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Abstract

Careful cleaning and disinfection of pigpens is essential to prevent disease spread and avoid
the resultant economic losses. Hygiene in pigpens is generally evaluated by visual monitor-
ing supplemented with bacteriological monitoring, which includes counting the total aerobic
bacteria (TAB) and/or fecal indicator bacteria (FIB). However, these methods present draw-
backs such as time and labor requirements. As adenosine triphosphate (ATP) is ubiquitous
in all living organisms including microorganisms, this study aimed to directly compare the
results of microbial assessment and ATP quantification, and to suggest possible detailed
application methods of the ATP test for hygiene evaluation in pigpens of a farrowing unit. Be-
fore and after standard cleaning procedures, samples were collected from the floor corner,
floor center, and feeding trough of four pigpens at different time points. No FIB were detected
and both the TAB and ATP levels were significantly decreased in the floor center area after
cleaning. FIB were continuously detected after cleaning and disinfection of the floor corners,
and there was no significant ATP level reduction. The feeding trough did not show any sig-
nificant difference in these values before and after cleaning, indicating insufficient cleaning
of this area. The levels of TAB and ATP after cleaning were significantly correlated and the
average ATP value was significantly lower in the absence of FIB than in their presence. In the
absence of standard references, a more thorough hygiene management could be achieved
evenly by supplementing cleaning or disinfection based on the lowest ATP results obtained
at the cleanest test site, which in the present study was the floor center. Overall, these results
indicate that the on-farm ATP test can be used to determine the cleanliness status, in addition
to visual inspection, as an alternative to laboratory culture-based testing for the presence of
microorganisms.
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INTRODUCTION

Livestock biosecurity reduces the likelihood of pathogen entry and spread in livestock barns
through processes such as cleaning and disinfection. A previous study reported that the implemen-
tation and effective monitoring of biosecurity can prevent losses due to African swine fever with
a profit:cost ratio of 29 [1]. In addition to blocking the entry of external pathogens into the pig
barn, careful cleaning and disinfection management are required as internal biosecurity measures
to prevent the spread of endemic disease pathogens such as the porcine respiratory disease complex
or diseases of the digestive system that cause substantial economic losses. A previous study report-
ed that annual production losses due to the porcine reproductive and respiratory syndrome in the
American swine industry were estimated to be approximately $664 million [2]. Internal biosecurity
involves cleaning and disinfection, which are essential processes for hygiene management in con-
temporary animal facilities [3,4]. However, in contrast to the highly standardized processes used in
external biosecurity, pig-raising facilities do not currently have a high standard for internal biosecu-
rity [5]. In a typical pigpen, the floor is the major living space for pigs and can be easily contaminat-
ed with various living and non-living organic materials such as body fluids and feces. These residual
organic materials can support microbial growth, including that of opportunistic pathogenic bacteria
[6]. In particular, as farrowing units are in direct contact with residual feces, the pigpen environment
could be contaminated, increasing chances of infection by opportunistic pathogens in pigs or piglets
through licking their bodies or sucking sows. Moreover, the feed and facilities used for feeding and
drinking can become contaminated. Indeed, previous studies have shown high levels of contamina-
tion in feeding troughs [7,8], which are critical sites after disinfection [4]. Although the importance
of cleaning and disinfection has been emphasized to pig farmers, these recommendations are largely
based on practical experience rather than scientifically established data [9].

Hygiene evaluations are commonly conducted by visual inspection; however, previous studies
have demonstrated that visual inspection alone is a poor indicator of cleaning efficacy [10,11]. After
cleaning and disinfection, bacteriological monitoring can be performed by counting total aerobic
bacteria (TAB) and/or fecal indicator bacteria (FIB) [4,12,13]. To date, the assessment of contam-
ination levels and disinfection effects in pig farm management have mainly been conducted using
laboratory bacterial tests. The commonly used TAB count, as a classical culture-based analysis, can
take up to 72 h to provide results and is labor-intensive. To overcome these drawbacks, the adenos-
ine triphosphate (ATP) bioluminescence measurement method was recently introduced, and has
been increasingly adopted to monitor appropriate cleaning [12-17]. As ATP is present in all living
organisms including microorganisms, its presence and levels serve as useful indicators of contamina-
tion with organic materials that support microbial growth [6]. Enumeration of microbial contami-
nation and the ATP test are standardized methods for hygiene evaluation in food production facil-
ities, hospitals, and drug companies [6,15,18]. In addition, these methods are commonly employed
in the livestock industry for examining the hygiene status of slaughterhouses, transporting trailers,
and meat-processing facilities [4,19-23]. The ATP test for on-farm inspection was recently sug-
gested as a substitute for laboratory testing based on a study comparing various inspection methods
[24]. However, the study focused on the improvements in hygiene status after educating farmers on
how to perform the ATP test along with other methods and how to use them after cleaning; the
detailed application of the ATP test in the absence of reference values to indicate cleanliness status
at livestock farms was not presented.

'Therefore, with the goal of strengthening internal biosecurity management in an empty pig far-
rowing unit, the aim of the present study was to directly compare the results of classical microbial

assessment methods and the ATP test as on-farm monitoring methods. In addition, we suggest
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detailed applications of the ATP test to determine cleanliness status along with visual inspection as
an alternative to laboratory culture-based testing for the presence of microorganisms.

MATERIALS AND METHODS

Sampling

'This study was carried out in a farrowing unit of the experimental pig house of the National Insti-
tute of Animal Science (wanju, Korea). The farrowing unit consisted of eight pens of 1.8 x 2.4 m’
each with a polypropylene grid floor. Sows and piglets were removed from the pens after residing
there for 4 weeks during the weaning period. After the pigs were removed, each pen was cleaned
manually with a high-pressure water spray gun. After visually ensuring the removal of organic mat-
ter, a potassium peroxymonosulfate-based disinfectant (Virkon S, Lanxess, Cologne, Germany) di-
luted at 1:200 with water was dispensed into the atmosphere and floor from the top of each pig pen
using a mass automatic spraying disinfection system. Samples were collected from the surfaces of
the following sites: floor centers, floor corners, and feeding troughs of four pens (Fig. 1). Tests under
the same conditions were performed by swab sampling before cleaning, after cleaning,and at 1 h, 3 h,

6 h,24h,48h,5 days, and 7 days after disinfection.

Determination of ATP bioluminescence

The ATP level of each sampled area was determined based on the measurement of ATP biolumi-
nescence intensity with a luminometer (Lumitester PD-30, Kikkoman, Tokyo, Japan) according to
the manufacturer’s instructions. Dry swabs (LuciPac Pen swabs, Kikkoman) were pre-moistened
with sterilized and 0.45 pm-filtered distilled water. The swabs were used to collect samples from
each 625 cm” area. The swabs were inserted into a LuciPac Pen tube containing lyophilized luciferin

and luciferase powder, which was then shaken for mixing reagent and sample.

Determination of microbial loads

Cotton swabs were pre-moistened with sterilized 0.85% saline solution and used to sample the
surfaces of the three different target sites of the pig farrowing unit. Following sampling, the swabs
were placed in 9 mL of 0.85% saline and soaked for 1 h. One milliliter of these swab mixtures was

(c) () (b)

@ : Sampling point

Fig. 1. Sampling sites for comparison of the adenosine triphosphate (ATP) test and microbial status
based on colony counts at an empty pig farrowing unit. (a) Floor center, (b) floor corner, (c) feeding trough.
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serially diluted in 10-fold increments. The original suspensions and each dilution were inoculated
on three types of dry rehydratable film plates (3M Petrifilm AC Plate, CC Plate, and EC Plate; all
from 3M, Minneapolis, MN, USA) for the enumeration of TAB, and coliforms and Escherichia coli
as FIB. After incubating the CC and EC plates at 37°C for 18-24 h, the red colonies with gas bub-
bles on CC plates, and the blue colonies with gas bubbles on EC plates, were counted as coliforms
and E. coli, respectively. In addition, following incubation of the AC plates at 37°C for up to 48 h,
the red colonies were counted as TAB. Bacterial counts were converted into log colony-forming

units (CFU)/625 cm’ for analysis.

Statistical analysis

Our data were arranged in spreadsheets using Excel 2010 software (Microsoft, Redmond, WA,
USA) and statistically analyzed using SPSS software (version 22.0, IBM, Armonk, NY, USA). The
paired Student’s ~test was used to assess the significance of differences between the conditions be-
fore and after cleaning and disinfection. The correlation between ATP levels and TAB counts was
analyzed using Spearman’s rank correlation coefficient (r) from data after cleaning. In addition, sig-
nificant differences in ATP values according to the presence or absence of FIB after cleaning were

assessed using Student’s #-test. A p-value < 0.05 was considered statistically significant.

RESULTS

ATP and microbiological testing according to sampling sites

Floor center

Compared to the mean ATP bioluminescence levels measured before cleaning, significantly lower
levels (p = 0.017) were observed after cleaning the floor center, and persisted up to 48 h after dis-
infection (Fig. 2A). However, 6 h after disinfection, these levels began to increase, and after 48 h,
they exceeded the levels measured immediately after cleaning. There was no difference in the level
measured 5 days after disinfection. The TAB count also decreased significantly until 6 h after dis-
infection, with a reduction of 2.61 Log CFU/625 cm’ compared to that measured before cleaning.
However, 24 h after disinfection, TAB counts began to steadily increase and showed no significant
difference compared to those before cleaning. FIB, including coliforms and E. co/i, were not detect-

ed on the floor center after cleaning and from 3 h after disinfection until the end of the experiment.

Floor corner

'The mean ATP bioluminescence level of the floor corner measured after cleaning was not signifi-
cantly different from that measured before cleaning (Fig. 2B). This level was at its lowest immedi-
ately after cleaning but increased 1 h after disinfection and remained at the level measured before
cleaning until the end of the experiment. Conversely, the mean TAB count decreased significantly
(p = 0.021) immediately after cleaning with a reduction of 0.78 Log CFU/625 cm’ compared
to that measured before cleaning. From 1 h to 24 h after disinfection, the TAB counts increased,
showing no significant difference compared with those measured before cleaning, and then began
to decrease significantly 48 h after disinfection, with a reduction of 0.84-1.21 Log CFU/625 cm’.
Significantly less FIB were observed after cleaning compared to those enumerated before cleaning,
with a reduction of 0.45 Log CFU/625 cm’ (p = 0.008), although high standard deviations were
observed among the bacterial enumerations. However, there was no difference between the values
obtained between 1 h and 24 h after disinfection. The FIB counts began to decrease significantly 48
h after disinfection. No colony growth was detected 5 days after disinfection, but this count began
to increase again 7 days after disinfection.
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Fig. 2. Comparison of adenosine triphosphate (ATP) test and microbial status results from plate
counting (total aerobic bacteria, fecal indicator bacteria) according to the cleaning status of the (a) floor
center, (b) floor corner, and (c) feeding trough of the pig farrowing unit (p < 0.05, “p < 0.01 vs BC). BC,
before cleaning; AC, after cleaning; AD, after disinfection.
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Feeding trough

Despite cleaning and disinfection, there were no significant decreases in mean ATP biolumines-
cence levels or FIB counts in the feeding trough (Fig. 2C). Moreover, the ATP bioluminescence
level increased significantly 6 h, 24 h, and 7 days after disinfection. A lower mean TAB count was
observed after cleaning compared to that measured before cleaning. Although the counts began
increasing again from 3 h to 7 days after disinfection, they were still significantly lower than those

measured before cleaning.

Correlations between TAB and ATP levels

The TAB results were significantly correlated with those of overall ATP levels after cleaning;
however, this correlation depended on the sampling sites, with a significant correlation found for
the floor center and feeding trough but not for the floor corner of the pig farrowing unit (Fig. 3).
Therefore, the analyses performed to determine whether the presence of FIB affects the correlation
inside the pig barn showed a significant correlation in the absence of FIB (= 0.621, p < 0.001), but
only a relatively weak correlation in the presence of FIB (r = 0.371, p = 0.037).

ATP levels according to the presence or absence of fecal indicators

After cleaning, there was no correlation between ATP values and the presence of FIB. However,
the average ATP value was significantly lower in the absence of FIB than in their presence (p < 0.001;
Fig. 4).

DISCUSSION

Comparison of microbial status and ATP test results according to the cleanliness
of sampling sites

Our results showed that organic materials were appropriately removed by cleaning and disinfection
of the floor center area, as no FIB were detected and both the TAB and ATP levels were signifi-
cantly decreased. Although this effect was maintained throughout the study period, a small amount

Floor center
(r=0.661, p<0.001)
0.7

All sites «
(r=0.698, p<0.001)+

Feeding trough Floor corner
(r=0.422, p=0.016) (r=0.299, p=0.096)
—— Correlation according to sampling sites Correlation for all sites

Fig. 3. Correlation coefficients between total aerobic bacteria (TAB) and adenosine triphosphate (ATP)
levels according to the sampling sites inside the pig farrowing unit.
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Fig. 4. Means, distributions, and standard deviations of adenosine triphosphate (ATP) values according
to the presence or absence of fecal indicator bacteria (FIB).

of FIB was temporarily detected 1 h after disinfection.

Fecal organic materials were considered to be insufficiently removed in the floor corner and
feeding trough areas as FIB were continuously detected after cleaning and disinfection, and there
was no significant reduction in ATP levels in these areas. Although the TAB level decreased im-
mediately after cleaning in the floor corner and after disinfection in the feeding trough, the effects
in the latter could not be confirmed. The efficacy of disinfection highly depends on the precision of
initial cleaning, as the remaining organic material can significantly reduce the effect of disinfection
[24-26]. Therefore, the subsequent effect of disinfection considering inadequate cleaning is believed
to have a delayed or reduced bactericidal effect in this study. Feeders and drinkers (including nip-
ple drinkers) are considered the most critical aspects of cleaning and disinfection procedures and
can become more contaminated than floors after sanitation due to resoiling during power washing
from the splashing of contaminated water [8,24]. We were unable to determine the possibility of
recontamination during high-pressure spraying; however, the removal of fecal organic matter from
the floor corners and feeding trough did not seem sufficient, whereas the floor center was appro-
priately cleaned. Pathogens from pigs previously reared in these areas can be easily transferred to
newly arriving pigs through feeders and drinkers. In particular, proper cleaning and disinfection
before stocking new pregnant pigs in a farrowing unit are very important to prevent the spread of
infectious agents to piglets with poor disease defenses. In contrast to our findings, a previous study
suggested that floors were also a critical area of concern in cleaning and disinfecting pig barns when
compared with walls [27]. However, a more recent study showed that the feeder and drinker com-
ponents were more heavily contaminated, which is in line with our results, and that the floor and
manure areas had relatively low levels of contamination after cleaning and disinfection [24].

Therefore, our study confirmed that the cleaning at the corners of the pigpen was not sufficient
and that subsequent disinfection did not compensate for this lapse. Based on previous findings and
the present results, thorough cleaning and disinfection from the floor center to the corner should be
performed in addition to detailed cleaning of the pigs’internal facilities. To this end, it is necessary
to consider how farmers can evaluate objective contamination levels in addition to visual inspection

at farm sites.
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Possible applications of the ATP test to maintain cleanliness throughout empty pig
barns

Previous studies have also examined the value of the ATP test as an objective and rapid method for
measuring contamination levels in livestock farms and related industrial sites [4,19-24]. Although
there is no report on a standard for contamination that can be interpreted objectively and no spe-
cific application method is provided at farm sites, Heinemann et al. [24] recently reported that
training farmers on how to apply the ATP test resulted in an improvement of internal sanitation at
a pig barn. To enhance internal sanitation management using the ATP test in pig farrowing units,
it is necessary to suggest more specific ways to apply this method. Therefore, we compared the test
results of TAB counts and ATP levels by examining the areas where the most organic material was
removed and areas where organic material remained after cleaning and disinfection, demonstrating
an overall significant correlation between the two methods for the pig farrowing unit.

The levels of TAB and ATP showed a high significant correlation (r = 0.698, p < 0.001) after
cleaning, which is in line with the results of the previous study (r = 0.82, p < 0.001) [24]. However,
the correlation was weaker when fecal bacteria were detected than in their absence. This difference
suggests that the reliability of the result should be improved when sufficient cleaning and careful vi-
sual inspection are performed before the ATP test in a pig barn. In addition, the result of the ATP
test was significantly lower when FIB were considered thoroughly removed, as in the floor center
where no FIB were detected, when compared to areas with remaining FIB (floor corner and feed-
ing trough). This result indicates that a cleaner state inside a pig barn can be distinguished by the
ATP test. Therefore, after visually checking the overall cleanliness, more thorough hygienic man-
agement can be achieved evenly by supplementing the cleaning or disinfection based on the lowest
ATP test results. Therefore, when using the ATP test in a pig barn, it is necessary to compare the
results to the value obtained at the cleanest site after careful cleaning.

To make the ATP test results more precise and easier to understand, so that they can be used
by pig farms, it is necessary to establish a reference range for the ATP test results that can be rec-
ognized as clean, which requires further research. In addition, since the ATP test does not identify
specific pathogens, guidance should be provided considering cleanliness and disinfection according
to the specific disease occurrence characteristics of the farm, regardless of the ATP test results.

Heinemann et al. [24] showed a higher correlation between TAB count and ATP levels com-
pared to those obtained in the present study, although the previous study did not compare the
status of organic matter removal at each sampling site. In our study, the correlation between TAB
count and ATP levels was significantly high when FIB were sufficiently removed, and this nu-
merical value was significantly decreased in the well-cleaned area. This finding suggests that the
ATP test would be an effective method for managing the hygiene status of the remaining facilities,
equipment, and floor corners based on results from the floor center, which is more easily cleaned.
Although the present experiment was conducted on several pens in a pig farrowing unit for repeat-
ed tests under the same conditions, these results may also be applicable to other pig rooms. Notably,
the cleanest site will differ depending on the farm environment; thus, it is necessary to select the
cleanest site according to each farm’s standard through repeated inspection by the farmer. It is also
expected that these repetitive tests can contribute to establish an ATP standard level for the cleanest

state according to the farmers’ satisfaction.
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