao, Y%3 Aarnink, A.J.A%, de Jong, M. C. M, Ogink, N. W. M%, Groot Koerkamp, P. W. &

! Wageningen UR Livestock Research, Lelystad, thiaédtands,
Z Quantitative Veterinary Epidemiology, Wageningemérsity, Wageningen, the Netherlands,

® Farm Technology Group, Wageningen University, Wigen, the Netherlands.
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ABSTRACT. Emissions of air pollutants from livestock housesymaise environmental problems
and pose hazards to public health. They can becegldby scrubbers installed at the air outlets of
livestock houses. In this study, three multi-staggrubbers were evaluated in terms of their
effectiveness in reducing emissions of airbornet,dictal bacteria, ammonia, and €®om pig
houses in winter. The three multi-stage scrubbesevene double-stage scrubber (acid stage+ bio-
filter), one double-stage scrubber (acid stage orsbrubber), and one triple-stage scrubber (water
stage + acid stage + bio-filter). Results showed these scrubbers reduced concentrations qf By
61% to 93%, concentrations of BMby 47% to 90%, concentrations of airborne totaté@a by 46%
to 85%, and concentrations of ammonia by 70% tdd.00oncentrations of CQOvere not affected.
Most of the airborne bacteria emitted from the lppgises were larger than 318 (73% to 95%). The
multi-stage scrubbers removed 53% to 92% of theompared with -42% to 20% removal
effectiveness of the bacteria in the size rang@ &8 to 3.3um. The triple-stage scrubber was the most
efficient in removing dust and ammonia. Comparedingle-stage scrubbers, all the three multi-stage
scrubbers performed more consistently in reductbrPMy, PM,s, total bacteria, and ammonia
emissions from livestock houses and removed thelatgnts more efficiently. It should be noted that
all measurements were performed in winter at lontilaion rates, thus at low loadings of the multi-
stage scrubbers.

Keywords. Aerosol, Bioaerosol, Livestock, Particulate matRathogen, Microorganism.
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INTRODUCTION

The air emitted from livestock houses is abundanpdllutants (e.g., dust, ammonia, and odors)
that may cause public health and environmentallpnob (Larsson et al. 1994; Wing and Wolf 2000).
It has been estimated that in The Netherlands appately 20% of PMy, (particulate matter smaller
than 10pm) emissions originated from livestock houses iB@QChardon and Van der Hoek 2002).
The ambient ammonia is mainly from livestock praaut which accounts for over 80% of the total
national ammonia emissions in the U.S. and Eurepe (er Hoek 1998; Liang et al. 2005; USEPA
2005). Although the contribution of livestock tat@rne microorganisms in the ambient air is not wel
documented, it is well known that air from livedtdeouses contains large amounts of pathogenic
microorganisms that, transmitted aerially, may e¢hnimals and humans in the vicinity (Seedorflet a
1998; Stark 1999; Gloster and Alexandersen 2004yelP®005). To safeguard human health and
protect the environment, there must be effectivehrielogies to abate the emissions of aerial
pollutants from livestock houses.

One straightforward way to reduce emissions ofahgmollutants is to install air scrubbers at the
ventilation outlets of livestock houses. The scersbact like screens to filter the exhaust air by
physically trapping pollutant compounds and/or byw@rting them biologically or chemically. The
simplest scrubber uses only water in its reciroohasystem. Aarnink et al. (2005) reported thahsac
scrubber reduced emissions of total dust by 88%mama by 25% Enterococcus faecaliby 33%,
and odor by 55%. The reduction of ammonia can lared by adding acid to the recirculated water,
resulting in a so-called acid scrubber. This kirfdsorubber is usually packed with acid-resistant
porous material through which acid water is redatad continuously or intermittently. When polluted
air passes through the wet packed material, ammsrtbaund in the acid water and converted into
NH,". The pH of the acid water is normally kept at lédsan 4. A well designed acid scrubber can
reduce the ammonia concentration in the air by 8@8 (Melse and Ogink 2005). Acid scrubbers can
also be effective in reducing airborne microorgarss A sulfuric acid scrubber achieved
approximately 70% reduction of total bacteria (Aakret al. 2005). In a lab-scale experiment Aarnink
et al. (2005) showed th& faecalisand Gumborovirus could be reduced by 100% when per-acetic
acid was used. However, acid scrubbers are legxt®l at removing odor. Ogink and Groot
Koerkamp (2001) reported an odor reduction of 29%&nvusing an acid scrubber in a pig house. The
reason for the lower efficiency for odor removathsught to lie in the various odorous compounds;
some of them cannot be captured by the acid wa@gnk and Aarnink 2003).

Another type of scrubber, the biological scrubhesgs microbial activity to degrade and convert
pollutant compounds into less harmful substraté®erd@ are two types of biological scrubbers: bio-
filters with organic packing materials, and biotdavers (or bio-trickling filters) with inert packin
materials (Melse 2009). Compared to acid scrublmospgical scrubbers are more efficient in odor

removal but less efficient in ammonia removal. Metsd Ogink (2005) reported that, on average,
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bio-scrubbers removed 44% of odor and 70% of amandrtie reduction of total dust was reported to
be 79% to 96% with a bio-filter (Seedorf and HaguiP99) and 22% to 45% with bio-scrubbers
(Seedorf and Hartung 1999; Kosch et al. 2005). draevback of biological scrubbers is that they may
emit more microorganisms. Seedorf and Hartung (188$nd that the exhaust air of a bio-scrubber
contained 2.7 times more mesophilic fungi than itteming air. Similar results were reported by
Aarnink et al. (2005).

In general, acid scrubbers are more effective rmbwing ammonia and microorganisms, whereas
biological scrubbers are more effective at removirtpr. Therefore, using a single-stage acid or
biological air scrubber to purify the exhaust aioni animal houses has limited effect, as each
scrubber targets different specific pollutantshds been suggested that combining these two tyfpes o
scrubbers into one multi-stage air scrubber woattlice most aerial pollutants (Seedorf et al. 2005).
Some preliminary studies confirmed that such natdige scrubbers effectively abate ammonia, odor,
and dust (Snell and Schwarz 2003; Schlegelmilad.€2005; Ogink and Bosma 2007). However, the
previous studies were not performed in a comparatiay for different scrubbers, and no information
on reduction of microorganisms has been reportethisoFurthermore, the improvement of multi-
stage scrubbers is still proceeding. The effech@fly developed scrubbers on reducing airborne
pollutants needs re-assessment. In our study, eveftire set out to evaluate three new types ofimult
stage air scrubbers under practical conditionseirms$ of their reduction of Py PM, s, airborne

bacteria, ammonia, and G®om pig houses.

MATERIALS AND METHODS

Pig houses and scrubbers

Three multi-stage scrubbers were evaluated: a desthlye scrubber (acid stage + bio-filter,
henceforth referred to as ABF); a double-stagebdizu (acid stage + bio-scrubber, henceforth ABS);
and a triple-stage scrubber (water stage + acigestabio-filter, henceforth WABF). They were
installed in three pig houses.

The ABF (Figure 1) was installed in a pig housetaiming 3,200 growing-finishing pigs with an
average weight of 67.5 kg. Exhaust air from 15 cartipents was conveyed to a central ventilation
room and from there to the ABF. The maximum vetititacapacity of the pig house was 100,000 m
h™. This low maximum ventilation capacity was possibecause a cooling system was implemented
for the incoming air. The actual ventilation raté tbe scrubbers on each measuring day was
determined by the C{balance method (Pedersen et al. 2008). For the, AitFventilation system
was running on average at 29,000 (ranging from 24,800 to 39,810°m*). The total volume of
the ABF was 85.5 M2.5 m deep, 9.5 m wide, and 3.6 m high). It cstesi of an acid stage and a bio-
filter. The acid stage was packed with acid-resispcking material (2Hnet, specific surface of 150
m? m®) with a volume of 10.26 (0.4 m deep, 9.5 m wide, and 2.7 m high). Unde¢meas a 3.46
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m® reservoir containing a diluted solution of suléugcid. The acidic solution was recirculated over
the packing material of the acid stage at a ratBdof? h™. When the pH reached 4.0, sulfuric acid
was automatically added until the pH was again Zt& interval for adding acid depended on the
ammonia concentration in the exhaust air, whicledawith factors such as air temperature, humidity,
rearing period, season, and ventilation rate. Bo#rqulated acidic solution was replaced everyehre
months. Expressed as an hourly discharging raiteywis 0.018 fhh™ on average. The bio-filter was
packed with shredded tree roots with a volume 0683 (0.4 m deep, 9.5 m wide, and 3.6 m high).
Underneath was a water reservoir. The acid stadettam bio-filter were 1.0 m apart. During the
measurement period, the theoretical residence fimethe time that polluted air was in contacthwi
the packing materials (Equation 1), was 3.0 s @tane. The ABF was in use for one month prior to
starting this study:

RT=Vol/ (Vent/ 3600) D

RT = residence time (s);

Vent= ventilation rate (thh?);

Vol = total volume of packing materials m

Wall with ventilators
Acid stage Bio-filter

Cenfral ventilation room

{ Sampling point Sampling point
) Air flow /
Q) —-— e X
S
=
IS
Pig room é
2
Waterreservior[ — — — — |
040m . 040m .

Figure 1. Schematic diagram of the double-stage adober (ABF).

The ABS (Figure 2) was more compact than the dikermulti-stage scrubbers. It was installed in
a pig house containing 1,200 growing-finishing pigéh an average weight of 80 kg. The air from ten
compartments was first conveyed to a central \aigih room, and then three extractor fans
(maximum capacity per fan 20,00C ') at the end of the ventilation room directed ithe ABS.
The ventilation system ran on average at 12,600 {ranging from 9,975 to 16,323°h™) during
the measuring period. The total volume of the AB®®&3.81 m(3.15 m deep, 2.7 m wide, and 2.8 m

high). It consisted of an acid stage and a biolmeu The acid stage was packed with acid-resistant
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material (Fyban, specific surface of 146 m®) with a volume of 1.5 (0.5 m deep, 1.5 m wide, and
2.0 m high). Underneath was a ¥ raservoir containing a diluted solution of suléusicid. The acidic
solution was pumped to the packing material ofabiel stage at a rate of 2.25 hi". When the pH
reached 4.0, sulfuric acid was automatically addealdjust it back to 1.5. After five pH adjustments
the recirculation acidic solution was replaced withsh solution at a pH of 1.5. The solution was
discharged at 0.055°™* on average. The volume of the bio-scrubber was 04(0.15 m deep, 1.5
m in width, and 2 m high). The packing material wzede of polypropylene with a specific surface of
300 nf m® (2H plastic FKP 156). Downwind from the bio-screblwas a droplet catcher (0.15 m
deep, 1.5 m wide) and under it was a 0%8reservoir filled with water at a pH of 6.0 to 7All but
the bottom 2 cm of water in the reservoir was regiaonce a week; expressed per hour, this equaled
0.045 ni h™. The acid stage and bio-scrubber were 0.55 m .aplaet residence time was about 0.6 s.

The ABS was in use for approximately one year gnatarting this study.

Wall with ventilators Acidstage  Bio-scrubber

0.55m r

Central ventilation room

"rr‘r‘rrr‘r‘r]\

e o :
Air flow g Droplet

2 catcher N
Sampling point o

= — = / Sampling point

| ,’\ /1 =
1.0.50m | | | 0.15m

Sessne

‘Water reservior

Figure 2. Schematic diagram of the double-stage adober (ABS).

The WABF (Figure 3) was installed in a growing-fihing pig house containing five compartments
for 520 pigs in total. The average live weight loé figs during the measurements was approximately
70 kg. Air from all the rooms was collected in atzal ventilation room and then exhausted to the
WABF by three fans with a capacity of 19,508 it each. During the measurements, the ventilation
system ran on average at 8,775 (ranging from 7,711 to 9,788°h™). The volume of the WABF
was 110.4 (4.6 m deep, 9.6 m wide, and 2.5 m high). It cstesi of a scrubbing stage with only
water, an acid stage, and a bio-filter. The samgppopylene packing material (2H plastic FKP 158,
specific surface of 320 7im®) was used in the water and acid scrubbing stageswater-scrubbing
stage removed large dust particles in particularpitevent the following scrubbing stages from
becoming clogged, which would have caused an uratésidrop in pressure. Its volume was 2.73 m

(0.15 m deep, 9.6 m wide, and 2 m high); underas & reservoir for the recirculated water. The wate
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was recirculated at 1.2%h™. The acid stage had the same dimensions as tlee state. The capacity
of its reservoir was 4.8 InThe acidic solution was recirculated at a rat@.a86 ni h'. The water in
both scrubbing layers was replaced completely wabh water every three months. The discharging
rates of the water and acid stages were 0.1 td [2'rand 0.01 to 0.2 irh?, respectively. The volume

of the bio-filter was 12.6 i(0.6 m deep, 8.4 m wide, and 2.5 m high). It wiedfwith shredded tree
roots that were kept wet by sprayers mounted abbwve .water percolating through the bio-filter was
caught in a small reservoir below. The acid scrulamel bio-filter were 1.3 m apart to ensure that no
acid droplets were transmitted to the bio-filteheTresidence time was 7.5 s. The WABF was in use

for more than one year prior to starting this study
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Water stage Acid stage Bio-filter

|
|
|
|
/ X~
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| T ITIT ]
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2.50m
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LTI
LI T

N N
0. 0.15m 0.60m

Water reservior

Figure 3. Schematic diagram of the triple-stage sabber (WABF).

Measurements of air pollutants

All measurements were taken in winter (Table 1)e Eoncentrations of the air pollutants in the
incoming and outgoing air (indicated as "sampliming' in Figures 1, 2, and 3) of the multi-stage
scrubbers were determined. For the ABS and WABE, din pollutants in the incoming air were
measured in the central ventilation chamber nearfdims; for the ABF, they were measured just
before the acid stage.

Table 1. Sampling dates for dust, total bacteria, amonia, and CO..

Scrubber Dates for dust, ammonia, and CQ® Dates for total bacteria
ABF 4,5, 6, 27, 28, 29 Dec., and 4 Jan. 28 Dec.3adah.
ABS 11, 12, 15, 18, 20, 21 Dec. 21 Dec. and 9 Jan.
WABF 15, 17, 19, 29, 31 Jan., and 1 Feb. 17 Jan. amth6 F

To prevent the pollutant concentrations in the oung air from being underestimated because of
dilution by the ambient airflow, plastic tubes & dm diameter were installed in the outer surfates

the last stages of the scrubbers so that the potlioncentrations could be measured at that point.
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The velocity of the air leaving the ABS was aboven', too high to obtain a representative dust
concentration (Hofschreuder et al. 2008). To oweedhis problem, the beginning of the tube was

made into funnel shape (Figure 2). The diamet¢hehir inlet of the funnel-shaped tube was 15 cm.

PMi,and PM; 5

Concentrations of P)\ and PM s were measured six times for the ABS and WABF, sewken
times for the ABF. Each measurement lasted 24 &.PM,, concentrations in incoming and outgoing
air of all three multi-stage scrubbers were sample@&U reference samplers (European Commission
1998; European Commission 2005) with impactiong@parators (IPS). Particles sucked into the IPS
hit its greased plate, and those larger thanutOwere retained on the plate by inertia. The;PM
particles were conveyed in the air stream to tlesgfiber filter inside the filter holder, wheresyh
were collected. The PM concentrations in the outgoing air of the threailsibers were also measured
with the EU reference sampler by means of the sampaction principle (European Commission 1998;
European Commission 2005). However, Zhao et al0gp@eported that the EU reference M
sampler was not suitable for use in dusty enviranmkke livestock houses because of problems with
overload. The overload, which was attributed to ¢neased plate's low capacity to retain larger
particles (>2.5um), resulted in PMs concentrations being overestimated. Thereforelongcpre-
separators (CPS), which were less vulnerable tdaag in dusty environments, were used to collect
PM,s in the incoming air of the ABF and ABS. The PMconcentrations of the incoming air of
WABF was measured with IPS, but was calibrated ®ination 2 (Aarnink et al. 2007):

PM,.scps= 20.7 + 0.156¢ PM, 505 (FZ = 0.55) (2)

Charlie HV pumps (TCR Tecora SRL, Milan, Italy) warsed to provide a constant airflow of 2.3
m® h* through the IPS and 1%h™ through the CPS. The airflow was adjusted for terapre and
pressure variations in the samplers. In this wastable airflow within 2% of the nominal value was
maintained.

A glass fiber filter was weighed before and aftestdsampling in the same way (Zhao et al. 2009):
it was weight four times in two days after two daysstabilization at 20°G1°C and 50%t5% RH.
The filter weight was determined as the mean vafube results of four times of weighing. The dust
weight collected on a filter was the differenceweight of this filter before and after sampling.
Combining the total air volume passing throughlt@rfi dust concentration was expressed in mg per

cubic meter of air (mg ).

Airborne bacteria

Total bacteria in the incoming and outgoing airtloé scrubbers were measured by a six-stage
ambient viable sampler (Andersen sampler, Pacwiitenmental, Ltd., Beamsville, Ontario, Canada)
and an Airport MD8 (Sartorius AG, Gottingen, Geriylafor each scrubber on two sampling days
(Table 1).
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The Andersen sampler has six stages, each of vdoigkists of a plate with agar placed under a
screen with 400 holes. The number of holes renthimsame for each stage, but the diameter of the
holes becomes progressively smaller in successages. In this way, air speed increases from the
first to the sixth stages. The sampling airflowerat the Andersen sampler was 28.3 L Tifirborne
microorganisms are retained on the agar platedfareht stages, depending on their size (the kirge
in the first stage, and the smallest in the laagest in the following sequence: >7ufn in stage 1, 4.7
to 7.1um in stage 2, 3.3 to 4{dm in stage 3, 2.1 to 348m in stage 4, 1.1 to 2jAm in stage 5, and
0.65 to 1.1um in stage 6. Plates containing plate count agaAjRvere used in the Andersen sampler.
The sampling duration was 10 s.

The Airport MD8 uses a gelatin filter to collectt@mrne microorganisms. It has been reported that
the gelatin filter is highly effective for samplingarticles at low relative humidity (Parks 1996).
However, under high relative humidity, it may bestleyed during sampling. In our experiment, the
humidity of the exhaust air from the scrubber somes reached 100%. In order to prevent the gelatin
filter from being destroyed, the sampling time Wiasted to less than 5 min. The airflow rate of the
MD8 was set to 50 L mih

On each sampling day, the Andersen sampler tooksangle in the incoming and one in the
outgoing air, while the MD8 took four samples. Thercteria-loaded agar plates from the Andersen
sampler were directly incubated at 30°C for 72 he Dacterial colony forming units (CFU) on the
plate in each stage were counted after incubatidncarrected with the positive hole conversiondabl
(Andersen 1958). The bacteria-loaded gelatin ilfeom the Airport MD8 were dissolved in buffered
peptone water (BPW, Oxiod, Ltd., Cambridge, U.Rhereafter, decimal dilutions were made, and
each dilution was plated on PCA. The incubation emaimeration methods were performed according
to the international standard for total bacter&J14833 2003).

Ammonia and CO,

Ammonia and C@ concentrations were measured with Kitagawa gasctieh tubes (Komyo
Rikagaku Kogyo K.K., Tokyo, Japan) during daytink®r high ammonia concentrations, Kitagawa
tubes No. 105SC were used (measuring range: 5 @oppén; uncertainty: 5% to 10%); for low
ammonia concentrations, Kitagawa tubes No. 105SEe wesed (measuring range: 0.2 to 20 ppm;
uncertainty: 5% to 10%). Tubes No. 126SG were @ieetheasuring C@(measuring range: 0.02% to
1.4%; uncertainty: 10%). On seven sampling daysgsmements were performed for the ABF. For

the ABS and the WABF, sampling was performed ortdsiys.

Temperature, relative humidity, and air velocity

The temperature, RH, and air velocity of the inamgnand outgoing air were measured near the
dust and bacteria samplers. Temperature and relatiimidity (RH) were recorded with sensors

(Hygroclip, Ettlingen, Germany) and data logger®{G, Campbell Scientific, Shepshed, U.K.) every
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5 min for 24 h. Air velocity was measured with &-taire anemometer (model 642, Wilh. Lambrecht
GmbH, Géttingen, Germany). All these measuring rimeents were calibrated with reference
equipments before the experiment started.

Table 2. Measurements of dust, total bacteria, ammaa, CO,, temperature and humidity, and air velocity
(frequency, number of sampling days, and duration).

Parameter Frequency (times per day) No. of SamplinDays Duration (per measurement)
Dust 1 6or'# 24 h

Total 1" 2 10s

bacteria 4 2 <5 min

Ammonia 1 6 or ¥ 1to 2 min

CO, 1 6or @ 1 min

Tand RH 1 6 or? 24 h (5 min interval)

Air velocity Incoming air = 1; 6 or 7 Instantaneous

Outgoing air = 3 or§

el Six for ABS and WABF; seven for ABF.
bl Measured with Andersen sampler.

[ Measured with Airport MDS.
4 Three for ABF; five for ABS and WABF.

Data analysis

When there was more than one measurement momesapgling day, as was the case for total
bacteria concentrations measured with the MD8 atdcity of the outgoing air, the results of those
measurements on that day were averaged. The reducti air pollutants by the scrubbers was
calculated as the concentration difference betw&enincoming and outgoing air divided by the
concentration of the incoming air (Equation 3):

R=(C -C,)/Cix100% (3)

R = reduction (%);

Ci = concentration of air pollutant in incoming afrtbe scrubber;

C, = concentration of air pollutant in outgoing dirtlee scrubber.

A linear model (GLM procedure in SAS) was set uptfee analysis of dust reductioM)(as the
response, with multi-stage scrubber and dust tgpeva fixed factors (Equation 4). The differenaes i
the reductions achieved by the multi-stage scrublier total bacteria, ammonia, and C®@ere
analyzed with the ANOVA procedure. All analyses avdone with SAS software (SAS 9.1.3 Service
Pack 4, SAS Institute, Inc., Cary, N.C.):

Yik =p+ S +PM +§ x PM; + g 4) (

Yi = dust reduction (%);

U = overall mean (%);

S = effect of multi-stage scrubber ABF, ABS, WABF);
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PM; = effect of dustj(= PMy, PM,5);

&jx = residual error.

RESULTS AND DISCUSSION

Temperature, RH, and air velocity
Table 3 shows the temperature, RH, and air velatityng the sampling period. All the RH values
of the outgoing air reached 100% due to water enadjom in the scrubbing stages. The mean air

velocities were all lower than 2 nit.s

Table 3. Temperature (day mean), RH (day mean), andravelocity of the incoming and outgoing air of themulti-

stage scrubbers.

Scrubber  Temperature (+SE, °C) RH @SE, %) Air Velocity (+SE, m &%)
Incoming Outgoing Incoming  Outgoing Incoming Outgoig

ABF 23.6 ¢£0.3)  18.0£0.5) 7162) 100 ¢0.0) 1.1840.20)  0.5440.08)

ABS 21.8% 17.# 75% 100% 1.65 ¢0.44)  1.8040.71)

WABF  18.2 ¢0.2) 12,79 66 ¢2) 100° 0.75 £0.07)  0.4540.02)

' Only one day's data were collected due to malfongig of the sensors.

Reduction of PM;g and PM, 5

Table 4 shows the airborne RPMand PM s concentrations in the incoming and outgoing aithef
multi-stage scrubbers and the reductions they aetieGLM analysis showed that the reduction
depends on the type of scrubber and dust. TheaRe was 0.77. Both the type of scrubber (p 4)0.0
and the type of dust (p < 0.01) were significactdes.

Table 4. Concentrations of PMy and PM, 5 in the incoming and outgoing air and the reductiorachieved by the
multi-stage scrubbers ( = 6 for ABS and WABF; n = 7 for ABF; p = 0.05).

Scrubber  PMyq PM, 5 p
Concentration Reduction® Concentration Reduction® value!™
(+£SE,pg m?) (£SE, %) (+SE,pg m?) (£SE, %)
Incoming Outgoing Incoming  Outgoing
ABF 341 ¢19) 63£8) 8F (+ 3) 3 (£5) 12 ¢ 4) 67 (+ 9) 0.02
ABS 679 ¢ 18) 267£25) 6F(x3) 469 (£3) 24 ¢1) 4T (£2) 0.30
WABF 71135 51¢7) 9% (1) 8581 (+4) 8g1) 9@ (+ 2) 1.00

& Means in the same column with the same superdetipt are not significantly different (p > 0.05).
bl probability that the reduction of Pyand the reduction of PM by the same scrubber are not significantly

different.
[ pM, s concentrations measured by the CPS.
4 pM, s concentrations calibrated with Equation 2 afténgeneasured by the IPS.

The PM, concentrations in the incoming air varied betwdenscrubbers and ranged from 341 to

711pg m?. The reductions in P\ concentrations were 81% for the ABF, 61% for ti&SAand 93%
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for the WABF, respectively. Multiple comparisonsvealed that the ABF and the WABF were
significantly more effective in reducing RMhan the ABS (p < 0.05).

The PM s concentrations in the incoming air varied betwtgenscrubbers and ranged from 32 to
85ug m°. The reductions in PM concentrations were 62% for the ABF, 47% for tt&SAand 90%
for the WABF. Statistical analysis showed that WW&BF was significantly more effective in
reducing PM;s than the ABF and the ABS. The difference betwdenABF and the ABS was not
significant.

During this winter-time experiment, none of theethmulti-stage scrubbers ran at its maximum
capacity. The airflow loadings of the multi-stageubbers were 29,000%h™ for the ABF (29% of
maximal capacity), 12,600 i for the ABS (21% of maximal capacity), and 8,775 for the
WABF (15% of maximal capacity). The residence twes calculated as 3.0 s for the ABF, 0.6 s for
the ABS, and 7.5 s for the WABF. The long residetiice in the WABF could be the main reason
why it achieved the highest reduction of Bnd PM .

All three multi-stage scrubbers reduced jpore than Pls. Statistical analysis revealed that the
ABF reduced significantly more PiMthan PMs (p = 0.02). This finding is consistent with anathe
study, which reported that the removal efficientyhe ABF was superior for larger particles (Ogink
and Hahne 2007). There was no significant diffeeemetween PM and PM s reduction by both the
ABS and the WABF (p = 0.30 vs. p = 1.00). In thxperiment, PMs accounted for 7% to 12% of the
PM;o by weight in the incoming air and 8% to 19% of Bd,, by weight in the outgoing air.

Reduction of total bacteria

Table 5 shows the concentrations and reductiootaf irborne bacteria. Because the pig houses
with scrubbers differed in their construction, mgement, and the numbers and average weight of
pigs, the bacteria concentrations in the incomiingoé the scrubbers varied. The total bacteria
concentrations in the incoming air ranged betwe@n3.0" and 88.2x 10 CFU m® when measured
with the Andersen sampler and between .40 and 8.6x 10° CFU ni® when measured with the
MD8. The concentrations in the outgoing air rangetiveen 1.5 10 and 11.5¢< 10 CFU ni® when
measured with the Andersen sampler and betweer 0Cf and 1.2x 10 CFU m® when measured
with the MD8. The reduction in total bacteria enuss achieved by the three scrubbers ranged from
46% to 85% according to the Andersen sampler datdram 69% to 96% according to the MD8 data.
There was no significant difference in bacterialugion between the scrubbers. It has been reported
that a single-stage bio-filter could reduce airlgomicroorganism emissions, whereas bio-scrubbers
increased the emissions (Seedorf and Hartung 128%ink et al. 2005), but in our study the multi-
stage scrubbers with either a bio-filter or witlbia-scrubber reduced total bacteria emissionss It i
guestionable whether an increase of microorganisnbe air resulting from a biological scrubber
poses a threat to the environment. The microorganikat convert the aerial pollutants in biological

scrubbers are generally harmless. However, it dammexcluded that pathogenic microorganisms also
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grow in the environment of a biological scrubberafAink et al. 2005). It should be noted that
reduction of total bacteria measured by the Andessanpler was the mean of two measurements. In
future investigations, more samples are needechéoe reliable analysis and conclusions.

Table 5. Concentrations of total bacteria in the inoming and outgoing air as measured by Andersen sargy and
MD8, and the reduction achieved by the multi-stagscrubbers (1 = 2, p = 0.05).

Scrubber  Andersen Reduction® MD8 Reduction®
(+SE,x 10 CFU m®) (£SE, %) (+#SE,x 10° CFU m®) (£SE, %)
Incoming Outgoing Incoming Outgoing

ABF 3.7 #3.1) 15¢1.1) 46 (+16) 30¢£09) 1.2£11) 69 (+26)

ABS 88.2 (44.1) 11.542.8) 8% (+5) 86¢0.8) 1.0¢0.1) 88 (0)

WABF 8.6 ¢1.0) 2.0 £0.5) 77 (£3) 1.4¢0.7) 0.1£0.00 96 (1)

@ Means in the same column with the same supersitigr are not significantly different in reductiof total
bacteria between the three multi-stage scrubbers0(p5).

When sampling in the same environment, the MD8ectdld less bacteria than the Andersen
sampler in all cases. This finding is consisterthwiat of a former study by Lundholm (1982). The
explanation put forward by Lundholm (1982) was dtledydration of bacteria on the gelatin filter of
the MD8 during sampling. Certain bacteria are paldirly susceptible to dehydration (Macher and
First 1984). The reduction in the viable bactenart might also be caused by sample transportation:
viruses start to lose some of their infectivityeaftonly 30 min in contact with gelatin filters
(Weesendorp et al. 2008). In our experiments, ther fsamples were kept in plastic bags and
transported to the lab directly after sampling. ldoer, it still took approximately 4 h before the
bacteria were cultured. Another contributing faagthat the gelatin filters dissolved readily when
sampling under high RH. In our experiment, the RHhe outgoing air leaving the scrubbers was
100%. Small pores were noticed on the gelatinrélt@hen sampling the outgoing air. These pores
would have allowed bacteria particles to pass ftnowithout being filtered, leading to
underestimation of the bacteria concentration efdhtgoing air. The dehydration stress on bacteria
much less when sampling with an Andersen samplbéadZet al. 2011; Zhao et al. 2011). An
Andersen sampler can also differentiate betwedioaie bacteria on the basis of their size. However,
the drawback of the Andersen sampler is that whempsng in highly bacterial-contaminated
environments, such as livestock houses, it easitypimes overloaded (over 300 colonies on one agar
plate). This limits the sampling duration to secimdsuch environments. This was why the sampling
duration applied in our study was 10 s.

The bacteria concentrations in the incoming andaiot air were further classed by size ranges
(Figure 4). In the incoming air, bacteria were mdhately recovered from the first three stages of
the Andersen sampler, which collected particle8 p8n. Bacteria in these three stages accounted on

average for 73% of the total number of bacterithaincoming air before the scrubber for the ABF,
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95% for the ABS, and 82% for the WABF. Only smatiaunts of bacteria were present in the last
three stages of the Andersen sampler, which cellieparticles ranging from 0.65 to 3. This
result was consistent with the study done by Crtokl. (1991), who found more airborne bacteria in
larger particles than in smaller ones. The coneéintis of bacterial particles >3.8n dropped sharply

in the outgoing air compared to the concentratioritke incoming air.

40000 800000

ABF ABS
30000 600000+
200004 400000+

100004 200000+

Bacteria concentration (cfu‘?fh
Bacteria concentration (cfu'3r)1

0 - 0 - P oo R il e = o S

Incoming Outgoing Incoming Outgoing

WABF

Bacteria concentration (cfu'?'h

Incoming Outgoing

[ 06511 umfEl 1.1-2.1unfd 21-33ud 3.347um[J 47-7.1unilll >7.1um
Figure 4. Bacteria concentrations in incoming and wtgoing air measured by Andersen sampler in differst size
ranges.

To summarize the data on bacteria collected irfiteethree stages of the Andersen sampler, the
overall removal efficiency of bacterial particle3.3um by the scrubbers was 53% for the ABF, 92%
for the ABS, and 84% for the WABF. The scrubbersemess effective in removing of bacterial
particles <3.3um: 12% for the ABF, -42% for the ABS, and 20% fbe tWABF. However, the
statistical analysis showed that the differenceetfuction of >3.3um bacteria particles compared to
that of smaller particles was not statisticallyngigant, probably due to the low power of analysis
2).

Reduction of ammonia and CQ

The reductions in ammonia and £&zhieved by the different types of scrubbers arengin Table
6. The standard error for ammonia concentratiorthenoutgoing air of the ABF was high. This was
caused by the problem of the pH-adjusting systerthtee sampling days, which led to an increase in
pH of the acid solution and higher ammonia emissidrhe WABF achieved the highest removal
efficiency of 100% for ammonia, compared with thBFA(70%) and ABS (83%). Manuzon et al.
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(2007) reported that air scrubbers were more eWectvhen treating air with low ammonia
concentrations. In our experiment, the ammonialéewere the lowest in the air entering the WABF.
This was possibly one of the reasons that the WARBIS more efficient at removing ammonia.
Furthermore, the WABF had the longest residence,timhich gave more chances for mass transfer.
Concentrations of C£xlid not differ between the incoming and outgoiirgodthe scrubbers.

Table 6. Average concentrations and reduction of amamia and CG; in the incoming and outgoing air, and the
reduction by the multi-stage scrubbers (p = 0.05) = 6 for ABS and WABF; n = 7 for ABF).

Scrubber  Ammonia Reduction® CoO, Reduction®
(£SE, ppm) (£SE, %) (£SE, vol %) (£SE, %)
Incoming Outgoing Incoming Outgoing

ABF 447 ¢1.6) 10.0¢5.8) 70 (+13) 0.29 ¢0.02)  0.3040.02) F(6)

ABS 39.3@1.3) 7.0¢0.6) 83 (+2) 0.32 ¢0.02)  0.32£0.02) -3 (6)

WABF 283 @2.5) 0.1¢0.1) 100 (+1) 0.18 ¢0.01)  0.1840.01) 4 (+6)

[ Means in the same column with the same superdettpt are not significantly different (p > 0.05).

Multi-stage vs. single-stage scrubbers

The reduction of air pollutants by single-stageubbers varies hugely depending on their structure
or design. A review of former studies revealed giatjle-stage scrubbers (acid or biological) reduce
total dust by 22% to 88% (Seedorf and Hartung 198&;sh et al. 2003; Aarnink et al. 2005) and
ammonia by 35% to 99% (Melse and Ogink 2005).

Assuming that the multi-stage scrubbers truly redul@rger particles more than the smaller ones
(Ogink and Hahne 2007), the reduction of total dysthese scrubbers would be at least 61% to 93%
(reduction for PM, in our study). With respect to total bacteria, theee multi-stage scrubbers
constantly decreased the CFU in the outgoing direreas some single-stage scrubbers have been
found to increase the CFU (Aarnink et al. 2005)ed§eéh multi-stage scrubbers also proved to be very
effective in removing ammonia (70% to 100%). In geh they performed more consistently in
reducing emissions of dust, total bacteria, and amanfrom livestock houses and achieved higher
average removal efficiency than single-stage s@tdblbHowever, more stages may create a higher
pressure drop over the scrubber, which may incréasesnergy consumption. Further research is
required to develop energy-saving multi-stage doeuh

In this article, the removal efficiency of airbordast, bacteria, ammonia, and £y three multi-
stage air scrubbers of different designs was etedud he scrubbers were effective in reducingred t
air pollutants except COIt should be noted that all measurements were aathin a short period
during the winter, which means that the scrubbeesewnot tested at high ventilation rates.
Measurements during a longer time frame that iredugeriods with maximum ventilation rates will
give a complete insight into the overall efficienmfythe multi-stage scrubbers and the consisteficy o

their removal efficiency.
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CONCLUSIONS

The three scrubbers reduced concentrations qf BW61% to 93% and concentrations of RNy
47% to 90%. The double-stage scrubbers (ABF) waneraffective in reducing Piithan PMs. The
triple-stage scrubber (WABF) reduced dust effetyiiieom the pig house (93% reduction for M
and 90% for PMs), but the difference in the reductions of BMind PM s were not statistically
different.

The multi-stage scrubbers reduced concentratiorarbbrne total bacteria by 46% to 85%. The
bacteria were predominantly in particles >fr8 in the air flowing into the scrubbers from the pi
houses. These bacteria accounted for 73% to 95%tedital bacteria count. The removal efficiency
was 53% to 92% for bacterial particles >Br and -42% to 20% for bacterial particles in thegeof
0.65 to 3.3um.

The reduction in ammonia achieved by the multi-stegrubbers ranged between 70% to 100%. No
difference in CQ@concentration could be found between the air @rgeand leaving the scrubbers.

All measurements were performed during winter mkrdd low ventilation rates. A year-round

sampling period would give a full picture of thewdabers' performance.
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ABSTRACT. When used in dusty environments, such as livedtocises, the current EU reference
sampler for ambient dust (RMand PM5s) with an impaction pre-separator (IPS) is expedted
become overloaded, because of the low dust-retpiceipacity of the greased impaction plate in the
IPS. The two objectives of this study were 1) tafyethis by regularly replacing the loaded greased
plates by clean ones, and 2) to evaluate a samjilea cyclone pre-separator (CPS) as an altemativ
dust sampler in ambient environments and in livdstbouses (fattening pig, broiler and dairy)
following the EU standard procedure. Results shotlhatiPM-IPS did not become overloaded in 24
h measurements in layer houses, whereassPRE became overloaded within 1 h. PMCPS did not
become overloaded during 48 h sampling in a lagersd. Both PM-CPS and PMs-CPS showed
good precision and comparability with IPS in lesstgl environments. In pig and broiler houses with
high dust loads, PM-CPS could give comparable results with IPS byoitilicing a correction factor.
It is concluded that Pb4-IPS is not suitable for use in livestock houses] that PMsCPS is very
resistant to high dust load. For Rjdampling, both IPS and CPS can be used.

Keywords. Overloading, Evaluation, Impaction, Cyclone, Pegarator, Animal houses.
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NTRODUCTION

PM, and PM 5 are well-known to have negative effects on pubéalth (Brunekreef and Holgate
2002). These dust fractions originate from fuelaaxdis, paved roads, cooking, wood combustion, and
sea salt (Schauer et al. 1996; Buzcu et al. 20@&eF et al. 2003). In recent years, dust fronmstivek
houses has aroused much concern, not only becéitsepotential physiological hazards to humans,
but also because it combines with other air patiisand is suspected to act as a carrier of patisoge
in airborne disease transmission between farmgk(St899; Iversen et al. 2000; Von Essen and
Romberger 2003). The emissions of dust from livedstmuses account for a significant proportion of
total dust emission, especially in countries wittensive livestock production (Erisman et al. 2008)
In the Netherlands, for example, total primary p®mission in 2000 was estimated to be 50 ktons, of
which approximately 9.3 ktons, or 18.6%, originatexn livestock production (Chardon and Van der
Hoek 2002).

Appropriate samplers are needed for unbiased aeciser measurement of dust emissions from
livestock houses. These samplers (which are basegtavimetric principles) should be capable of
effectively pre-separating large particles (lartean PMy or PMy5) and trapping PM or PM s on
filters. Pre-separation by the impaction princiidea common method for less dusty environments,
such as ambient air. The WINS impactor, a secondargle-stage greased impactor, has been
described in US federal reference method (FRMPIds 5 in ambient atmosphere (Kenny et al. 2000).
A PMy, impactor inlet for a high airflow rate has alscebedeveloped (Misra et al. 2003). The
currently used reference and equivalent PM samplave recently been listed and described by the
US Environmental and Protection Agency (US EPA 2008

The EU standard samplers for RMnd PM s in ambient air are also based on the impaction pre
separation principle. The advantage of impactiagaparators (IPS) is that they have a sharp €ut-of
curve, which does not alter significantly duringdosampling periods (96 h) in ambient environments
for PM,s (Kenny et al. 2000). On the other hand, one ofdi@@vbacks of an IPS is suggested to be
overloading caused by large particles from healoBded impaction plates bouncing off onto the
downstream filter, which results in overestimatedtadconcentrations (Kenny 1998).

One solution, or compromise, to avoid overloadingmly to operate an IPS below certain dust
load limits. Under EU legislation, for a 24 h measnent a PMs IPS can be operated in the
environment with a dust load of < 200 p@ ifEuropean Commission 1998; European Commission
2005). However, this threshold was set in ordeavoid variations in airflow rate caused by filter
clogging, rather than to prevent overloading. Noawes] special pumps can be used to ensure a
constant flow of air. So, the current usefulnesthef200 pg M threshold in relation to overloading is
unclear. Furthermore, no such threshold has badordeM,,-IPS.

It would be useful to know whether an IPS systenuldtobe used outside its registered

environments (> 200 pg ) e.g. to sample dust in livestock houses. It mighpossible to extend the
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IPS’s capacity to retain large particles, by regulaleaning the impaction plate, but this is ditfit,
given that we do not yet know how the ambient domtl and the particle size distribution affect IPS
performance (Hofschreuder et al. 2007). Anotheioopivould be to use samplers based on a different
principle to take samples in very dusty environraent

A promising alternative to the impaction pre-separanight be a cyclone pre-separator (CPS).
This technique for sampling dust was devised dexade (Higgins and Dewell 1967; Wedding et al.
1982). Early studies showed that CPSs did not Ipavrécle size selection curves as sharp as IPS.
Attempts to evaluate two CPSs as reference pra@eps of dust samplers failed, either because the
cut-off curve was too shallow, or because of th#t gh cut-off diameter (Peters et al. 1996). These
disadvantages seemed to have been overcome inreuenet CPSs. A CPS with a sharp cut-off curve
similar to that of the WINS impactor for collectifgM, s has been described (Kenny et al. 2000;
Gussman et al. 2002). It has been designatedefsramce equivalent sampler (US EPA 2002). A dry
CPS is more user-friendly than an IPS with grease¢he impaction plate. Furthermore, a CPS can
collect large quantities of dust and is less vidb&r than an IPS to the problem of particle bouncin
(Saltzman 1984; Pui and Liu 1988). So, using a Gt be a good option for sampling in dusty
environments.

Our study had two objectives: 1) to investigate dlaeurrence and extent of overloading of the
current EU reference Piland PM s samplers with IPS in the dusty environment of tdyauses, and
2) to evaluate CPS as an alternative pre-sepafatouse in the dusty environments of livestock

houses following the EU standard procedure.

MATERIAL AND METHODS

Samplers

Note that in this paper the abbreviations of “IR®8id “CPS” refer either to two types of pre-
separators or to two types of samplers (a comhinatdf an air inlet, a pre-separator and a downstrea
filter holder).

IPS

An IPS is described as the reference dust sampl€EN-EN 12341 (1998) for P)Mand in CEN-
EN 14907 (2005) for Pl Figure 1 shows the samplers for both dust frastio

An IPS consists of an air inlet head, an impacfiomseparator and a filter holder. For this study,
flat impaction plate was rubbed with grease andquaunder eight impactor nozzles (Figure 1).
Larger particles strike the plate at speed andetagned because of their inertia, but the smédieget
particles are carried along in the air stream arccallected on the downstream filter. The airflate
through the inlet head of an IPS is 2.3h\,
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(A) (B)
Figure 1. The complete IPS system (A) and the diffently sized openings of the impactor nozzles (B) éhcause the air

above the impaction plate to accelerate (larger opéngs for PM,q; smaller openings for PM, 5).

CPS

A CPS consists of an air inlet head;yalone pre-separator (URG corp., US) and a fiitelider
(Figure 2). The design of the air inlet head of RSCis based on that of an IPS. Instead of eight
impactor nozzles there are eight short tubularvesrd@he body of the air inlet head is a cylindethwi
a hollow cone frustum inside. All surfaces are sthpto avoid dust loss in the air inlet head. la th
CPS used in our study, a metal pipe connectedrttieobthe air inlet head to the pre-separator. The
pre-separator uses the centrifugal principle t@ssp large particles trapped in a dust colle@®df;o
or PM,s are conveyed in the air stream and collected fiass fibre filter in the filter holder. The
airflow used for a CPS is set at £ .

(A) (B)
Figure 2. The air inlet head, the PM, cyclone pre-separator, the PMs cyclone pre-separator and the filter holder (A,
from left to right), and the construction of the ar inlet head (B).

Pumps

Pumps of type Charlie HV (Ravebo Supply b.v., Belelwere used to suck air through the

samplers. These pumps automatically adjust theoairbn the basis of the temperature measured at
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the sampling head, and the temperature, pressuraidiow of the gas meter installed inside the
pumps. The airflow of the pumps remains constanerwthe pressure difference over the filter
increases. This control system ensured that dwangpling the airflow remained constant, varying by
no more than 2% from the nominal value. The clookke pumps were programmed to start and stop

sucking air automatically.

Filters

PM, and PM swere collected on glass fibre filters with a diaenaif 47 mm. The dust-free filters
were stabilized for 48 h under standard conditi@@s: 1°C and 50 + 5% relative humidity. Using a
precise balance with a resolution of 10 pg, ealtérfivas then weighed once in the morning and
afternoon of the first and second days after tabil&tation (4 times in total). The mean value filéer
was calculated as the filter weight. The dust-lobfileers were weighed following the same procedure
Subtracting the weight of the dust-free filter frahe dust-loaded filter yielded the amount of dust
collected.

Measurements

Verifying overloading

The tests were performed in a poultry house (aviastem, some litter on the floor and loose
housing) with about 100 laying hens, in Wageningbr, Netherlands. We first tested whether the
IPSs could be overloaded within 8 h sampling. AB&@&s and two CPSs for both Pjind PM s were
used. During the 8-hour sampling period, four rateseplacing the greased IPS plates were tested: 0
times (no replacement), 3 times (every 2 h), 7 sifevery 1 h) or 15 times (every 0.5 h). Secondly,
PM,IPSs were further challenged with a longer sangplyeriod of 24 h and with fewer plate
replacements in a dustier layer room containinguaB60 hens. The replacement rates were 0 times
(no replacement), 1 time (every 12 h), 2 times rggeh) or 3 times (every 6 h). Thus the numbers of
plates used per treatment were 1, 2, 3 and 4. iin tests, measurements were repeated twice. The
CPSs were not cleaned during the sampling period.

To ascertain whether the BMCPSs also suffered from overloading, we perforraetest in
duplicate. Six of the CPSs were run for 24 h witleé cleaning frequencies 0 times (no cleaning of
the dust collector), 1 time (cleaning every 12 gl 2 times (cleaning every 8 h). In the mean time,

two more CPSs ran for 48 h without cleaning.

Test comparing CPS with IPS

96 pairs of 24 h measurements, 48 for ,Pnd 48 for PMs, were conducted in various
environments: livestock houses (three fatteninghmigses, one broiler house and one dairy barn); an
industrial workplace; and in the ambient air. Facle pair of measurements we used one IPS (as the

reference sampler) and two CPSs (as the candidatgeler).
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In the three fattening pig houses the there wespadively 1200 pigs (80 kg each), 520 pigs (312
were 85 kg, 208 were 45 kg) and 3200 pigs (67.8dah). Before exhausted, the air from each of the
houses was sucked through a ventilation room, wheeedust was sampled. The broiler house
contained eight similar compartments, in each oictvlapproximately 2675 broilers were raised on
the ground with bedding of wood shavings. In twdlese compartments samples were taken on the
same day in the first, second, third and fifth weeekbird age. The dairy barn with approximatel¥ 10
dairy cows was naturally ventilated. The industwalrkplace was a machinery room in Wageningen
University in which farm robots were stored and vehseveral people worked daily. IPSs were
installed in duplicate in this workplace (so, tweSk and two CPSs for one pair of measurements).
Measurement of the ambient air was performed ougj@about 20 m from the machinery room.

In all the locations, the samplers were installedl.2 m height, with one exception: the ventilation
room of the pig house with 3200 pigs. Here the dampvere suspended 2.0 to 3.0 m above the floor.
The three samplers (one IPS and two CPSs) wereeglabout 30 cm apart, to avoid mutual
interference. The air velocity near the samplers maasured with a hot-wire anemometer and varied
from0.1t0 1.8 m&

Nomenclature

N total number of data pairs

n number of valid data pairs

Xi i" measured value of the reference sampler (IPS)ettration

Yi i measured value of the candidate sampler (C&®icentration 1

Yi i measured value of the candidate sampler gC&®icentration 2

Y, mean concentration value of tﬁb;jarallel measurement of the candidate
samplers 1 and 2

D; difference between th& measured value of the candidate samplers 1 and 2

mean, mean of all D in a dataset

sd standard deviation of all D in a dataset

S absolute standard deviation for low concentragjmup

S relative standard deviation for high concentrajooup

f degree of freedom

t test statistic according to the Student t distidn

te 1enyN-2) the critical value of the t distribution with (N-8egrees of freedom and a
significance level o&/(2N), in whicha was set at 5% in this analysis

Clgs two-sided 95 % confidence interval

Z Grubb’s test statistic

Cv critical value in Grubb'’s test

Data analysis for comparing CPS with IPS

Data were analysed according to the EU standardedwoe for PMy (European Commission

1998). See sectiong\halyses of comparability of candidate samplersSGEPS test)test and Test

-65 -



Chapter 4

of comparability of the candidate sampler with teterence sampler (CPS-IPS tégiglow. Since no
specified standard procedure was available fop £khe procedure for the PMsampler was also
used for the Pl sampler. The only difference was that the,Rllata were classed according to the
sampling location (group one: livestock housesugrtwo: workplace/ambient air), instead of by dust
concentration (threshold of 100 ug’)n

To qualify as a reference equivalent dust sampbew, requirements have to be met: 1) the two
candidate samplers are comparable to each otherGRS-CPS test; 2) the candidate samplers are
comparable with the reference sampler in a CPSt#38 Before the two tests, outliers from the

datasets of PM and PM s were excluded (see “Detecting outliers”).

Detecting outliers

The outliers were detected first for the CPS-CR§ then for the CPS-IPS test, using Grubb’s test.
For the outliers in the CPS-CPS test, the Z valueagh data pair (data from two CPSs) could be
calculated with Equation 1,

Z, =|mean, - D|/sd (1)

Values for “D” were calculated as absolute diffees when mean Piylconcentration from the
CPSs was 100 pg i1, and as relative differences when BMoncentration was > 100 pg*nOnly
absolute differences were calculated for.,RMVhen Z exceeded a critical value (Equation 2),™D
was considered to be an outlier and the correspgndtita pair was subsequently excluded. If a data
pair was excluded as an outlier in the CPS-CPSysisalit did not appear in the subsequent CPS-IPS

analysis.

CV =(N-1)/NQ/t2 ouynen/ (N =2+t2 0 2 )

Ouitliers in CPS-IPS test were determined accortbripje same procedure. “D” here indicated the

difference between the mean concentration of tw8sC&hd the concentration of the IPS in one data
pair. Outliers were checked for the whole dataseéhe CPS-CPS test for both RMind PMs. The
CPS-IPS outlier of PMs was only tested for data from the work place/amibsr environment. The
standard procedure prescribes that the numbertbérsushould be within 5% of the total number of

data.

Analyses of comparability of candidate samplersSEFPS test)

The test focused on whether the differences betweenoncentration values measured by the two
CPSs were within the acceptable boundary defineithéyEU standard (European Commission 1998).
Ideally, the candidate samplers would be identioal,they sampled the same dust fraction, implying
that D = 0.

The PM, data were classified into two groups: low concatian € 100 pg i) and high

concentration (> 100 ug M An absolute standard deviation, svas calculated for the low
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concentration group (Equation 3).¢£Was obtained by multiplying, oy the corresponding student
factor t (Equation 4), which was defined as the75.9uantile of the two-sided 95% confidence
interval of the Student t-distribution with £ n. - 2 degrees of freedom. If gI< 5 pg n?, the
candidate samplers met the requirement for compiyah the low concentration group. A relative
standard deviation was used for the high conceotrajroup (Equations 5 and 6). To meet the

comparability requirement, glshould be< 5%.

s, =4>.D%/2n, (3)

Clgs =S, Mc o075 4)
s, =2 (D, /Y,)* 120, (5)
Clgs =s, Uy 00750 (6)

Test of comparability of the candidate sampler higa reference sampler (CPS-IPS test)

The test focused on the differences between theettration values measured by CPSs (y) and
IPSs (x). Ideally, the candidate sampler was samgptihe same dust fraction as the reference one,
implying y = Xx.

The relationship y = f(x) between the candidate #mel reference concentration values was
computed with linear regression analysis. It wasgared with the two-sided acceptance envelope, i.e.
y = (x £ 10) pug it when x< 100 pg ¥, and y = (1 + 0.1)x pg thwhen x > 100 pg i If the
variance coefficient R2 of the calculated refereaqgaivalence function was 0.95 over the relevant
concentration range, and the reference equival&megtion calculated was within the limits of the

acceptance envelope, the candidate sampler megdghaement for reference equivalence.

RESULTS

The overloading verification test

Table 1 shows the results of the overloading \eifon test and the linear regression analysis of
dust concentrations from IPSs against the numbeftaté replacements. The 24 h overloading test of
CPS is also included. A p-value < 0.05 indicated #s the number of plate replacements increased,
the measured dust concentrations were significargtjuced, i.e. in the given environment, the
samplers were overloaded.

The PMy IPSs did not become overloaded (p = 0.40) durim@ & sampling period. When RM
was sampled with IPS for 24 h with 0 to 3 platdaepments the number of plate replacements did not
affect the measured RMconcentration (p = 0.80). The Rj/concentrations measured with CPSs
were 10%-16% higher than those measured with 1B&:vs 607ug m® in the 8 h test and 2403 vs
2075pug m?in the 24 h test.
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Increasing the number of plate replacements damg h sampling period significantly affected (p
= 0.00) the measured RNconcentration: with no replacement the mean cdraton was 171 pg m
® with 15 replacements it was 123 ug.rifthe mean P concentration measured with CPSs (49
m®) was much lower than the concentrations measuitedRSs (14Qg ni°).

The regression coefficient of the dust concentraigainst number of cleanings of the coarse dust
collectors of CPS was not significant (p = 0.24)eTtwo CPSs that continuously collected dust for 48
h without their dust collectors being cleaned gameaverage PM concentration of 106 pg
ANOVA showed there was no significant differencéwsen the measured Blymeasurements. This

indicated the CPS was not overloaded.
Comparison of CPS with IPS

Detecting outliers

No outlier was detected in the RMlataset. Two pairs of PMdata were eliminated as outliers in
the CPS-CPS test. No outlier was found in the (PS4est for PNy and PMs The number of
outliers accounted for 4.2% of the total numbePbf, s data pairs, which was within 5%. The valid
data pairs of PM and PM s were 48 and 46. Both were more than 40 pairspinénum required in
the EU standard.
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Figure 3. PM,o concentrations in CPS-IPS comparability test (- - : acceptable boundary according to CEN 1998; —:
y = X; ==, regression line; A : concentrations from CPS; m: concentrations from CPS).

Comparability of CPSs

The number, range and absolute and relatiyedCthe data pairs are listed in Table 2. Thg @i
the PM, low concentration group (2.20 pg3rwas within the 5 pg fhboundary. The relative Gl
value for PM, high concentration group was 6.0%, slightly exaegdhe 5% boundary. The &l
values for PMs were 2.30 pg i for the workplace/ambient air and 9.54 pg for the livestock
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houses. The IPSs showed good absolutg V@lues in the workplace (1.66 pg’nAll the relative

Clgs values for PMs were > 5%.
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Figure 4. PM, s concentrations in CPS-IPS comparability test (- - : acceptable boundary according to CEN 1998; —:

y = X; ==, regression line; A : concentrations from CPS; m: concentrations from CPS).

Table 3. Regression analysis of CPS-IPS test (contrations from CPSs against concentrations from IPSs

Dust  Data group Pairs of data  Slop@ (se) Constar®t! (se) R”

PMy, <100 pg riv 28 0.89 (0.03)7 0.6 (0.8) 0.97
> 100 pg niv 20 1.20 (0.0457  -68.0 (12.3y7  0.99

PM,s Workplace/ambient air 19 0.87 (0.66) 1.5(0.8) 0.93
Animal houses 27 0.07 (0.61) 22.3 (2.6§™ 0.86

@ Tested against the null hypothesis that the slopele 1 (data from the CPS and the IPS were the)samsignifies
the slope deviated significantly from 1 (p < 0.001)

bl Tested against the null hypothesis that the constzumls 0™ signifies the constant deviated significantly frrfp <
0.001).

Comparability of CPSs with IPS

Figure 3 and Figure 4 show the relationship betwkest concentrations measured with CPSs and
IPSs. Table 3 gives the results of the regressimtysis. It can be seen that the values div@re
higher than 0.95 for both Plyigroups. The slopes showed different trends inaivg(0.89 + 0.02) and
high (1.20 £ 0.01) concentration groups. The regoesline fell within the acceptable boundary for
PMj, concentrations: 100 ug it (Figure 3 A). All data were spread evenly in taage from 0 to 50
ng m°, but we had no data in the range from 50 to 10@nigCombined with the results of the CPS-
CPS comparability test, the RWMCPS totally fulfilled the standard requirement€id legislation as a
reference equivalent dust sampler when samplirlgss dusty environments. In dusty environments,
higher concentrations were obtained with the CP$@m twith the IPSs (Figure 3 B). Most
concentrations were below 1000 pg.r®M, data points above 1000 pgrfell outside the boundary.
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Most of the PM s concentrations obtained in the workplace/ambienivare between 0 and 20 pg
m*. The regression line fitted well within the boundéFigure 4 A). R was 0.93, slightly below the
required 0.95. The slope was 0.87 + 0.04 (se).tDule severe overloading of the IPS, the regrassio
line of data from the livestock houses drifted ffam the PM s boundary (Figure 4 B). The slope of

regression line was 0.07 £ 0.01 (se).

DISCUSSION

Overloading verification

Overloading of the IPS was verified by ascertairtimg effect of replacing the greased plate on the
PM, s concentration. In an environment with low dust @amtration — for example, in ambient air —
plate replacement is not expected to have anytefiecause one plate has sufficient capacity tirret
large particles during a 24 h sampling period (Kemt al. 2000). In a dusty environment —for
example, an livestock house — a greased platelyaloises its retaining ability. If the plate is not
replaced by a clean one, the large particles ajreatlected on it bounce off, re-enter the airgtiea
and are collected on the filter together with thegét fraction. Therefore, if the dust concentratio
decreases when the greased plates are exposesttootlection for a shorter period, i.e. if theseai
negative correlation between dust concentrationtb@dumber of plate replacements in the sampling
period, there is overloading.

Our results from measuring RMconcentrations with IPSs for 8 h in dusty layeuses and then
for 24 h in a dustier layer house demonstrate fMf;-IPS could not be overloaded. The slightly
higher PM, concentrations measured by CPSs compared with if§st be due to a “shallow
penetration curve” as was found for PMCPS by (Kenny et al. 2000).

The measured PM concentrations (8 h test) were on average abéutir@es higher when using
IPSs without plate replacement compared with uSiR§s (171 vs 48g mi®). The significant inverse
correlation we found between BMconcentration and number of plate replacementw/shbat the
PM, sIPS was overloaded. It can be expected thai ANS will be more vulnerable to overloading
than PM¢IPS, because its greased impaction plate is cigdl with more particles (including
particles between 2.5 and 10 um). Also, the airaictp the plate in Pp4-IPS at a velocity six times
higher than that of PM-IPS (15 vs 2.4 m'Y. At such a high air speed, bouncing and re-emmant
of the large particles from the impaction platenisre likely. The EU standard stipulates that,RM
IPS should be operated in environments havinga tioist concentration 200 pg rit. The reason for
imposing this limit is to avoid filter clogging antd minimize fluctuations in flow rates from the
pumps. However, this standard takes no account vefl@ading of greased plates. We have
demonstrated that PMMCPS is very resistant to high dust loading: ev@rin 4f continuous sampling

without cleaning the dust collector did not giveerto an overloading problem.
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Comparison of CPS with IPS

The EU legislation set IPS as the standard dusplesmTo qualify as a “reference-equivalent
sampler”, all other samplers have to be subjectedatcomparability test. Within this test,
comparability should be proven between the candidamplers (precision test) and between the
candidate and the reference samplers. Ideally stmdar candidate samplers provide identical result
when taking samples in the same environment. Bstiihpossible to obtain identical results because
system and measuring errors are present, whicll dmuindicated by GJ. The lower the G} value,
the better the precision of the candidate samplérs.upper limits of Gk for PM;, samplers are set at
5 pg ni’ for dust concentrations 100 pg rit and at 5% for higher concentrations.

In our study, PMy-CPS showed quite good precision when sampling$s dusty environments
(Clgs = 2.20 pg r), i.e. the workplace/ambient air and a dairy faftrwas comparable with the
results of the reference sampler & 1.95 ug rif). The relative Gk of PM,-CPS was even lower
than that of the reference sampler (15.3% vs 29.79¢ Cis of 6 % for dusty environments, with
data from the pig and broiler houses, was slighitjher than the standard. However, CEN-EN 12341
does not specify a glfor livestock houses, where other factors migfeafsampler characteristics,
such as dust concentration and particle size bligtan. For comparability tests in livestock hoyses
the boundary G§ of 5% needs to be reconsidered.

In our PMs-CPS data, 45 out of the 46 pairs wer#00 pg v (the upper range of 168.2 ug°m
was determined by the one extreme high value @#stiack houses). Therefore, grouping the data into
above and below 100 ug/m3 was not useful. Insteel, split the PMsCPS data into the
workplace/ambient air group and the livestock hayreaip, on the justification that the IPS was more
likely to become overloaded in the livestock houttes in the workplace/ambient air. There is no
standard Gk for PM, 5-=CPS. The absolute &lvalues showed a big difference between the twaggo
(2.30 vs 9.54 g ). Compared to the reference sampler, the calallatie of 2.30 pg mfor CPS
in workplace/ambient air seemed to be acceptalble.dhta from livestock houses showed a very high
absolute G value of approximately 5.7 times the referencB4%s 1.66 ug i).

The linear regression of CPS-IPS test showed gdodiRes for PM-CPS. The regression line of
PM;, concentrations measured with CPS against thoselR& fell between the two-sided boundary
in the range of 100 ug it (Figure 3 A). The results of all the CPS versuS tBsts revealed that the
PM;-CPS fulfilled all the requirements to qualify as equivalent sampler in this range. In the range
of > 100 pg i, the regression line lay outside the boundaryuféi B), although the Rvas high
(0.99). The different patterns of the regressimediin these two ranges are probably caused by the
interaction between the pre-separation princiglepdction vs cyclone) and the dust load.

The EU procedure (European Commission 1998) recardméhat the concentrations measured
should cover the widest possible range. Moreovemparability would be more convincing if the
concentration data were uniformly distributed otlee whole range. In our study, RMlata were

spread over a wide range; however, there were taidahe range from 50 to 300 pg*nAlthough
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we expect that the relationship between the CPSttadPS will not be different within this range,
additional collection of data within this rangegésommended.

Assuming that the reference sampler gave the thlig Boncentration, the slope of the regression
line for an ideal candidate sampler against theregice sampler should not be significantly differen
from 1. For a candidate sampler with a slope sicgniitly different from 1, a correction factor shaul
be introduced to calibrate BRMconcentration to the reference. In our study, lthear regression
analysis showed different lines for the two BMoncentration groups. Pllconcentrations measured
with CPSs were systematically lower than valuessmesl with IPSs in the concentration ragge00
ng md, but higher in the concentration range > 100 [fg Tinerefore, the calibration should be treated
separately: see Equations 7 and 8. The two regrefises intersected at 223 pg*rtFigure 5). The
equation regressed from data in the range @00 pg ¥ should be used for the calibration when
PM,o concentrations measured with CPS are lower tha&h 2 m® (Equation 7). For the higher
concentrations, the equation regressed from dattaeimange > 100 pg frshould be used (Equation
8).

y=1009x (X <223 pg riv) (7)

y = 083x+ 575(X > 223 ug M) @)

x: concentration measured with CR§ (ri°);

y: calibrated concentratiopg m?).

A high PM, s concentration of 40.5 pgfrwas noticed (Figure 4 A) in the workplace/ambiaint
but the other concentrations were all lower thanggual to) 20 pg it Without this value, the
regression line would be y = 0.81x + 2.0 (CPS @xig against IPS on x axis). The slope and constant
both changed (but not significantly) compared ®ftbrmer regression line (y = 0.87x + 1.5). Witk th

data available in this experiment, the regressiome lof PMs concentrations from the
workplace/ambient air falls within the boundary.
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Figure 5. Relationships between PM concentrations measured with CPS and IPS samplefsr values< 100 pg nt

and for values > 100 pg mi (—: regression line for the range ok 100 pg N, - - - : regression line for the range of >

100 pg m*; A data< 100 pg m*; m data > 100 ug riv; note that not all data points > 100 pg i are shown).
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The PMs data from livestock houses drifted from the bouwpdaecause of the overloading
problem of the IPSs. The regression line was réthgrwith a slope of 0.07 (CPS on y axis against
IPS on x axis). It was highly affected by the deddected in the pig and the broiler houses withhi
PM, s concentrations (44.9 to 1933.3 pg)m
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Figure 6. Relationships between PMs concentrations measured with CPS and IPS samplens workplace/ambient air
and in a dairy house =: regression line, workplace/ambient air; - - - : egression line, dairy houseA data from

workplace/ambient air; m data from the dairy house).

The PM s concentrations measured by the CPSs were quitiasiim the workplace/ambient air
and on the dairy farm: on average 10.5 pg and 12.3 ug m respectively. It is of interest to
examine the data collected in these two environsngnimore detail (Figure 6). The regression slope
with only the data of the dairy farm is 0.51, whishhigher than the slope for pig and poultry farms
However, it is still quite different from 1. Thiadicates that overloading of IPS is a problem dryda
farms, although the PM concentration is similar to the workplace/ambiaitt In this case, the
particle size distribution probably plays a roleithwmuch of the dust being composed of large
particles. The Rremained low (0.77). It can be concluded that, RS cannot be used on pig,

poultry and dairy farms.

CONCLUSIONS

Our study has verified that the current impactior-geparator sampler (IPS) is vulnerable to
overloading in the dusty environment of layer heuaad has investigated whether the cyclone pre-
separator sampler (CPS) is an alternative for samplust in livestock houses. Our key results and
conclusions can be summarized as follows:
= PM;o-IPS was not overloaded during a 24 h samplingopein a layer house with high dust

concentrations (in this study the average,fdbncentration was 2 075 pg3n PM,sIPS was

overloaded within a 1 h sampling period. It canbetused as a pre-separator for RNh pig,
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poultry and dairy houses. RMand PM sCPS were not overloaded in the dusty environméat o

layer house during a 24 h sampling period.

= PM,,-CPS proved to be an equivalent sampler in they;Rbhcentration range ef100 pg rit. The
Clgs is slightly out of the acceptable boundary and albplotted concentration points are within
the two-sided boundary range for RMoncentrations > 100 pgin(all data from livestock
houses). Data from the CPS should be corrected wafibration lines in the whole PM
concentration range.

= For workplace/ambient air environments the samptiadormance of PMs-CPS was proved to be

comparable to PM-IPS.
= For livestock houses, PMCPS is not comparable with BMIPS, because of the overloading of

IPS. PMsCPS has a clearly superior ability to store thgda particles for a long period of

sampling.
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ABSTRACT. By sampling aerosolized microorganisms, the efficieof a bioaerosol sampler can
be calculated depending on its ability both toedlimicroorganisms and to preserve their cultutsbil
during a sampling process. However, those cultlinatwsses in the non-sampling processes should
not be counted toward the sampling efficiency. Pt the efficiency assessment, this study was
designed to investigate the culturability losseshiee non-sampling processes: 1) the tracer wanin
induced loss; 2) the loss during aerosolizatioe-gampling process); and 3) the bacteria and wanin
recovery in air sample handling procedures forsdueples of the Andersen 6-stage impactor and the
Airport MD8 (post-sampling process).

The results indicated that uranine had no significeffect on the culturability oEnterococcus
faecalis Escherichia coliandMycoplasma synoviae suspensions (P > 0.05), but negatively affected
the culturability ofCampylobacter jejun{P = 0.01). The culturability dt. faecalis E. coli, andM.
synoviaewas not affected by stresses caused by aerosotizét > 0.05). Only 29% df. jejuniwere
still culturable during aerosolization (P = 0.02)n. the air sample handling procedures, the four
species of bacteria were recovered without siggnificlosses from the samples of the Andersen
impactor, but only 33%-60% uranine was recovetied faecalis E. coli and M. synoviaewere
recovered without significant losses from the saspbf the Airport MD8. MoreC. jejuni was
recovered (172%), probably due to multiplicatiorcounting variation. It is suggested that tracet an
bacteria should be aerosolized separately whetraber negatively affects the bacterial culturépili
In both pre- and post-sampling processes, lossdsacierial culturability (or multiplication) may
occur, which should be taken into account whenssasg the efficiencies of bioaerosol samplers.

Keywords. Bacteria, Sampling, Tracing, Nebulizing, StressaBrosol.
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INTRODUCTION

Bioaerosol samplers are increasingly being usedmtasure airborne microorganisms in
occupational and home environments to assess bemexposure. For an accurate measurement of
the concentration of microorganisms in the air, shepling efficiencies of the bioaerosol samplers
should be known.

The efficiencies of bioaerosol samplers have begastigated using different methods based on
their abilities to retrieve culturable microorgansfrom the air (Henningson et al. 1982; Thornal et
1992; Lin and Li 1999; Yao and Mainelis 2006; Emget et al. 2007). One of these different methods
entails the samplers in an isolator sampling theroorganisms that have been aerosolized in
suspensions by using a tracer to determine theigatyefficiencies and the deposition of bioaerosols
Detailed steps in such an efficiency assessmemty stoclude: 1) a pre-sampling process, i.e.
aerosolization of microbial suspensions; 2) a sargpprocess, i.e. collection of bioaerosols with
samplers; and 3) a post-sampling process, i.esaample handling procedure. Microorganisms may
lose culturability in all these steps and due ® aldition of tracer to the microbial suspensiyes,
only the loss in the sampling process is ascrilmedhe sampler efficiency. There is a risk that
culturability losses caused by these non-sampliraggsses (tracer-induced loss, loss in the pre-
sampling process, and loss in the post-samplingcgss) may be wrongly attributed to
underperforming bioaerosol samplers (Reponen etl@7; Li and Lin 2001), resulting in their
efficiencies being underestimated. Therefore, thituability losses in the non-sampling processes
should be investigated prior to the efficiency assgent study, and should be excluded when
calculating the sampling efficiencies of bioaerasahplers.

Different microbiological and physical tracers halieen used in efficiency assessment and
microbial survival studies (ljaz et al. 1985; lj@ al. 1994; Verreault et al. 2008). The main
advantages of microbiological tracers, includiBgcillus subtilis spores and genetic materials of
microorganisms (PCR technology), are that they haemless to microorganisms and their
aerodynamic characteristics are similar as thoseniofoorganisms. However, the microbiological
tracers might also decay in bioaerosols, renddhiegiselves as “unsuitable” and “premature” tracers
(Wang et al. 2001; Verreault et al. 2008). For ti@iason, some non-decay physical tracers remain
popular. A prerequisite for the application of ayghal tracer is that it does not destroy the
culturability of microorganisms in bioaerosol susgiens and in aerosol state. Uranine, a physical
fluorescent tracer, has been reported to be vitaedly and is detectable in tiny doses (ljaz et al
1985; ljaz et al. 1985; Auckenthaler et al. 2002)e effect of uranine on bacterial culturabilitysha
not been studied extensively, however, and mustdsessed for species for which no data are
available.

In pre-sampling process, microorganisms may lo#erability due to the shear force produced by

the spraying device (Reponen et al. 1997), andiéhgdration stress when water evaporates from the

-79 -



Chapter 5

bioaerosols (Marthi et al. 1990). The loss in thiscess can be assessed by gently collecting the
microorganisms during the aerosolization.

During the post-sampling process, microorganismg bealost depending on the way how the air
samples are handled (Tseng and Li 2005). The génheised bioaerosol samplers collect airborne
microorganisms either on agar plates, in liquid @edr with gelatin filters. The liquid air samples
can be diluted directly and incubated for furthdenitification and quantification without further
processing. In some cases, non-liquid air sampéed rto be transferred into liquid media, but
microorganisms may lose culturability during thiogess. The Andersen impactor, for example,
collects bacteria on its agar plates that are lysiredubated immediately after air sampling. Howeve
direct incubation is not feasible if the agar padee overloaded with bacteria (more than 400 ¢edon
per plate), which often occurs when sampling higidgtaminated air (Zhao et al. 2011). Furthermore,
direct incubation is not applicable when an Andergapactor is used to collect non-culturable
aerosols, e.g. a physical tracer. To overcome thesgdems, the collected microorganisms and tracer
can be transferred from the agar plates into lignétlia, for instance by homogenizing microbially-
loaded agar with liquid medium (Lundholm 1982) gr insing the microorganisms from the agar
surface with liquid medium. Similarly, the gelafilter of the Airport MD8, which is used for filterg
the airborne microorganisms, needs to be dissoineliquid medium after sampling. In order to
accurately assess the efficiencies of bioaerosopkas, the effects of the post-sampling processes
the culturability of microorganisms should be quféed.

Two studies (Part | and Part Il) were designedniestigate the sampling efficiencies of four
bioaerosol samplers, when collecting four specfdsaoteria using uranine as a fluorescent trager, b
correcting with the culturability losses in the reampling processes. These four samplers were an
Andersen 6-stage impactor, an all glass imping€s1{30), a high flow rate sampler (OMNI-3000),
and an Airport MD8 with a gelatin filter. The folnacterial species werEnterococcus faecalis
Escherichia coli Campylobacter jejuniandMycoplasma synoviadn Part Il (Zhao et al. 2011), the
focus was on the efficiency assessment. In Pathis (paper), the effects of the non-sampling
processes on the culturability of these four speofdbacteria were evaluated. The outcomes oflPart
are believed to provide valuable correction infatiovafor Part Il (Zhao et al. 2011). Specificaltitjs
study investigated:

1) the effect of uranine on the culturability otifcspecies of bacteria in broth suspensions, and on
the culturability ofE. faecalisin aerosol state;

2) the effect of aerosolization on the culturapibf bacteria nebulized by a spray-head;

3) the effects of air sample handling proceduresherrecovery of culturable bacteria and uranine

from samples of the Andersen impactor and the Airpt8.
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MATERIALS AND METHODS

Overview of the study design

Figure 1 is an overview of the design of the twalss. Details on the methods are given in section
“Uranine test” for the uranine test, in section fé&&t of pre-sampling process on bacterial
culturability” for pre-sampling effect on bacteriallturability, and in section “Effects of post-
sampling processes on recovery of culturable hiactend uranine” for post-sampling effects on

bacterial culturability. The sampling efficiencysassment will be presented in Part Il (Zhao et al.

_____________________________
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suspension :
Bacterial 1l ( o NHOmin o i [ Sixagar o 53
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Figure 1. Overview of the study design.

Preparation of bacterial suspensions and bacterialounting

Frozen beads containing. faecaliswere rolled on a sheep blood agar plate which thas
incubated at 37°C overnight. The colonie€ofaecaliswere scraped off and transferred into buffered
peptone water (BPW, bioTRADING Benelux B.V., Mijdt#, the Netherlands). To determine the
faecalisconcentration, the suspension was diluted in 1®-$teps from 1% to 10° in physiological
salt solution (bioTRADING Benelux B.V., Mijdrechthe Netherlands). One tenth ml of each dilution
was plated on a sheep blood agar plate, which ncadbated at 37°C for 48 h. On plates with 30 — 300
colonies the colonies were counted and the coratémtrof the bacteria in the original suspensios wa
calculated, following international standard prased(ISO 7402 1985). The final concentratiorEof
faecaliswas approximately 9 lggcolony forming units (CFU) rifl The concentrations of the other
three bacterial species in suspensions and iratin@les were determined similarly. However, the type
of agar and the incubation conditions were bactgecific.

A suspension oEE. coliwas prepared in the same way asHofaecalis but with McConkey No. 3
agar (Oxoid, Cambridge, UK). The concentrationEofcoli in the suspension was approximately 9
logio CFU mi™,

C. jejuni was enriched in heart infusion (HI) broth (bioTRING Benelux B.V., Mijdrecht, the
Netherlands) at 41.5°C under micro-aerial condgi{G? oxygen, 10% CCand 84% ) for 48 h.C.
jejuni was cultured on Kamali agar plates (bioTRADING 8w B.V., Mijdrecht, the Netherlands)
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which were then incubated under the same conditaang the enrichment procedure. The initial
concentration o€. jejuniwas approximately 7 lggCFU mi*,

M. synoviaewas enriched in Mycoplasma experience (ME) brdiydpoplasma Experience,
Reigate, UK) for two days at 37°®1. synoviaedecimal dilution was plated onto an ME agar plate
(Mycoplasma Experience, Reigate, UK). The platesewiacubated at 37°C under ambient air
conditions until visible colonies appeared (arouh@ seventh day of incubation). The initial

concentration oM. synoviadn suspension was approximately 8,(0gFU mf™.

Uranine test

The uranine (CAS#518-47-8, Fisher Scientific, Laneer, the Netherlands) was used as the tracer
in this study mainly based on its many advantagkes.uranine is an inert stable compound compared
to microbiological tracers and it is safer thanoadbeling method (Verreault et al. 2008). Algozan
be detected as a very low dose. In this studyuthrine was quantified by a fluorescent detectd? (H
1046 A, HP, US) with a detection limit of 0.002 mdj*. The excitation and emission wavelengths for
uranine are 494 nm and 521 nm, respectively.

To test whether the bacterial culturability mayafgected by the uranine, 10 ml suspensions were
prepared in duplicate for all four bacterial spsciblranine was added to one of each duplicate
suspension, so that the uranine concentration énstispension was 0.02%; the other suspension
served as control. The culturable bacterial comagohs were determined in both suspensions at Oh,
1h, and 2 h after the addition of uranine. Thesees$i were chosen because in the efficiency
assessment in Part Il (Zhao et al. 2011), all bettsuspensions were to be prepared less than 2 h
before aerosolization. The bacterial suspensions st@red at 4°C during the test. The test was done
twice.

The effect of uranine on the culturability &. faecalisin aerosol state was investigated by
aerosolizing this bacterial species with and witfh02% uranine. In both cases, 20 ml of suspension
was aerosolized in duplicate into a 1.38HEPA isolator using Walther Pilot | spray-head (iNer
Spritz-und Lackiersysteme Wuppertal, Germany) waithozzle of 0.5 mm diameter coupled to an air
compressor (Mecha Concorde, type 7SAX, 100l, 10nmzat; SACIM, Verona, Italy) at a pressure of
two bars. A schematic drawing of the isolator aathglers was given in Part Il (Zhao et al. 2011).
The aerosolization period lasted for approximate®min, and the final temperature was 21-23°C and
the relative humidity 90-95%. Immediately after asmilization, the Andersen impactor, AGI-30,
OMNI-3000 and Airport MD8 started sampling for twan. The liquid air samples from the AGI-30
(20 ml BPW with 0.005% silicone antifoam) and OMBOO0 (10 ml phosphate buffer saline) were
directly diluted and analyzed for culturalitefaecalisand uranine concentrations. The samples of the
Andersen impactor and the Airport MD8 were transfgiinto liquid media as described in section 2.4,

and then analyzed similarly to the other air sasple
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The effect ofE. faecalison uranine was investigated too, by aerosolizidgn? uranine dilutions of
0.02% eight times and sampling the uranine aerosils the four bioaerosol samplers exactly as
described folE. faecalis The measured concentrations of uranine aerosofipen its solutions were

compared with those in the two times aerosolizatioaranine withe. faecalis

Effect of pre-sampling process on bacterial culturhility

The bacterial suspension was aerosolized intosthlatdr. A Petri dish containing 20 ml of BPW
was put on the floor of the isolator and exposedndul.2 min of aerosolization. The bioaerosols
settled gently on the BPW, presumably without stresthe bacteria. The Petri dish was covered
immediately after aerosolization. The liquid samwies stirred thoroughly, and sent to the laboratory
to determine the concentrations of bacteria andinea TheE. faecalissuspensions with or without
uranine were aerosolized in duplicae.coli, C. jejuni andM. synoviaesuspensions without uranine
were aerosolized in triplicate. Uranine dilutions @02% were aerosolized eight times, and the
uranine aerosols were collected by the Petri distxactly the same way as the bacteria. The rétio o
bacteria/uranine was used to calculate the pemgenté bacteria that remained culturable during

aerosolization4, %), as shown in Equation 1.

C /IC

_ etridish,culturable suspensiorculturable
A=_P P x100% 1)

C /IC

petridish,tracer suspensiortracer

Coetidish,cuturabie CUlturable bacterial concentration in the sangblthe Petri dish (CFU rﬁ);
Csuspension,cutturabieCulturable bacterial concentration in the baetesuspension (CFU r'ﬁ);
Coetidish,races Uranine concentration in the air sample of thiei lesh (ug m11);

Csuspension,raceriranine concentration in the aerosolized badtsuspension (ug r'ﬁ).

WhenE. faecalissuspensions with uranine were aerosoliZesiyas calculated with the bacterial
and tracer concentrations obtained simultaneousiy the suspensions and Petri dish samples. When
bacterial suspensions without uranine were aemestlithe tracer concentrations in the denominator
(Cretrigish,tracer | Csuspension,racgr IN Equation 1 were obtained from the aerosolmanf 0.02% uranine

dilution.

Effects of post-sampling processes on recovery aflturable bacteria and uranine

“Recovery”, here, is defined as the ratio of theudngtity of culturable bacteria (or uranine)
collected from a source” to “its original quantitythe source”.

In the efficiency assessment in Part 1l (Zhao et28l1), the Andersen impactor was used with
sheep blood agar for sampling aerosolized faecalis MacConkey agar folE. coli, Charcoal
Cefoperazone Deoxycholate (CCD) agar @orjejuni, and ME agar foM. synoviae After sampling,

the collected bacteria (and also the uranine) waresferred into liquid media with rinsing methdal.
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this study, the recoveries of culturable bactend aranine obtained by using this method were
investigated by plating 0.1 ml of bacterial susp@msontaining 0.02% uranine onto an agar plate.
After five-min exposure in ambient air at room tergiure, each agar plate was rinsed three times
with 2 ml BPW by carefully scraping the agar suefaath a plastic spreader (TS30C, bioTRADING
Benelux BV, Mijdrecht, the Netherlands). The fivéanexposure was chosen because it would take
about five min to transport the air samples tol#étefor the efficiency assessment described in Part
(Zhao et al. 2011). The three times rinsed-off itigmedia for the same plate were mixed together.
The volume of the final sample and the concentnatiof culturable bacteria and uranine were
measured. In order to ensure that all bacteriavsadine had been rinsed off the plate was rinsed a
fourth time with 2 ml BPW. The test was done in litgie for all bacterial species.

In a Petri dish, a disposable gelatin filter (1782BACD, Sartorius, Nieuwegein, the Netherlands)
was topped with 0.5 ml of a bacterial suspensioknaiwn concentration containing 0.02% uranine.
After five-min exposure in ambient air at room tesrgture, the gelatin filter was dissolved in 20 ml
BPW kept at 37°C. The liquid sample was pipettéd a small flask containing 30 ml BPW (final
sample volume was 50 ml). The test was repeatedifoas for all bacterial species.

The recoveries of culturable bacteria and uranmenfthe two post-sampling processes were
calculated with Equation 2.

C AY/

R = _llquidsampe _ " liquidsampe x100% @
C v

suspension

suspension
R: recovery of culturable bacteria or uranine (%);
Ciiquigsample cONcentration of culturable bacteria (CFUl)nbr uranine (ug r‘rﬂ) in liquid sample;
Viiquigsample VOlume of liquid sample (ml);
Csuspension concentration of culturable bacteria (CFU'l)nIor uranine (ug nﬂ) in original
suspension;
Vsuspension Volume of original suspension added onto the atgte of Andersen impactor (0.1 ml),

or onto the gelatin filter of Airport MD8 (0.5 ml).

Data analysis

To test the effect of uranine on the culturabildy bacteria in suspensions, concentrations of
bacteria in suspensions were transformed to logs¢ig, CFU mi*) and treated as the response in
the following model for each bacterial species @&umn 3).

Yo =+U, +T, +U, [0, +eg, €

Yii: concentration of bacteria in suspension(J@&FU mi%);

. overall mean;

U;: effect of uranine (i = with uranine, without unae);

T;: effect of uranine with time (j =0 h, 1 h, 2 h);
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U;-T;: effect of the interaction between uranine anatim
gjc: residual error.

Equation 4 was used to analyze the effect of uemomaerosolize#. faecalis The concentrations
of airborne bacteria in the isolator were calcuaby dividing the total CFU collected in the air
samples by the volumes of air sampled:

Y =H+U; +S; +U, [5; + 5, +e (4)

Yix: concentration of airborn. faecalis(log;o CFU md);

. overall mean;

U;: effect of uranine (i = with uranine, without unae);

S: effect of bioaerosol sampler (j = Andersen impgcAGI-30, OMNI-3000, Airport MD8);

U;-S: effect of the interaction between uranine anéérosol sampler;

By: concentration oE. faecalisin the suspension before aerosolization,§@FU ml%);
&jc: residual error.

Similarly, the effect ofE. faecalison uranine in aerosol state was tested (EquatjorTise
concentrations of uranine in the air, in ug,mere calculated by dividing the total amount wfnine
collected in the air samples by the volumes ofaimpled.

Yijk:ﬂ+E|:i+Sj+E|:i [Sj+18u+eljk )

Yii: concentration of uranine in the air (legg md);

. overall mean;

EF: effect ofE. faecalis(i = with E. faecalis withoutE. faecali3;

S: effect of bioaerosol sampler (j = Andersen impgacAGI-30, OMNI-3000, Airport MD8);

EF;-S: effect of the interaction betwe&n faecalisand bioaerosol sampler;

Bu: concentration of uranine in the suspension bederesolization (log pug mt?);
gjc: residual error.

The difference in percentages of the four specfebamteria that remained culturable during
aerosolization was tested with the following equrati

Y, =U+tB +g (6)

Y;;: bacteria that remained culturable during aeraatbn (%);

. overall mean;

B:: species of bacteria (iE. faecalisE. coli, C. jejuni M. synoviag

g;: residual error.
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All the statistical analyses were performed wite 8AS program (SAS 9.1.3 Service Pack 4, SAS
Institute Inc., Cary, US). The effects of the diffiet factors on the response variables were esdnat
with the general linear model (GLM) procedure. Pleecentages of bacteria that remained culturable
during aerosolization, and the recoveries of ba&ctand uranine from samples of the Andersen
impactor and the Airport MD8 were compared agal@i% with pooled standard error (se) with the

one-sample T-test procedure.

RESULTS

Effect of uranine on the culturability of bacteria in suspensions and on E. faecalis in aerosol

state

Table 1. Bacterial culturability in suspensions withor without 0.02% uranine (each value is the meanfdawo

measurements).
Bacteria Suspension Concentration (+ SE, log;o CFU ml™Y) GLM analysis
0 h after adding 1 hafter adding 2 hafter adding Factor pl]
uranine uranine uranine
E.faecalis BPW 8.9 (+0.0) 9.0 (+0.1) 8.9 (+ 0.0) Uranine 0.55
BPW + uranine 947 (+0.1) 8.8 (+ 0.0) 8.9 (£ 0.1) Time 0.74
Interaction  0.14
E. coli BPW 8.9 (+0.1) 9.2 (+0.1) 8.9 (+0.1) Uranine 0.69
BPW + uranine 94 (£ 0.1) 9.0 (£ 0.1) 8.9 (+ 0.0) Time 0.01
Interaction  0.10
C. jejuni HI Broth 7.1 (£ 0.3) 6.5 (+ 0.2) 6.8 (+0.2) Uranine 0.01
HI Broth + uranine 787 (+0.1) 6.3°(x0.1) 585 (+0.2) Time <0.01
Interaction  0.01
M. synoviae ME Broth 8.1 (£ 0.0) 8.2 (+ 0.0) 8.12 (£ 0.0) Uranine 0.94
ME Broth + uranine 842 (+ 0.1) 8.1 (£ 0.0) 8.2 (+ 0.0) Time 0.26

Interaction 0.50

& Standard error.

I probability that there is no significant effecttbé factor on bacterial concentration.

AB For each bacterial species, means within a roW aitommon superscript letter are not significadifferent (P >
0.05).

3bFor each bacterial species, means within a colwitina common superscript letter are not signiftbadifferent (P >
0.05).

Table 1 shows the results of bacterial culturapiiit suspensions with and without addition of
0.02% uranine. Small differences in the concemnatiof E. faecalis E. coli and M. synoviaewere
observed in all suspensions at Oh, 1h and 2h.s8tafi analysis showed there was neither significan
effect of uranine on these three bacterial specieswas there an interaction effect of uraninerove
time. However, after the addition of 0.02% uranihere was a marked decrease Gn jejuni

concentrations: from 7.0 lggCFU mi* at 0 h to 5.2 log CFU mI* at 2 h. Statistical analysis showed
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that uranine (P = 0.01), time (P < 0.01) and tiwraction (P = 0.01) had significant effects ba t
culturability of C. jejuni There was also a significant effect of time (B.&1) onE. coli culturability
(P =0.01).

Table 2. Concentrations of airborneE. faecalis aerosolized with and without uranine (each valuesithe mean of two

measurements).
Sampler Concentration ofE. faecalis (+ SE¥, logyo CFU m®) GLM analysis
With uranine Without uranine Factor pll
Andersen 9% (+0.1) 9.4°(+ 0.0) Uranine 0.59
AGI-30 9.7°(+0.2) 9.8°(+ 0.2) Bioaerosol sampler ~ 0.02
OMNI-3000 9.6 (+0.0) 9.£(x0.0) Interaction 0.90
Airport MD8 9.8 (+0.1) 9.6 (+0.0)

[ Standard error.
bl probability that there is no significant effecttbé factor orE. faecalisconcentration.

3P Means within a column with a common superscritieteare not significantly different (P > 0.05).

Table 2 shows the concentrations of airbdEnéaecaliscollected by four bioaerosol samplers after
aerosolization of bacterial suspensions with ohauit uranine. The size distribution of thefaecalis
aerosols is given in Part Il (Zhao et al. 2011).siMaf the bioaerosols were between 1 anguhQ(in
volume). Using the same bioaerosol sampler, theammations oE. faecaliswere almost identical
regardless of whether the bacterial suspensionsbbad aerosolized with or without uranine (P =
0.59). The type of bioaerosol sampler had a sicpnifi effect on the concentration Bf faecalis(P =
0.02), but there was no significant interactiorwlmstn uranine addition and bioaerosol sampler (P =
0.90).

Effect of E. faecalis on airborne uranine

The concentrations of airborne uranine (with orhaiit E. faecali3 collected by the four
bioaerosol samplers are listed in Table 3. Thesstal analysis showed th#&. faecalisdid not
interfere with uranine concentrations (P = 0.9&8)e Type of bioaerosol sampler was a significant
factor on uranine concentration (P < 0.01), butsigmificant effect was found for the interaction

betweerE. faecalisand bioaerosol sampler (P = 0.89).

Effect of pre-sampling process on bacterial culturhility

The percentages of bacteria that remained culteirdbting aerosolization are listed in Table 4.
The GLM analysis showed that aerosolization hadgaifg&cant effect on the culturability of the
bacteria. The percentages of bacteria remainingredlle during aerosolization were 88% tér
faecalis 68% forE. coliand 84% foM. synoviae One-sample T-test showed that the culturability o
these three bacterial species during aerosolizatasnot statistically different from 100%. However

only 29% ofC. jejuniremained culturable and this was significantlyéowhan 100% (P = 0.02).
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Table 3. Concentrations of airborne uranine aerosatied with or without E. faecalis collected by the bioaerosol

samplers 0 min after aerosolization (values of urane with E. faecalis are the means of two measurements, values of

uranine without E. faecalis are the means of eight measurements).

Sampler Concentration of uranine (+ SE' log;o pg M) Coefficient GLM analysis

With E. faecalis Without E. faecalis of variance®®  Factor piel
Andersen 2.3(x0.0) 2.2 (x0.1) 0.53 E. faecalis 0.96
AGI-30 3.7 (+0.1) 3.0°(+0.1) 0.13 Bioaerosol sampler < 0.01
OMNI-3000 3.6/ (+0.1) 2.8 (+0.1) 0.16 Interaction 0.89
Airport MD8  3.2° (+ 0.0) 3.009(+0.1) 0.36

" Standard error.

) Coefficient of variance = SD/Mean. SD: standardiatén of relative uranine concentrations (ratibshe

concentrations in the air and the concentrationBd@rsuspensions for aerosolization); Mean: meaelafive uranine

concentrations.

[ Probability that there is no significant effecttbé factor on uranine concentration.

[ Based on six tests in which the gelatin filter did become severely clogged.

3P Means within a column with a common superscritieteare not significantly different (P > 0.05).

Table 4. The percentages of bacteria that remain cultable during aerosolization (each value is the meeof triple

measurements).
Bacteria Percentage (+ SE!, %) PP
E.faecalis 88 (+ 29) 0.53
E. coli 68% (+7) 0.10
C. jejuni 29° (+ 8) 0.02
M. synoviae 84 (x4) 0.28

Pooled SE 19

[@ Standard error.

Il probability that the bacterial culturability duriagrosolization is not different from 100%.

[ Mean of two measurements with uranine, due topegent dysfunction.

[ pooled se foE. faecalisis 13 due to n = 2.

3P Means within a column with a common superscritieteare not significantly different (P > 0.05).

Effects of post-sampling processes on recovery aflturable bacteria and uranine

Andersen

The results in Table 5 show that the recoveriebaafteria from the agar plates by rinsing three

times with BPW after five-min exposure to the amibiair at room temperature were between 87%—

124%. The recoveries did not differ significantlgtiveen the bacterial species and did not differ

significantly from 100%. The recoveries of uraninem all agar types were significantly less than

100%: the lowest recovery was from CCD agar. Uramegtoveries from CCD agar (33%) and ME

agar (48%) were significantly lower than the cooewding bacterial recoveries. The additional
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(fourth) rinsing recovered only a small number atteria (1 - 2%) but an appreciable amount of
uranine (5 - 12%).

Table 5. Recoveries of bacteria and uranine by rineg the agar plate surfaces of Andersen impactor (eh value is the

mean of two measurements).

Bacteria Agar type Recovery by the first three time of rinsing Recovery by the fourth
(+ SE?, %) rinsing (+ SE, %)
Bacteria P Uranine pil Bacteria  Uranine

E.faecalis  Sheep blood agar 107(x27) 074 60°(x2) 004 1(x0) 10 (£ 3)

E. coli MacConkey no.3 agar 87 (+ 13) 057 53%%(@*1) 004 1(x0) 5 (+ 5)

C. jejuni CCD agar 12%° (+ 6) 037 383 003 2(+x2) g

M. synoviae ME agar 987 (+ 9) 092 48%(+x4) 003 1(+x0) 12 (£3)

Pooled SE 16 3

& Standard error.

bl probability that the recoveries of culturable keetor uranine is not significantly different frat80%.
[ One value was obtained.

AB Means within a row with a common superscript et not significantly different (P > 0.05).

abMeans within a column with a common superscritteteare not significantly different (P > 0.05).

Gelatin filter of Airport MD8

Table 6 shows the recoveries of bacteria and veaafiter dissolving the gelatin filters, which were
loaded with 0.5 ml bacterial suspensions contai®i®®% uranine, in 37°C BPW. The recoveries of
bacteria varied, depending on the species. Theveeies ofE. faecalis E. coli, andM. synoviaedid
not differ significantly from 100%. However, 172% &. jejuni was recovered, which was
significantly higher than 100% (P = 0.01). Uraniwas recovered without significant loss. The
recovery ofE. faecaliswas lower than that of uranine from the samerfik®r the other three species,

there was no significant difference between bagt@nid uranine recoveries.

Table 6. Recoveries of bacteria and uranine from gelatin fiers of Airport MD8 (each value is the mean of four

measurements).
Bacteria Recovery (+ SE¥, %)
Bacteria AT Uranine pi!

E. faecalis  63“(+4) 0.06 95°(+1) 0.56
E. coli 874 (+ 8) 047 9P (x2) 0.71
C. jejuni 172P(+21) 001 113*(*3) 0.08
M. synoviae 732 (+ 6) 0.37 112°(x7) 0.07
Pooled SE 19 g

[l Standard error.

[l probability that the bacterial and uranine recigeeis not significantly different from 100% (P 08).
[ pooled se foM. synoviads 18 due to n = 2.

[ Pooled se for uranine B. faecalisandE. coliis 6 due to n = 2.

AB Means within a row with a common superscript fesie not significantly different (P > 0.05).

3P Means within a column with a common superscritieteare not significantly different (P > 0.05).
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DISCUSSION

Uranine test

The use of tracer enabled the physical efficienoy hioaerosol deposition to be evaluated. It is
preferable to aerosolize microbial suspensionsomtination with the tracer. This is because, when
they are aerosolized separately, the size disioibsitof microbial aerosols and tracer aerosols tnigh
be different, resulting in different aerodynami@rdcteristics. Aerosolizing a microbial suspengion
combination with a tracer requires that the aeipsdlmicroorganisms should remain unaffected by
the tracer, whether they are in suspensions oeiliosal state. The results in Tables 1 and 2 clearly
show that uranine had no significant effect on ¢hiturability of E. faecalisin suspensions and in
aerosol state. It is concluded tiatfaecaliscan be aerosolized with addition of 0.02% uraniftee
culturability of E. coli and M. synoviaein suspensions was not affected by the uranireriiThe
effects of uranine on both bacteria in aerosolesta&main to be investigated. In contrast, the
culturability of C. jejuniin suspension was negatively affected; therefiie,bacterial species cannot
be aerosolized in combination with uranine. In RhifZhao et al. 2011), we report that the size
distributions for bacterial aerosols and uranin®s@s which were sprayed separately were identical
Furthermore, ten aerosolization events of uranielgd coefficients of variance of 0.13 for uranine
concentrations determined with the AGI-30 and df60for uranine concentrations determined with
OMNI-3000. The low coefficients of variance refledtthe high reproducibility of the uranine aerosols
(Table 3), therefore uranine can be aerosolizechraggly. The coefficients of variance of the
Andersen impactor (0.53) and the Airport MD8 (0.8@re greater, probably because the recovery of
uranine by the rinsing method was instable (Andersand also because the gelatin filters of the
Airport MD8 became clogged at high humidity (90-95%

Effect of pre-sampling process on bacterial culturhility

The bacterial species with the highest mean cudtlixaduring aerosolization (88%) and thus low
culturability losses wak. faecalis The result is consistent with other studies wiiake reported low
losses of Gram-positive bacteria during aerosetimafTheunissen et al. 1993; Landman et al. 2004).
The culturability of the Gram-negative bacteia coli and C. jejuni remained 68% and 29%,
respectively. The poor recovery ©f jejuni (significantly lower than 100%) is probably beoailse
aerosolization was done in an isolator with an @xygontent similar to that of ambient air, whé€re
jejuni cannot survive well as it is a micro-aerophilicctesial species (Goodhew et al. 1988).
Furthermore, the outer membranes of Gram-negatietelia are more susceptible to rupture during
aerosolization (Hambleton 1970). synoviaethe bacterial species without cell wall, was rftécted

by aerosolization stress.
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Effects of post-sampling processes on recovery aflturable bacteria and uranine

The Andersen impactor has been widely used for Baghpirborne microorganisms and has been
recommended as a reference sampler (Brachmanl&a). The advantage of the Andersen impactor
is that it classifies the collected microorganishys their aerodynamic sizes, which simulate the
particle deposition in the human respiratory trdctmajor disadvantage of the Andersen is that agar
plates may become overloaded in a heavily contaetdnanvironment. Although the overloading can
be mitigated by reducing sampling duration to masubr even seconds (Predicala et al. 2002; Zhao et
al. 2011), such a short sampling duration wouldiwish the accuracy and the representativeness of
the sample (Agranovski et al. 2004). To avoid tkerlmading problem, we rinsed the colonies from
the agar surfaces with a liquid medium, insteadheftraditional method (culturing the loaded agar
plates directly). The aggregated bacteria in cel®min the agar plates of the Andersen impactor may
also be disagglomerated in the final liquid sampldss allows the true number of culturable baeteri
to be counted. The results showed that all fourcisgeof bacteria could be recovered without
significant loss with three rinsing steps. The kex@s of bacteria after an additional rinsing stegpe
low, indicating that the fourth rinsing was unnesaey. The recoveries of uranine were lower than
those of bacteria, especially when recovered frad@dDCGgar and ME agar. This might be because
uranine binds more strongly with the agar thandréata hypothesis supported by the finding that 5-
12% uranine could still be recovered by the fouitising. Furthermore, uranine is very soluble and
small, so it might penetrate into the agar withwilater, making the rinsing more difficult.

Li and Lin (2001) found decay d&. coliincreased concomitantly with the storage time edatin
filters. However, we could not detect the decayafiay of the four bacterial species. Li and Lin (200
used a storage time of 1 h, whereas we exposdheatielatin filters with bacteria to the ambient ai
for a maximum of five min. Our results show thatl@sg as the microbially loaded gelatin filter is
dissolved and analyzed directly after the expostire, culturability of the bacteria will remain
unaffected. The possible reasons that the recafely jejuniwas significantly higher than 100% are
replication of this bacterial species in the 37°€@VB used for dissolving the gelatin filters, or
variations in the counting. Landman et al. (2008p dound moreMycoplasmain dissolved filters
than originally present. We recovered all the urarirom the gelatin filters.

Our study has confirmed that in pre- and post-senggrocesses, bacteria may lose culturability
or multiply. When air samples are taken in practitere is no pre-sampling process, so in an
aerosolization lab-scale experiment, the loss ofdra in this process should be excluded from the
efficiency calculation. However, the post-samplprgcesses are always performed. Therefore when
sampling in practice, account must be taken batlthi® sampling efficiency and for bacterial recgver

in the corresponding post-sampling process.

-91 -



Chapter 5

CONCLUSIONS

Carried out prior to assessing the sampling efficyeof bioaerosol samplers, the losses of bacterial
culturability in three non-sampling processes @randuced loss, loss in the pre-sampling process,
and loss in the post-sampling process) were irgasti in this study. We conclude that:
= Uranine affected the culturability . jejuni and should not be aerosolized together with the
suspensions of this bacterial species in efficieagsgessment.
= During aerosolization, the culturability &f faecalisE. coliandM. synoviaeemained unaffected,
but the culturability ofC. jejuniwas negatively affected.

= All four species of bacteria were recovered withgighificant losses from samples of the Andersen
impactor by rinsing the agar plates, but uranine nat fully recovered. As long as the microbially
loaded gelatin filters of Airport MD8 were dissoti’and cultured soon after exposure (five min in
this experiment), the culturability of bacteria @@ned unaffected. The possible reasons nire
jejuni were recovered are bacterial multiplication in #&m liquid medium used for dissolving

the filter, or counting error.
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ABSTRACT. Using uranine as a physical tracer, this studysseskthe sampling efficiencies of four
bioaerosol samplers (Andersen 6-stage impactorglas impinger “AGI-30”, OMNI-3000 and
Airport MD8 with gelatin filter) for collecting Gra-positive bacteriagnterococcus faecalisGram-
negative bacteriaEscherichia coliand Campylobacter jejupj and bacteria without cell wall
(Mycoplasma synovidavhich were aerosolized in a HEPA isolator. Initidd, the half-life times of
these bacteria in aerosols were estimated. Thengr@oncentrations collected by the samplers were
used for calculating the physical efficiencies, #img bacteria/uranine ratios were used for calngat
the biological efficiencies.

The results show the Airport MD8 had the highestsptal efficiency. Compared with the Airport
MDS8, the physical efficiencies of the AGI-30 an@ tBMNI-3000 were 74% and 49%, respectively. A
low physical efficiency of the Andersen impacto8¥d) was obtained, but it was mainly caused by the
incomplete recovery of uranine when handling thesamples, so could not be ascribed to the sampler
efficiency. Both the Andersen impactor and the ABlshowed high biological efficiencies for all
four bacterial species. The biological efficiencasthe OMNI-3000 forC. jejuni (1%) and of the
Airport MD8 for E. coli (38%) andC. jejuni(2%) were significantly lower than 100%, indicatithat
their sampling stresses inactivated the bacteridtu@bility. The half-life times at 21-23°C
temperature and 80-85% relative humidity were 48i8 for E. faecalis,26.7 min forM. synoviae
21.2 min forE. coli,and 4.0 min foC. jejuniin the air.

Keywords. Sampler, Microorganism, Survival, Aerial, Aerodélijorescein Sodium, Nebulizing.
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INTRODUCTION

Concentrations of airborne microorganisms in octiopal and home environments are
increasingly being measured for hazard evaluati@isaerosol samplers with known sampling
efficiencies are required in order to get relialblssessments on the microbial concentrations.
Bioaerosol samplers that are commonly used inchnldersen 6-stage impactor, all glass impinger
(AGI-30) and Airport MD8, while others such as BMNI-3000 with a high sampling flow rate have
been introduced more recently. However, the efiicies of all the devices mentioned above, when
samplingEnterococcus faecalig€scherichia coli Mycoplasma synoviaand Campylobacter jejuni
have not been established so far.

The sampling efficiency of a bioaerosol sampledudes its physical efficiency and biological
efficiency. The physical efficiency describes howlivairborne particles are aspirated by the desice’
inlet and transported to the collection medium, &y well the bioaerosol sampler retains these
particles in its medium (Nevalainen et al. 1992ifftBrs and Stewart 1999). If the particles arary
organisms, they may be inactivated by samplingssé®, e.g. impaction stress (Stewart et al. 1995),
impingement stress (Shipe et al. 1959; Tyler andeSh959; Tyler et al. 1959) and/or dehydration (Li
et al. 1999). Therefore, in order to indicate hoellva bioaerosol sampler prevents cell damage and
maintains the microbial viability during samplinthe concept of biological efficiency has been
introduced (Griffiths and Stewart 1999).

The efficiencies of different bioaerosol sampleasdbeen evaluated previously. In some studies
the efficiencies of bioaerosol samplers were assedsy operating them side-by-side in an
environment with an unknown microbial concentrat{btenningson et al. 1982; Thorne et al. 1992;
Engelhart et al. 2007; Zhen et al. 2009). This wmetkasily ranks the performances of different
samplers; however, it does not reveal whether theuats of microorganisms collected in the air
samples accurately represent the microbial cortérihe air, nor does it distinguish between the
physical efficiency and biological efficiency.

In order to overcome the previously mentioned stwonings, the efficiencies of bioaerosol
samplers can be evaluated in an aerosol experirimemthich a known amount of microorganisms
together with a tracer are nebulized in an isolatorthis way, the physical efficiency can be
determined by comparing the amount of tracer cbbby a bioaerosol sampler with that collected by
the reference sampler (a sampler that has highigatysfficiency); the biological efficiency is
subsequently indicated by the change in the rdtinioroorganism/tracer.

The use of any kind of tracer is only possible tifdoes not influence the culturability of
microorganisms both in suspension and in aerosté.sA commonly used tracer is uranine, which
was previously found to be virus-friendly (ljazatt 1985; ljaz et al. 1985; Auckenthaler et al. 200
In another study, the influences of uranine ondhléurability of E. faecalis E. coli, M. synoviaeand

C. jejuniin suspensions and f&. faecalisin aerosol state were assessed (Zhao et al. 2Uh#).
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results showed that uranine did not significantiffuence the culturability of mentioned bacteria, i
suspensions and f@&. faecalisin aerosol state. An exception w@sjejuni which was influenced by
uranine. Therefore, this bacterial species musidyesolized separately, which is possible duedo th
high repeatability of the uranine aerosolizatioow(lcoefficient of variance between subsequent
uranine aerosolization events) (Zhao et al. 2011).

Bacteria that differ in their biological propertibsve different resistances to sampling stresses.
Airborne Gram-positive bacteria have been fountbdomore resistant to the impaction stress of an
Andersen impactor than Gram-negative bacteria (@teet al. 1995), probably because the rigid
structure of the cell wall of Gram-positive bacéeprotects them against injury during sampling.
Airborne Mycoplasmawithout a cell wall appeared more vulnerable taxagethanE. faecalis
(Landman et al. 2004). Until now, the biologicdi@é&ncies of bioaerosol samplers based on difteren
sampling principles have not been comprehensivealgdtigated by quantifying the ability to collect
Gram-positive bacteria, Gram-negative bacteriakmuderia without cell wall.

Our study aimed to assess the physical and biabgifficiencies of four bioaerosol samplers
based on different principles (Andersen impactoGl-80, OMNI-3000 and Airport MD8), after
aerosolizing suspensions of four bacterial spaciesHEPA isolator. The bacteria studied were: one
Gram-positive bacterial speciek.(faecali; two Gram-negative bacterial speciés €oli, and a
micro-aerophilic bacterial speci€s jejun), and one bacterial species without cell wisll §ynoviag
The efficiencies were corrected by the losses atdsel culturability in non-sampling processes,
which were presented in Part | (Zhao et al. 20Bgsed on these data, the suitable bioaerosol
samplers for these bacteria were identified whenhiiacteria were collected with high physical and
biological efficiencies. In addition, the half-liteames of these four species of airborne bacteseew
determined at 21-23°C and 80-85% relative humigii).

MATERIALS AND METHODS

Bioaerosol samplers

The Andersen impactor (TE-10-800, Pacwill Environtaé Ltd., Beamsville, Ontario, Canada)
consists of six stages, in each of which a plath agar is placed under a screen with 400 pertorati
The number of perforations is the same for eaafestaut at each consecutive stage their diameter is
smaller. When taking samples at an air flow of 28m8in™, the air speed through the perforations
increases from the first stage to the sixth stage. particles are impacted and are grouped by their
aerodynamic diameters. The largest particles a@nexl on the plate of the first stage, and the
smallest on the plate of the sixth stage.

The AGI-30 (7540, Ace glass Inc., Vineland, US) inges airborne bacteria into buffered peptone
water (BPW, bioTRADING Benelux B.V., Mijdrecht, tidetherlands) with 0.005% silicone antifoam.
The air flow of AGI-30 is 12.5 | mih
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The OMNI-3000 (Evogen Inc., Kansas City, US) opesait a high air flow rate of 300 | fiinThe
collection fluid of 10 ml phosphate buffered sal{f8S) is sucked from a cartridge into the contacto
where PBS rotates and is exposed to the incomingrbe aerosols are impinged into PBS. After
sampling, PBS containing the collected airbornddy&cis drained back to the cartridge automatgycall
Bacterial count is subsequently performed on a &fmpm the cartridge.

The Airport MD8 (Sartorius, Gottingen, Germany)leots bacteria on a gelatin filter (8 cm in
diameter, 17528-80-ACD, Sartorius, Gottingen, Gewyhdy filtration at a sampling flow rate of 30 |
min. The loaded filter is dissolved in the liquid medi, which is then used to make decimal

dilutions and inoculate agar plates for bactenallgsis.

Isolator

A stainless steel negative pressure HEPA isol&eyé¢r and Eggelaar, Utrecht, the Netherlands)
1.94 m long, 0.75 m wide, and 0.95 m high was usedhe aerosolization space. The climatic
conditions were monitored with a temperature anaitlity sensor (HygroClip2, ACIN Instrumenten
BV, Rijswijk, the Netherlands) installed in the tenof the isolator.

Aerosolization, sampling and sample processing

The bacterial species for aerosolization inclueedaecalis E. coli, C. jejuni andM. synoviae
Their physical sizes, shapes, and categories aogotol Gram staining identification are tabulatad i
Table 1. Gram staining technique is used to diffea¢e the bacteria into two large groups, Gram-
positive and Gram-negative, based on their phygiogperties of cell wall. We chose bacteria from
both groups in this study, because they were thotmldiffer in resistance to sampling stresses

(Stewart et al. 1995). The bacterial species witleell wall was also chosen for comparison.

Table 1. Physical sizes, shapes and categories of thacteria.

Bacteria Sizé (um) Shape Category
E. faecalis 1" Sphere Gram +
E. coli 2x05 Rod Gram -
C. jejuni® 3to5x0.5 Spiral Gram -
M. synoviae 0.3t00.8 Sphere No cell walll

(& Diameter for spheres and length x width for osteapes.
bl Roughly estimated.

[ C. jejuniis a micro-aerophilic bacterial species.

The preparation of the bacterial suspensions weseribed in Part | (Zhao et al. 2011). The only
difference was that in this study the concentratboulturableC. jejuni a micro-aerophilic bacterial
species, in suspensions was about 9ol@FU mi*. E. faecalissuspensions were aerosolized in
duplicate with or without 0.02% uranine as a phgistcacer.E. coli, C. jejuniandM. synoviaewere

aerosolized in triplicate without uranine. Dilutiowith only uranine were aerosolized eight times. |
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total, 21 aerosolization events were randomly sgleedin 11 days (a maximum of two aerosolization
events per day), see Table 2. The volumes of tlitehal suspensions and uranine solutions for
aerosolization were the same (20 ml).

Table 2. Overview of aerosolization of bacterial symensions and uranine solutions.

Bacteria With or without uranine  Replication
E. faecalis With 2

E. faecalis ~ Without

E. coli Without

C. jejuni Without

M. synoviae Without

o W w w N

Uranine -

A Walther Pilot spray-head with a nozzle of 0.5 mi@meter (Walther Spritz-und Lackiersysteme,
Wuppertal, Germany) was used for the aerosolizattomas connected to an air compressor (Mecha
Concorde type 7SAX, 1001, SACIM, Verona, Italy) aetan air pressure of 2 bar. The aerosol size
distribution of the spray-head was characterizethbgr diffraction (Mastersizer-S long bed, Malvern
Instruments, Malvern, UK); the volume median diagndd (v, 0.5) of the sprayed aerosol near the
spray-head was approximately 10 um. To accountef@poration in this study, the actual size
distributions of aerosols collected by the bioaerosamplers were measured by a portable
spectrometer (GRIMM 1.109, GRIMM Aerosol Technik 8m& Co. KG, Ainring, Germany). In this
experiment, the spray-head was positioned closleetoight side wall of the isolator and the bacteri

suspensions and uranine solutions were sprayéz teft.
Air inlet with a Air outlet with a
HEPA filter HEPA filter

T/RH Sensor

0.95m

OMNI-3000

Andersen -

Figure 1. Schematic drawing of the isolator with bbaerosol samplers, T/RH sensor and spray-head.

The schematic drawing of the isolator is made guFe 1. All bioaerosol samplers were positioned

in duplicate inside the isolator before aerosoliratOne of each type of bioaerosol sampler sampled
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the air directly after aerosolization, and the athteok samples 20 min after aerosolization. Fah bo
sampling moments, the four bioaerosol samplerstamdpectrometer were located in the same area of
0.4 m x 0.4 m in the middle of the isolator. Thégheof the inlets of the bioaerosol samplers drel t
spectrometer was approximately 20 cm above theatmolfloor. The sampling duration for all
bioaerosol samplers was two min. During samplihg, dutlet of the isolator was closed, while the
inlet of the isolator was kept open to allow aietder in order to compensate for the negativespres
induced by the bioaerosol samplers. Monitoring aés@ that during the experiments the air
temperature in the isolator was 21-23°C. The RH ®a95% immediately after aerosolization,
decreased rapidly in the next one to two min, & remained constant at 80-85%. The isolator was
ventilated for at least two hours between two adization events, to clean the inside air from
bacteria.

Liquid air samples from the AGI-30 and the OMNI-BO@ere processed for bacteriological and
uranine analyses without further treatment. Samiptes the Andersen impactor and the Airport MD8
were transferred into liquid form in the way debed in Part | (Zhao et al. 2011). The analysis of
culturable bacteria followed the standard procedi®® 7402 1985). Uranine was analyzed by a
fluorescent detector (HP 1046 A, HP, US) with aed&on limit of 0.002ug mi*. All the final
concentrations of bacteria and uranine were cadeutith the losses of bacterial culturability and

uranine in the non-sampling processes obtainedinl PZhao et al. 2011).

Data analysis

Physical efficiency

The physical efficiencies at &, %) and 20 mink,, %) were calculated with Equations 1 and 2.

C

E — samplertracer x 100)/0 (1)
P Rt EQZ CMDS,tracer )/n
. C.

E samplertracer x 100%) (2)

P ) Rt EQZCIV\/IDS,tracer)/n

Csampler,racer @irborne uranine concentration sampled with aadxiosol sampler at 0 min after
aerosolization (ug );

C;amp.er,t,ace; airborne uranine concentration sampled with aadiosol sampler at 20 min after
aerosolization (ug 1);

Cupstacer  @irborne uranine concentration sampled with thigpgkt MD8 at 0 min after
aerosolization (ug 1);

C;,,Dg,t,ace,: airborne uranine concentration sampled with thepdkt MD8 at 20 min after
aerosolization (ug 1);

n: numbers of uranine measurements with the Airpt8 (n = 8: six were from aerosolization of

uranine dilutions and two were from aerosolizatibmiranine withE. faecali$;
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R:: recovery of uranine in post-sampling processestie Andersen impactor, 33-60%, and the
Airport MD8, 95-114%, see Part | (Zhao et al. 2011)

The physical efficiencies at 0 and 20 min were pdaind analyzed with the following model:
Yijk=/'I+S|+Mj+S||:IMj+eljk (3)
Yik: physical efficiencies of bioaerosol samplers (%);

w: overall mean;

S: effect of bioaerosol sampler (i = Andersen impacAGI-30, OMNI-3000, Airport MD8);

M;: effect of sampling moment (j = 0 min, 20 min);

S-M;: interaction effect between bioaerosol samplersandpling moment;

gjc: residual error.

Biological efficiency
The biological efficiencyH,, %) was calculated with the following equation:

Csamplerculturable/(z Csuspensiomulturable / m) XixlOO’/o (4)
z Csamplenracer/z Csuspensiomracer A

Csampler culturable &irborne culturable bacterial concentration samplith a bioaerosol sampler, at 0
min after aerosolization (CFU

E, =

Csuspension,cutturavieCulturable bacterial concentration in the baelesuspension (CFU rﬁ)

Csuspension,traceriranine concentration in the bacterial suspen(s;imnll);

A: percentage of bacteria remained culturable dwuargsolization, 88% fdE. faecalis 68% forE.
coli, 29% forC. jejuni and 84% foM. synoviaesee Part | (Zhao et al. 2011);

m: number of aerosolization events (four Earfaecalis and three for other bacterial species).

The effects of bioaerosol sampler and bacteriatispeon the biological efficiency were tested with
the following model:

Yijk=/'I+S|+Bj+S|EBj+eljk )
Yi: biological efficiencies of bioaerosol samplerg)(%
w: overall mean;

S: effect of bioaerosol sampler (i = Andersen impacAGI-30, OMNI-3000, Airport MD8);
B;: effect of bacterial species (J& faecalisE. coli, C. jejuni M. synoviag

S-B: interaction effect between bioaerosol samplertzaxderial species;

i residual error.

Detection limit

The detection limits of the bioaerosol samplerst@nbacteria were calculated with Equation 6.
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(1/Vplated) |N/quuid :| (6)

DL =log
Rm/air EEp EEb

DL: detection limit, logy CFU ni®,

1: 1 CFU;

Voiaed VOlume of decimal dilution plated onto agar plate);

Viiquia: Volume of sample liquid (ml);

Vi air volume sucked by a bioaerosol sampler intim sampling (m);

R: recovery of bacteria in post-sampling proceseesiie Andersen impactor (107% fér faecalis
87% for E. coli, 124% forC. jejuni and 98% forM. synoviag¢ and the Airport MD8 (63% foE.
faecalis 87% forE. coli, 172% forC. jejuni and 73% foM. synoviag see Part | (Zhao et al. 2011).

Half-life time
Half-life is the time taken for the concentratidincalturable bacteria in the air to decrease by. hal

The half-life times of the bacteri 4, min) were calculated with Equation 7 (Weesendiral. 2008).
(|091o 2) xT 7)

2 ¥ 100, 1C /aC. )
oglO samplerculturable samplerculturable

T: time interval T = 20 min);
Csampler cuturabie @irborne bacterial concentration at 0 min (CFE‘);m
Coampler.cuturable @irborne bacterial concentration at 20 min (QRt);

a: correction factor for physical loss of bacteria.

As the air inlet of the isolator was open duringipling, the bacterial concentration at 20 min was

physically diluted due to air passively entering tholator. Assuming this dilution effect was linea
Weesendorp et al. (2008) proposed calculatinging Equation 8:
av = (\/isolator +t [Ve)/\/isolator (8)

Visolator: VOlumMe of the isolator (1.38%
Ve rate of air extraction by the four bioaerosahgéers per miny, = 0.37 ni min'?);

t: sampling durationt= 2 min).

a was also calculated on the basis of the tracecasurations collected by the Airport MD8, using

Equation 9. In this wayg took account of both the dilution due to air peslsi entering and the

physical deposition of bioaerosols.
at = Z (CMDB,tracer/Cl‘\/IDS,tracer) n ) (9

The effects of bacterial species and bioaerosopbamn log, (t1,) were tested with the following

model:
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Yk =H+3S +B; +S B, +g (10)
Yi: half-life time of bacteria (log min);

w: overall mean;

S: effect of bioaerosol sampler (i = Andersen impacAGI-30, OMNI-3000, Airport MD8);

B;: effect of bacterial species (J& faecalisE. coli, C. jejuni M. synoviag

S-B: interaction effect between bioaerosol samplertzaxderial species;

gjc: residual error.

Data were analyzed with the SAS program (SAS 9Skfice Pack 4, SAS Institute Inc., Cary,
US). The effects of factors were tested with theegal linear model (GLM) procedure; the biological

efficiencies were compared to 100% with the onegdanh-test.

RESULTS

Aerosol size distribution

Figure 2 and Figure 3 show the size distributianterms of aerosol counts and volumes at 0 min
and 20 min after aerosolization. The patterns pé glistributions of all aerosolization events (for
either bacterial suspensions or uranine soluticgrewery high similar. In count, most of the aeloso
had droplet sizes in the range from 0.25 um tou3r0 In volume, the aerosols in the range from 1.0
um to 10.0 um dominated. On average, at 20 mima¢hnesol count was 70% of that at O min, and the

aerosol volume had been reduced to 10% of the v@lin® min.

‘g’ 16 § 16
38 O E. faecalis + uranine 0 min 8 20 min
c . £
p 12 4 O E. faecalis p 12 4 —
g m’E\ B E. coli 2 <
E=I ] B C. jejuni = ]
c 8 = 8
£ B M. synoviae g%
c X < é
8~ W Uranine 8
S s 4
0 [%]
o o
@ )
< < o LU
0.25-1 1-3 35 5-10 10-15  15-31 0.25-1 1-3 35 5-10 10-15  15-31
Aerosol size range (um) Aerosol size range (um)

Figure 2. Size distributions in terms of aerosol amts at 0 and 20 min after aerosolization (A valuéar of O min is the
average count of particles from 0 to 2 min, and aalue bar of 20 min is the average count of partickefrom 20 to 22
min measured by the spectrometer at intervals of 6).
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Figure 3. Size distributions in terms of aerosol vames at 0 and 20 min after aerosolization (A valubar of 0 min is
the average volume of particles from 0 to 2 min, aha value bar of 20 min is the average volume of picles from 20
to 22 min measured by the spectrometer at intervalsf 6 s).

Physical efficiency

Table 3 shows the physical efficiencies of the fbisaerosol samplers. Because the sampling

moment was an insignificant factor (P = 0.76), finysical efficiencies at 0 min and 20 min were

pooled. The physical efficiencies of the bioaerasahplers were significantly different (P < 0.01).

Multiple comparisons showed the efficiency of thelliI-3000 was lower than those of the AGI-30

and the Airport MD8. Based on the amount of uramgmovered, the Andersen impactor showed the

lowest physical efficiency (18%). The physical effncy of the AGI-30 was similar to that of the

Airport MD8. No interaction effect was found betwesampler and sampling moment (P = 0.66).

Table 3. Physical efficiencies of the four bioaeroseamplers.

Sampler n  Pphysical efficiency (+s&, %) GLM analysis

0 min 20 min Mean Factor plel
Andersen 197 el el Bioaerosol sampler < 0.01
AGI-30 20 77+11 72+11 T8 +8 Moment 0.76
OMNI-3000 20 58+9 41z%9 4P + 6 Interaction 0.66

Airport MD8! 16  100+4 100+£10 100°+6

@ Number of replications.

Il Standard error.

[ probability that there is no effect of the factarghysical efficiency.

[ One value is missing due to dysfunction of thefliscent detector.

! Low physical efficiency (14 + 1% at 0 min, 23 + 820 min, and 18 + 4% for mean) was obtainedtduke low
uranine recovery from agar plates.

M physical efficiency of the Airport MD8 was set1t80%.

3P Means within a column with a common superscritieteare not significantly different (P > 0.05).

Biological efficiency

Table 4 shows the biological efficiencies of therfdioaerosol samplers for the four species of

bacteria. The statistical analysis showed thatogiokl efficiency was significantly affected by
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sampler type (P < 0.01) and bacterial species QF0%). The calculated biological efficiencies oé th
Andersen impactor were far higher than 100% duaddow recovery of uranine from agar plates by
the rinsing method. The AGI-30 showed high biolagiefficiencies for all bacterial species. The
efficiencies of the OMNI-3000 (P = 0.05) and thepdrt MD8 (P < 0.01) differed, depending on the
bacterial species. The Airport MD8 had biologic#iceencies significantly lower than 100% for
samplingE. coli (38%) andC. jejune (2%), which was similar to the biological effic@nof the
OMNI-3000 when samplingC. jejuni (1%). There was a significant interaction effeetveen

bioaerosol sampler and bacterial species (P <.0.01)

Table 4. Biological efficiencies of the four bioaenl samplers.

Sampler Biological efficiency (+s&, %) GLM analysis

E. faecalis E.coli C.jejuni M.synoviae  P® Factor =8
Andersen @ L L - - Bioaerosol sampler < 0.01
AGI-30 1282+ 34  632+28  147+29 1132+ 15 0.32 Bacterial species <0.01
OMNI-3000 102°+5 107™+51  BPx1 67%+ 14 0.05 Interaction <0.01

Airport MD8  134'3+16 382"+ 10 B e 562+ 27 <0.01

plel 0.58 0.40 <0.01 0.18

el Standard error.

[l probability that there is no difference in the bigital efficiencies of a bioaerosol sampler betwienfour bacterial
species.

[ probability that there is no effect of the factorlological efficiency.

[ very high biological efficiencies (1519 + 73% fér faecalis 205 + 4% foiE. coli, 1408 + 450% fo€. jejuni 1458 +
400% forM. synoviagwere obtained due to the low uranine recovernynfemar plates.

I probability that there is no difference in the bigital efficiencies of AGI-30, OMNI-3000 and AirgdviD8 for
sampling one of the bacterial species.

ABC Means within a row with a common superscript teéiie not significantly different (P > 0.05).

abC\Means within a column with a common superscriteteare not significantly different (P > 0.05).

" Mean is significantly different from 100% basedae-sample T-test (P < 0.05).

Table 5 shows the airborne bacterial concentratioeasured by the four bioaerosol samplers at 0
min after aerosolization. The Andersen impactor amel AGI-30 showed comparable bacterial
concentrations for all four species, and they reced¢ moreC. jejunithan the other two samplers. The
concentrations ok. faecalis(P < 0.01) andC. jejuni (P = 0.01) sampled with different bioaerosol

samplers were significantly different.

Detection limit

Table 6 shows the detection limits of the bioadresmplers on airborng. faecalis E. coli, C.
jejuni and M. synoviaefor a sampling period of two min. The detectiomits of the Andersen
impactor, the AGI-30 and the Airport MD8 are conglde for airborneE. faecalis E. coli and M.
synoviae The OMNI-3000 has low detection limits for thebeee bacterial species due to its high
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flow rate. For airbornéC. jejuni the detection limits of the Andersen impactor dmel AGI-30 are
lower than those of the OMNI-3000 and the AirpoiD8&}

Table 5. Bacterial concentrations measured by the tw bioaerosol samplers at 0 min after aerosolizatio.

Sampler Concentration (+s&, log,o CFU m®)

E. faecalis E.coli C. jguni M. synoviae
Andersen 9.3%+0.03 8.97+0.02 9.160+0.13 8.28+0.13
AGI-30 9.2f°+0.12 9.38+0.17 9.27+0.08 7.89+0.06

OMNI-3000 9.05+0.03 9.32+0.33 4.88+1.36 7.37+0.13
Airport MD8  9.5%+0.05  9.28+0.11 7.18°+021 7.70+0.23

=8 <0.01 0.48 0.01 0.10

@ Standard error.
I probability that there is no difference in the meed bacterial concentrations between bioaerosopleas.
ab.¢\jeans within a column with a common superscritieteare not significantly different (P > 0.05).

Table 6. Detection limits of the four bioaerosol sapiers for airborne bacteria (two min sampling duration).

Sampler Detection limit (log,o CFU m™®)

E.faecalis E.coli C.jguni M. synoviae

Andersen 3.9 3.9 3.7 3.8
AGI-30 3.9 4.2 3.8 4.0
OMNI-3000 25 25 4.5 2.7
Airport MD8 4.1 4.4 5.4 4.3

Half-life time

Table 7 shows that the half-life times of the airt® bacteria (corrected for dilution due to air
passively entering during sampling}. jejuni was not detected by OMNI-3000 at 20 min after
aerosolization. Statistical analysis showed that lthlf-life time was significantly affected by the
bacterial species (P < 0.01) and by the type o&diosol sampler (P = 0.01), with a profound
interaction effect (P < 0.01). There was no sigalfit difference in half-life times betwe&n faecalis
andM. synoviagor betweerE. coliandC. jejuni However, the half-life times d&. faecalisandM.
synoviaewere significantly longer than those®fcoliandC. jejunt

In almost all the cases, the half-life time coreelcon the basis of the tracer method (Table 8) was
longer than that corrected for dilution due topassively entering (Table 7), with the exceptionhef
half-life time of M. synoviaecollected by the OMNI-3000 and the Airport MD8nfiarly as in Table
7, the calculated half-life time &. faecaliswas longer than that of the two species of Gragatiee
bacteria. The half-life time ofl. synoviaedid not differ from that oE. coli, but was significantly
longer than that of. jejuni Two negative half-life time values f&:. faecalisand five forM. synoviae

were calculated, because after correction withtitheer, the bacterial concentrations at 20 min were
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higher than those at 0 min. These values were dedlirom the calculations of the average half-life

times.

Table 7. Half-life times of airborne bacteria deternined by using bioaerosol samplers to measure the tiaria

concentrations at 0 and 20 min after aerosolizatioand corrected for dilution due to air passively etering during

sampling.
Sampler Half-life time (+sé¥, min) GLM analysis
E. faecalis E.coli C.jejuni M. synoviae Factor =L
Andersen 8.6 (£ 0.5) 25((x0.2) 19(x0.1) 8.3(2) Bioaerosol sampler 0.01
AGI-30 9.3(x22) 7.3(x2.0) 1.6(0.0) 9.8 (91 Bacterial species <0.01
OMNI-3000 8.7 (+1.0) 1.9 (£ 0.5) (el 30.6 (+12.3) Interaction <0.01

Airport MD8 8.4 (+0.3)  7.0(x1.7) 45(x1.2)  B56.9)

Mean 88(+03) 4P*08 2F*05 16.£(+3.5)

el Standard error.

I probability that there is no effect of the factorhalf-life time.

[ Half-life time cannot be determined becaGséejuniwas undetectable by OMNI-3000 at 20 min.
AB Means within a row with a common superscript lette not significantly different (P > 0.05).

DiscussION

The vast majority of bioaerosols originate as wetosols. In humans and animals, sneezing,
coughing, urine splashes, etc. represent impoganices of wet aerosols (Wainwright et al. 2009).
The water shells around the microorganisms willtlpaor totally evaporate during airborne
transmission, similar as in this study. Wet aemsbllive attenuated microorganisms are also used f
mass vaccination of animals, especially in the ppuhdustry (Schuijffel et al. 2005; Marangon and
Busani 2007). Given their importance, we choseetwegate wet bioaerosols in this study to determine
the sampling efficiencies of samplers.

In this experiment, uranine was used as a physiaaér to evaluate the physical efficiencies of
samplers and deposition of bioaerosols. This regquinat the bacteria/uranine ratios in all aerosbls
different sizes should be identical (or that theedilistributions of bacterial and uranine aerosoés
identical). In order to achieve this, all the susgens were sprayed as wet aerosols with an average
diameter of 10 um, which is much larger than tlze sif the bacteria (< 5um). This allows a uniform
distribution of bacteria in these wet aerosols. uanine is small (0.15um, measured with a
Mastersizer 2000, Malvern Instrument Ltd., Worcestee, UK) and very soluble (600 ¢} it would
also be uniformly dissolved and distributed in thet aerosols. Therefore, it can be assumed that wet
aerosols with an identical bacteria/uranine ratwerobtained. Water evaporates from the wet aeyosol
after aerosolization. The particles within the aeftavill coagulate and it is reasonable to belithat
they stay coagulated in the air. This conclusiosupported by a study by ljaz et al. (1987), who
sampled the uranine aerosols with an Andersendggstapactor at different moments at three RH

levels (30%, 50% and 80%). The results showed @eighdifference in the uranine proportion in
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larger aerosols (larger tharuin) at all RH levels, nor a decreasing uranine prtbgo in these larger
aerosols over time. Furthermore, in our study teperation had no significant effect (P = 0.76) on
the physical efficiencies of the samplers (TablelB)Figure 2, there is a peak in counts of small
aerosols (0.25 - im). The main source of these aerosols seems teelmotutes in the suspensions, as
the size distributions in the counts for all treaits (i.e. bioaerosols with uranine, bioaerosothauit
uranine and uranine aerosols) showed a similaepatranine would also have been present in these
small aerosols, however, its amount was negligh@eause it accounted for only a very small
proportion in volume (Figure 3). Therefore, it daam concluded that uranine was a suitable tracer for
this study.

The samplers were placed together, but not so lgltisat they could influence each other. The
OMNI-3000 with air flow rate of 300 | mihwas most likely to influence other samplers. Tietiof
the OMNI-3000 was placed at least 30 cm from thetsnof the other samplers. Assuming a sucking
angle of 90°, the OMNI-3000 could merely generataia velocity of approximately 0.02 rit.s

The results of our study showed that the Airport 3ARith gelatin filter had the highest physical
efficiency of all the bioaerosol samplers testeldisTwas according to expectations, as from another
laboratory experiment Burton et al. (Burton et2007) reported that gelatin filters had the highest
physical efficiency (over 93% for 0.08 pum partigleBoth our data and the work by Burton et al.
(2007) prompted us to choose the Airport MD8 as téference for determining the physical
efficiencies of the other samplers. A study by Tera et al. (1996) showed that the inlet efficiency
and collection efficiency of the AGI-30 were approately 100% for particles in the size range of 0.7
to 1.0 um. Grinshpun et al. (1997) reported a collectioficieincy of 80-90%. Compared to these
figures, our result showed a slightly lower phykiegiciency (a combination of inlet and collection
efficiency) of 74% for the AGI-30, which, howevatid not significantly differ from that for the
reference sampler (Airport MD8). According to theanine data, the physical efficiency of the
Andersen impactor was very low, 18%, even aftercttreection for uranine recovery during the agar
plate rinsing process. This might be explained ey fact that the uranine particles were probably
impacted at a high velocity during air samplingcfog them into the agar and impairing their redeas
at rinsing (Stewart et al. 1995). As can be deduceah Table 5, the Andersen impactor sampled
similar bacterial concentrations as the AGI-30. &tmer, previous studies showed that the 50% cut-
off diameter of the Andersen impactor is as lowd &b um (Andersen 1958). It is therefore probable
that its actual physical efficiency is much highaut due to the low recovery of uranine from tharag
plates the calculated physical efficiency appedoad The physical efficiency of OMNI-3000 was
49%, which was significantly lower than those o tAirport MD8 and the AGI-30. Kesavan and
Schepers (2006) reported that the physical effayiesf OMNI-3000 showed an inversed “U” shape
depending on the particle sizes. For 0.5 (solidige), 1 (solid particle), 2.9 (oil aerosol), 58Il
aerosol) and 8 pm (oil aerosol) aerosols theseoesitbund efficiencies of 36%, 43%, 69%, 49%, and

29%, respectively. When these values are combingdtiae volume size distribution in Fig 2, in our
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experiment 53% of the aerosols are expected twlected by OMNI-3000 at 0 min and 58% at 20
min. Both percentages are close to the efficiehaywe found.

The biological efficiencies of the Andersen impadfbable 4) were higher than 100% due to the
low recovery of uranine from agar plates. In terafisthe bacterial concentrations collected, the
Andersen impactor proved to perform well when samgpall four bacterial species (Table 5), which
means both its physical efficiency and biologicHiceencies were high. Decreasing efficiency of
impactors has been reported with increasing samgplimation (Mainelis and Tabayoyong 2010). The
sampling duration of Andersen impactor in our ekxpent was short - two min — and the biological
efficiencies were not compromised. The biologidficiencies of the AGI-30 were high for all four
bacterial species. Prior to our experiment, thdogical efficiency of the OMNI-3000 had not been
investigated. This bioaerosol sampler had highdgichl efficiencies when sampling airborie
faecalis E. coliandM. synoviae However, only 1% o€. jejuni survived during sampling, probably
due to the cell structure being damaged by the higlilow rate. The biological efficiencies of the
Airport MD8 for E. faecalisandM. synoviaevere not significantly different from 100%. Itsohigical
efficiencies for samplinge. coliandC. jejuniwere low (38% and 2%, respectively) and attributed
loss of culturability, probably by dehydration (Cb889; Li et al. 1999).

The biological efficiency may reflect the resistaraf airborne bacteria to sampling stresses. It has
been shown in previous studies that airborne Grasitige bacteria are more resistant to sampling
stresses than Gram-negative bacteria and bactghauwcell wall (Stewart et al. 1995; Landman let a
2004). In this stud\e. faecalis a Gram-positive bacterial species, retained ulsuability during
sampling by all bioaerosol samplers. The lowerdgalal efficiencies for the Gram-negative bacteria
(E. coli andC. jejunj indicated that they were less resistant to samgpditresses compared to the
Gram-positive one. This difference can be partlgl@xed by the fact that the cell wall of the Gram-
negative bacteria are not as rigid as that of trepositive ones (Stewart et al. 1995). If theotle
that the bacterial cell wall is the only protecttonsampling stress, one may expect a bacteriaiepe
without cell wall is more readily to be inactivatddring sampling compared to both Gram-positive
and Gram-negative bacteria. However, the bactepieties without cell wall in our studyi. synoviae
preserved its culturability comparably to thosehwgell wall, and sometimes even better than the two
Gram-negative ones. This finding indicates, besites cell wall, other factors may affect the
resistance of bacteria to sampling stresses, fatiaimece, ambient climate condition (temperature,
humidity, oxygen level etc), composition of aerosoespension for microorganisms, and composition
of collection liquid medium (Benbough 1971).

If the efficiencies of the bioaerosol samplers lamewn, their detection limits for bacteria can be
calculated by assuming a minimum concentration 6FU in 0.1 ml of undiluted liquid collection
medium, or agar plate rinsing fluid, or gelatintdil solution medium (Table 6). The physical and
biological efficiencies of the Andersen impactog aet at 100%. It appears that the Andersen impacto

and the AGI-30 have similar detection limits: abdubg, CFU ni®, for all four bacterial species. The
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detection limits of the Airport MD8 foE. faecalis E. coli, and M. synoviaeare similar to the
Andersen impactor and the AGI-30, but the detediimit of C. jejuniis higher (5.4 log CFU ni®).
Due to its high air flow rate, the OMNI-3000 carted# concentrations d&. faecalis E. coli, andM.
synoviaeas low as 2.5-2.7 lgg CFU ni’. However, the high air flow rate does not benéfi
sampling ofC. jejuni The high detection limits of the Airport MD8 attte OMNI-3000 for sampling
C. jejuniare mainly due to their low biological efficiensjewhich are caused by the inactivation of

viable bacterial during sampling.
Table 8. Half-life times of airborne bacteria deternined by using bioaerosol samplers to measure the ttaria
concentrations at 0 and 20 min after aerosolizatioand corrected both for dilution due to air passivéy entering and

for bioaerosol deposition and impaction (with trace method).

Sampler Half-life time (+sé¥, min) GLM analysis

E. faecalis E.coli C. jeuni M. synoviae Factor pie!
Andersen 35.9 (£9.2) 3.2(£0.2) 2.2(£0.1) 3&0a0.9) Bioaerosol sampler  0.27
AGI-30 2237 (+£8.8)  47.0 (+35.5) 1.8 (+0.0) 7¥1(+ 59.5) Bacterial species <0.01
OMNI-3000  77.2 (+50.9) 2.4 (+0.7) (a. 13.4° Interaction 0.04

Airport MD8  29.29 (+3.6)  32.2 (+20.7) 8.7 (+4.0) 1¥h

Mean 433 (+147) 21.3°x106) 46(+13) 26.7°(+16.5)

el Standard error.

bl probability that there is no effect of the faatorhalf-life time.

[ Negative half-life time values (caused by a higbetteria concentration at 20 min after correctiompared to that of
0 min) were not included in the calculation of thean.

[ Half-life time cannot be determined beca@sgejuniwas undetectable by OMNI-3000 at 20 min.

ABC Means within a row with a common superscript teéiie not significantly different (P > 0.05).

The half-life time of the airborne bacteria at "2 temperature and 80-85% RH was calculated
by assuming that the physical efficiencies anddgmlal efficiencies of bioaerosol samplers were the
same at 0 min and 20 min (Table 8). Of the fourtdyaal species tested, airborke faecalisandM.
synoviaesurvived the best whil€. jejunisurvived the least. The half-life time Bf faecalis(8.8 min)
was similar to, or lower than that reported in poeg aerosolization studies (Landman and van Eck
2001; Landman et al. 2004). Using the gelatintil. synoviaecould not be detected 25 min after
aerosolization by other investigators (Landman|e2@04). In our study, the second air sampling
occurred 5 min earlier, i.e. at 20 min after aekg®meration, resulting iM. synoviaerecoveries by
all bioaerosol samplers and a measurable halfitiie of 16.1 min. The difference may be caused by
different climate conditions and droplet sizes (Wart al. 1990). In addition, Benbough (1971)
reported that microbial survival was affected by tomposition of the aerosolized suspension. In our
study, M. synoviaewas aerosolized in ME broth, but in the study @andman et al. (2004) it was
aerosolized in 1:1 ME broth and BPW.

The survival of airborn&. coli has been widely investigated (Cox 1968; Cox 1%@athes et al.

1986) and found to be affected by climate cond#jaxygen content in the air and composition of the
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aerosolized suspension. Wathes et al. (1986) feuhdlf-life time of airbornde. coli of 83 min at
15°C and of 14 min at 30°C with RH higher than 58/henE. coliwas aerosolized in three different
liquid media at 26.5°C and 80% RH (Cox 1966), ieveval 15 min after aerosolization ranged from
14% to 84%, corresponding to a half-life time fré8 to 59.6 min. We found a shorter half-life time
of E. coli (4.7 min) at 21-23°C and 80-85% RH.

The survival ofC. jejuniin aerosol state was studied here for the firsetiThe half-life time of
airborneC. jejuni (2.7 min) was shorter than the other three bategecies, which is not surprising
becauseC. jejuniis a strictly micro-aerophilic bacterial species.

Inevitably, particles are lost by sedimentation amgaction during the 20 min between the first
and second air sampling after aerosol generatibarefore, besides correcting for the volume of air
allowed to enter the isolator during air samplinggrections must be made for the above mentioned
losses. This was done by calculating the halftlifee based on the tracer concentrations. By daing s
the correction factoraf increased from 1.5 to 5.0 resulting in higherf4ifd times for all four
bacterial species. In seven instances (twdEfofaecalisand five forM. synoviag the half-life time
was infinite. These values were obtained because bticterial concentrations at 20 min after
correction exceeded the concentrations at 0 miesysnably because of variations in the counting

technique.

CONCLUSIONS

The physical and biological efficiencies of fouo&érosol samplers for collectirify faecalis E.
coli, C. jejuniandM. synoviaewere determined using uranine as a physical fhoanet tracer. From
these efficiency data we conclude that the Andeilisgpactor and the AGI-30 are suitable for
sampling all four species of airborne bacteriaaose of their abilities to efficiently collect aretain
bacteria in the air samples and preserve theiu@btlity during sampling. Although the physical
efficiency of the OMNI-3000 is lower than the othesimplers, it still can be used for sampling
airborne bacteria in environments with low bactetaencentrations, because its high air flow rate
gives low detection limits. The OMNI-3000 is noitable for samplingC. jejuni the culturability of
which can be profoundly inactivated during samplifige Airport MD8 is suitable for samplirig.
faecalis and M. synoviag but is less suitable for samplirigy coli and C. jejuni The method of
efficiency assessment described in this papermaiait | (Zhao et al. 2011) can be applied to atalu
other bioaerosol samplers for collecting other pocganisms. The outcomes are valuable for the
selection of suitable sampling techniques for ambanicroorganisms in practices.

The half-life times of the four species of aerasadi bacteria were determined, either by correcting
for dilution due to air passively entering the &ol during sampling, or from the tracer conceruret
The latter correction, the tracer method, produmere accurate half-life time as it also takes ptalsi

deposition and impaction into account.
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ABSTRACT. This study evaluated the sampling efficienciedonir samplers (Andersen six-stage
impactor, all glass impinger “AGI-30”, OMNI-3000 @MD8 airscan with gelatin filter) for collecting
Gumboro vaccine virus, which was aerosolized frargspensions combined with a fluorescent tracer
to determine the physical efficiency and the adrdsposition. Losses of viral infectivity in threen-
sampling processes - tracer-induced loss, lossigl@érosolization and loss in air sample handling
procedure - were determined and used as corrdetmbors when calculating the sampling efficiencies.
Half-life time of airborne Gumboro vaccine virussvaso investigated.

The results showed that an addition of 0.1% ura(time tracer) did not induce infectivity loss of
Gumboro vaccine virus. The loss of viral infectvituring aerosolization was profound, only 5% of
virus remained infective after this process. In aenple handling procedures, the loss of infective
virus increased further when the samples of theefgwh impactor were stored for a longer period.
However, no loss of virus was noticed in the sanfaledling procedure for the MD8, as long as its
gelatin filters were dissolved within 60 min afteaded with virus. The physical and biological
efficiencies of the Andersen impactor, the AGI-3@dahe MD8 were not significantly different from
100% for collecting the aerosolized virus. Howevwsth physical efficiency (62%) and biological
efficiency (23%) of the OMNI-3000 were significantlower than 100%. The half-life time of the
Gumboro vaccine virus was 11.9 min at 20°C and 7@%ive humidity.

It is concluded that viral infectivity losses inmeampling processes may cause underestimation of
the sampler efficiencies when these losses areexduded from the efficiency calculation. The
Andersen impactor, the AGI-30 and the MD8 have bogh physical and biological efficiencies for
collecting Gumboro vaccine virus. Despise its reédy low sampling efficiency, the OMNI-3000 is
suitable to be used in environments with low vaahcentrations because of its high flow rate givang
low detection limit.

Keywords. Aerial, Fluorescein Sodium, Nebulizing, Strestedtious bursal disease virus.
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INTRODUCTION

Airborne transmission of viruses has been epidegioally implied to be responsible for the
transmission of several viral diseases, e.g. fadtraouth disease (Gloster et al. 2003; Mikkelsen et
al. 2003; Gloster and Alexandersen 2004), Newcatiliease (Hugh Jones et al. 1973) and porcine
reproductive and respiratory syndrome disease t@ien et al. 2004). Gumboro disease (infectious
bursal disease) is recently suspected to be atborage transmittable in poultry. For bio-security
assessments, efficient bioaerosol samplers withdet@ction limits are required to accurately measur
airborne viruses like the Gumboro virus.

The commonly used bioaerosol samplers include Assaesix-stage impactor which works based
on the impaction principle, all glass impinger (A8I) which works based on the impingement
principle, and MD8 using a gelatin filter (MD8) feampling based on the filtration principle. The
flow rates of these samplers are relatively lowuleng in high detection limits. For sampling aw
microbial concentration conditions, some high floate samplers were developed, e.g. OMNI-3000
with a flow rate of 300 | mih. In general, it is assumed that none of the sampien recover all the
microorganisms from the sampled air (Eduard anddeliele 1998; Li et al. 1999; Dart and Thornburg
2008). This is because, physically, a sampler {senfiect in aspirating the airborne microorganisms
into the inlets, transport them in the airstreamsd retaining them in the collection mediums;
biologically, microorganisms may lose viability ditesampling stresses, which have been reported to
be caused, for instance, by impaction when micramisgns are collected by the Andersen impactor
(Stewart et al. 1995), and by dehydration when they collected by a filter (Lin and Li 1999).
Besides the sampling principle as a factor, thesiglay efficiency of a bioaerosol sampler depends on
the size of airborne particles as it influencesahpiration (through the sampler inlet), transpimta
(in the air stream) and retention (in the collettinedium) of particles in a sampling process, ket t
biological efficiency depends on the microbial sémince to the sampling stress.

Previous studies investigated the sampling effidesy of samplers by operating them in
environments of unknown microbial concentrationghi@ air (Henningson et al. 1982; Thorne et al.
1992; Engelhart et al. 2007). This allows to corepghe relative amounts of collected microorganisms
between sampler types, but not linking them tortherobial concentrations in the air. Consequently,
the real concentrations of microorganisms in timecan never be obtained with the samplers whose
efficiencies were evaluated in this way. To overeatime above mentioned problem, efficiencies of
bioaerosol samplers were studied in environmentknofvn microbial concentrations which were
created by aerosolizing specified amounts of migaoisms from suspensions (Thompson et al.
1994; Zhao et al. 2011; Zhao et al. 2011). By daimg, the correlation between the collected amount
of microorganisms by the samplers and their comaganhs in the air can be established. The obtained
efficiencies, therefore, can be used either asradstd for selecting suitable samplers or as corec

factors in practical measurements.
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For evaluating physical efficiencies in an aforetimred experiment by aerosolization, an optical
particle counter was applied to measure the bisakmncentrations upstream and downstream of a
sampler (Mainelis et al. 2002). However, the optacaunter can only provide a good estimation when
the number of microorganisms in aerosols in eash IEinge is known, which is generally difficult. A
more handy way is to aerosolize the microbial snsjp® with an inert tracer. The physical efficiency
of a bioaerosol sampler can be calculated by campdéne amount of tracer collected to a reference
sampler (with very high physical efficiency), ame tbiological efficiency is calculated by the chesg
in microorganism/tracer ratios. It is importantassure that the applied tracer does not affect the
microbial survival. Among the tracers, uranine @fescein Sodium) was reported to be harmless to
some viruses and has been widely used in micrghiafival studies as a tracer to indicate bioaerosol
deposition (ljaz et al. 1987). However, the effgfctiranine on the Gumboro virus is not clear.

In the process of bioaerosol generation, microdsgas suffer stresses and may be inactivated
during aerosolization (Griffiths et al. 1996; Reparet al. 1997). The loss of viable microorganigms
this process creates an environment, in which fi@esncies of samplers are evaluated, with airleorn
microbial concentration lower than expected. Aampling, microorganisms may also lose viability
due to the handling of the air samples. For ingatie time between sampling and the analysisrof ai
samples decrease the recovery of microorganisms liquid mediums and on gelatin filers (Li and
Lin 2001). The losses in microbial viability, badlaring aerosolization and in the air sample hagdlin
process, are not ascribed to the sampler inefigietherefore should be investigated and excluded
from the efficiency calculation.

The objective of this study was to investigate g@mpling efficiencies (both physical and
biological) of the Andersen impactor, the AGI-30e tOMNI-3000 and the MD8 with gelatin filter for
collecting aerosolized Gumboro virus in a HEPAefitd isolator, by excluding the losses of viral
infectivity in three non-sampling processes (tranduced, during aerosolization, and in air sample
handling procedures). Wet aerosols were used s ghidy because this model represents best the
mass vaccination of animals, especially in the fppuhdustry (Schuijffel et al. 2005; Marangon and
Busani 2007), and also represents the aerosolinategl from coughing, sneezing and urine splashing
in human beings and animals. The half-life tim&aimboro virus in the air was also investigated with
these samplers at 20°C of temperature and 70%wveelatimidity (RH). For safety considerations, a

vaccine strain was used instead of a verogenic Gondrus.

MATERIALS AND METHODS

General experimental set-up

Figure 1 shows the overview of the experimentalupetFor investigating the tracer-induced loss
of viral infectivity, the amounts of infective visun the air samples obtained by aerosolizatioviraf

suspensions with and without tracer addition wemamared (see “Tracer-induced loss” section). The
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loss during aerosolization was assessed by congpéra virus/tracer ratio in the sample of a Petri
dish to the virus/tracer ratio in the viral suspengsee “Loss during aerosolization” section). The
Petri dish contained liquid medium and was expdsethe air during aerosolization for collecting

deposited aerosols. The loss in air sample handiiracedures was determined prior to the
aerosolization events (see “Loss in air sample l@ngprocedure” section). The efficiency of a

sampler was calculated based on the amount of wirtlee aerosol suspension and in the final liquid
sample, by excluding the losses in non-samplinggsses (see “Sampling efficiency” section). The
half-life time of airborne virus was determined dgymparing the amounts of infective virus in the air

samples at 0 min and those at 20 min after aemadmn (see “Half-life time” section).

Isolator \ Laboratory

s ) i sampling at Omin [ — _i - — - i
azmsnlmngA-[ Aerosols | Tsampling at 20min | 1 Andersen |»-r—| Agar plates }—masmg Liquid sample .
| » Liquid sample |{

Liquid sample
—»[ Gelatin filter Hissoix-'ing Liquid sample

{| Viral suspension| sedimenting
with/without
uranine Petri dish

Aerosolization I Sampling || (Air) sample handling |

Figure 1. Overview of the experimental set-up showg the three main processes involved.

Viral suspension, viral titration, and uranine analysis

Gumboro vaccine virus (Gallivac IBD, L258577, eypunlate Nov-17-2010) was provided by
Merial B.V. Velserbroek in the Netherlands. Onel wantained approximately 7 lgg50% egg
infectious dose (EIE). Vaccine virus of each of the eight vials wasi@id in 20 ml Hanks’ Balanced
Salt Solution (HBSS, GIBCO, Breda, the Netherlandsiich was either with or without 0.1% uranine
addition (CAS#518-47-8, Fisher Scientific, Landsméee Netherlands).

The concentration of infective virus in a suspensi@s determined with an egg embryonic death
test. The suspension was firstly decimal dilute@’(110%...). A volume of 0.5 ml of each decimal
dilution was injected into allantoic cavity of fi®day-old specific pathogen free (SPF) embryonated
eggs. The inoculated eggs were incubated at 37?C7 fdays, and the viral concentration was
calculated based on death of the embryos and &pabifiormalities of the living embryos using the
formula of Spearman and Karber (Spearman 1908). firte@ viral concentrations in the viral
suspensions for aerosolization were approximate®log, EIDso mi™. The viral concentrations in all
air samples were determined in the same way. Titwraie viral concentrations, (lgy EIDsom®,
were obtained by dividing the amounts of collectgds by the air volumes that were sucked through
the bioaerosol samplers. The uranine concentrati@ns analyzed by a fluorescent detector (HP 1046
A, HP, US). The detection limit of the fluorescefdtector was 0.002 ug ™l The excitation and

emission wavelengths for uranine were 494 nm addnb2, respectively.
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Bioaerosol samplers

The four bioaerosol samplers investigated were #gede impactor (TE-10-800, Pacwill
Environmental Ltd. Canada), AGI-30 (7540, Ace gliass, US), OMNI-3000 (Sceptor Industries Inc.,
US) and MD8 (airscan, Sartorius, Goettingen, Gegnaiith gelatin filter.

The Andersen impactor (1958) collects microorgasismd differentiates them in different stages
according to their particle sizes. From the fitagge to the sixth stage, particles with sizes @f>um,
4.7-7 um, 3.3-4.7 pm, 2.1-3.3 um, 1.1-2.1 pm ale&d-Q.1 um are respectively collected, when the
Andersen impactor is operated with an airflow rate28.3 | min'. In this experiment, plates with
Mycoplasma Experience (ME) agar (Mycoplasma Expesge Reigate, UK) were used in the
Andersen impactor as the medium for collection. Thkected vaccine virus on the agar plates was
rinsed with HBSS as described in “Loss of viraleirtivity and uranine in air sample handling
procedures”.

The AGI-30 impinges airborne microorganisms inton2i0liquid medium at an air flow of 12.5 |
min. In this experiment, HBSS with 0.005% Silicone ifaam (85390, Sigma-Aldrich Inc., the
Netherlands) was used as collection medium foGtboro vaccine virus.

The OMNI-3000 is operated at a high airflow rate360 | min*. When sampling, the collection
fluid of 10 ml Phosphate Buffered Saline (PBS)usked from a cartridge into a contactor where PBS
rotates and contacts with the incoming air. Therogiganisms in the incoming air are collected & th
PBS. The PBS containing microorganisms is drainadkbto the cartridge automatically after
sampling.

The MDS8 collects microorganisms on a gelatin figgr528-80-ACD, Sartorius, Germany) by air
filtration. In this study, the viruses-loaded filtevas dissolved in 20 ml 37°C HBSS medium after

sampling as described in “Loss of viral infectivitgd uranine in air sample handling procedures”.

Isolator

A stainless steel isolator (Beyer and Eggelaaredbi; the Netherlands) of 1.38 mas used for
aerosolization. HEPA filters were installed at bitlet and outlet. A temperature and humidity senso

(HygroClip2, ACIN Instrumenten BV, Rijswijk, NL) vgainstalled in the middle of the isolator.

Aerosolization and air sampling

A Walther Pilot spray-head (Walther Spritz- und kiaesysteme, Wuppertal, DE) connected to an
air compressor (Mecha Concorde type 7SAX, 1001, IBAGerona, IT) was used to aerosolize 20
ml of viral suspension at each time. The duratibraerosolization was about 1.2 min with an air
pressure of 2 bars.

The efficiency of a sampler is particle size-deamd(Nevalainen et al. 1992); therefore, it is
important to know the size distribution of the amils that are to be sampled. The aerosol size

distribution of the spray-head was characterizethbgr diffraction (Mastersizer-S long bed, Malvern
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Instruments, Malvern, UK); the volume median diagndd (v, 0.5) of the sprayed aerosol near the
spray-head was approximately 10 pm. To accourgvaporation in this study, a spectrometer (Model
1.109, Grimm Aerosol Technik GmbH & Co. KG, AinrinQE) was used to measure the aerosol size
distribution near the samplers during air sampliffae viral suspensions were aerosolized eight times
five times with 0.1% uranine addition and threeetsmvithout.

Each type of the four bioaerosol samplers was mstailed in duplicate in the middle of the
isolator. Four of them were installed close to eaitter in an area of 0.4 m x 0.4 m and took samples
at 0 min after aerosolization. After the samplitiggse samplers were replaced by the other four
samplers, which took air samples at 20 min aftepsaization. The sampling duration was 2 min for
all four bioaerosol samplers and the two measuremements.

The inlet of the isolator was kept open during samypto allow filtered air entering in order to
compensate for the negative pressure in the igaladoiced by the bioaerosol samplers. The isolator

was ventilated (70 fh?) for 2 h between two aerosolization events.

Tracer-induced loss

To test the effect of tracer on viral infectivityye viral concentrations at 0 min after aerosogjzin
suspensions with uranine were compared to thog®utituranine. The air samples of the AGI-30 and
the MD8 were used for this purpose. Only when uramiid not affect virus infectivity, the samples of
the Andersen impactor and the OMNI-3000 obtainesimfraerosolization with uranine were

determined for viral concentrations.

Loss during aerosolization

A Petri dish containing 20 ml of HBSS positionedtba floor of the isolator was exposed to the air
to collect the virus and uranine during the 1.2 ragrosolization (five aerosolization events of
suspensions containing uranine). The viral aergpemgly settled down and immersed in the HBSS. It
was assumed that this sampling procedure did rustecany stress to the virus infectivity. Immedhatel
after aerosolization, the Petri dish was coverdue Tiquid sample was vortexed before viral and

uranine analysis. The loss of viral infectivity ohg aerosolizationlL(@) is calculated with equation 1.

C /IC

L _ (1_ petridish,virus /Csuspensiowirus ) XlOO% (1)

suspensiortracer

: C petridish,tracer
Creridishvirus Viral concentration in the sample of the PetshdiEID;, ml'l);
Csuspension,virus Viral concentration in the suspension (EJ B\I‘l);

Coeridish,races Uranine concentration in the air sample of thiei lesh (ug m11);

Csuspension,traceriranine concentration in the suspension (u‘@ ml
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Loss in air sample handling procedures

The AGI-30 and the OMNI-3000 collect microorganisim liquid media which can directly be
diluted and analyzed. However, the collected migganisms in the samples of the Andersen impactor
and the MD8 have to be transferred into liquid raedi before analysis. Whether or not the viral
infectivity is affected by the effects of both héing procedure and delay in handling of the air
samples was determined. The air sample handlingeduoes for the Andersen impactor and the MD8
were described in the following two paragraphs.

Four Andersen impactor plates with ME agar werdeaitled with 0.1 ml of viral suspension with
uranine. At 0 min after adding the suspensions,dfwbe agar plates were rinsed by 2 ml HBSS for 3
times with a plastic spreader (TS30C, bioTRADINGh8lex BV, Mijdrecht, the Netherlands). The
rinsing-off liquid (in total about 5 to 6 ml) wasixad and the viral concentrations were analyze@ Th
other two agar plates were rinsed in the same twaly60 min after exposure to the ambient air at
room temperature.

Four MD8 gelatin filters positioned in Petri dishesre added each with 0.5 ml of viral suspension
with uranine. At 0 min after adding the suspensi@ws of the filters were dissolved in 20 ml 37°C
HBSS, and the other two were dissolved 60 min a&kposure to the ambient air at room temperature.

The losses of viral infectivity in these two aingale handling procedurekyj were calculated with

equation 2:

C . xV. .
I—h — (1_ C liquid liquid )xlocp/o

suspension>< suspension (2)

Ciiquia: Viral concentration in the liquid sample (El,EmI'l);

Viiquia: Volume of the liquid sample (ml);

Csuspension Viral concentration in the suspension (E;,lml'l);

Vsuspension Volume of the suspension added on an agar dlater(l) or a gelatin filter (0.5 ml).

For the air samples of the Andersen impactor aedMID8 in this study, the same methods as

above mentioned were used to transfer collectedomiganisms into liquid mediums.

Sampling efficiency

The physical efficiencies were determined by corimgathe amounts of uranine collected by the
bioaerosol samplers to a reference sampler. The M&8set as the reference sampler because it was
reported to have very high physical efficiency (@Buaret al. 2007). Combining the data in this study
with data collected in a previous study (Zhao eP@lL1), a larger dataset for calculating the ptalsi
efficiency was obtained. Because the uranine cdretgn in the previous study was lower (0.02%) ,
we introduced the relative concentratiddCj for all the uranine data, see equation 3. Thesiohy

efficiency at 0 ;) and 20 min IE;,) was calculated with equation 4 and equation 5.
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RC _ Csamplertracer

'samplertracer — C
suspensiojftracer (3)

Csampler racer Uranine concentration measured by a bioaerosgples, pg e;

RC,

E = 'samplertracer x100%
P (Z I:'2CMD8,tracer )/n
4)
Ep - RC;ei'mpIe:tracer x 100)/0
(Z RCMDB,tracer) n (5)

RGamplerracer r€lative uranine concentration in the air sampigith a bioaerosol sampler at 0 min
after aerosolization (ml M);

R(;'amp.er,trace; relative uranine concentration in the air sampiéth a bioaerosol sampler at 20 min
after aerosolization (ml M);

RCupsracer  relative uranine concentration in the air sampleith the MD8 at 0 min after
aerosolization (ml if);

RC,'\,.Dg,tracer: relative uranine concentration in the air samplgth the MD8 at 20 min after
aerosolization (ml if);

n: number of uranine aerosolizatiam= 15).

The biological efficiency K,) was determined based on the virus/uranine ratith, equation 6.
The number of repetitions of measurements withAheersen impactor and the OMNI-3000 was five,
and the number of repetitions of measurements thighAGI-30 and the MD8 was eight. The latter
was higher because the measurements with thres @mmsolization of viral suspensions without

uranine addition were also included.

Csamplewirus/(zCSUSPE”SiQ“irUS/m) % 1 X 1 x100%

Z Csamplenracer/z Csuspensiqnacer 1- La 1- I-h (6)

Csamplervius Viral concentration in the air measured with aaerosol sampler at 0 min after

E, =

aerosolization (EIR m?);

Csuspension,virus Viral concentration in the suspension (EJ B\I‘l);

Csampler,racer Uranine concentration in the air measured withiceerosol sampler at 0 min after
aerosolization (ug 1);

Csuspension,traceriranine concentration in the suspension (p‘b ml

m: number of aerosolizatiom(= 5 for the Andersen impactor and the OMNI-300@] & = 8 for
the AGI-30 and the MD8).
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Detection limit
The lowest detectable viral concentration in ligsamples by viral titration is calculated by using

the fact that three out of five eggs (3 out oftf@ttwere inoculated with undiluted liquid samplesrev

infected by the virus. This equaled to 0.4,}0§IDs, mI™ (2.5 EIDy, ml™) with Spearman and Karber

method (1908). Therefore, the detection limit of thioaerosol samplers for sampling the airborne

Gumboro vaccine virus was calculated with equation

B m/liquid
(1_ Lh) m/air EIEp EIEb

DL =log
(7)

DL: detection limit (logo EIDso m™);

p: viral concentration calculated by assuming thmatadiluted sample successfully infects 3 eggs
(out of 5), ff = 2.5 EID, ml™);

Viiquia: Volume of sample liquid (ml);

V.ir: air volume sucked by bioaerosol samplers in 2 saimpling ().

Half-life time

The half-life time (;,,) evaluates the survival abilities of microorgangsim the air. In this study, it
was defined as the duration required for the camaton of infective virus to decrease by half. The
half-life time was calculated with equation 8 (Weedorp et al. 2008). Because the viral aerosols
were also diluted during sampling and depositethén20 min between the first and the second air

sampling, the concentrations of the infective vingge corrected by the traced) (

(= (logy, 2)xT
IOglO (Csamplel:virus /aCsampIer,virus) (8)
T: time interval T = 20 min);
C'Sammer,vim; viral concentration in the air at 20 min, E¢Dn™:
a: correction factor for dilution due to ventilatiamd depositiond = E(CMDg,trace/C,'\,.Dg,tracer)IS).
Table 1. Responses and tested factors with GLM procate.
Description Response  Factor Symbol  Level
Tracer-induced loss cA Uranine presence U, With uranine, without uranine
Sampler type S AGI-30, MD8
Interaction Ui-§ -
Loss in air sample handling proceduresL, Handling moment  M; 0 min, 60 min
Physical efficiency Ep,EF') Sampler type S Andersen, AGI, OMNI, MD8
Sampling moment  M; 0 min, 20 min
Interaction S-M -
Biological efficiency E, Sampler type S Andersen, AGI, OMNI, MD8
Half-life time t1o Sampler type S Andersen, AGI, OMNI, MD8

& |og-scale concentration of virus in air (lgd1Dso N°).

bl |og-scale concentration of virus in suspensiog;{&IDs, mi™).
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Data analysis

All data were analyzed with the SAS program (SAE®Service Pack 4, SAS Institute Inc., Cary,
NC, US). The effects of concerned factors on respsnvere calculated with a general linear model.
The tested responses and the factors are listékhlile 1. The losses of viral infectivity during
aerosolization and in air sample handling procesiwere compared to “no loss” (0%) with a one-
sample T-test. The physical and biological efficies were compared with 100% with a one-sample
T-test.

RESULTS

Aerosol size distribution

Due to the importance of the aerosol size for prieting the sampler efficiency, size distributidn o
the aerosols was measured with a spectrometer theainlet of the bioaerosol samplers. The
volumetric concentrations of aerosols in differsize ranges are shown in Figure 2. The aerosols wer
mostly in the size range between 1 — 10 um at Oaftér aerosolization. The aerosols in range of 1 —
5 um dominated at 20 min. The aerosols of 3 — 1(pponouncedly deposited and/or evaporated after

20 min, and the total volume of aerosols reducel3é from that at 0 min.

0.04
'E {» 00 min
‘qc: W 20 min
8 003k
c
(o]
o
O
E £ 002 |
5 E
g
5 001
(2]
S
(]
< 0 - L L cE

0.25-1 1-3 3-5 5-10 10-15 15-32
Aerosol size range (um)

Figure 2. Mean aerosol size distribution at 0 and@min after aerosolization (n = 5).

Losses of viral infectivity in non-sampling processs

Table 2 shows the concentrations of airborne uinessured by AGI-30 and MD8 at 0 min after
aerosolization. The concentrations of virus thatewaerosolized from suspensions either with or
without uranine were approximately 6 lg&IDs, m*>. Statistical analysis showed that both uranine (P
= 0.19) and bioaerosol sampler (P = 0.76) did mptificantly affect virus infectivity; no interaan
effect was found either (P = 0.56).

A large proportion of virus, 95 + 2%, was inacte@tdue to the aerosolization stress. Statistical
analysis showed that this loss was significantffedent from 0% (which meant no loss, P < 0.01).

Tables 3 and 4 show the losses of viral infectiintyhe air sample handling procedures. Compared to
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that was previous added onto the agar plates (0df miral suspension), no loss of viral infectivit
was found (-8 £ 10%) when the agar plates of thdehsen impactor were rinsed immediately after
addition. The loss increased to 89 = 8% when ther gdates were rinsed 60 min after the viral
suspension was added, which was not statisticaghjifcant (P = 0.06). Statistical analysis shoveed
significant effect of rinsing moment on the loss/oél infectivity (P = 0.02).

Table 2. Concentrations of Gumboro vaccine virus a@solized with or without uranine.

Bioaerosol sampler ~ Concentration®' (+ SE”, logyo EIDgo m™) GLM analysis
With uranine Without uranine Factor pld
AGI-30 59+0.6 6.1+0.6 Uranine presence  0.19
MD8 5805 6.1+0.6 Sampler type 0.76
Interaction 0.56

@ = 5 for treatment “with uranine” and n = 3 foeatment “without uranine”.
bl SE: standard error.

[ probability that there was no effect of the factorthe virus concentration.

The viral infectivity was not significantly affecteby the handling procedure for MD8 samples,
regardless whether the gelatin filter was dissoinemiediately after adding 0.5 ml viral suspensiBn (

= 0.92), or when the filter was dissolved 60 mitea{P = 0.62) this addition. The dissolving moment
therefore, showed no effect on the viral infecividss (P = 0.65).

Table 3. Loss of viral infectivity in handling procedire for Andersen impactor samples by rinsing method

Moment  Loss (+ SE¥, %) n One-sample T-test GLM analysis

P! Factor P
0 min -8+10 2 0.57 Moment  0.02
60 min 89+8 2 0.06

@ SE: standard error.
bl probability that the loss was not different frono‘iess” (0%).

[ probability that there is no effect of the factorthe infectivity loss.

Table 4. Loss of viral infectivity in handling procedire for MD8 samples by dissolving gelatin filters.

Moment Loss (+SE¥, %) n  One-sample T-test  GLM analysis

=0 Factor =0
0 min 4+18 4 0.92 Moment 0.65
60 min -21+19 4 0.62

@l SE: standard error.
bl probability that the loss was not different frono‘iess” (0%).

[ probability that there is no effect of the factorthe infectivity loss.

Sampling efficiency and detection limit

Table 5 shows the physical efficiencies of the foimaerosol samplers. No effect was found (P =
0.79) of sampling moment on the physical efficietioys the efficiency data at 0 and 20 min were

pooled. The Airport MD8 with a gelatin filter wased as the reference sampler and its efficiency was
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set to 100%. The physical efficiencies of the ogsnplers were compared to that of the Airport MD8.
Statistical analysis showed that different sampsggsificantly differed in their physical efficieies

(P < 0.01). Multiple comparisons showed that the 818nd the AGI-30 had higher physical
efficiencies than the other two sampler types. phgsical efficiency of the Andersen impactor was
lowest (28 + 8%). The interaction effect of sampigre and sampling moment was not significant (P
=0.78).

Table 5. Physical efficiencies of the four bioaeroseamplers.

Bioaerosol sampler  Physical efficiency (+ SB, %) n  One-sample T-test  GLM analysis

P! Factor pic]
Andersen g 30 <0.01 Samplertype < 0.01
AGI-30 117+ 4 30 0.21 Moment 0.79
OMNI-3000 62+6 30 <0.01 Interaction 0.78
MD8 100 +9 26 1.00

[ SE: standard error.
Il probability that the physical efficiency was ndfetient from 100%.
[ probability that there is no effect of the factortbe physical efficiency.

| ow physical efficiency of the Andersen impactaasiobtained (28 + 8), probably because of thecdiffy in rinsing
off uranine from the agar plates.

abpeans with a com
mon superscript letter are not significantly diéet (P > 0.05).

Table 6. Biological efficiencies of the four bioaesnl samplers.

Bioaerosol sampler  Biological efficiency (+ SB, %) n  One-sample T-test  GLM analysis

Pl Factor pic]
Andersen 61"+ 30 5 0.27 Sampler type  0.03
AGI-30 90* + 36 8 0.78
OMNI-3000 23+ 10 5 <0.01
MD8 163 + 30 8 0.07

el SE: standard error.
Il probability that the biological efficiency was mbtferent from 100%.
[ probability that there is no effect of the factartbe biological efficiency.

abC\Means with a common superscript letter are notifibgmtly different (P > 0.05).

Table 7. Detection limits of the bioaerosol sampler®r collecting Gumboro vaccine virus for two min.

Bioaerosol sampler  Detection limit (log EID 5o m)

Andersen 4.1
AGI-30 3.3
OMNI-3000 25
MD8 2.9

Table 6 shows the biological efficiencies of therfbioaerosol samplers for collecting Gumboro

vaccine virus. The biological efficiency was sigraintly different between the samplers (P = 0.03).
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The efficiency of the MD8 (163%) tended to be highiean 100% (P=0.07). The efficiency of the
OMNI-3000 (23%) was significantly lower than 100® € 0.01), but not those of the Andersen
impactor (P = 0.27) and the AGI-30 (P = 0.78).

The detection limits of the different bioaerosamngders on sampling (two min) airborne Gumboro
vaccine virus are listed in Table 7. The deteclionits ranged from 2 to 4 lag EIDso m?3. The
OMNI-3000 had the lowest detection limit.

Half-life time

The half-life time of airborne Gumboro vaccine @rat 20°C and 70% RH determined by
sampling with the different bioaerosol samplerssiwwn in Table 8. There was no significant
difference in the half-life time determined by ttigferent bioaerosol samplers. The mean half-life
time was 11.9 + 2.0 min. Four negative half-lifsmei values (two with AGI-30 samples, one with
OMNI-3000 samples, and one with MD8 samples) wétaioed because a higher viral concentration
at 20 min, after correction for dilution due to ti&ation and deposition (formula 8), compared tatth

of 0 min. These negative values were excluded fralrulating of the half-life times.

Table 8. Half-life time of Gumboro vaccine virus.

Bioaerosol sampler  Half-life timé® (+ SE®, min) n GLM analysis

Factor P
Andersen 155+7.0 5 Bioaerosol sampler  0.57
AGI-30 11.3+2.1 6
OMNI-3000 146 £5.7 4
MD8 82+19 7
Mean 11.9+£2.0 22

el Negative values (due to a higher virus concentnasip20 min, after correction, compared to tha ofin) was not
included in the calculation of the half-life time.
[ SE: standard error.

[ probability that there is no effect of the factartbe half-life time.

DISCUSSION

Tracers have been widely used to evaluate theidalluand deposition of bioaerosols in
investigations of microbial survival (Marthi et 4990; ljaz et al. 1994). It is preferable to aetiag a
tracer combined with the microorganisms; howeveesd requirements need to be fulfilled in order
to do so. Firstly, the tracer should not induce tbes of microbial viability. The common
concentrations of uranine are lower than 0.1% iorofiial suspensions. When the suspensions are
aerosolized, the concentrations of uranine in adsomcrease due to water evaporation, which is
suspected to increase the inactivation risk foroggganisms. Therefore, it is better to investighte
tracer-induced loss of microorganisms after they aerosolized. In this experiment, the
concentrations of Gumboro vaccine virus aerosolieglder with or without uranine addition were

similar, with an insignificant tracer effect (P =10). Secondly, the ratios of microorganism/traoer
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all aerosols should be identical when using theetrdo evaluate the physical efficiencies of the
bioaerosol samplers. The aerosols were productdsiexperiment with a cut-off diameter of 10 um,
which is much larger than the sizes of the Gumbvazine virus (0.06-0.09 pm) and uranine particles
(0.15 um). This allows a uniform distribution (ihet aerosols) of both virus and uranine that will
coagulate during water evaporation (ljaz et al.71%hao et al. 2011). Thirdly, the tracer should be
well dissolved in microbial suspensions and acelyanalyzed. The uranine has a high solubility of
600 g I in the water, and can be detected at a tiny cdrat@m of 0.002 pg il For the above
mentioned advantages, the uranine is evaluatedai® and reliable tracer for this study.

In a previous studyiznterococcus faecali€scherichia coliand Mycoplasma synoviagere not
significantly inactivated when they were nebulizbgd the Walther Pilot spray-head , but the
Campylobacter jejunivas inactivated for 71% (Zhao et al. 2011). A éapgoportion of Gumboro
vaccine virus, 95%, lost its infectivity during aeolization by the spray-head in this study. Theslo
of infective virus is probably due to be the shaifka sudden climate change immediately after
aerosolization, in which the virus undergoes defitjdn and oxidization stresses (Tang 2009). The
initial infectivity loss in this process can be rhunore profound compared to the loss in the folhawi
atmospheric equilibrium state (Harper 1961; Schadfeal. 1976). Other studies reported that the
bacteria were subjected to shear force, which deaggates the suspensions into small aerosols and
causes bacteria to fragment (Reponen et al. 19@heVs et al. 2005). However, it seemed not to be
the main reason for the inactivation of virus irststudy, because the aerosol size that was prdduce
by the spray-head was much larger than the virsalfit Noticing that microorganisms can be
inactivated during aerosolization, the calculatedhgling efficiency should be corrected for this
aerosolization loss.

When the Andersen impactor is used in a highly ofi@ly contaminated environment, it can
easily become overloaded. An Andersen impactiote dgi@comes overloaded when more than 400
colonies are formed on the agar plate. In highlgtaminated environments this can already be the
case after a very short sampling period, of e.gentlman 10 seconds (Zhao et al. 2011). To avoid the
overloading problem, the collected microorganisms be transferred into liquid mediums that may
be diluted and analyzed at will. By doing this, thée number of microorganisms can be obtained
because agglomerated microorganisms in partickesderached in liquid. Two methods have been
used for transferring so far, i.e. homogenizingriierobial-loaded agar into liquid (Lundholm 1982)
and rinsing the microorganisms off the agar suri@weo et al. 2011). The losses of four bacterial
species with the latter method were previously tbumsignificant (Zhao et al. 2011). In this study,
Gumboro vaccine virus was also recovered withognificant loss from agar plates by the rinsing
method immediately after adding the viral suspenditowever, about 89% of infective virus was lost
when the agar plates were rinsed 60 min after géoia ambient air at room temperature. The
statistical analysis showed a significant effectstdrage time on the loss of virus (P = 0.02).

Compared to the bacteria, more virus was lost ia #ir handling procedure. This was probably
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caused by the relatively small size of the Gumb@rxine virus as compared to bacteria allowing it t
penetrate deeper into the agar layers with thedigtteams that hampered the rinsing efficiencye Th
virus was stored on the agar plates for a longee {60 min) before rinsing than the bacteria (5)min
which may result in an extensive penetration ofiwimto the agar. Li and Lin (2001) reported that
approximately 60-80% dE. coli lost viability after 60 min storage on a gelatittef. Loss was not
found in this study for Gumboro vaccine virus up@® min storage on the gelatin filter before
dissolving. The insignificant loss of infective wir on the gelatin filter suggests that the losshen
agar plate at 60 min after adding viral suspenisarot likely to be the inactivation of virus dwethe
storage in the room environment.

The physical efficiencies of the AGI-30 and the MBh gelatin filter were higher compared to
the OMNI-3000, which is according expectation. Qasults were consistent with the study of
Terzieva et al.(1996), who reported the AGI-30 doabllect almost all particles of 0.7 - 1.0 um.
Actually, Nevalainen et al.(1992) calculated tha tut-off diameter of the AGI-30 is as low as 0.31
um (Nevalainen et al. 1992). In this study, mosibaels (in volume) were larger than this cut-off
diameter (Figure 1), indicating that they coulddftectively collected by the AGI-30. The sampling
duration of the AGI-30 was short (2 min), therefaredecrease in physical efficiency of the AGI-30
due to the evaporation of liquid collection mediwas not a severe problem (Lin et al. 1997). By
measuring particle concentrations upstream and siveam of a gelatin filter of the MD8 with an
optical particle counter, its physical efficiencasvfound >93% for collecting nano-particles (0.08)
(Burton et al. 2007). The efficiency of the MD8 fawllecting bacterial aerosols was also high (Zhao
et al. 2011). Therefore the MD8 was selected asdfezence sampler for physical efficiency in this
study. The physical efficiency of the OMNI-3000 3%) in our study fell within the range reported
by Kesavan and Schepers (2006), who found thafficiency was 22-92% for aerosols (either solid
or liquid) of 0.5-8 um. The cut-off diameter of teeth stage of the Andersen impactor is 0.65 pm.
This sampler was expected to be effective for ctiig the aerosols; however a low efficiency oft28
8% of the Andersen impactor was found. Considettirag the efficiency data were obtained based on
the amounts of collected uranine which could atti@chly with the agar (Zhao et al. 2011), the low
efficiency of the Andersen impactor in this studgsaprobably not due to the inefficiency of the
sampler, but to the low recovery of uranine from dgar plates by the rinsing method.

Various samplers differ in their ability to presermicrobial survival during sampling, which is
confirmed in this study for airborne Gumboro vaecivirus (P = 0.03). A biological efficiency
significantly lower than 100% indicates that thecmorganisms are inactivated due to the sampling
stress of a bioaerosol sampler. Less stress wasl gpos<sumboro vaccine virus when it was collected
by the Andersen impactor and the AGI-30. These $anmplers were previously found to also well
preserve the culturability of several bacterialcép® (Zhao et al. 2011). The biological efficierafy
the OMNI-3000 (23 * 10%) was significantly loweath100%. This was probably because of its high

flow rate during sampling, which produces high steeces to the microorganisms. This sampler has
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a slit inlet of 3 cm long and approximate 0.2 crdeviwhen sampling at an airflow rate of 300 | Thin
the microorganisms are sucked into the samplerimpthged into the rotating collection liquid at a
very high speed. Gumboro vaccine virus was notifsegmtly inactivated when filtered by the MD8
with a gelatin filter. The biological efficiency ¢fie MD8 was found to be (not significantly) higher
than 100%. It is not likely that the virus may iegte without the living cells of organisms. Thene,
the high biological efficiency can only be explainthe high variations generally found in viral
titrations.

The detection limits of the bioaerosol samplers fmileting Gumboro vaccine virus were
calculated based on their known physical and bioldgefficiencies. The detection limits of these
samplers ranged from 2.5 - 4.1 Jp&IDs, m>. Lower detection limits can be achieved by inciregs
the sampling duration of the samplers (equatiorHdwever, sampling duration can not be extended
too much because the amount of the microorganisihghee sampling duration are not linearly related
due to either a decrease in physical efficiency. (evaporation of collection medium of the AGI-30
compromises its physical efficiency) or in biolagicefficiency (Lin et al. 1997). Although the
sampling efficiency of the OMNI-3000 is relativatyw, its high air flow rate still causes the deteat
limit to be lower than of the other samplers. Thame the OMNI-3000 can be used best in
environments where the viral concentrations are low

The half-life times of many airborne viruses haeei studied at different temperature and RH.
The results showed a big variation in the viralftitd time ranging from several minutes to days
(Larson et al. 1980; Sattar et al. 1984; ljaz et18185; Landman and van Eck 2001). With the
bioaerosol samplers evaluated in this study, westigated the half-life time of airborne Gumboro
vaccine virus, a RNA non-enveloped virus. The maati-life time was 11.9 min. Although the
bioaerosol samplers were different in their efficies, the half-life times that were determined by
these samplers did not show a significant diffeegfic= 0.57). This is probably because the effoyen
of each sampler was identical between the samplirigmin and that at 20 min. Four negative half-
life time values were found due to higher virus acamtrations at 20 min (after correction with the
tracer) compared to those at 0 min. These negatilees were excluded from the calculation of the

half-life times, however, a negative value mearfigity half-life time.

CONCLUSIONS

Using a fluorescent tracer, this study evaluatex ghysical and biological efficiencies of four
bioaerosol samplers for collecting Gumboro vacaiites aerosolized from viral suspensions. It is
concluded that the virus may lose infectivity innreampling processes, which would lead to
underestimation of sampling efficiency if they ar@ excluded from the efficiency calculation. The
physical and biological efficiencies of the Andersmpactor, the AGI-30 and the MD8 with gelatin
filter are high for collecting the virus. Althoughe OMNI-3000 has lower efficiencies, its high air
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flow rate causes a low detection limit, nominatings a suitable sampler for detecting the virus\at
concentrations.
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ABSTRACT. In an airborne transmission experiment, @@mpylobactein the air was sampled by
three types of bioaerosol samplers (All Glass Igpm‘AGI-30”, Andersen six-stage impactor, and
OMNI-3000) in four broiler rooms. In each room,dieut of 15 broilers were kept in one central cage
and inoculated witlCampylobactefjejuni at day 0 (when the broilers were 14 day old). Thewten
broilers, as susceptible animals, were kept indialy in ten cages at a distance of approximatély 7
cm, surrounding the central cage. Air samples wadten on eight days, i.e. the day before inocutatio
(Bl) as a negative control, and 1, 3, 6, 9, 14, &1d 29 days post-inoculation (PI). Presenc€ of
jejuni was investigated both with the culture methodcidturable bacteria and with the PCR test for a
bacterial DNA. Results showed th@ampylobactelinfection of susceptible broilers occurred in all
four rooms; however, no culturab® jejunicould be detected in all the air samples. Thishinitave
been the result of the low number of broilers ie ttoom and the unfavorable conditions for
Campylobactersurvival, leading tadCampylobacterconcentrations below the detection limits of the
bioaerosol samplers. The PCR tests showed ther®NAsof C. jejuniin the air on day 1 PI days, but
no bacterial DNA on following days. It is concluditdht the three samplers used in this study are not
capable to alarm theéampylobacteoutbreaks through the air route when low bactegalcentrations
are present. Developments of new sampling techaigiié low detection limits are required for bio-
security assessment.

Keywords. Aerial, Bacteria, Campylobacter, Poultry, Transsms.
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INTRODUCTION

Campylobacterspecies are recognized as an important causensériilness, such as diarrhea,
Guillain-Barré syndrome and sporadic morbidity (Keeet al. 2004; Humphrey et al. 2007). It was
reported that 50% to 70% Gfampylobacteinfections are caused by consumption of poultgdpcts
in United States, Europe and Australia (Allos 2001e prevalence d€ampylobacteis high in the
poultry industry. Approximate 20% of the broileodks in 1999-2002 (Van de Giessen et al. 2006),
and 35% of the organic broiler flocks in 2003 (Ralolgrg et al. 2004) weit@ampylobactepositive in
the Netherlands. For bio-security, an obligatorynitaring program foiCampylobactein poultry has
been implemented to identify the presence andyeldp control strategies (European Union 2003).

Campylobacter transmission in poultry was thought to be causedinip by contacting
contaminated feed, water, infected animals andcteséJacobs-Reitsma et al. 1995). Recently,
airborne transmission aampylobacters suspected as another mechanism for diseasadapye
along with the recovery of culturable bacteria fritra air in poultry processing plants and an inéect
case of a poultry worker via the air (Berrang et28l04; Wilson 2004; Johnsen et al. 2007). If this
mechanism is true, the detection of airborne becteith bioaerosol samplers is required to be
included in the monitoring program f@ampylobacterHowever, it is not clear whether or not an
effective monitoring, with respect to alarming thieborne transmission da€ampylobactercan be
achieved by sampling using the bioaerosol samplers.

The techniques for sampling airborne microorganigmiide impingement, impaction, filtration
and cyclone (Eduard and Heederik 1998). In practimasurements, none of these techniques can
fully recover all the microbial species from the, alue to the non-isokinetic sampling and the
sampling stresses to the target organisms (Stestaat. 1995). These limitations make a precise
gquantification of airborne micro-organisms alway<lallenge, especially for the stress-sensitive
species. So far, All Glass Impinger (AGI-30) anddarsen six-stage impactor are the most commonly
used bioaerosol samplers, which are recommendsigiadard samplers for airborne micro-organisms.
Because the air flow rates of these two samplerselative low (12.5 | mifh for AGI-30 and 28.3 |
min™ for Andersen impactor), their utility is limited iaerial environments where low concentrations
of micro-organisms are present. In order to perfthrenair sampling in these environments, some high
volume samplers have been developed, e.g. OMNI-3800 | miri"), which may sample a large
amount of air in a short time.

Previous studies on airborne transmission of pahisgmicroorganisms have been performed with
infected and healthy animals in lab-scale expertm@vars et al. 1999; Berthelot-Herault et al. 2001
Brockmeier and Lager 2002). An airborne infectiam ®e shown when healthy susceptible animals
become infected by infected ones, that are phygidalit not aerially, separated from each other. A

similar experimental set-up could also be appleestuidy the airborne transmissionGdmpylobacter
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To analyzeCampylobactera culture method or the polymerase chain rea¢B@R) technology
can be used. They both have their advantages aadwdintages. With the culture method, culturable
Campylobactemhich is capable to multiply themselves can bentjied, but this method is time and
labor consuming. A PCR test is fast compared tactheeire method; however, due to the fact that the
test detects only a part of a certain gebampylobacteDNA is determined without differentiation
between culturable and dead bacteria.

The objective of this study was to test three hiosa@ samplers (AGI-30, Andersen impactor and
OMNI-3000) on detecting th€. jejuni(culturable and DNA) in the air for alarming itatismission
within an airborne experimental set-up in broilers.

MATERIALS AND METHODS

Experimental Rooms

The study was conducted in 4 climate controllethfterature and relative humidity) rooms of 7.40
m length and 4.75 m width. Room temperature graglucreased from 25 °C on the day before
inoculation (BI) (13 bird age day) to 18 °C on X&pinoculation (PI) day, then it remained constant
until the end of the experiment (35 Pl day). Retatiumidity was set at a constant level of 55%. The
rooms were ventilated by an overpressure systetiheimoofs of the building. The incoming air was
filtered by an absolute filter to prevent interfece from outside. The air outlet was installed ae o
side wall. The average ventilation rate of eacrowas 1000 rhh™.

Before the experiment, all rooms were disinfectéth Yormaldehyde gas then high pressure water.
Samples from 12 different surfaces were taken sarm absence of both cultural@e jejuni and the

bacterial cell.
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Figure 1. Schematic drawing of the room plan. (I:moculated broilers central cage, S: susceptible biler cage, O:

air outlet, 1-4: Air sampling locations).

Animals and Cages

Fifteen 12 day-ol€Campylobactefree broilers were introduced into each room. Fifithem were

reared in one central cage (2.25 m in length a®d th in width) in the middle of the room. They were
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orally inoculated with 1Dcolony forming unit (CFUXC. jejunistrain 356 two day after introducing.
The other ten broilers were separately reared segtible animals in 10 individual cages surrougdin
the central one. The individual cages (1.00 m ngtke and 0.75 m in width) for susceptible broilers
were placed about 0.75 m away from the central .cAgechematic drawing of the room plan is
depicted in Figure 1. All broilers were reared obnod shavings on the ground. The water was
supplied by a nipple drinking system, using segasgstems for the center cage and the other cages.
From 1 PI day until 35 PI day, cloacae swabs wakert on a daily basis. When the inoculated
broilers were tested positive f@r. jejunion three consecutive post-inoculation days, swade taken
weekly instead of daily. The susceptible broileesevtested every day. Whenever a susceptible broile

turned positive fo€. jejuni it was ruled out from the room.

Bioaerosol Samplers

Three bioaerosol samplers were used: AGI-30, Amafersmipactor and OMNI-3000. The AGI-30
and the Andersen impactor were able to preservailityaof C. jejuni due to their low sampling
stresses, therefore, were suggested as culturabiplers for airborneC. jejuni (Zhao et al. 2011,
Zhao et al. 2011). When the bacteria DNA (couldrben both culturable and dead bacteria) were of
concern, the AGI-30 and the Andersen impactor neapdt suitable because of their low air flow rate
12.5 | min® for the AGI-30 and 28.3 | mihfor the Andersen impactor. A new type of high feow
rate sampler, the OMNI-3000 (300 | i)nwas used in this study to be able to detectebattDNA
at low concentrations in the air.

The AGI-30 (7540, Ace glass Inc., Vineland, US)lects bacteria into liquid medium by
impingement. It is operated at an airflow rate @511 min®. Physiological salt water (PSW,
bioTRADING Benelux B.V., Mijdrecht, the Netherlandsf 20 ml was used as collection medium in
this study.

The Andersen impactor (TE-10-800, Pacwill Environtaé Ltd., Beamsville, Ontario, Canada)
consists of six stages in each of which a glass #sh was placed under a screen with 400 holes. T
number of holes is the same for each stage bulliteeter of the holes becomes smaller every next
downward stage. Providing an airflow rate of 28ii’, the air speed through the holes increases
from the first stage to the sixth stage. The batearticles in the air stream are impacted onRbgi
dishes and are differentiated according to thee.skrom the first stage to the sixth stage, beatter
particles in size of > 7.qm, 4.7 — 7.Jum, 3.3 —4.4um, 2.1 — 3.3um, 1.1 — 2.Jum, and 0.65 — 1.jim
are collected respectively. Normally, a Petri digth agar is positioned underneath each stagénisn t
study, 2.5 ml buffered peptone water (BPW, bioTRNBIBenelux B.V., Mijdrecht, the Netherlands)
with a gelatin filter (17528-80-ACD, Sartorius, @adgen, Germany) was used as the collection
medium in each Petri dish. This is because theomidbCampylobactewas successfully recovered

from the air in slaughter houses by this adaptiacdbs-Reitsma 2002).
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The OMNI-3000 (Evogen Inc., Kansas City, US) israped at a high airflow rate of 300 | ritinit
collects bacteria in 10 ml phosphate buffered sa(ifBS, Evogen Inc., Kansas City, US). Before
sampling, the PBS is sucked from a cartridge ihtodontactor. Air flow provided by an inner pump
forces the PBS to rotate and to contact with tieenmng air in the contactor. In this way the baeter
are trapped in the PBS. To compensate for the estaipo of PBS during sampling, sterilized water is
continuously supplemented into the contactor topkdee sample volume always at 10 ml. After

sampling, the PBS is drained from the contactok bat¢he cartridge.

Sampling Schedule

The bioaerosol samplers were used for sampling ftdbnmio 30 mins at a level of approximately

0.25 m above the floor in the broiler rooms. Theglng location and date are indicated in Table 1

and Figure 1.
Table 1. Air sampling duration, airflow rate, samplevolume, sampling location and date in broiler roors.
Sampler Sampling duration Airflow rate Sample volume Location®  Sampling date
(min) (I minY) (ml) (PI day)®!
AGI-30 30 12.5 20 1,2,3,4 Contfl1, 3, 6, 9, 14, 21, 29
Andersen 10 28.3 125x%6 1 3, 91%p9
OMNI-3000 10 300.0 10 1,3 3,9, 14,21, 29

&l See Figure 1 for the locations. Samples from lonat and 3 were analyzed by PCR.
bl p| Day = post-inoculation day.

[ Air sampling that was taken on the day before ietion (13 bird-age day).

[ The day on which air samples were not analyzed®R.P

Sample Processing and Bacterial Analysis

After air sampling with the Andersen impactor, tedatin filter in each Petri dish was moved to a
15 ml sterilized vial. The Petri dish was carefullgshed with 10 ml of BPW, which was pipetted into
the vial with the gelatin filter. These vial sangpleere centrifuged at 2500xg for 10 min. The sample
of the AGI-30 and the OMNI-3000 were sent direétlyanalysis.

The culturable and DNA dE. jejuniwas analyzed with culture method and PCR tegpeively.
For culturableC. jejuni 1 ml of each liquid sample was used to make delctfitutions (10" to 10°)
in PSW. 0.1 ml from each dilution was plated on €bal Cefoperazone Deoxycholate agar (CCDA)
plate, which was incubated at 41.5°C for 48 h umndiero-aerial condition (6% £10% CQ and 84%
N,). If colonies were formed after incubation, thelCBn the agar plate (normally with 30-300
colonies) was counted and the CFU in the liquid manmcould be calculated (International
Organization for Standardization (ISO) 2006). Arwtth ml liquid sample was first added into 10 mi
of Bolton broth (bioTRADING Benelux B.V., Mijdrechthe Netherlands) for enrichment at 37 °C for
4-6h, and then at 41.5 °C for 48 h at micro-aer@aiditions. The culturabl€. jejuni count in the

enriched sample was also analyzed with the cuihathod.
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Half of the air samples of the AGI-30 (those frarodtion 1 and 3, see Figure 1) and all samples of
the Andersen impactor and the OMNI-3000 were amalyfor DNA of C. jejuni with the PCR test.
The liquid air sample was filtrated by a Polytdtrafoethylene (PTFE) filter (pore size Ouén,
Sartorius, Nieuwegein, the Netherlands). The fikad the filtrated bacteria, then, were immersed

totally in 0.4 ml Lysis buffer in a sample tubedastored at -80°C before the PCR test.

Airborne Dust Sampling

The PM, (particulate matter smaller than 10 pm of aerodynadiameter) and Pp4 were
respectively determined for 24 hours with DustT¢ak! Inc., Shoreview, US), which measured the
mass concentration of aerosols with photometricggpie, in two of the four rooms on 28 Pl day. The

two DustTrak samplers were put at the same levileabioaerosol samplers at sampling location 1.

Data Analysis

The non-100% specificity of PCR test reported gigsitive results for the air samples of control (1
Bl day), which were taken by the AGI-30. Thus, #mounts of DNA ofC. jejuni sampled by each
type of bioaerosol samplers on different sampliagsdwere separately compared to control samples
with non-parametric test (Mann Whitney U test, SPES SPSS Inc.). The reason to use non-
parametric test is due to the skew distributiorthef data. Positive samples were recognized as those

whose mean rank values were higher than the cosdroples and the P values were < 0.05.

RESULTS AND DISCUSSION

Infection in Broilers

Test of cloacae swabs showed that all the broitethe central cages of four rooms got infected
within two days after orally inoculated witG. jejuni (Van Bunnik et al. 2009). This result was
comparable with other studies (Beery et al. 198&nrRer et al. 1988), in which chickens were
positive on 1 PI day. In total 13 susceptible lailturned positive between 15 Pl day an 35 PI day,
10 of which were infected during our air samplirggipd (1 to 29 PI day). In details, six susceptible
broilers were infected between 15 Pl day and 2@ Bhe room, one broiler was infected on 30 PI day
in one room, one broiler was infected on 35 Pl itagne room, and two broilers were infected on 16
Pl day and 34 PI day in the last room (Van Bunnikle2009). The infections of susceptible broilers

revealed the airborne transmissiorCaimpylobactepbccurred.

Detection of Airborne C. jgjuni

The PCR test showed that DNA ©f jejuniDNA was collected by the AGI-30 on 1 Pl day (Table
2). No bacterial DNA was detected in the air by afyhe samplers from 3 to 29 PI day. All the air
samples were negative for culturalile jejuni no matter whether they were directly cultured or

cultured after enrichment in broth. The differeasult between the PCR and the culture tests shows
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only deadC. jejuniwas present in the air. Moreover, the PCR teshsearore sensitive to indicate an

airborne transmission @ampylobacter
Table 2. Culturable C. jejuni (tested by culture method) and DNA ofC. jgjuni (tested by PCR) in air samples of

four replicated broiler rooms.

Sampler C. jgjuni count (Culturable/DNA)
Control 1Plday 3Plday 6Plday 9Plday 14P8ay 21Plday 29 Plday
AGI-30 Neg/Neg Neg/Pos Neg/Neg Neg/Neg Neg/Neg Neg/ Neg/Neg Neg/Neg
Andersen (&l -I- Neg/Neg  -/- Neg/Neg  -/- Neg/- Neg/Neg
OMNI-3000  -/- -/- Neg/Neg  -/- Neg/Neg  Neg/Neg NegfN  Neg/Neg
&' Not done.

The outcome that susceptible broilers were infected no culturable airborn€. jejuni was
recovered, is probably to the low concentrationghaf bacteria in the air which were below the
detection limits of the three bioaerosol sampleige infected broilers were reared in the experitalen
rooms and therefore a low amount ©f jejuni was shed. Only the air samples on day 1 Pl were
positive in the PCR test and the chance of recogeculturableC. jejuni was even less. Some
researchers assumed micro-organisms could be tithedrny the dust particles; therefore, they were
somehow positively related with the dust conceinain the air (Cambra-Lopez et al. 2010). Our
dust measurements showed that the averagg &M PM 5 concentrations in the rooms were 1
m? and 43 ug m, respectively, on 28 Pl day. These concentrativaee much lower than those
reported in commercial poultry farms (Takai et1#8198). FurthermoreCampylobactehas difficulties
to survive in the air in the experimental broileoms (Luechtefeld et al. 1981; Doyle and Roman
1982). The optimal temperature fGampylobactemultiplication is approximately 42 °C (Keener et
al. 2004), and the optimal temperature for presemeaof viability is from 4 to 10°C (Buswell et al.
1998). In this experiment, the room temperature eagrolled at 25-30 °C, which is neither within
the optimal growing temperature nor within the oyt survival temperature. The relative humidity in
the broiler room, 55%, was lower than the prefemmenhidity of 98.7% for bacteria (Koop et al. 2000;
NZFSA 2001).

The bioaerosol samplers may miss-collect the bacteand the Campylobactermay lose
culturability due to the sampling stresses. Whan dtandard Petri dishes with agar were used, the
Andersen impactor has a cut-off diametego([defined as the particle diameter correspondirs08h
physical collection efficiency) of 0.6om for the sixth stage (Andersen 1958). In this expent, we
replaced the agar with a gelatin filter with 2.5BRW because a previous study reported the airborne
Campylobactemvas successfully recovered with this adaptionddsdReitsma 2002). However, this
adaption might increase the cut-off diameter of Ainelersen impactor, therefore reduce its sampling
efficiency (Andersen 1958). From biological aspéug, AGI-30 seems a suitable sampler for airborne
C. jejuniin that it collects the bacteria in to liquid mewdi which provides a humid environment for

them. Zhao et al. (2011) proved that the samplimgss of the AGI-30 tdC. jejuni was lower
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compared to the OMNI-3000. As well, the AGI-30 hdow cut-off diameter down to 0.3im
(Nevalainen et al. 1992), and therefore has aivelgthigh physical efficiency (Zhao et al. 201The
problem of the AGI-30 is that it has the lowest pling flow rate, 12.5 L min, among the three
bioaerosol samplers. This restricts its applicatiothe environments with low bacteria concentraio
The OMNI-3000 was originally expected to have theagest chance to captu@ampylobacter
because it samples the air at a high flow rate (36@in™) which provides 8 times and 10.6 times the
air volume compared to the AGI-30 and the Anderisgmactor, respectively. However, it failed to
collect both culturable. jejuni and its DNA from the air. This might be because libw physical
efficiency of OMNI-3000 and its severe samplingestrto the micro-organisms. In another study, only
1% of C. jejuni could be recovered under the high sampling stoétske OMNI-3000 (Zhao et al.
2011). The detection limits of the three samplexsduin this experiment for culturale jejuniwere
calculated with the physical and biological effitdgy of the samplers (Zhao et al. 2011) and by

assuming 1 CFU on the cultured Petri dish with luteldl sample (Table 3).
Table 3. Detection limit of AGI-30, Andersen impacto, and OMNI-3000 for culturable airborne C. jguni.

Sampler Detection limit (CFU ni®)
AGI-30 53 x 16
Andersen 44x10

OMNI-3000 6.8 x 18

Might airborne transmission occurs by susceptibbt@ldrs inhaling particles with viable but non-
culturable (VNC)Campylobacter(Cappelier et al. 1999)? Two questions need taaien into
consideration for this case. Firstly, can VNC baatexist in airborne particles? The viable but-non
culturable state for some other bacteria in aesdsas been proven (Heidelberg et al. 1997). Fdderig
et al., (1998) also verified the presence of VNG@nicrocosm water with plate culturing, staining and
microscope scanning methods. However, currentlsettgelack of evidence of VNCampylobactein
airborne particles. Secondly, can VNC infect angfalhis remains a controversial issue. Some
studies successfully infected eggs, chickens aie mith VNCCampylobacte(Cappelier et al. 1999;
Talibart et al. 2000). The disputable point of tHeidings is that the authors were not one-hundred
percent sure if the inoculation medium was viaBEmpylobacterfree. The other studies failed to
infect birds with VNCCampylobacterwhich suspended in water at room temperatur& fa, or 14
days (Ziprin et al. 2003). The conclusion that ViM@culation did not produce infection however,
seems also doubtable as in an investigation by Bkosh al. (2002), it was indicated that there were

no VNC , but only dead bacteria, in the agueousiunedfter 7 days suspension.

CONCLUSIONS

In this experiment, none of the bioaerosol sampterdd recover culturabl€. jejunifrom the air,

despite the fact that susceptible broilers werecteld by the infected broilers by airborne transiig
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which is probably due to the bacterial concentregiovere lower than the detection limits of the
bioaerosol samplers. It is suggested that negegmglts from these bioaerosol samplers cannot@assur
a safe air environment. Sampling techniques with ttetection limits requires to be developed in
order to detect low concentrations of microorgasisan bio-security assessment.
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The growing world population and increasing ecormomiosperity have increased demand for
livestock products, and this is intensifying livast production considerably in different parts loé t
world. The drawback of these developments is thh bressure of the increasing number of animals
on the environment. One of the main problems ispaitution. It has been shown that livestock
production systems emit large amounts of aeridufmoits, e.g. ammonia (leading to eutrophication
and acidification), methane, nitrous oxide, carlioxide (greenhouse gases responsible for global
warming), odor (giving nuisance) and dust (affagtiespiratory health) into ambient air. For example
80% of ammonia in the US and Europe (van der H&8I81Liang et al. 2005; US EPA 2005), 20% of
PMyq in the Netherlands (Chardon and Van der Hoek 20&2) 18% of greenhouse gas worldwide
(Steinfeld et al. 2006) originate from livestoclo@uction.

Another issue with intensive livestock productisrtie emission of microorganisms. Although the
contribution of livestock sector to microbial enigssin ambient air is not clear, there is no datlait
emissions of microorganisms from livestock houses extremely high compared to those from
human environments (Seedorf et al. 1998). Thesdtasinimicroorganisms and their transmission
could pose health risks to people and animals erfdahm, and to those living in the vicinity of the
farm. After several outbreaks of infectious dissaiselivestock production (Gloster et al. 2003)ttha
could not be attributed solely to common transrissnechanisms (e.g. by direct contact or a vector),
there was increased research interest in the pessbborne transmission of pathogenic
microorganisms between farms. Some zoonotic pati®odeve been recovered from the air of
livestock production environments, e@oxiella burnetii (Welsh et al. 1958), methicillin-resistant
Staphylococcus aurey$larper et al. 2010) and Avian Influenza virus o 2005). However, the
extent to which airborne transmission may playle o these outbreaks remains unclear, because of
the lack of knowledge about the whole process afigmission (Figure 1), as well as about the air

measuring protocols (sampling strategy and devices)

Deposited
—Shed—» Sources —Suspend» Air  —Transported Air |~ &
infect

Infected
animals

Recipient
animals

Figure 1. lllustration of the processes of airborndgransmission.

AIRBORNE TRANSMISSION

Airborne transmission has been defined in differerslys. Some researchers have tried to
characterize airborne transmission as a long dist&r@nsmission that occurs only when the distance
for infection is larger than 1 m (Brankston et 2007). This definition is to distinguish airborne
transmission from short-distance droplet transmigswhich represents an infection resulting from
inhaling droplets containing microorganisms expkly infected animals/humans (through coughing,

sneezing, speaking or exhalation) within 1 m. Hosvethe boundary of 1 m is rather arbitrary,
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because the evaporation of the droplet greatly mt#pen its original size and specific environmental
situation (temperature and humidity), which affda distance it can be transmitted. In Chapter 1 of
this thesis we therefore defined “airborne transimi®’ more generically, as “a transmission
mechanism that causes infection in animals or hsmaa the inhalation of aerial pathogenic
microorganisms”.

Airborne transmission has been investigated witimahto-animal models in lab-scale
experiments and with farm-to-farm models in epiddogical studies. In lab-scale experiments,
healthy and infected animals are separated phisioat not aerially. The infection is attributed to
airborne transmission when the healthy animalsirgietted. In this way, several microbial species
have been proved to be airborne -transmittabletiiBkat-Herault et al. 2001; Brockmeier and Lager
2002).

It is difficult to extrapolate the findings fromlascale experiments to interpret the farm-to-farm
transmission, as meteorological and topologicadit@ns may play important roles. For reasons of
safety, is almost impossible to upscale animalrioral experiments and to investigate farm-to-farm
airborne transmission empirically using pathogemiicroorganisms and artificially infected and
healthy farms. The information currently available farm-to-farm transmission comes mainly from
retrospective epidemiological studies. Although ynahthese studies have pointed out the possibility
that transmission via airways could cause outbreéksfectious diseases (Alexandersen et al. 2003;
Gloster et al. 2003; Mikkelsen et al. 2003), aifetransmission is still an optional mechanisms for
explaining certain outbreaks if commonly understdohel mechanisms are not applicable. For instance,
in the case of the epidemic of FMD in UK in 2001likkélsen et al. (2003) reported that no means of
disease spread other than airborne transmissidd beuidentified as the route by which the disease
could have been spread to the sixth outbreak fhenause there was no history of movement of
animals, people or vehicles. However, their epiddogical model (RIMPUFF) also failed to predict
an airborne viral concentration high enough todnhfine animals on that farm. For lack of better
alternative sources of knowledge, the culling dfraais during the FMD outbreaks in 2001 was based
on the epidemiological models. This strategy waar@ig criticized by the veterinarians, who
questioned the justification of using the predietinodels as a basis for the governmental decision
(Kitching et al. 2006).

It is difficult to judge objectively whether the ling strategy derived from these epidemiological
models was wrong or not, because the epidemic warst@ally successfully controlled. What can be
concluded is that epidemiological models are stitiely distrusted because they have never been
convincingly validated. It is therefore essentiairg out research to see whether models of airborne

transmission can be validated by experiments coadbivith taking samples in real-life situations.
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REDUCTION OF EMISSIONS OF AIRBORNE MICROORGANISMS AND DUST FROM L IVESTOCK
HOUSES

Reduction techniques

The reduction techniques for emissions of airbameroorganisms and dust can be categorized
according to which of two principles they are based control at source, or air purification.
Techniques that aim to control particles at soware thought to be the most attractive solutions
because in this way the particle concentrationslénbvestock houses are also reduced, and thus the
living and working conditions for animals and fanmiare improved (Pearson and Sharples 1995). For
instance, coating the feed with oil minimizes thelihood of feed particles going into suspension.
Gore et al. (1986) reported that adding 5% soylodaio pig feed reduced concentrations of airborne
bacteria by 27%, and settled dust by about 46%il&imeductions were reported by Welford et al.
(1992), who found that coating feed with 2% oil ueed inhalable dust concentrations by 31%.
Various substances are suitable for coating fedlvt, lecithin and lignin have been all used feed
coatings in livestock houses (Dawson ; PearsorShiadples 1995).

Oil spraying is another option to reduce airborneraorganisms and dust (Kim et al. 2006).
Aarnink et al. (2009) reported that the concerdregiof PMy were reduced by between 55% and 85%
when daily rapeseed oil application rates in broitoms were increased from 6 to 24 mif.rThe
downside of oil spraying technique is that littecbmes stickier and the incidence of footpad lesion
of animals rises at a high oil spraying rate. & lzerefore been recommended to limit the amount of
oil applied to 16 ml M per day in broiler houses (Aarnink et al. 2009)he past, the oil was
generally sprayed directly into the air. This kiotloil application creates extremely high aerosol
concentrations during spraying, which may adversdfgct respiratory health. Furthermore, it is
unlikely that microorganism and dust concentraticas be reduced further by capturing the particles
in airborne oil droplets, because these partictessa tiny relative to the volume of air inside the
animal house (Takai 2007). Nowadays, the tendenty $pray oil nearer ground level.

Major reductions of concentrations and emissionaidforne dust can be achieved by the above-
mentioned techniques because the dust mainly atggnfrom surfaces in response to disturbance
from the animals (Chapter 2). This may not be #eedor airborne microorganisms. Though airborne
microorganisms can go into suspension from singitarrces as dust, they may also be expelled from
the respiratory tract of animals through coughsrigezing and expiration and then remain in the air
(Hermann et al. 2008). The reduction principle airse control is still applicable for the formerisea
but for the latter case, air purification technisjaee required.

The air purification technique of ionization chasgarborne particles with negative ions, which are
removed by attraction to positively charged surfade poultry houses, this technique can reduc tot
dust concentrations by 13%-61% (Lyngtveit and Edu897; Mitchell et al. 2000; Richardson et al.
2003; Mitchell et al. 2004), and BMby 36% and PMs by 10% (Cambra-Lopez et al. 2009).
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However, the ionization technique was found to hawesffect on the concentrations of total bacteria
in broiler rooms (Cambra-Lopez et al. 2009).

The air scrubbing technique is increasingly beimgsidered as an end-of-pipe solution for
reducing emissions from livestock houses. This a$ only so that the regulations on lowering
pollutant emissions (e.g. dust, ammonia and odog) met, but also because of the technique’s
potential to control the airborne transmission @ty pathogenic microorganisms between farms.
The performance of single-stage air scrubbers (edidified recirculation water or with biological
conversion of ammonia and odorous compounds) has ineestigated previously. Reductions were
reported to be between 22% and 88% for total dBeedorf and Hartung 1999; Marsh et al. 2003;
Aarnink et al. 2005), between 35% and 99% for animand between 29% and 49% for odor (Melse
and Ogink 2005). The reduction of microorganismsshygle-stage biological scrubbers, however,
was not consistent. In some cases, the concemsatiomicroorganisms measured in the outgoing air
of the biological scrubbers were even higher tHaose in the incoming air (Seedorf and Hartung
1999). Recently, multi-stage scrubbers were dewslopy combining the acid and biological
scrubbing principles in one device. In Chapterh&, three multi-stage scrubbers studied effectively
reduced emissions of airborne total bacteria bywéenh 46% and 85%, emissions of By between
61% and 93%, emissions of Ryby between 47% and 90%, and emissions of ammagnkzetween
70% and 100%. The removal efficiency of multi-stageubbers for odor was not investigated in our
study, but merits future research. Compared withgleistage scrubbers, multi-stage scrubbers

achieved more consistent reductions of ammonid,ahdgmicroorganisms.

Considerations of end-of-pipe technique

Despite their consistent performance, multi-stagilsbers still need to be improved and their
overall economic and environmental impacts areyrotclear (the energy requirement for ventilators
and pumps and how to treat the waste water, fearicg).

The reduction of emission (46%-85%) of airbornealtdiacteria achieved by the multi-stage
scrubbers is statistically significant (Chapter Bhe question is whether these reduction rates are
sufficient. The concentration of total bacterighe exhaust air of a pig house before the scrulvbsr
found to be 5 log CFU mi® (Chapter 3). Even the biggest reduction (85%) éoimthis study would
not cause this level to drop by 1 log. The thredHwhit values (TLVs) of indoor concentration of
total bacteria recommended by several health argtions are 2-3 lag CFU ni® (ACGIH 1989;
WHO 1990). For the air emitted from livestock hausmt to exceed these TLVs, the air scrubber
must achieve at least 99% reduction when thg, IB§U bacterial concentration in the air entering th
scrubber is 5 log CFU ni®. This seems to be an impossible goal for the rstdije scrubbers
investigated in our study.

The additive used in air scrubbers requires ingatitin. At the moment, sulfuric acid is the only

additive permitted in practical acid scrubbers uridetch law. Only a few other additives have been
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tested in scrubbers for their reduction of airbommieroorganisms. Peracetic acid showed promising
reduction effects on airborrie faecalis(Aarnink et al. 2005). In principle, all chemicalditives that
effectively inactivate microorganisms in water aa@ndidate additives for air scrubbers. However,
there is a lack of information about of the perfanoes of these additives on microbial reduction and
therefore further study is needed. Priority sholokd given to establishing the costs and safety of
additives, as well as the ease of handling theanaater.

Melse and Ogink (2005) estimated that the investroeats of a single-stage acid scrubber were
$42 animal-placé for growing-finishing pigs and $1.3 animal-pldcéor broilers, whereas the
investment costs of a biotrickling filter (a certaype of biological scrubbers) were $45 animatgfa
for growing-finishing pigs and $1.5 animal-pldcéor broilers. They reported that to achieve 95%
ammonia reduction, the total operational costsaforcid scrubber were $14.8 pig-plagear’, and
$0.5 broiler-place year". With 70% ammonia reduction, the costs for a kikling filter were $14.3
pig-placé' yeai* and $0.5 broiler-placeyeaf’. The costs for the discharge water treatment wete
included because the required amount of water hedcharacteristics of the water vary greatly,
depending on the local situation. Melse and Ogigkied that given that most of the operational costs
are incurred from the electricity and chemicalsdyske options for reducing costs are more efficien
use of electricity (e.g. powering down during pde®f low pollutant load) and the use of cheapér bu
equally effective chemical additives. Multi-staggubbers are probably more costly than the single-
stage scrubbers per animal-place, but exact apstefs are not available yet.

A shortcoming of the study reported in Chapter 3 tat all the measurements were done within a
short period during the winter, which means thatsbrubbers were not tested at high ventilatiogsrat
Measurements during a longer time frame which mhetuperiods with maximum ventilation rates will

give a full picture of the efficiencies of the nitdtage scrubbers.

Controlling epidemics of highly contagious diseasethrough airborne transmission by air

scrubbers

The massive animal slaughter in FMD epidemics ermsigha the need for effective control
techniques to prevent or mitigate airborne transimisof pathogenic microorganisms from infected
farms to healthy farms. In epidemiology, an epidemidefined as outbreaks that affect a nonzero
fraction of the population in the limit of largessgm (Newman 2002). Whether or not an epidemic
occurs is determined by the reproductive r&iowhich is defined as the average number of seaxgnd
cases arising from the introduction of one typipemary case into a fully susceptible population
(Diekmann et al. 1990). An epidemic occurs wikeis higher than 1; otherwise, the disease dies out
or becomes endemic. Therefore, successful preveofi@an epidemic depends on whether a certain
control technique can reduce tReatio below 1. It is hypothesized here that a sekigned multi-
stage air scrubber can reduce the emission of gatto microorganisms from an infected farm. This

hypothesis is supported by the fact that many efainborne microorganisms are associated with dust
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particles which can be effectively reduced by theserubbers (Chapter 3). If the hypothesis is,true
the spread of pathogenic microorganisms to redidemms would be correspondingly reduced, and
thus the probability of the healthy animals on éegmrms coming into contact with the
microorganisms will also decrease, thereby redudhey chance of infection. When emission of
pathogenic microorganisms is reduced by an aitbdeuto a certain level that results inRwr 1, the
epidemic can be prevented. However, little is kn@lout the direct effectiveness of the air scrubber
in reducing certain pathogenic microorganisms, abdut the extent to which any such a reduction

might prevent or mitigate the epidemic. More reskam this is necessary.

DuUST SAMPLING IN LIVESTOCK HOUSES

Dust in livestock houses is different from dustuarking place/ambient air (WA) in at least two
ways: concentration and particle size distributibhe dust concentration in livestock houses is very
much higher than the dust concentrations in WACHhapter 4 we reported measuring 1126 o
PMy in livestock houses (poultry and pigs) and only 1¢ m® in WA. The average PM
concentration was 39 ugin livestock houses, and 11 ug’rim WA. The mass of small particles
accounts for only low proportions of Rptust in livestock houses. In poultry and pig hau886-9%
of PM;o was PM s, while this was about 80% in WA (Chapter 4). Thedfic characteristics of dust
in livestock houses make it necessary to have aidpsampling protocol, which should include

description of the sampling strategy and of thédeséd sampler.

Sampling strategy

A good strategy for dust sampling establishesdhatlon, duration and techniques of the sampling
on the basis of the research purpose. Isokinetpkag is the ideal sampling method. It requires th
sampler inlet to be aligned to face their directobithe air flow and the air velocity within thenspler
head to be the same as the ambient air velocitg{@l2004). In practice, isokinetic sampling is very
difficult to achieve because of the instabilityaof flow patterns and imperfection of dust samplerg.
shallow cut-off characteristics (Liu and Pui 198Ihe current recommendations aim to reduce the
sampling bias in non-isokinetic sampling by speondythe range of conditions under which the
sampling may be performed. When human health isoatern, the sampling should be carried out
near the human breathing zone (Ouellette et al9)1FDbr animals, the height above the ground that
dust should be collected is 30-40 cm for pigs, 2@eéh for poultry and for cattle, at animal shoulder
height (Topisirovic 2003; Kim et al. 2007). Whenstlemissions are of interest, the best sampling
location is in or near the air outlet. Twenty-fdwour measurements are required to be able to
calculate the average daily dust concentration dfemn Commission 1999; European Commission
2005; US EPA 2006), because many studies have slivatndust concentrations fluctuate greatly
throughout a day (Takai et al. 1998; Kim et al. 200 he fluctuation of dust concentrations within a

day may be measured in a successive sampling asiranline optical sampler. Other aspects to be
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considered in the sampling strategy are practicaisiclerations, e.g. ease of handling, sampling

reliability and costs.

Sampler

Unlike the US EPA, which has already prepared tadliseference and equivalent samplers, the
European Commission has specified only the referesanpler for PM sampling and a validation
method for equivalent samplers in ambient air. ha@er 4 we reported that the EU reference sampler
with an impaction pre-separator is not suitable RPdf, s sampling in livestock houses, due to the
severe overloading problem, and therefore equivadeamplers that can cope with high dust loads
should be recommended. We followed the EU valigatitethod (European Commission 2005) to
validate the sampler with a cyclone pre-separatthr kgspect to its tolerance of high dust loads itd
equivalence to the EU reference sampler. We fohatl when tested in layer rooms with high dust
concentrations, the Piyland PM s samplers with a cyclone pre-separator could coffe ligh loads
of dust. Furthermore, both RMand PM s cyclone pre-separators were equivalent to the ctigna
pre-separator in WA. When these pre-separators wserl in environments with high dust
concentrations (> 100 ug) the sampler with the PMcyclone pre-separators consistently collected
more PM, particles than the sampler with the BMnpaction pre-separator. These values, however,
could be corrected with a calibration factor (0.83)e validation could not be performed for the M
cyclone pre-separator in livestock houses, bectheseverloading problem made impaction sampler
unsuitable as a reference sampler for these enuints.

So far, no standard protocol has been formulatedPkd measurements in livestock houses. Our
results showed that the cyclone pre-separators l@egevulnerable for high dust concentrations and
were the reference equivalent to impaction pre+sépes. They are therefore suggested as promising
sampling principles for such applications. For mgir to be suitable as a reference techniqueyst m
have a sharp cut-off collection curve. More researeeds to be done to check the size distribution o

the particles collected by a sampler with cycloregeparator.

SAMPLING OF MICROORGANISMS IN LIVESTOCK HOUSES

When airborne microorganisms are to be sample@yraksf the aforementioned strategies for dust
sampling can be applied (e.g. location selectioth @ractical considerations), but several additional
factors must be addressed. Firstly, whereas duseis microorganisms are alive and must therefore
be collected in a way that preserves their vigbilitring sampling, so as to avoid underestimating
their aerial concentrations. However, it is gergrdhought that current sampling techniques
(impaction, impingement, cyclone forces or filtea) cannot recover all microorganisms from the air
due to physical loss and biological inactivations A consequence, the loss and inactivation of
microorganisms during sampling with these techrégfie. the physical and biological efficiency of

the techniques) have to be investigated, to ohtalibbration factors for correcting to the true akri
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concentration of microorganisms. Secondly, it isessary to sample specific microbial species. To
date, microbial samplings have generally been dorgiantify the concentrations of total bacteria or
fungi in livestock houses. These samplings do idda®vide overview evaluations of the exposure
hazard. However, such evaluations are too roughausec the microbial species vary in their
pathogenicity. Air sampling of specific microbiglexies provides a more precise evaluation, and is
required for studies of airborne transmission othpgenic microorganisms. The challenge in
sampling one microbial species is that its conegiain is probably so low that it becomes diffictat
detect with a given sampling technique (ChapterTHjrdly, the interpretation of the results of the
microbial counts may differ, depending on which pling and analyzing techniques were used. For
instance, samplers based on the impaction technijgue Andersen six-stage impactor) collect
microorganisms on agar plates which are culturethédiately after sampling. The microbial count
obtained with this technique is “the number of joées each of which contains at least one cultgrabl
microorganism” (Zhao et al. 2011). Other technig(eeg. All Glass Impinger, OMNI-3000) collect
microorganisms in liquid media that are decimalilytéd and spread on agar plates for culturing. The
final microbial count is “the number of culturabteicroorganisms” (Zhao et al. 2011). Previous
studies have presented the results in either way itaremains unclear which method best indicates
the risk to human and animal health (i.e. do recifs develop more severe health problems when they

ingest more “microbial particles”, or when they é&sg more “microorganisms”?).
Assessing the efficiency of bioaerosol samplers

Some of the previous studies that have assesseefficeency of bioaerosol samplers have
compared the efficiencies of different samplersopgrating them side-by-side in an environment of
unknown microbial concentration (Henningson etl@82; Thorne et al. 1992; Engelhart et al. 2007;
Zhen et al. 2009). This method only ranks the indagfficiencies of samplers. Whether the amounts
of microorganisms in the samples correctly represérat is in the air is not known. To overcome
these shortcomings, we aerosolized known amountsiaborganismsE. faecalis E. coli, C. jejuni
M. synoviagand Gumboro vaccine virus) using a tracer iniaegace, where samplers were operated
(Chapters 5, 6 and 7). By doing this, their absokfficiencies were obtained. In such an experiaient
setup, microorganisms were combined with the tragerosolized into air (pre-sampling process),
collected by the sampler (sampling process), amtgased for microbial analysis (post-sampling
process). Because only the loss in the samplingegsois ascribed to the efficiency of a bioaerosol
sampler, we investigated the losses of microbiability in the non-sampling processes in order to
formulate correction factors for calculating thesallnte sampling efficiency in the aerosol experimen
The results showed that some microbial species wénerable to the non-sampling processes,&.g.
jejuni culturability was affected by tracer.

Our experiments demonstrated that the physicaétraanine was reliable for assessing sampler

efficiency. When an external tracer is used it ecassary to do a survival test before tracer-
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microorganisms are aerosolized in combination wsitspension, to ensure that the tracer does not
influence the microbial viability. The polymeraséam reaction (PCR) technique allows the
microorganisms to be quantified by their genetidenal. Therefore no additional tracer is required
and safety control is no longer necessary. Howekersuitability of using genetic material quaeifi
by the PCR technique as microbial tracer has selgEen investigated. A problem when using genetic
material as tracer might be the potential degradadf this material (Wang et al. 2001; Verreaulalet
2008). This needs to be studied before the PCRiitgiobs can be used instead of a tracer.

A popular vaccination method in poultry industrthe wet aerosolization of vaccine suspension in
bird houses. However, little research has beemecbhout on its effectiveness. In our study (Chafjer
it was found that 95% of the Gumboro vaccine viweas inactivated due to the stress caused by
aerosolization at 20°C (Chapter 5). The inactivatiecomes more pronounced when the vaccine virus
is aerosolized at a higher temperature (99.9% AE:3Bhao et al., unpublished data). These findings
suggest that the effectiveness of current vaccinas probably greatly compromised, so new methods
which may preserve the viral viability during aalization should be developed. One alternative
vaccination method would be aerosolization of dagaine virus to the birds (Corbanie et al. 2007;
Corbanie et al. 2008).

Efficiency and detection limit of bioaerosol samples

The physical and biological efficiencies of the &men impactor, the AGI-30, the OMNI-3000
and the MD-8 on collecting aerosoliz&d faecalis E. coli, C. jejuni M. synoviaeand Gumboro
vaccine virus were evaluated in Chapters 5, 6 and these experiments, the physical efficiencies o
bioaerosol samplers were evaluated in a still mrenment (air velocity = 0 m™3. Grinshpun et al.
(1994) reported that increasing the air velocitynirO to 500 cm S did not significantly affect the
physical efficiency of the AGI-30 for particles ging from 1 to 10 um. However, the entrance
efficiency of the Andersen impactor on these plsiencreased if the sampler inlet faced into tihe a
flow and decreased if the sampler inlet was perigeiat to the air flow. In their study, entrance
efficiency was defined as a ratio between the cotnaion of particles that have passed the short
entrance region of a sampler's inlet and the actwasicentration of particles in the undisturbed
environment. Therefore, one should be aware thanwising the Andersen impactor in practice, its
physical efficiency might differ depending on theacity and direction of the ambient air flow.

The total sampling efficiency (combination of plogd and biological efficiencies) and the
detection limit were calculated from the efficiendgta and are listed in Table 1. This information
may be helpful for selecting samplers suitablepfactical measurements. The Andersen impactor and
the AGI-30 are suitable for sampling all microtsglecies . faecalis E. coli, C. jejuni M. synoviae
and Gumboro vaccine virus) because their totalciefiicies are high. The MDS8 is suitable for
samplingE. faecalis M. synoviaeand Gumboro vaccine virus, but rtcoliandC. jejuni Although

the OMNI-3000 has low sampling efficiencies of 488t E. faecalis E. coli andM. synoviag and
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14% for Gumboro vaccine virus, it could still bswitable sampler because its high air flow rategiv
a low detection limits. The OMNI-3000 cannot bedu$er C. jejuni because this species would be
seriously inactivated by the sampling stress. [atdhe recoveries of bacteria in the post-sampling
processes can be combined with total samplingieffty to yield measuring corrector, and this can
also be used to guide the correcting the airboriceolnal concentrations collected by the samplers.
For a 2 min sampling, the detection limits of theaerosol samplers to the five investigated
microbial species are in the range from 2.5 tol&gd, CFU/EIDs, mi®. It cannot be concluded here
whether these detection limits are low enough facfical measurements in livestock production
systems because the concentration of specific bigrepecies is unpredictable. But a detectiontlimi
of 5.4 logo CFU ni (for C. jejun) might be too high because it is at a comparahlellas the total
microbial concentration in livestock production tgyss (Chapter 2). In order to reach a lower
detection limit, one can operate the bioaerosolpsars for longer sampling duration. However, it
should be noted that the detection limit might belawered with a factor 2 (e.g. decreasing fromh 5.
to 3.4 logo CFU m?) when the sampling duration is increased withcioia2 (e.g. increasing from 2
to 200 min), because the sampling duration andatheunt of collected microorganisms are not

linearly related (Durand et al. 2002).

Table 1. Total sampling efficiency and detection lintiof bioaerosol samplers.

E.faecalis E.coli C.jguni M. synoviae  Gumboro vaccine virus

Sampling efficiency (%)

Andersen” 100 100 100 100 100

AGI-30 100 100 100 100 100

OMNI-3000 49 49 0.5 49 14

MD8 100 38 2 100 100
Detection limit'

Anderserl 3.9 3.9 3.7 3.8 4.1

AGI-30 3.9 4.2 3.8 4.0 3.3

OMNI-3000 25 25 4.5 2.7 25

MD8 4.1 4.4 54 4.3 29

81 100% means that in our study the measured effigieras not significantly different from 100%.
bl physical and biological efficiencies of the Andersmpactor were set to 100% because it colledtaitas amounts of
culturable bacteria as the AGI-30.

[ DL was calculated based on a 2 min sampling chmaffhe unit of DL is log, CFU m® for bacteria, andog;pegg

infective dose 50% (EIE) m™ for virus.
Air sampling for Campylobacter

In the study on the transmission @ampylobactefrom physically separated, infected broilers to
susceptible broilers, neither the Andersen impacior the AGI-30, nor the OMNI-3000 collected any
culturableCampylobacterand therefore airborne transmission betweendyoivas not demonstrated

(Chapter 7). The failure to prove transmission wadbably because the minimum detection limits (at
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sampling durations of 10-30 min) of the bioaerasohplers exceeded the concentration of culturable
Campylobacteiin the air. Using the sampling scheme @ampylobacteras described in Chapter 7,
the calculated detection limits were 530 CFU for the Andersen impactor and 440 CFJ far the
AGI-30. Assuming that the infection followed thagle-hit model and only 9 CFU was reported to be
able to infect the chickens (Ruiz-Palacios et 8B1), these detection limits were possibly too high
Although the OMNI-3000 collected airborne bactetia high flow rate, the calculated detection limit
(6800 CFU ri?) was even higher than the other two samplers Isecthe efficiency of the OMNI-
3000 for Campylobactemwas extremely low (0.5%). In order to avoid ineatr safety reports, the
sampling scheme including the samplers should b@rawed by doing research to find a lower

minimum detection limit.

HALF -LIFE OF AIRBORNE MICROORGANISMS

The half-life of microorganisms is a critical pareter in airborne transmission models and has
been extensively studied for various microbial ggem different climate conditions. The half-lif@s
often been determined by comparing the amountsirbbrme microorganisms collected at two
different moments after aerosolization (Dinter &haller 1988; Weesendorp et al. 2008). The interval
between the two sampling moments should be seegdyopf it is too long, the second sampling will
not recover any microorganisms; if it is too shdrg amounts of microorganisms collected at the two
sampling moments will not differ, and in both cagesill be impossible to calculate the half-life
Chapters 6 and 7, we set the sampling intervaDtaix for all microbial species when investigating
their half-lives. The half-lives ranged from 4.01{C. jejuni to 43.3 (forE. faecali3 min (Table 2).
This means still half of the bacteria could reduhneighboring farm at 1200-13000 meters in a giabl
state, assuming a wind speed of 300 mhfgentle breeze). However, these distances anmatsii
with the optimal scenario of airborne transmissiorreality, many other factors may play role oa th
survival of microorganisms in airborne transmissiemy. open air factor, variation in wind direction

and dilution effect etc.

Table 2. Half-life of the airborne microorganisms.

Microorganisms Half-life' (min)
E. faecalis 43.3 (£ 14.7)
E. coli 21.2 (£ 10.6)
C. jejuni 40((x1.3)
M. synoviae 26.7 (£ 16.5)
Gumboro vaccine virus 11.9 (x2.0)

@ The number of replication is 14 for E. faecalig, far E. coli, 8 for C. jejuni, 7 for M. jejuni, an22 for Gumboro

vaccine virus.

We calculated 13 negative half-lives for the mi¢abbpecies which had high survival ability in the

air (two for E. faecalis five for M. synoviaeand six for Gumboro vaccine virus). These negative
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values were excluded from calculation of the averhglf-lives; however, they represented infinite
survival time because no decay was detected dtha@0 min interval. This implies that the survival
of these microbial species might still be undenmeated. No negative half-lives were found within the
replicates forE. coli andC. jejuni These findings support our abovementioned coioterthat in
future research the sampling interval should bepseperly and adjusted according to the survival
ability of the microbial species.

In the experiments reported in this thesis, we istudhe half-lives of microorganisms at 20°C
temperature and 70%-90% relative humidity onlyrdal life, microorganisms may be subjected to
various climate conditions during long distancdaine transmission between farms. Supplementary

information is therefore needed on microbial swal/at a wider range of temperature and humidity.

MAIN CONCLUSIONS

= Multi-stage air scrubbers reduce pig house emissodriotal bacteria (by between 46% and 85%),
PMyo (by between 61% and 93%), RPM(by between 47% and90%), and ammonia (by between
70% and100%).

= The EU reference impaction pre-separator used &nping ambient air is not suitable for
sampling PM; in livestock houses, because of a problem withrlogding. The cyclone pre-
separator proved to be equivalent to the impacgpimseparator in ambient air and it is more
resistant to high dust concentration in livestodudes than the impaction pre-separators. It is
therefore recommended to use the sampler with ngatwe-separator for sampling PM in livestock
houses.

= The efficiency of a bioaerosol sampler can be itigated by collecting the aerosolized
microorganisms with a fluorescent tracer. In suah experiment, microbial viability (or
multiplication) may be lost in several non-samplprgcesses, e.g. tracer-induced loss, loss during
aerosolization, and loss in air sample handlingesehlosses in the non-sampling processes cannot
be ascribed to the inefficiency of the sampler émerefore should be determined before the
efficiency assessment and should be excluded wiadgulating the sampling efficiencies of
bioaerosol samplers.

= Bioaerosol samplers vary in their sampling efficies for airborne microorganisms. Their
biological efficiency is affected by an interactibbetween the sampler type and the microbial
species.

= The gram-positive bacteriurk. faecalis(43.3 min), and the bacterium without cell wall,
synoviae(26.7 min), have longer half-lives in the air 2&°C and RH 80%-85%) than the gram-
negative bacteri&. coli (21.2 min) ancC. jejuni (4.0 min). The half-life of Gumboro vaccine virus
at 20°C and RH 70% is 11.9 min.
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The finding that a large proportion of Gumboro vaecvirus (95%) can be inactivated during
aerosolization implies that the efficacy of curreaccination practice in the poultry industry is

greatly reduced by wet-spraying the vaccine.

In the experiment on airborne transmissiorCaimpylobacteiin broilers, the Andersen impactor,
the AGI-30 and the OMNI-3000 could not detect awhle Campylobactenn the air, probably

because their detection limits are higher tharberial concentrations.

Although short distance (animal-to-animal) airbotrasmission has been proven, the mechanisms
of long distance (farm-to-farm) airborne transnussiis still not well understood. The work
reported in this thesis has made it clear thatotietein the air is generally not sensitive enofmh

a good picture to be obtained of the possible obkirborne transmission.

Although short distance (animal-to-animal) airbotrensmission has been attributed as a possible
explanation for infection, the mechanism of longtace (farm-to-farm) airborne transmission is
still not very well understood.

RECOMMENDATIONS FOR FUTURE RESEARCH TOPICS

= Long distance airborne transmission: airborne trassion of pathogenic microorganisms between
livestock farms requires further research. Studiesuld focus on elucidating the dispersion of
microorganisms around the source farms.

= Combining mitigation techniques: these techniquesnpining techniques of “control at source”
and “air purification”) have the potential to effeely reduce both the concentrations and the
emissions of airborne microorganisms and dustvastiock production systems. However, the
investment and operational costs and possibleesfdets of these combined techniques need to be
adequately evaluated.

= Additives in acid scrubbers: in addition to sultugcid, alternative acid additives in the scrubbers
should be further investigated. These additivesulshtve used during outbreaks or threats of
outbreaks of highly infectious diseases and shdw@ldable to effectively inactivate the highly
pathogenic microorganisms concerned.

= Microbiological tracer: the PCR technology quamestfithe genetic material from microorganisms
themselves, which would extinguish the doubts altbatdistinctive size distributions between
physical tracers and microorganisms in aerosols. jgssible use of this microbiological tracer in
aerosolization studies should be tested and valijatudies should be done on the decay of the
gene, the variations in PCR tests and detectioslifior example.

= New bioaerosol samplers: microorganisms presetvinconcentrations in the air might still be
able to spread diseases, which is why it is immbrta develop bioaerosol samplers with low
detection limits. These samplers should have higysipal and biological efficiencies, and also

high sampling flow rates.
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Summary

Intensified livestock production enhances agrigaltyields (e.g. milk, meat and eggs) per unit of
labor, feed input and land but is associated wiitfm lsoncentrations and emissions of aerial polutiv
agents which create serious local, regional andaglair pollution. Two of the most important of ee
pollutive agents are airborne microorganisms ared (fagether these are also referred to as paateul
matter). Concentrations of airborne microorganisang dust in livestock production systems are
much higher than those in urban ambient air, artednoéxceed the thresholds legislated by some
occupational health organizations for human envirents.. The concentrations of microorganisms in
urban areas are around 3 dpgolony forming units (CFU) t The microbial concentrations
measured in livestock houses can be as high ag,§@FU m® and even up to 9 leggCFU ni®,
Research on airborne dust concentration is inarghsfocusing on the fractions with small particle
sizes, e.g. PM (particulate matter smaller than 10 um) and,P{particulate matter smaller than 2.5
um). These fractions are more harmful to humanthdecause they can be deposited deeper in the
respiratory tract than the larger particle fracsiomhe European Commission has stipulated that in
ambient air the annual average concentrations aof BRd PM 5 should not exceed 40 ug'3rand 25
Hg m° respectively. However, the PM concentrations imsiock production systems, especially in
pig and poultry houses, never achieve this. Foirenmental protection there is therefore a strong
need to mitigate the concentration and emissioairtorne microorganism and dust from livestock
production systems.

Besides their detrimental effect on the environmentissions of the pollutant agents may also
pose a health hazard to animals in nearby livestmits and to humans living in the vicinity. One
outcome of the several epidemics of highly infagtiadiseases in recent decades is that it is now
suspected that disease may be spread between faamairborne transmission of pathogenic
microorganisms, possibly on dust particles. Th@isien is based on the fact that no route othem tha
airborne transmission can explain the infectioramimals on farms with no history of movement of
objects (e.g. vehicles) or living beings (animalspeople). However, whether and to what extent the
emitted pathogenic microorganisms are aeriallystmaitied from the infected livestock unit to nearby
recipient units, and how dust plays a role in trendmission, remain unclear. To enhance our
understanding of airborne transmission, knowled§eits processes needs to be expanded, and
sampling techniques should be validated for aceuna¢asurement of airborne microorganisms and
dust from livestock production systems.

The objective of this thesis was to gain knowledbeut airborne microorganisms from livestock
production systems and their relation to dust byrelMiewing previous studies about the fate of
microorganisms and dust in the processes of aigbtwamsmission, 2) investigating the performance of
mitigation techniques for reducing emissions obaiine microorganisms and dust from livestock
production systems, 3) evaluating the efficienerd suitability of samplers for microorganisms and

dust which could be used in practical livestockduadtion systems, and 4) validating these samplers
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for microorganisms in an experiment on the airbdraasmission oCampylobactein broilers. The
detailed objectives were:

= to review the sources, concentrations, physical brdogical decay in the transmission,
deposition in the respiratory tracts of human amdial, and sampling and mitigation techniques
of airborne microorganisms and dust. (Chapter 2).

= to evaluate the performance of multi-stage air [doeus on reducing emissions of airborne
microorganisms, dust, ammonia and@®@m pig farms. (Chapter 3).

» to investigate the overloading problem of the Elfemence PMy, and PMs samplers (with
impaction pre-separators) when used in livestoakshe, and to validate alternative gMnd
PM, s samplers (with cyclone pre-separators) for theitability for use in livestock houses.
(Chapter 4).

» to evaluate the physical and biological efficiesoid the Andersen six-stage impactor, the AGI-
30, the OMNI-3000 and the MD8 for collecting fowerasolized bacterial specidsnterococcus
faecalis Escherichia coliCampylobacter jejunandMycoplasma synoviaend one viral species
(Gumboro vaccine virus). (Chapters 5, 6 and 7).

= to detect airborn€ampylobactemwith three bioaerosol samplers (Andersen six-stagmctor,
AGI-30 and OMNI-3000) in a transmission experimeith broilers. (Chapter 8).

AIRBORNE MICROORGANISMS AND DUST IN LIVESTOCK PRODUCTION SYSTEMS (CHAPTER
2)

This desk study presented a state-of-art revieairbbrne microorganisms and dust from livestock
production systems with respect to their sourcescentrations, physical and biological decay in
airborne transmission, deposition in human and ahmaspiratory tracts, infection in animals, and
sampling and mitigation techniques. It is conclutleat the sources of airborne microorganisms and
dust are similar in livestock houses and includenahexcretion, secretion, hair and skin, feed and
bedding materials, which, however, contribute défdly to the concentrations in the air. The
concentrations of microorganisms and dust in lvesthouses, especially in pig and poultry houses,
are generally very high. They may be transmittethéooutside, and during this process may undergo
physical decay. In addition, microorganisms mayangd biological decay. Microorganisms can be
inhaled and deposited in the respiratory tract;d@position pattern depends on their size. Sampling
techniques of dust for ambient air may not be applie for sampling in livestock houses, where dust
concentrations are high. The efficiencies of bioaer samplers need to be assessed. The mitigation
techniques for airborne microorganisms and dushludlec control at source and air purification.
Combined techniqgues may be more effective in redudheir concentrations and emissions in

livestock production systems.
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PERFORMANCE OF MULTI -STAGE SCRUBBERS IN REDUCING AIR POLLUTANTS (CHAPTER 3)

The concentrations of airborne bacteria, dust, anmianand carbon dioxide (GPwere measured
before and after three multi-stage air scrubbens (tlouble-stage scrubbers: acid stage + bio-
filter/bio-scrubber, and a triple-stage scrubbeatax stage + acid stage + bio-filter) installedhiree
different pig houses. The differences in conceiunat in incoming and outgoing air were used to
calculate the removal efficiencies of these aitytahts. The removal efficiencies of these muliget
scrubbers were 46%-85% for total bacteria, 61%-9324M,,, 47%-90% for PMs, and 70%-100%
for ammonia. The emissions of @ere not reduced. The multistage scrubbers werre @ifective
at removing larger bacteria in the size range >u33(53%-92%) than smaller bacteria in the range of
0.65-3.3 um (-42%-20%). The most efficient in remgvdust and ammonia was the triple-stage
scrubber, probably due to its longer residence.ti@@mpared to the single-stage scrubbers, it seems
that multi-stage scrubbers perform more consisteintlreducing total bacteria, P PM,s, and
ammonia emissions from livestock houses. It shbeldchoted that all the measurements were done in
winter when the ventilation rates were relativelw] thus at low loadings of the multi-stage scrubbe
To give a full view of the performance of theseustrers, they must be evaluated at high ventilation

rates.

CYCLONE PRE-SEPARATORS FORPM SAMPLING IN LIVESTOCK HOUSES(CHAPTER 4)

It was suspected that the EU reference impactierspparator (IPS), in which the large particles
are impacted on a greased plate, easily become®maged when sampling PM in environments with
high dust concentrations. The overloading problems tested by operating IPSs in layer houses with
intermittent cleaning of the greased impactiongdatsed to retain the particles larger tharnRivl
PM, s The results showed that the BMPS did not become overloaded in 24 h measuremetdger
houses, whereas BMIPS became overloaded within 1 h. Therefore, a fdfclone pre-separator
(CPS) was tested for its vulnerability to becomertmaded in dusty environments. It was found that
this CPS did not become overloaded during 48 h Bag)m a layer house. When the EU standard
protocol for candidate PM sampler validation walkofeed, both the PV and PM s CPSs showed
good precision and comparability with the impactipre-separator in ambient air with low dust
concentrations. In pig and broiler houses with hiyst loads, PM CPS could give comparable
results with the IPS when a correction factor waoduced. This standard protocol, however, was not
applicable for validating Ph% CPS in livestock houses due to the severe overigguroblem of the
PM, s reference sampler (for outside air) with an IRSs toncluded that P IPS is not suitable for
sampling in livestock houses, and that RMCPS is very tolerant of high dust loads. ForPM
sampling, both IPS and CPS can be used.
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L OSSES OFBACTERIAL CULTURABILITY IN  NON-SAMPLING PROCESSES(CHAPTER 5)

When assessing bioaerosol deposition and the miysfticiencies of samplers for collecting
aerosolized bacteria using a tracer, the bactesiglase culturability 1) due to the tracer, 2)he pre-
sampling process (hebulization/aerosolization dftdx@al suspensions), 3) in the sampling process
(collecting bioaerosols with samplers), and 4) wstpsampling processes (air sample handling
procedures). Only the losses in the sampling psoaes associated with the efficiencies of samplers.
Before assessing the efficiency of four bioaeresmhplers for four aerosolized bacteria, the loses
bacterial culturability in the other three processee. non-sampling processes, were investigdteel.
results showed that uranine, a fluorescent tratad, no significant effect on the culturability of
Enterococcus faecalisEscherichia coli and Mycoplasma synoviaén suspensions, whereas the
culturability of Campylobacter jejunivas reduced (P = 0.01f. faecalis E. coli andM. synoviae
retained their culturability during aerosolizati@md only 29% o€. jejuniwere still culturable. In the
air sample handling procedures, the four bactegeewecovered without significant losses from the
samples of Andersen impactor, but only 33%-60%rahine was recovereé. faecalis E. coli and
M. synoviaewere recovered without significant losses fromsheples of the Airport MD8. Mor€.
jejuni was recovered (172%), probably due to multiplaratilt is concluded that the tracer and
bacteria should be aerosolized separately whetraher reduces the bacterial culturability. Lossies
bacterial culturability (or multiplication) may agcin pre- and post-sampling processes and shauld b

excluded when calculating the sampling efficiencies

EFFICIENCIES AND HALF-LIFE (BACTERIA , CHAPTER 6)

The physical and biological efficiencies of Andergestage impactor, all-glass impinger (AGI-30),
high air flow rate sampler OMNI-3000, and AirporDd with gelatin filter for collecting aerosolized
E. faecalis E. coli, C. jejuniandM. synoviaewere investigated, correcting for the losses atdrzal
culturability and uranine in the non-sampling piss®Es. The physical efficiency of the AGI-30 (74%)
did not significantly differ from that of the AirppMD8, which was selected as the reference sampler
due to its high physical efficiency. The OMNI-3000%) had lower physical efficiency than the
Airport MD8. The low physical efficiency of the Aadsen impactor (18%) was mainly caused by the
incomplete recovery of uranine when handling thesamples, so could not be ascribed to the sampler
efficiency. All the bioaerosol samplers had higblagical efficiencies for all four bacterial spegie
except forC. jejuni(1%) when measured by the OMNI-3000 andHocoli (38%) andC. jejuni(2%)
when measured by the Airport MD8. The low biologiefficiencies indicated that the sampling
stresses inactivated the bacterial culturabilithe Tmean half-life in the air was 43.3 min fir
faecalis, 26.7 min forM. synoviae 21.2 min forE. coli, and 4.0 min forC. jejuni at 21-23°C
temperature and 80%-85% relative humidity (RH)islconcluded that bioaerosol samplers vary in

their physical and biological efficiencies for aalting different microbial species. Efficiency

- 183 -



Summary

assessment is essential so that suitable sampleesriborne microorganisms can be selected and in

order to assure that the measurements are accurate.

EFFICIENCIES AND HALF-LIFE (GUMBORO VACCINE VIRUS, CHAPTER 7)

Losses of Gumboro vaccine virus in non-samplingcesses and the efficiencies of four
bioaerosols samplers were investigated in a simitar as described in Chapters 5 and 6. The results
showed that an addition of 0.1% uranine (the tdadir not reduce the infectivity of the virus. The
loss of viral infectivity during aerosolization wasmarkable: after this process, only 5% of virus
remained infective. In the sample-handling proceduthe loss of infective virus increased further
when the agar plates of the Andersen impactor, vitis, were stored for a long period (= 1 h) befor
further treatment. However, no loss of virus wasicea in the sample-handling procedure for the
MD8, as long as its gelatin filters were dissolweithin 60 min after being loaded with virus. The
physical and biological efficiencies of the Andersenpactor, the AGI-30 and the MD8 were not
significantly different from 100% for collecting éhaerosolized virus. However, both the physical
efficiency (62%) and biological efficiency (23%) tie OMNI-3000 were significantly lower than
100%.

DETECTING CAMPYLOBACTER IN EXPERIMENTAL BROILER ROOMS (CHAPTER 8)

Using the Andersen impactor, AGI-30 and OMNI-300® air in four broiler rooms was sampled
to detectCampylobacter jejun{C. jejun). In each room there were fiv@. jejuniinfected broilers
(infected when 14 days old) kept in a cage in thedia of the room, and ten healthy broilers kept
individually 75 cm away from the infected ones. Aamples were taken on eight days, i.e. the day
before inoculation (Bl) as a negative control, and@, 6, 9, 14, 21, 29 days post-inoculation (Phe
presence of culturablg. jejuniwas tested using a culture-based method, andréiseqce oC. jejuni
DNA was tested with the PCR test. Results showedthe broilers in all four rooms develop&il
jejuni infections. PCR tests showed there was DNA& ojejuniin the air on day 1 PI, but no bacterial
DNA on the following days. No culturab@. jejuniwas detected in any of the air samples. The filur
to collect culturableC. jejuniwas probably due to the low number of infectedlers in the rooms
and the unfavorable survival conditions for theaetéria, leading t&. jejuni concentrations below
the detection limits of the bioaerosol samplerssitoncluded that the three samplers used in this
study are incapable of detectinG. jejuni outbreaks via aerial transmission when bacterial
concentrations are low. New sampling techniqueh ‘v detection limits need to be developed for

assessing bio-security.
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GENERAL CONCLUSION

Outbreaks of infectious diseases in livestock petida which cannot be explained by commonly
known transmission mechanisms have led to the dpoédahe disease being ascribed to airborne
transmission. However, the status of this form raingmission between livestock farms remains
concessive. In this thesis, we conclude that thétsurrounding airborne transmission comes from
the knowledge gaps in every process, from micrausga suspension, transportation, deposition in
respiratory tract and finally to infection. Thei® great need for more knowledge. The knowledge
should be gained by collaborative interdisciplinaggearch (by scientists from veterinary, animal,
microbiologic, and epidemiological sciences). Thed-ef-pipe technology, i.e. multi-stage air
scrubbers, is promising for reducing the emissadrarborne microorganisms and dust from livestock
houses. The EU impaction pre-separator for,PMampling for ambient air cannot be directly
transferred for use in livestock production systemiere dust concentrations are much higher. A
cyclone pre-separator is very tolerant of high awastcentrations, and is recommended as PM sampler
in livestock production systems. This thesis alsonss that bioaerosol samplers for sampling airborne
microorganisms vary in their efficiencies, and thesust be investigated so that suitable samplers ca
be selected for measurements in practice. One golidlentified in this thesis is that the tested
bioaerosol samplers (the Andersen impactor, the-2@and the OMNI-3000) were not capable of
detecting a specific bacterial speci€amplyobacter in the air, probably because their detection
limits are higher than the bacterial concentratiglore research should be done on improving the
sampling protocol for airborne microorganisms (e.groper sampling strategy and samplers with low

detection limits).
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Intensivering van de veehouderij geeft hogere oes (b.v. van melk, vlees en eieren) per
eenheid arbeid, voer en grond, maar wordt teveassgeieerd met hogere concentraties en emissies
van vervuilende componenten in de lucht, die lokeagionaal en wereldwijd serieuze problemen
kunnen geven. Twee van de meest belangrijke vemndd componenten zijn micro-organismen en
stof. Concentraties micro-organismen en stof ifustlat zijn vele malen hoger dan bijvoorbeeld de
luchtconcentraties in een stedelijke omgeving emwschrijden vaak advieswaarden of wettelijke
grenswaarden. Concentraties micro-organismen iluehd van een stedelijk omgeving zijn ongeveer
3 logy, kolonievormende eenheden (kve)®>nDe microbiéle concentraties die in stallen gemete
worden kunnen variéren van 6 lggve m° tot 9 log, kve m?>. Onderzoek naar concentraties stof in
de lucht focussen steeds meer op de fracties kigofdeeltjes, zoals PM (Particulate Matter 10 =
stofdeeltjes < 10 um) en BM(stofdeeltjes < 2,5 um). Deze kleine deeltjes gghadelijker voor de
gezondheid dan de grotere deeltjes, omdat ze didperdringen in de longen. De Europese
Commissie heeft grenswaarden vastgesteld voor giddelde jaarlijkse concentratie van RMn
PM,s deze mogen niet hoger zijn dan respectievelijled®5 pg M. PM concentraties in stallen,
vooral in varkens- en pluimveestallen, kunnen kigrter bij lange na niet aan voldoen. Er is daarom
een sterke noodzaak om concentraties en emissiemiao-organismen en stof in en uit stallen te
reduceren.

Buiten het schadelijke effect voor het milieu, kannde emissies van stof en micro-organismen
ook gezondheidsproblemen veroorzaken bij dierenahijgelegen stallen of bij mensen die in de
buurt wonen. Eén van de uitkomsten van de veleezrgitbraken in de afgelopen tientallen jaren is
dat aerogene transmissie (transmissie via de lmebgelijk een rol speelt bij de verspreiding van de
ziekte. Hierbij zou stof tevens een rol kunnen apells drager van de ziektekiem. Deze gedachte is
opgekomen als gevolg van het feit dat sommige jvedribesmet werden zonder dat dit toegewezen
kon worden aan bijvoorbeeld transport van obje¢terno’s, vrachtauto’s) of van mensen of dieren.
Echter, het blijft nog steeds onduidelijk wat degieze bijdrage is van de aerogene transmissieroute
aan de verspreiding van ziektekiemen van bedrgir feedrijf en wat de rol is van stof in dit proces.
Om deze kennislacune te vullen moet onze kennislibgebied worden verbreed. Hiervoor zijn
gevalideerde bemonsteringstechnieken nodig die kewrig concentraties micro-organismen en stof
in stallucht kunnen bepalen.

De doelstelling van dit onderzoek was om meer lemaiverkrijgen rond micro-organismen in
stallucht en de relatie met stof door: 1) eenditeuronderzoek naar de processen en factoren die de
verspreiding van micro-organismen en stof via dalutht beinvioeden; 2) onderzoek naar de
efficiéntie van systemen om de emissie van micgawismen en stof via de stallucht te reduceren; 3)
evaluatie van de efficiéntie en geschiktheid vamsternameapparatuur (samplers) voor bepaling van
concentraties micro-organismen en stof in stalgrnyalideren van deze samplers in een experiment
naar aerogene transmissie v@ampylobacterbij vleeskuikens. De gedetailleerde doelstellingen

waren:
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« literatuuronderzoek naar de bronnen, concentrafyesssche en biologische afbraak tijdens
transmissie, depositie in de longen van mens am eliebemonsterings- en reductietechnieken
voor micro-organismen en stof. (Hoofdstuk 2).

« bepalen van de efficiéntie van gecombineerde luasbars om emissies van micro-organismen,
stof, ammoniak en CQuit varkensstallen te reduceren. (Hoofdstuk 3).

* onderzoek naar het probleem van overlading vanldeckerentie sampler voor Pllen PM 5
wanneer ze worden gebruikt in stallen, en het hegi@ alternatieve P en PM s apparatuur
(met cycloon voorafscheiders). (Hoofdstuk 4).

* bepalen van de fysische en biologische efficiéméie de ‘Andersen six-stage impactor’, de
AGI-30, de OMNI-3000 en de MD8 voor het bemonstevam 4 in de lucht vernevelde
bacteriesoorterEnterococcus faecali€scherichia coliCampylobacter jejunenMycoplasma
synoviag en één virussoort (Gumboro vaccin virus). (Hoafkken 5, 6 en 7).

« detectie vanCampylobacter jejunimet drie typen samplers (‘Andersen six-stage ingrgc
AGI-30 en OMNI-3000) in een transmissie-experimgnvleeskuikens. (Hoofdstuk 8).

MICRO-ORGANISMEN EN STOF IN STALLUCHT (HOOFDSTUK 2)

In deze literatuurstudie is onderzoek gedaan naactitergronden van micro-organismen en stof
in stallen: de bronnen, de concentraties, de flgsisen biologische afbraak tijdens transmissie, de
depositie in de longen van mens en dier, de belsmgetian dieren, en de bemonsterings- en
reductietechnieken. Uit dit onderzoek kan gecoredwud worden dat de bronnen van micro-
organismen en stof in stallucht vergelijkbaar zipe belangrijkste bronnen zijn: excrementen (feces
en urine), secreties, haar en huid, voer en stbaisiteriaal. De bijdrage van deze bronnen aan de
concentraties in de stallucht is verschillend. Dacentraties micro-organismen en stof in stallucht,
vooral in varkens- en pluimveestallen, zijn in l@dgemeen zeer hoog. Deze kunnen naar buiten
emitteren en kunnen tijdens dit proces fysischamn@eringen ondergaan. Micro-organismen kunnen
ook biologische veranderingen ondergaan. Micro4auggaen kunnen ingeademd worden en neerslaan
in de luchtwegen. Waar ze neerslaan hangt af vajragte van het deeltje. Monsternametechnieken
voor stof in de omgevingslucht zijn misschien myeschikt om toe te passen in stallen, waar de
concentraties vele malen hoger zijn. De efficiént@ bioaerosol samplers zullen tevens vastgesteld
moeten worden. Reductietechnieken voor micro-osyaen en stof in de lucht bestaan uit
oplossingen bij de bron en luchtzuivering. Gecoraebmde technieken bieden misschien betere

mogelijkheden om deze concentraties en emissigtslilen vergaand te reduceren.

EFFICIENTIE VAN GECOMBINEERDE LUCHTWASSERS OM EMISSIES UIT STALLEN TE
BEPERKEN (HOOFDSTUK 3)
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De concentraties bacterién, stof, ammoniak en kaxilde (CQ) in de lucht zijn gemeten voor en
na drie gecombineerde luchtwassers (twee wassdravee reinigingsstappen: een wasfase met zuur
gecombineerd met een bio-filter / bio-wasser, enwgsser met drie reinigingsstappen: een waterfase,
een wasfase met zuur, vervolgens een bio-filtee) geinstalleerd waren op drie verschillende
varkensstallen. Het verschil tussen ingaande egaande concentraties werd gebruikt om de
verwijderingsrendementen van de verschillende comp®n te berekenen. De
verwijderingsrendementen waren 46%-85% voor tataatal bacterién, 61%-93% voor RIMA7%-
90% voor PMs en 70%-100% voor ammoniak; emissies van, @@rden niet beinvioed. De
luchtwassers waren effectiever in het verwijderan grotere bacterién in de range > 3.3 um (53%-
92%) dan Kleinere bacterién in the range van 0.85481 (-42%-20%). De driefasen wasser was het
meest efficiént in het verwijderen van stof en amiak, waarschijnlijk als gevolg van een langere
verblijftijd van de lucht in deze wasser. Vergelekaet enkelvoudige wassers, lijiken gecombineerde
luchtwassers constanter te presteren ten aanziendeareductie van bacterién, RIMPM,s en
ammoniakemissie uit stallen. Hierbij moet opgemarkirden dat alle metingen in de winter zijn
gedaan bij relatief lage ventilatiehoeveelhedes, lWiurelatief lage belasting van de luchtwassers.
een volledig beeld te krijgen van de werking varzedduchtwassers zullen ze ook bij hoge

ventilatiehoeveelheden moeten worden getest.

CYCLOON VOORAFSCHEIDERS VOOR PM M ONSTERNAME IN STALLEN (HOOFDSTUK 4)

De EU referentie sampler (monsternameapparaatesreimpactie voorafscheider (IPS), waarbij
de grotere deeltjes neerslaan op een ingevetté, plaa weleens snel overbeladen kunnen raken in
stoffige omgevingen, zoals in stallen. Dit overtagiprobleem is onderzocht in een leghennenstal,
waarbij de ingevette impactieplaat regelmatig wscthoongemaakt. Op deze plaat impacteren de
deeltjes die groter zijn dan RMof PM,s. De resultaten lieten zien dat RMPS niet werd
overbeladen gedurende een 24-uurs meting in legimateadlen, terwijl PMs IPS al binnen 1 uur werd
overbeladen. Daarom is een PMcycloon voorafscheider (CPS) getest op gevoelijhaor
overbelading in stoffige omgevingen. Deze testdieh dat CPS niet werd overbeladen gedurende 48
uren monstername in een leghennenstal. Bij hetewol@gn het EU standaard protocol voor validatie
van kandidaat PM samplers, werd voor zowel,£8s voor PMs CPSs in omgevingslucht bij lage
stofconcentraties een goede nauwkeurigheid en eesuleg vergelijkbaarheid gevonden met de
impactie voorafscheider. In varkens- en pluimvdkstamet hoge stofconcentraties, gaf KNMPS
vergelijkbare resultaten als de IPS wanneer eerecitefactor werd toegepast. Dit standaard protocol
kon echter niet worden toegepast voor het validesen PM s CPS in stallen, aangezien de M
referentie IPS sampler (voor buitenlucht) in stallevaar wordt overbeladen. Uit dit onderzoek kon
geconcludeerd worden dat RMPS niet geschikt is voor toepassing in stalleaanPM s CPS wel,
aangezien deze zeer tolerant is voor hoge stofotratees. VVoor PNy monstername kunnen zowel de
IPS als de CPS worden gebruikt.
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VERLIES VAN LEVENSVATBAARHEID VAN MICRO-ORGANISMEN IN ‘NON-SAMPLING'’
PROCESSEN(HOOFDSTUK 5)

Bij verneveling van een vloeistof met bacterién naaa een tracer is toegevoegd, voor het bepalen
van de depositie van bioaerosolen en de efficiénae de samplers, kunnen bacterién hun
levensvatbaarheid (in feite het vermogen om zicketenenigvuldigen tijdens de kweek) verliezen als
gevolg van: 1) de tracer; 2) het vernevelen; 3)ndastername; 4) de nabehandeling van de monsters.
Alleen de verliezen tijdens de monstername zijpaigeassocieerd met de efficiéntie van de samplers
Voordat we de efficiéntie van vier bioaerosol samplvoor vier verschillende bacterién hebben
bepaald, hebben we de verliezen als gevolg vamale-sampling’ processen bepaald. De resultaten
lieten zien dat uranine, een fluorescerend trageen effect had op de levensvatbaarheid van
Enterococcus faecalisEscherichia coli en Mycoplasma synoviaén de vloeistof, terwijl de
levensvatbaarheid vabampylobacter jejunivel werd gereduceerd (P = 0.0E).faecalis E. colien
M. synoviaebehielden hun levensvatbaarheid tijdens verneyeadwijl slechts 29% varC. jejuni
levensvatbaar bleef. Tijdens de monsternamebehiagdelerden geen significante verliezen
waargenomen voor de Andersen impactor, echter skexpler had slechts een uranine recovery van
33%-60%. Monsters genomen met de Airport MD8 arfaecalis E. coli en M. synoviaekonden
zonder verliezen worden nabehandeld. Vdr jejuni werden na behandeling meer bacterién
teruggevonden (172%), waarschijnlijk als gevolg wautiplicatie. De conclusie van dit onderzoek is
dat tracer en bacterién apart moeten worden velchals de tracer de levensvatbaarheid van de
bacterie beinvloedt. Verlies aan levensvatbaarkam bacterién (of multiplicatie) kan optreden in
processen voor en na monstername. Hiervoor moedemogecorrigeerd wanneer de monstername
efficiéntie wordt berekend.

EFFICIENTIE EN HALFWAARDETIJD (BACTERIEN, HOOFDSTUK 6)

De fysische en biologische efficiéntie van de Asdar6-stage impactor, all-glass impinger (AGI-
30), hoog volume sampler (OMNI-3000) en Airport MBt gelatine filter voor het bemonsteren van
verneveldeE. faecalisE. coli, C. jejunienM. synoviads bepaald, waarbij is gecorrigeerd voor verlies
van levensvatbaarheid van bacterién en verlies wamine als gevolg van de ‘non-sampling’
processen. De fysische efficiéntie van de AGI-30%yY verschilde niet significant van die van de
Airport MD8, die als referentie diende vanwege tipge fysische efficiéntie. De OMNI-3000 (49%)
had een lagere fysische efficiéntie dan de Airpdt8. De lage fysische efficiéntie van de Andersen
impactor (18%) werd vooral veroorzaakt door de d¢ledige recovery van uranine tijdens de
nabehandeling van de monsters, dus kon dit niegesmhreven worden aan de sampler. Alle
bioaerosol samplers hadden een hoge biologisciméetie voor alle vier bacteriesoorten, behalve
voor C. jejuni (1%) wanneer gemeten met de OMNI-3000 en \Bocoli (38%) enC. jejuni (2%)
wanneer gemeten met de Airport MD8. Lage biologsdtfficiéntie wordt veroorzaakt door
inactivering van bacterién als gevolg van sampiittrgss. De halfwaardetijd in de lucht was 43,3 min
voor E. faecalis,26,7 min voorM. synoviage 21,2 min voorE. colien 4,0 min voolC. jejuni bij een
temperatuur van 21-23°C en een luchtvochtigheid 8@%-85%. De conclusie is dat bioaerosol
samplers variéren in hun fysische en biologisctieiéntie afhankelijk van de bacterie die wordt
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bemonsterd. Daarom is het essentieel dat de effiei&an samplers wordt bepaald, zodat de juiste
sampler kan worden geselecteerd voor het nauwkeetgn van een bepaalde bacterie.

EFFICIENTIE EN HALFWAARDETIJD (GUMBORO VACCIN VIRUS, HOOFDSTUK 7)

Verliezen van Gumboro vaccin virus in ‘non-samplipgocessen en de efficiéntie van vier
bioaerosol samplers zijn onderzocht in een veldsije opzet als beschreven in hoofdstukken 5 en 6.
De resultaten lieten zien dat toevoeging van 0,1%nine (als tracer) geen invioed had op de
levensvatbaarheid (= vermogen om een embryo in @erie infecteren) van het virus. De
levensvatbaarheid van het virus nam opvallend sietikdens het vernevelen. Na het vernevelen bleef
slechts 5% van het virus levensvatbaar. Wanneeargdeplaten van de Andersen impactor, met het
virus, lang (= 1 uur) werden opgeslagen voordatveeder werden behandeld nam het aandeel
levensvatbare virussen verder af. Bij de MD8 weegrg verlies aan levensvatbaarheid gevonden
wanneer de gelatine filters binnen 60 min na monatee werden opgelost in een vloeistof. De
fysische en biologische efficiéntie van de Andergapactor, de AGI-30 en de MD8 waren niet
significant verschillende van 100% voor het bemerest van de vernevelde virusdeeltjes. Echter,
zowel de fysische (62%) als de biologische (23%giéhtie van de OMNI-3000 was significant lager
dan 100%.

DETECTIE VAN CAMPYLOBACTER IN PROEFAFDELINGEN VOOR VLEESKUIKENS (HOOFDSTUK
8)

De lucht in vier kleine vleeskuikenafdelingen wetiemonsterd op aanwezigheid van
Campylobacter jejun{C. jejun) met een Andersen impactor, AGI-30 en OMNI-30@0elke afdeling
werden vijf metC. jejuni geinfecteerde vieeskuikens geplaatst (geinfectgert¥4 dagen leeftijd) in
een kooi in het midden van de afdeling, en tierogde vieeskuikens die individueel waren gehuisvest
op 75 cm afstand van de geinfecteerde dieren. mardters werden genomen op de volgende 8
dagen: de dag voor inoculatie n&tjejuni (Bl) als de negatieve controle en 1, 3, 6, 9,24en 29
dagen na inoculatie (PI). De aanwezigheid van levaibare (= kweekbar€). jejuniwerd getest met
behulp van een kweekmethode en de aanwezighei@ vguni DNA werd bepaald met de PCR test.
De resultaten lieten zien dat in alle afdelingem aantal niet geinoculeerde vleeskuikens@ejejuni
infectie ontwikkelde. PCR testen toonden DNA aan €ajejuniin de lucht op dag 1 Pl, maar geen
DNA op de volgende dagen. In geen van de luchtreosisterd levensvatbaf@ jejuni aangetoond.
Het niet kunnen aantonen van levensvatb@reejuni werd waarschijnlijk veroorzaakt door het
geringe aantal geinfecteerde vleeskuikens in deliafgen en de ongunstige omgevingscondities voor
deze bacterie, met als gevolg @atjejuni concentraties in de lucht onder de detectielitaigtvan de
bioaerosol samplers. Hieruit kan worden geconclutidat de drie samplers die zijn gebruikt in deze
studie niet geschikt zijn on€. jejuni uitbraken via aerogene transmissie aan te tongtade
concentraties. Nieuwe bemonsteringstechnieken mrijdig met een lage detectielimiet om deze

transmissieroute te kunnen monitoren voor bio-sgcur
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ALGEMENE CONCLUSIE

Uitbraken van infectieuze ziekten in de veehoud#gjniet toegeschreven konden worden aan de
normale transmissiemechanismen hebben geleid tottdeschrijven van de besmetting aan de
aerogene transmissieroute. Echter, in welke mate ttansmissieroute bijdraagt aan de verspreiding
van ziekten tussen bedrijven blijft onduidelijk.tUiit proefschrift kan geconcludeerd worden dat de
twijfels die er zijn rond aerogene transmissie tkamt uit gebrekkige kennis van de verschillende
processtappen, van opname van de micro-organismete ilucht, het transport via de lucht, de
depositie in de luchtwegen, tot de infectie. Daai®®r sterke behoefte aan meer kennis op dit debie
Deze kennis moet ontwikkeld worden in een samenwgrkussen onderzoekers uit verschillende
disciplines (veterinairen, zo6technici, microbicdogen epidemiologen). Gecombineerde luchtwassers,
een end-of-pipe technologie, zijn veelbelovend amiseies van micro-organismen en stof via de
stallucht te reduceren. De EU impactie voorafsareigtoor bemonstering van BM in de
omgevingslucht kan niet worden gebruikt in de #geffomgeving van stallen. Voor deze omgevingen
is een cycloon voorafscheider beter geschikt, aaegedeze niet gevoelig is voor overbelading bij
hoge stofconcentraties. De cycloon voorafscheidendtvdaarom aanbevolen voor PM monstername
in stallen. Dit proefschrift laat ook zien dat déficiéntie van bioaerosol samplers voor het
bemonsteren van verschillende micro-organismerk dtan variéren. Daarom zal deze efficiéntie
moeten worden vastgesteld om geschikte samplessléeteren voor metingen in de praktijk. Een
probleem dat in dit proefschrift naar voren kwanu@ de geteste bioaerosol samplers (de Andersen
impactor, de AGI-30 en de OMNI-3000) niet in staaren om een bepaalde bacte@arplyobacter
in de lucht aan te tonen, waarschijnlijk als gewadg een hogere detectielimiet dan de concentraties
in de lucht. Meer onderzoek is daarom nodig naaerbemonsternameprotocollen voor aerogene

micro-organismen (0.a. een goede bemonsteringsgieatn samplers met een lage detectielimiet).
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