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Abstract: Bovine respiratory disease (BRD) is a very important disease that contributes to economic
losses in dairy and beef cattle breeding worldwide. The molecular testing of material from 296 calves
showing BRD symptoms from 74 dairy herds located in south-western Poland was performed in
2019-2021. Molecular tests were performed using a commercial kit “VetMAX™ Ruminant Respi-
ratory Screening Kit” (Thermo Fisher Scientific) for the simultaneous detection of genetic material
of seven pathogens responsible for BRD. At least one pathogen was detected in 95.95% of herds.
The overall prevalence was: Pasteurella multocida 87.84%, Mannheimia haemolytica 44.59%, bovine
coronavirus (BcoV) 32.43%, Mycoplasma bovis 29.73%, Histophilus somni 28.38%, bovine parainfluenza
virus type 3 (BPIV-3) 13.51%, and bovine respiratory syncytial virus (BRSV) 10.81%. Twenty-nine
configurations of pathogen occurrences were found. Bacterial infections were the most frequently
recorded as 56.7% of all results. Coinfections mainly consisted of two pathogens. Not a single purely
viral coinfection was detected. The most frequent result was a single P. multocida infection accounting
for 18.31% of all results. The statistically significant correlation (p = 0.001) with the highest strength
of effect (¢ 0.38) was between M. bovis and H. somni.

Keywords: BRD; pathogen configurations; pathogen correlations; coinfections; PCR detection; cattle;
prevalence; respiratory diseases

1. Introduction

Bovine respiratory disease (BRD) is one of the most significant causes of economic
losses in dairy and beef cattle breeding worldwide. BRD is a polyetiological disease with vi-
ral and bacterial causes, to which environmental conditions and stress may contribute [1,2].
The disease is most prevalent in the fall and spring months [3-6]. Young animals, less than
a year old, more commonly suffer from this [7-11].

Pathogens noted in the course of BRD include: Pasteurella multocida (P. multocida),
Mannheimia haemolytica (M. haemolytica), Mycoplasma bovis (M. bovis), Histophilus somni
(H. somni), bovine parainfluenza virus type 3 (BPIV-3), bovine respiratory syncytial virus
(BRSV), bovine coronavirus (BcoV), bovine viral diarrhea virus (BVDV), bovine herpes
virus type 1 (BHV-1), bovine adenovirus (BadV), and influenza D virus (IDV). Stress or
viral infections create a basis for opportunistic bacteria to multiply, which contributes to
clinical symptoms [2,5,7-10,12-21].
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Symptoms include nasal and ocular discharge of serous, serous-mucous, and purulent
fluid, fever, cough, and increased respiratory rate [7-10,12,13,22,23]. Heifers affected by
BRD reach first mating weight later than those not affected and pneumonia delays first
calving by half a month [22,24]. In addition, pneumonia contributes to a lower first lactation
performance [22,24,25].

Data show that in the U.S., losses associated with BRD in meat calves after weaning
were approximately USD 165 million per year, of which costs associated with falls were
USD 126 million, those associated with treatment were USD 25 million, and those associated
with reduced calf weight after BRD were USD 15 million [26].

The prevalence of individual infectious agents is at highly variable levels in different
scientific reports. Moreover, so far, there are no studies on the simultaneous occurrence of
factors responsible for BRD among Polish cattle. Determining the prevalence of individual
pathogens and the correlation between them can help to develop more effective manage-
ment and prevention strategies for BRD in this geographic area. It may also contribute to
the understanding of the interrelationships between pathogens and to the better knowledge
of calves’ nasal bacterial communities [27-29]. The aim of this study was the epidemiology
of BRD along with the determination of the prevalence and relationships between seven
pathogens detected in the course of BRD in sick dairy calves from south-western Poland to
improve the knowledge on coinfections in BRD.

2. Materials and Methods
2.1. Sample Collection

The study was conducted in the period from January 2019 to January 2021. The
material came from dairy cattle herds located in south-western Poland from the following
voivodeships: Greater Poland, Lodz, Lower Silesian, Lubusz, Opole, Silesian (Figure 1).

Pomeranian

Warmian-Masurian

West Pomeranian

Podlaskie

Kuyavian-
Pomeranian

Greater Poland

Lower Silesian
Opole
Lesser Poland

Figure 1. Map of Poland with region marked in gray where tested dairy cattle herds were located.

Subcarpathian

In the study region, dairy herds are kept in two types of farms. Free-stall, often with
free access to paddocks, and tethered. The free-stall type prevails. Animals are usually
kept on bedding of varying depths. In a very small number of farms, cattle have access to
pasture [30]. Based on preliminary studies (unpublished data), P. multocida was considered
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the leading pathogen (prevalence 75%). In addition, literature data from Belgium, which
has a similar weather to Poland and is at a similar latitude, gave a similar prevalence
(73.3%) [19].

The number of farms where animals should be examined was determined based on
the following formula [31] (at a confidence level of 0.95) and was 74.

N =[1.962 X Pexp X (1 — Pexp)]/d? 1)

n—required sample size;
Pexp—expected prevalence (0.74);
d—desired absolute precision (0.1).

The number of samples per herd was determined based on the formula [31] (at a
confidence level of 0.95):

n=[1-(1-p)"9 x[N-(d/2)]+1 ¢)

n—number of samples submitted from the herd;

p1—probability to detect at least one infected calf (0.95);

N—number of animals in the herd;

d—minimum number of affected animals expected in the herd (N X expected prevalence).

Taking into account the herd size (number of animals per farm) and the prevalence
used to determine the number of farms, the calculated number of samples per herd was 4.

According to the above calculations, material was collected from 4 calves from each
herd. Samples were pooled by combining the collected material to obtain one representative
test result for material from animals from a single herd.

Material was collected in cooperation with veterinarians dealing with tested herds.
Samples were collected by veterinarians from calves not previously vaccinated against the
tested infectious agents. Tested calves showed symptoms of BRD such as nasal and ocular
discharge, fever, cough, increased respiratory rate, increased lung field murmur, respiratory
wheezing, and rales. The material consisted of deep nasal swabs (NS) or tracheal washes
(TW) from calves showing signs of respiratory infection. Material was collected with due
aseptic care and attention to avoid contamination.

2.2. PCR Test

Collected samples were transported within 24 h to the laboratory. The study was
performed at the Wroclaw University of Environmental and Life Sciences, in the labora-
tory of the Department of Epizootiology and Clinic of Birds and Exotic Animals. From
the obtained samples, the genetic material of the tested pathogens was isolated using a
commercial kit “Total RNA Mini Plus” (A&A Biotechnology, Gdynia, Poland) following
the manufacturer’s instructions at each step. The RNA-DNA was amplified in a CFX96
Connect Real-Time PCR Thermal Cycler (Bio-Rad, Marnes-la-Coquette, France). Molecular
tests were performed using a commercial kit “VetMAX™ Ruminant Respiratory Screening
Kit” (Thermo Fisher Scientific, Lissieu, France) simultaneously detecting seven bovine
respiratory pathogens, following the manufacturer’s instructions at each step. This test de-
tects: Pasteurella multocida (P. multocida), Mannheimia haemolytica (M. haemolytica), Histophilus
somni (H. somni), Mycoplasma bovis (M. bovis), bovine respiratory syncytial virus (BRSV),
bovine coronavirus (BCoV), and bovine parainfluenza virus type 3 (BPIV-3).
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2.3. Statistical Analysis

The analyzed unit of this study was the herd. The “prevalence” means the percentage
of affected herds by the analyzed pathogen.

Cross-tab analyses were performed along with chi-square tests (x? test) to check
for correlations between the cooccurrence of the pathogens studied. In addition, it was
checked whether there was a relationship between the occurrence of viruses and bacteria.
The strength of the effect of the tested compounds was determined using the phi Yule
contingency coefficient (¢) for which the cut-off values were:

¢ < 0.1—no effect;

0.1 < ¢ < 0.3—small effect;

0.3 < ¢ < 0.5—average effect;

0.5 < p—Ilarge effect.

The Phi Yule contingency coefficient is considered statistically significant if the p value
is equal to or less than the significance level . The significance level in this chapter was
considered to be oc = 0.05.

Combinations without repetitions of occurrences of individual pathogens in this
article are also called “configurations”, and the number of possible combinations was
calculated by the binomial coefficient. For comparing the similarity and diversity of
coexistence, we used a Jaccard similarity coefficient (Jaccard index). Statistical analyses
were performed using Statistica 13.3.721.1 (TIBCO Software Inc., Palo Alto, CA, USA).
Tables and graphs were prepared using Microsoft Office Excel. Euler diagrams were
prepared using Adobe Illustrator.

2.4. Ethics Statement

Ethical review and approval were waived for this study due to the present law in
Poland (the Experiments on Animals Act from 15 January 2015, Journal of Laws of the
Republic of Poland from 2015, item. 266): the study did not require the approval of the
Ethics Committee. The samples used in this study originally came from the material for
a diagnostic of cattle infections that was collected by veterinarians treating these herds.
Additionally, it did not cause the animals any pain, suffering, or distress equal to or greater
than a needle stick injury. However, the research outline was submitted to the Animal
Welfare Advisory Team in Wroclaw, which qualified the study as research that did not
require ethics committee approval.

3. Results

A total of 296 calves showing BRD symptoms from 74 herds located in south-western
Poland were examined. In 27 herds, the test material was tracheal washes, and in 47 herds,
the test material was nasal swabs. The tests showed the presence of genetic material of at
least one of the pathogens in 71/74 (95.95%) of the examined herds. In herds where the
test material was tracheal washes, positive herds were 26 /27, and when the test material
was nasal swabs, positive herds were 45/47. Bacterial infections were the most frequently
recorded 42/74 (56.7%). The structure of infection types from positive results (71) is shown
in the pie chart (Figure 2).
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Figure 2. Percentage of infection types in positive results. Virus—virus coinfections were not detected.

3.1. Prevalence
3.1.1. Overall Prevalence

The overall prevalence of individual pathogens is shown in bar graph (Figure 3).
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Figure 3. The overall prevalence of individual pathogens detected.
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3.1.2. Prevalence Depending on the Type of Samples

The prevalence of individual pathogens depending on the type of samples is shown
in the bar graph (Figure 4).
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Figure 4. The prevalence of individual pathogens detected depending on the type of sample.

3.2. Occurrences

Analyzing the results of the study according to the number of simultaneous detection
of pathogens in each study, it was found that coinfections with two pathogens were most
frequently recorded (22/74). Infections with three pathogens were found in 17 of the tested
herds. One pathogen was found in 16 herds. Four pathogens were detected in 10 of the
tested herds, five pathogens were found in 5 of the tested herds, and seven pathogens were
detected in only one tested herd. Infection with six pathogens was not found in any of the
tested herds. In three herds, none of the pathogens were detected.

3.3. Correlations

The statistical tests performed from all the obtained results did not confirm the exis-
tence of an association between the presence of viral and bacterial pathogens. Statistical
tests performed showed five statistically significant associations between pairs of pathogens
with an average and small effect (Table 1). The highest strength of effect was the correlation
between M. bovis and H. somni ¢ 0.38, and its effect was defined as average. The next with
an average effect was between BRSV and BPIV-3 ¢ 0.33, and between BCoV and BPIV-3.
All statistically significant correlations shown meant that the pathogen under study was
significantly more prevalent with the simultaneous occurrence of the other pathogen from
the pair under study.
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Table 1. The table shows the correlations between the occurrence of the pathogen pairs studied.
Statistically significant correlations and their strength of effect are highlighted in bold. All marked
correlations were positive. p denotes statistical significance; ¢ denotes a Phi contingency coefficient
indicating the strength of effect of a given association. * denotes that the correlation shown is inverse.

Correlations
BRSV BCoV Mannhem'ua Pasteurlelu sttophz.lus Mycoplflsma
haemolytica multocida somni bovis
BPIV-3 p 0.010 0.011 1.000 1.000 1.000 0.713
) ) 0.33 0.32 0.04 0.03 0.01 0.08
BRSV p 0.103 0.068 * 0.584 0.680 0.688
) 0.22 0.23* 0.130 0.070 0.06
p 0.726 1.000 0.021 0.311
BCoV b 0.04 0.01 0.27 0.12
Mannheimia p 1.000 1.000 0.032
haemolytica ) <0.01 0.02 0.25
Pasteurella p 1.000 0.265
multocida ¢ 0.05 0.15
Histophilus p 0.001
somni ¢ 0.38
3.4. Configurations
3.4.1. Occurred Configurations
In the results obtained, 29 configurations of pathogen occurrences were found. Results
of individual PCR tests are presented in Table 2.
Table 2. Table showing configurations of pathogens detected, with percentages of occurrence.
NS—nasal swabs, TW—tracheal washes.
Configurations
No. of Pathogen No. of Positive Results % of All Positive
in Configurations Pathogens Name All(71) NS @45 TW (26) Results
BCoV 1 1 0 1.41%
1 M. haemolytica 2 2 0 2.82%
P. multocida 13 9 4 18.31%
M. haemolytica, BPIV-3 1 1 0 1.41%
P. multocida, BPIV-3 1 1 0 1.41%
P. multocida, BRSV 2 1 1 2.82%
2 P. multocida, BCoV 3 3 0 4.23%
P. multocida, M. haemolytica 10 7 3 14.08%
P. multocida, H. somni 3 2 1 4.23%
P. multocida, M. bovis 2 0 2 2.82%
BPIV-3, BCoV, P. multocida 1 1 0 1.41%
BPIV-3, BRSV, P. multocida 1 1 0 1.41%
BCoV, H. somni, M. bovis 1 0 1 1.41%
BCoV, P. multocida, H. somni 3 3 0 4.23%
3 BCoV, P. multocida, M. haemolytica 2 1 1 2.82%
BCoV, M. haemolytica, H. somni 1 0 1 1.41%
M. haemolytica, P. multocida, M. bovis 5 3 2 7.04%
M. haemolytica, P. multocida., H. somni 1 1 0 1.41%
P. multocida, H. somni, M. bovis 2 0 2 2.82%
BPIV-3, BRSV, BCoV, P. multocida 1 1 0 1.41%
BPIV-3, BCoV, P. multocida, M. haemolytica 2 1 1 2.82%
4 BRSV, BCoV, P. multocida, M. bovis 1 0 1 1.41%
BCoV, P. multocida, M. haemolytica, M. bovis 2 1 1 2.82%
P. multocida, M. haemolytica, H. somni, M. bovis 4 1 3 5.63%
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Table 2. Cont.

Configurations
No. of Pathogen No. of Positive Results % of All Positive
in Configurations Pathogens Name AL(7)) NS@45) TW (26) Results
BPIV-3, BRSV, BCoV, P. multocida, H. somni 1 1 0 1.41%
5 BPIV-3, BCoV, P. multocida, H. somni, M. bovis 1 1 0 1.41%
BRSV, BCoV, P. multocida, H. somni, M. bovis 1 1 0 1.41%
BCoV, P. multocida, H. somni, M. haemolytica, M. bovis 2 1 1 2.82%
6 not detected - - - -
7 BPIV-3, BRSV, BCoV, P. multocida, M. haemolytica, 1 0 1 1.41%

H. somni, M. bovis

3.4.2. Configurations in Bacterial-Only Infections and Coinfections

Bacterial-only coinfections were reported in 27 herds, representing 38.03% of herds
in which at least one pathogen was detected (27/71). The numbers of bacterial infections
occurring and bacterial-only coinfections are shown using sets in Figure 5.

13

10 :

P. multocida
M. haemolytica
M. bovis

H. somni

Figure 5. Euler diagram with numbers of occurring bacterial infections and bacterial-only coinfections.
Common parts indicate the numbers of coinfections in which a common occurrence of pathogens
shown was recorded. H. somni and M. bovis did not occur as a single pathogen infection.
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3.4.3. Coexistence
The coexistence of the three pathogens showing the highest prevalence (Figure 6).
M. haemolytica with P. multocida

Coinfection of M. haemolytica with P. multocida accounted for 93.54% (29/31) of bacterial
and viral-bacterial coinfections containing M. haemolytica regardless of the species of the
other noted pathogens in a given configuration. For P. multocida, coexistent coinfection
with M. haemolytica accounted for 55.77% (29/52) of the recorded coinfections.

M. haemolytica with BCoV

Coinfection of M. haemolytica with BCoV accounted for 32.56% (10/31) of bacterial and
viral-bacterial coinfections containing BCoV regardless of the species of the other noted
pathogens in a given configuration. For M. haemolytica, coexistent coinfection with BCoV
accounted for 43.48% (10/23) of the recorded coinfections.

P. multocida with BCoV

Coinfection of P. multocida with BCoV accounted for 40.38% (21/52) of bacterial and
viral-bacterial coinfections containing P. multocida regardless of the species of the other
noted pathogens in a given configuration. For BCoV, coexistent coinfection with P. multocida
accounted for 91.30% (21/23) of the recorded coinfections.

(a)

/ P. multocida = 52

[ M. haemolytica = 31

\ O Coexistence =29

M. haemolytica = 31
() BCoV=23

. Coexistence =10

P. multocida = 52
@ BCcov=23

O Coexistence =21

Figure 6. Area-proportional Euler diagrams with coexistence of the three pairs of pathogens with the
highest recorded prevalence. The area of the circle corresponds to the number of occurrences of a
given pathogen in coinfections. The common part indicates the number of coinfections in which the
co-occurrence of both pathogens shown was recorded, regardless of the rest of the pathogens in the
coinfection. (a) Coexistence of P. multocida and M. haemolytica. (b) Coexistence of M. haemolytica and
BCoV. (c¢) Coexistence of P. multocida and BCoV.

The coexistence of the chosen three pairs of pathogens with statistically significant
correlations for which the highest strength of association effect was shown (Figure 7).
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M. bovis with H. somni

Coinfection of M. bovis with H. somni accounted for 54.55% (12/22) of bacterial and
viral-bacterial coinfections containing M. bovis regardless of the species of the other noted
pathogens in a given configuration. For H. somni, coexistent coinfection with M. bovis
accounted for 60.00% (12/20) of the recorded coinfections.

BCoV with BPIV-3

Coinfection of BCoV with BPIV-3 accounted for 30.43% (7/23) of viral-bacterial coin-
fections containing BCoV regardless of the species of the other noted pathogens in a given
configuration. For BPIV-3, coexistent coinfection with BCoV accounted for 70.00% (7/10) of
the recorded coinfections.

BRSV with BPIV-3

Coinfection of BRSV with BPIV-3 accounted for 50.00% (4/8) of viral-bacterial coin-
fections containing BRSV regardless of the species of other noted pathogens in a given
configuration. For BPIV-3, coexistent coinfection with BRSV accounted for 40.00% (4/10) of
the recorded coinfections.

(a)
M. bovis =22

H. somni =20

() Coexistence =12

) BCoV =23
BPIV-3 = 10

O Coexistence =7

BPIV-3 =10
BRSV =28

\__ Coexistence = 4

Figure 7. Area-proportional Euler diagrams with coexistence of the three pairs of pathogens for
which the highest statistically significant correlation coefficients were shown overall. The area of the
circle corresponds to the number of occurrences of a given pathogen in coinfections. The common
part indicates the number of coinfections in which a common occurrence of both pathogens shown
was recorded, regardless of the rest of the pathogens in the coinfection. (a) Coexistence of M. bovis
and H. somni. (b) Coexistence of BCoV and BPIV-3. (c¢) Coexistence of BPIV-3 and BRSV.

Jaccard index for all pathogens detected in coinfections (Figure 8).
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P. multocida

M. haemolytica

M. bovis

H. somni

Jaccard index for pathogens detected in coinfections
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Figure 8. Matrix of Jaccard similarity coefficients (Jaccard index) between all pathogens detected in
coinfections. The darker the color, the higher the value of the Jaccard index.

4. Discussion

To the authors” knowledge, no study on the simultaneous occurrence of the few
pathogens in the course of BRD in calves has been published from Polish herds to date. In
addition, the comparison of data on coinfections, especially the configuration of infectious
agents responsible for BRD, is not easy, because little literature data are available and are
due to the multifactorial nature of this disease entity, in which at least a dozen pathogens are
involved. As a result, virtually all published studies of this type detected a different set of
pathogens. In this study, the commercial kit “VetMAX™ Ruminant Respiratory Screening
Kit” (Thermo Fisher Scientific, Lissieu, France) was used, which will allow other researchers
to compare data in the future. A test from the same product line, i.e., VetMAX™ detecting
the same pathogens was used by Paller et al. who also examined calves showing BRD
symptoms from Slovenia [32]. They showed that 82.7% of the samples tested contained at
least one test factor [32], and in our study, the percentage of positives was also very high
at 95.95%.

4.1. Infection Types

According to the tests, mainly bacterial infections were recorded. In this study, the only
case of purely viral infection was the occurrence of BCoV. Coinfections with two pathogens
were most frequently recorded (22/74). Although Paller et al. additionally tested samples
for three viruses other than ours (BVDV, BAdV, and BHV-1), reporting results for a total
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of 10 pathogens, the most commonly reported result, regardless of pathogen type, was
coinfection with two pathogens [32], similar to the results of our study. Oliveira et al.
who tested cattle in Brazil showed in more than 1/3 of the studied samples the presence
of genetic material of only one agent [33], while in our study, mainly coinfections were
recorded. This may be due to the fact that our study is a field study, commissioned by farm
doctors. As a PCR test that simultaneously detects seven pathogens is often ordered in very
problematic or chronic cases, bacterial complications may be more frequent [24,34].

4.2. Prevalence

The most frequent pathogens among dairy herds in south-western Poland are
P. multocida (87.84%) and M. haemolytica (44.59%). The most frequent viral pathogen was
BCoV (32.43%). The prevalence of BRD individual infectious agents is at highly variable
levels in different scientific reports and it could be even different in other parts of the
same country.

The prevalence of P. multocida varies widely ranging from a few percent to over
eighty [5,8,14-17,19,20,28,32,35-38]. Similar to our results, Paller et al. noted that the
highest prevalence occurred for P. multocida (58.64%) [32]. Pratelli et al. tested calves for
the same pathogens as we did in our study and additionally for bovine adenovirus. Calves
showing BRD symptoms had the highest prevalence of H. somni (84.8%), BCoV (74.6%),
and P. multocida (50.0%) [8]. In our study, BCoV was also one of the three most frequently
recorded pathogens, although its prevalence was not as high, just as we did not record as
high a prevalence of H.somni [8,9,28,38]. The prevalence of these pathogens also varies
depending on the publication, although BCoV is often reported at levels in the tens of
percent [6,8,9,20,39-42].

BPIV-3 prevalence in the majority of publications is low, ranging from a few to several
percent [6-8,32,33,35], even if sometimes recorded at a higher level, and BPIV-3 was also not
considered a leading pathogen [17]. The situation is different for the prevalence of BRSV,
which, in some studies, is presented as the most important viral agent with a prevalence
of about 40% [17,32,39]. In our study, BRSV was the least reported of all pathogens, with
a prevalence of 10.81%, so it was more similar to the level shown by Klima et al. [35] and
Pratelli et al. [8]. In some studies, its prevalence is even lower [7]. Research of Urban-
Chmiel et al. showed that in another region of Poland (the east), BRSV prevalence among
dairy cattle herds was 66.6% [43]. Thus, although BRSV is considered to be widespread
worldwide, as can be seen, its prevalence varies from region to region. The situation is
similar for the prevalence of M. bovis. A study conducted by Szacawa et al. in a part of
eastern Poland showed a prevalence of M. bovis in calves of 56.5% [44], which is higher than
the percentage shown by us (29.73%). However, their study was conducted on a smaller
group, as well as a different region of Poland [44]. The prevalence of M. bovis shown by
researchers from other regions of the world varies even more: from a few percent to over
eighty [8,15,16,19,28,32,33,35].

We showed that for BPIV-3 and BCoV virus detection, samples were more often
positive when the material was nasal swabs than tracheal washes. The opposite was true
for bacterial detection, with a particularly large difference in percentage points seen in
the prevalence of M. bovis. BRSV was also more frequently detected in herds where the
test material was tracheal swabs, although this was a small difference of 0.47 percentage
points. In our study, only one type of sample was collected from calves from a single herd,
so we cannot compare which type of material is better for BRD diagnosis. Comparative
studies have been conducted by other researchers [29,45-49]. There is no consensus on
which samples are most suitable for BRD diagnosis [34,50]. Doyle et al. showed that
to detect bacteria, which was the subject of our study, in the course of BRD, the site of
collection of material from the respiratory tract will be of little importance, and for viruses,
better material will be that from the upper respiratory tract, especially for the detection
of BCoV [45]. Different results were presented by Zhang et al.—BRSV and BCoV were
more frequently noted in tracheal washes [46]. On the other hand, some studies showed that
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M. bovis was more often noted when the material came from the lower respiratory tract [48,49].
With these results and animal welfare in mind, we share the view of Pardon et al.—samples
from the upper respiratory tract might be sufficient and even most appropriate to detect
primary pathogens [34]. Nevertheless, if the disease lasts longer, and bacteria are suspected
as the main complicating factor, then the more appropriate material for testing will be that
from the lower respiratory tract.

4.3. Coinfections and Configurations

In the results obtained, only 29 configurations of pathogen occurrences were found,
despite the fact that the mathematically possible number of individual configurations is
127. Thus, with 74 herds tested, it was possible that no test result would be repeated,
which, however, was not the case. The most common result was a single P. multocida
infection (13/71) accounting for 18.31% of all positive results. No purely viral coinfections
were detected. Of the 15 possible configurations of bacterial coinfections, only 7 were
found. These 7 configurations that occurred are all possible configurations containing
P. multocida. Paller et al. noted in their study that P. multocida genetic material was detected
most frequently in samples where a single agent was recorded. However, it can be noted
that in configurations containing two pathogens, those containing P. multocida were the
most frequently recorded [32], similar to our results. Schonecker et al. who tested cattle
in Switzerland in their study also reported coinfections and configurations, however,
for a different set of pathogens. Similar to us, they showed that the most frequently
detected agent in monovalent infections was P. multocida. However, the most common
coinfection was P. multocida and M. bovis accounting for 6.2% of all results [37]. In our study,
the highest number of bacterial coinfections were cases of the simultaneous presence of
P. multocida and M. haemolytica (10/71), which constituted 14.08% of all positive results, but
at the same time, it accounted for 37.04% (10/27) of all bacterial coinfections. However,
when coinfections with only two pathogens are discarded, a high percentage (45.23%) of
M. haemolytica is also seen in the remaining coinfections with P. multocida, regardless of the
species of the rest of the pathogens. In other words, M. haemolytica is present in 45.23% of
coinfections with three or more pathogens in which P. multocida is noted. Such infections
(P. multocida and M. haemolytica) are twice as many as the next most common bacterial
coinfection configuration: P. multocida, M. haemolytica, and M. bovis (5/71), which account
for 18.52% (5/27) of bacterial coinfections. It is also noteworthy that this configuration
is a replication of the most common coinfection, extended with M. bovis. On the other
hand, the least frequently recorded bacterial coinfection is M. haemolytica, P. multocida, and
H. somni. This bacterial configuration appears only once, accounting for only 3.70% (1/27)
of bacterial coinfections, yet 1.41% (1/71) of all positive results. However, this bacterial
configuration extended by M. bovis occurs four times more often, being the third most
frequent bacterial coinfection and accounting for 14.81% (4/27) of all bacterial coinfections.
Similar to the results obtained by us and Paller et al., a significant proportion of coinfections
were configurations containing P. multocida. They showed that in their study, BRSV was the
most frequently reported coinfection along with P. multocida (58.21% coinfection) [32]. In
our study, this configuration appears only twice, accounting for only 2.82% (2/71) of all
results. Pratelli et al. showed in their study that the most common coinfection recorded was
that containing BCoV and H. somni [8]. Although our study did not record the occurrence
of such a configuration, we did show a statistically significant phi contingency coefficient for
these pathogens. The most common configuration of bacterial-virial coinfection was: BCoV,
P. multocida, and H. somni; however, it appeared 3 times only.

4.4. Correlations

To date, much of the literature has focused on demonstrating the correlation of envi-
ronmental factors to the occurrence of BRD symptoms, such as stress associated with calf
transport [8,10]. Less is known about the correlation between individual infectious factors
in the course of BRD in calves. Statistical analysis revealed five statistically significant
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correlations between pathogens with three with an average-level strength of effect and two
with a low level of effect. The strongest correlation is between H. somni and M. bovis bacteria.
This correlation was also shown by Andrés-Lasheras et al. [2]. The next one shown between
bacteria also occurred with M. bovis, but it had the lowest strength of effect of a given
association and it was the correlation with M. haemolytica. The highest strength of effect of a
correlation between viral agents was shown between BRSV and BPIV-3 and was at an aver-
age level. On the other hand, although correlations were shown between BRSV and BPIV-3,
their prevalence in our study was low. All statistically significant correlations showed a
positive association. In other words, the more frequently one pathogen was recorded, the
higher the chance of detecting the other pathogen from a given association. Nonetheless,
the correlation between M. haemolytica and BRSV was inverse. What it means is that M.
haemolytica was significantly less frequent with concurrent BRSV, but this relationship is
at the limit of statistical significance, with a low strength of effect. A study of Canadian
cattle by Andres-Lasheras et al. showed a correlation in cattle between M. haemolytica and
H. somni and between P. multocida and M. bovis [2]. In our study, correlations between these
pathogens were not detected. There are no statistically significant correlations between
P. multocida and other pathogens.

4.5. Coexistence

The complexity of the relationships between pathogens and the very high prevalence
of P. multocida make it difficult to select a single ideal statistical test that demonstrates these
relationships. Therefore, the relationships between pathogens were examined not only
by correlations, but also by the frequency of occurrence together, which are represented
graphically using sets in this study (Figures 6 and 7) in order to better show relationships
between tested pathogens through coexistence in coinfections.

The Jaccard index tells what percentage of all elements in the two sets they share.
Saegerman et al. showed this index for the same pathogens that we detected. The high-
est Jaccard indexes in their study and in ours are those for associations between bacte-
ria [20]. In their study, as in ours, the high Jaccard index was in the set of P. multocida
and M. haemolytica, although the highest they recorded was for P. multocida and M. bovis.
Similarly to correlations, the high prevalence of P. multocida makes it difficult to interpret
the results. Nevertheless, the Jaccard index in the Saegerman et al. study suggests that
P. multocida was also present along with M. haemolytica in the cattle population they studied.
For the M. bovis and H. somni set also, they showed a high Jaccard index, as did we [20].
Considering also the correlation results presented earlier with the highest phi Yule contin-
gency coefficient for this association and the correlations shown by Andrés-Lasheras et al.,
this suggests that there is a relationship /dependence between M. bovis and H. somni [2]. In
the Saegerman et al. study, the Jaccard indexes were low for sets consisting of the viruses
we studied [20]. In our study, they are higher; nevertheless, the number of occurrences of
these pathogens was low, so the index we obtained may be less reliable than that obtained
by Saegerman et al. [20]. The Jaccard index tells us the percentage for both sets; it does
not show whether either set was more involved in the formation of the common part.
Therefore, we also analyzed for chosen pathogens what proportion of a single set is the
common part, which we showed by sets (Figures 6 and 7). It was noted that BCoV was
more frequently recorded with M. haemolytica than the other way around. The highest
disproportion of the level of coexistence in coinfections was between BPIV-3 and BCoV.
BPIV-3 more frequently coexisted with BCoV than the other way around. The coexistence
level of other tested pathogen pairs that show correlations was more proportional and did
not exceed ten percentage points.

Taking into consideration the shown bacterial agents, prevalence, and scientific reports
about opportunistic pathogens, it is important to bear in mind that despite the very high
prevalence of P. multocida and the high frequency of coinfection with P. multocida and
M. haemolytica in some of the calves we examined, these agents were not necessarily
responsible for the presence of disease symptoms [8,17,28,51,52]. Nevertheless, being
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components of the respiratory tract flora, when the clinical form of the disease occurs
(regardless of whether they are the cause) due to the use of antimicrobials in the treatment
and control of BRD, they acquire resistance to the antibiotics used, becoming a reservoir of
resistance genes [2,14,36,38,52-54]. It is also important to perform drug resistance testing
with determination of the presence of chemotherapeutic resistance genes in P. multocida and
M. haemolytica isolated from dairy cattle calves from Poland. Moreover, we believe that the
subject of relationships between pathogens in the course of BRD requires further studies.
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