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severity in experimental Mycoplasma
ovipneumoniae infection of domestic lambs

Bryan Tegner Jacobson', Jessica DeWit-Dibbert, LaShae Zanca', Sobha Sonar', Carol Hardy?,
Michael Throolin?, Patricia C. Brewster', Kaitlyn Andujo’, Kerri Jones', Jonathon Sago?, Stephen Smith?,

Lizabeth Bowen® and Diane Bimczok'"

Abstract

damage than delivery to the URT.

M. ovipneumoniae is a respiratory pathogen that can cause mild to moderate pneumonia and reduced productivity
in domestic lambs. However, studies on both natural and experimental M. ovipneumoniae infection have reported
highly variable clinical signs and pathology. Here, we assessed the impact of administering M. ovipneumoniae

to the upper respiratory tract (URT) or to the lower respiratory tract (LRT) of two-month-old specific pathogen-free
lambs. Lambs were inoculated with PBS (control) or with ceftiofur-treated nasal wash fluid obtained from sheep
with natural M. ovipneumoniae infection, monitored for eight weeks, and subsequently euthanized. All lambs

in the URT and LRT groups developed a stable infection with M. ovipneumoniae. M. ovipneumoniae infection led

to lower weight gains and mild respiratory disease, with significantly greater effects following LRT inoculation com-
pared to URT inoculation. At necropsy, lambs inoculated via the LRT showed consolidation of the cranial lung lobes.
In addition, histological signs of alveolar, bronchiolar, and interstitial inflammation were significantly more severe

in the LRT compared to the URT group. M. ovipneumoniae loads in the trachea and bronchi also were significantly
higher after LRT than URT inoculation. Interestingly, 9/10 inoculated lambs also tested positive for M. haemolytica

in nasal swab but not in bronchial swab samples. In summary, our study suggests that bypassing protective mecha-
nisms of the URT by delivering respiratory pathogens to the LRT leads to more severe respiratory disease and lung
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Introduction

Mycoplasma ovipneumoniae is a respiratory pathogen
of domestic and wild sheep that is associated with atypi-
cal pneumonia and decreased productivity in lambs
[1-3] and that is highly common across the world [4-8].
However, results from experimental M. ovipneumoniae
infections have been inconsistent, ranging from severe
respiratory illnesses with weight loss and behavioral
changes to asymptomatic infections [3, 9-14]. These
variable results have been partially attributed to the pres-
ence or absence of bacterial and viral co-infections [11,
15-17], differences in the virulence of M. ovipneumoniae
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strains [3, 18], and genetic differences in host suscep-
tibility [19]. Current evidence from infection experi-
ments and observational studies point to two potential
outcomes of M. ovipneumoniae infection: asymptomatic
carrier status, with colonization of the upper airways and
no clinical disease [14, 20—22], or clinical infection with
atypical pneumonia, where M. ovipneumoniae is found
in diseased lung tissue [12, 14, 22, 23]. While clinical
pneumonia is generally an immediate concern, sheep that
are asymptomatic carriers for M. ovipneumoniae com-
monly remain undetected. However, these animals play
an important epidemiological role, since they can spread
infection to susceptible lambs and cause pneumonia out-
breaks [24, 25]. Despite these two disparate outcomes,
how M. ovipneumoniae distribution in the respiratory
tract impacts M. ovipneumoniae pathogenesis has not yet
been systematically analyzed.

The upper respiratory tract (URT), which is comprised
of the nasal cavity, pharynx, and cranial portions of the
larynx, is the primary site of infection for most respira-
tory pathogens [26]. Under natural circumstances, res-
piratory pathogens can reach the lower respiratory tract
(LRT) if respiratory defenses such as the mucociliary ele-
vator are damaged due to previous infections or environ-
mental stressors, or in association with physical exercise
and exertion [27]. Natural M. ovipneumoniae infection
is thought to occur via respiratory droplets or secretions
following repeated close contact [3], but airborne trans-
mission over a distance of >10 m also has been reported
[12]. Upon initial infection, M. ovipneumoniae can dam-
age the cilia of the respiratory epithelium [28], which
then enables the M. ovipneumoniae as well as other path-
ogens to invade the lower respiratory tract. Ionas et al.
proposed that different M. ovipneumoniae strains might
preferentially colonize the lungs versus the nasal passages
[29].

We hypothesized that infection of the lower respira-
tory tract, achieved experimentally through intratracheal
inoculation, would result in clinical disease, whereas
pathogen delivery to the upper respiratory tract would
result in asymptomatic colonization. We present results
from an experimental infection study performed in
specific pathogen free (SPF) domestic lambs that were
inoculated via either the URT or the LRT with antibiotic-
treated nasal wash fluid from lambs naturally infected
with M. ovipneumoniae. Our results indicate that deliver-
ing the infectious inoculum directly to the LRT resulted
in increased pathogen load in the trachea and bronchi,
decreased weight gains, increased clinical signs, and
increased gross and microscopic respiratory tract pathol-
ogy compared to pathogen delivery to the nasal and
oral mucosae. Interestingly, both URT and LRT delivery
of M. ovipneumoniae enabled expansion of previously

Page 2 of 17

undetectable Mannheimia haemolytica in the upper res-
piratory tract of infected lambs from both groups, which
may have contributed to the development of clinical dis-
ease in this study.

Materials and methods

Animals and husbandry conditions

Fifteen two- to three-month-old mixed-breed lambs
(nine males, six females) from Montana State Univer-
sity’s (MSU’s) SPF flock [21, 30] were used in this study.
The lambs were born naturally to SPF ewes, weaned at
approximately 6 weeks of age, and kept in outdoor pad-
docks with ad libitum access to water, hay, mineral and
selenium supplements, and lamb starter pellets. All
lambs were vaccinated with a multivalent clostridial vac-
cine (Covexin® 8, Merck). One week before experimental
infections took place, the lambs were moved to the John-
son Family Livestock Facility (JELF) ABSL-2 laboratory,
where they were housed in two separate heated animal
rooms (15.5-16.8 °C). The animals were fed a standard
diet consisting of hay, lamb concentrate, and starter pel-
lets. Clean water, mineral, salt, and selenium supplements
were provided ad libitum. All animal care personnel
changed into sterile personal protective equipment prior
to entering the animal rooms, and personnel responsible
for the lambs did not have any contact with other non-
SPF sheep for the duration of the experiment. All animal
experiments in this study were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of
MSU, protocol #2022-158-95.

Preparation of inocula

Bacterial inocula containing M. ovipneumoniae were pre-
pared from fresh nasal wash fluids of fifteen lambs natu-
rally infected with respiratory pathogens, as described
previously [21]. Briefly, M. ovipneumoniae-infected
lambs at MSU’s Red Bluff Research Ranch were selected
based on prior positive tests results from nasal swab sam-
ples. Nasal washes were performed by squirting a total
of 60 mL of sterile PBS into the lambs’ nostrils and col-
lecting the flush fluid into clean, single use polyethylene
bags (ZipLock®). The nasal wash fluids were pooled,
diluted with an equal amount of tryptic soy broth, incu-
bated for 2 h at 37 °C, and then concentrated by centrifu-
gation at 10 000 X g for 30 min. Inocula were prepared
by resuspending pellets from equal amounts of starting
material in 20 mL of sterile PBS per dose for LRT inocu-
lation and 50 mL per dose for URT inoculation. Aliquots
of the untreated and the ceftiofur-treated nasal wash
were sent to the Washington Animal Diseases Diagnostic
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Laboratory for bacteriological analysis and M. ovipneu-
moniae PCR.

Experimental design and sample collection

Fifteen experimental animals were randomly selected
from a total of 22 SPF lambs born in our flock in 2022 and
randomly assigned to three treatment groups consist-
ing of two female and three male animals: (1) uninfected
control; (2) upper respiratory tract (URT) infection with
nasal wash fluid; and (3) lower respiratory tract (LRT)
infection with nasal wash fluid. “Dam” was used as a
blocking variable to ensure that siblings were placed in
different groups. Random selection and random assign-
ment was performed using the R package randomizr
(v 0.22.0) [31]. Animal characteristics are provided in
Table 1. There were no statistically significant differ-
ences in sex, litter size, starting weight or age. One week
before the experimental start date (day -7), lambs were
moved into two separate animal rooms (one for the con-
trol group (n=5) and one for the URT and LRT groups
(n=10)) inside the JFLF. All infected lambs from the URT
and the LRT groups were housed in the same room, with
no barrier between the groups. Husbandry staff wore
sterile scrubs, head and face coverings, and latex gloves
when entering rooms and always handled the control
group before entering the room with the URT and LRT
groups. Lambs in the URT and LRT groups were inoc-
ulated with the infected nasal wash fluid, and control
lambs received PBS. For URT infection, 30 mL of inoc-
ulum was administered into the lamb’s nostrils, 10 mL
into the conjunctival sacs, and 10 mL into the oral cavity.
For LRT infection, 20 mL of inoculum was administered
directly into the distal trachea using a flexible fiber-optic
endoscope measuring 6.6 mm X100 cm (VFS-2B VetVu,
Swiss Precision Products, Inc, Oxford, MA) under local
anesthesia with lidocaine. Serum samples, heparinized
blood samples, and PAXgene® tube (BD Biosciences)
samples for RNA isolation were collected every two

Table 1 Characteristics of experimental animals
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weeks by jugular venipuncture. Bronchoalveolar lavage
fluid was collected at —1, 2, and 5 weeks pi (post-infec-
tion) using a fiber optic endoscope, and cell concentra-
tion was determined with a Neubauer counting chamber.
At the experimental endpoint, all lambs were euthanized
and transferred to the Montana Veterinary Diagnostic
Laboratory (MVDL) for necropsy and tissue collection.
One lamb in the URT group developed a severe urinary
tract disease that did not respond to treatment and was
therefore euthanized during week five of the study, and
no endpoint samples were collected.

Assessment of clinical signs and other animal
characteristics

Following experimental M. ovipneumoniae infection or
mock treatment, lamb health status was assessed twice
daily by trained JFLF personnel, as previously described
[21, 30]. Rectal temperatures were measured twice a
week and whenever an animal showed any signs of dis-
ease. The following health parameters were assessed and
were used to calculate a clinical disease score: (1) respira-
tory signs; (2) general behavior; (3) appetite, and (4) any
medications administered exclusive of the experimental
antibiotic treatment as detailed in Additional file 1. Daily
scores represent the sum of the two values obtained for
each day. Body temperatures were measured twice per
week. Lamb body weights were determined weekly using
a digital scale.

Evaluation of pathological and histopathological changes

Sheep were necropsied at the MVDL within 30 min of
euthanasia, and the respiratory tract including lungs and
the pleural cavity were evaluated for pathological changes
by trained veterinary pathologists (S.S. and J.S.). Repre-
sentative hematoxylin/eosin-stained formalin-fixed par-
affin-embedded sections of the cranial and caudal right
and left lung lobes were scored for the presence of histo-
pathological alterations. The scoring criteria were based

Experimental N Treatment Route Males Litter size Weight at start (kg) Age at start (d)
group
Control 2 PBS URT 3 22+04 27.74+9.1 640+11.1

3 PBS LRT
URT! 5 (4)° Nasal wash URT 3 1.6+0.5 285+45 59.8+72
LRT? 5 Nasal wash LRT 3 1609 31.2+6.5 67.2+86
Pvalue >0.99 0.288 0.709 0460

"Inoculation of upper respiratory tract via nasal, conjunctival, and oral mucosae.

2 Inoculation of lower respiratory tract via endoscope.

3 One lamb was euthanized prior to the experimental endpoint due to urinary tract disease. Groups were compared using one-way ANOVA with Tukey’s multiple

comparisons test.
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Table 2 Scoring criteria for histopathological assessment of lung tissues, based on Passmore 2018, Respiratory Research [32]

Score Pulmonary edema and congestion Alveolar and interstitial Bronchiolar inflammation BALT hyperplasia
inflammation
0 Minimal/Normal Minimal/Absent Minimal/Normal None
1 Mild edema and/or congestion Mild inflammatory exudate Mild infiltration of inflammatory cells Mild
2 Moderate edema and/or congestion ~ Moderate inflammatory exudate Moderate infiltration of inflammatory Moderate
cells
3 Severe edema and conges- Marked-severe inflammatory exudate Marked/severe infiltration by inflamma- ~ Marked

tion £ intra-alveolar hemorrhage

tory cells, + epithelial damage

on a publication by Passmore et al. [32], with slight modi-
fications (see Table 2), and the pathologist was blinded to
the experimental groups.

M. ovipneumoniae serology

Analysis of serum samples for the presence of M. ovip-
neumoniae-reactive antibodies was performed at the
Washington Animal Disease Diagnostic Laboratory
(WADDL) using the laboratory’s competitive enzyme-
linked immunosorbent assay (cELISA) test, which has a
diagnostic sensitivity of 88% and a diagnostic specificity
of 99.3%. Data are shown as % inhibition and represent
the reduction in binding of the labelled monoclonal anti-
body to the M. ovipneumoniae test antigen caused by
competitive binding of serum antibodies from the diag-
nostic samples.

Detection of M. ovipneumoniae and Pasteurellaceae

Flocked polyester swabs (Puritan) were stored at —20 °C
in transport medium composed of DMEM with 15% glyc-
erol, and aliquots were shipped on dry ice to WADDL.
Standard microbiological assays, performed at WADDL,
were used to detect and identify Pasteurellacea. A sub-
set of samples that tested positive for M. haemolytica also
was tested for the presence of leukotoxin by PCR [33]. M.
ovipneumoniae was detected by quantitative PCR (qPCR)

Table 3 List of primers

using WADDL’s standard diagnostic assay. In addition,
qPCR detection of M. haemolytica was performed in
our laboratory using a protocol previously described by
Shanthalingam et al. [33]. Primer sequences are provided
in Table 3. All PCR data are expressed as the 40 -cT value
of the sample.

Analysis of cytokine and inflammatory marker gene
expression

Whole blood collected into PAXgene® tubes was processed
for RNA isolation and qRT-PCR analysis as previously
described [34]. Lung tissue collected at the experimen-
tal endpoint from two regions of the cranial lung and two
regions of the caudal lungs was frozen at —80 °C and stored
until analysis. Total RNA was extracted from homoge-
nized tissue using the RNeasy Lipid Tissue Mini Kit (Qia-
gen; Germantown, MD, USA). To remove contaminating
genomic (g)DNA, the spin columns were treated with
RNase-free DNase I (DNase, Amersham Pharmacia Bio-
tech Inc.; PA, USA) at 20 °C for 15 min. cDNA synthesis
was performed on 2 pg of RNA template from each tissue.
Reaction conditions included 4 U reverse transcriptase
(Omniscript, Qiagen, Valencia, CA, USA), 1 uM random
hexamers, 0.5 mM of each AN'TP, and 10 U RNase inhibitor,
in RT buffer (Qiagen, Valencia, CA, USA). Reactions were
incubated for 60 min at 37 °C, followed by an enzyme inac-
tivation step of 5 min at 93 °C, and then stored at —20 °C

Target Sequence (5’-3') Product size References
M. ovipneumoniae p113 295 bp [21,60]
Forward GGG GTG CGC AAC ATT AGT TA
Reverse CTT ACT GCT GCCTCC CGT AG
M. haemolytica o-sialoglycoprotein endopeptidase 227 bp [33]
Forward TGG GCA ATA CGA ACT ACT CGG G
Reverse CTTTAATCGTATTCG CAG
M. haemolytica Leukotoxin (/ktA) 497 bp [33]

Forward
Reverse

CTT ACATTT TAG CCC AAC GTG
TAA ATT CGC AAG ATA ACG GG
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until further analysis. Expression of the following genes
was measured: aryl hydrocarbon receptor (AHR), heat
shock protein 70 (HSP70), myeloid differentiation primary
response 88 (MYD88), myxovirus resistance-1 (MX1),
interferon-y (/FNG), interleukin-1B (/L1B), IL10, CD69,
Fas-associated death domain (FADD), AMP-activated
protein kinase (AMPK), tumor necrosis factor-a (TNFA),
GATA binding protein 3 (GATA3), T-box expressed in T
cells (TBX21), and transforming growth factor-f (TGEFB).
Primer sequences are provided in [34]. Data were analyzed
using the delta-delta Ct method (2724, with S9 used as
housekeeping gene. Gene expression for each animal was
normalized to values obtained immediately prior to inocu-
lation (week 0) for blood samples, or to the average gene
expression of the control group for tissue samples.

Statistical analyses

Data were analyzed using R Statistical Software (v4.3.3; R
Core Team 2024) [35] and GraphPad Prism 10.1.2 (Boston,
MA) and are shown as mean + SD unless stated otherwise.
Data for the total health score, percent weight gain, and
temperature models was processed into data structures
with the tidyverse package (v2.0.0) [36], the linear mixed-
models were run with the nlme package (v3.1.164) [37], and
the negative binomial mixed-model was run with the Ime4
package (v1.1.35.1) [38]. Mixed model tables were gener-
ated with the sjPlot package (v2.8.1.5) [39]. Plots related
to these models were generated with the ggplot2 package
(v3.5.0) [40] and ggthemes package (v5.1.0) [41]. Other data
types were analyzed for statistically significant differences
using one- or two-way ANOVA or mixed effects analysis
with Tukey’s or Dunnett’s multiple comparisons test, or
with the non-parametric Wilcoxon’s signed ranks test.

Weight gain model

For weight gain, we selected a mixed-effect model with
fixed effects for sex, age at infection, and the interaction
terms between week and treatment. Weight gain was calcu-
lated as the percent change compared to baseline weights
at 1 week before inoculation. The weight gain model can be
written as follows:

PercentWeight; ~ i + 8jti] + B1Xsex,
+ﬁ2XAgeAtInfectionl‘ + BsX Week;

+BaXirT; + BsXURT; + B7 X Week XLRT;
+Bs Xweek, XurT; + €i

Ay ~ N(O, aezwe)

2
81 ~ N<O’ GlambID)
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€ ~ N (0, Gzeze*XAgeAzlnfeutioni>

lifty = t»
cor (e, €,) = { pl2=tlotherwise

where i represents the individual observation, m repre-
sents the ewe, j represents the lamb ID, ¢ represents the
time in weeks, and N represents a normal distribution.

Health score model

In the total health score statistical modeling analysis, we
used a generalized linear mixed-model with a negative
binomial distribution with fixed effects for sex, age at infec-
tion, and the interaction terms between week post-inocula-
tion (pi) and treatment. The negative binomial distribution
was used because the variance was determined to be much
larger than the mean, suggesting a negative binomial distri-
bution rather than a Poisson distribution.

The health score model can be written as follows:

log (1) ~ ampi) + Sj1i) + BrXsex;
+B2X ageatinfection; + B3Xweek;
+BaX1rT, + BsXURT; + B6XWeek, XLRT;
+B7XWeek; XURT,

Oy ™~ N(O, cﬁwe)

2
81 ~ N(O’ GlamhID)

TotalScore; ~ NB(jL;, )

where i represents the observation, N represents a nor-
mal distribution, and NB represents a negative binomial
distribution. The overdispersion parameter ¢ that relates
the level of overdispersion in our negative binomial
model to the Poisson distribution is estimated to be 0.90.

Body temperature model

For body temperature post inoculation, we chose a mixed-
effect model with fixed effects for sex, age at infection and
the interaction terms between week and treatment. The
body temperature model can be written as follows:

Temperature; ~ (i) + i) + B1Xsex;
+/32XAgeAtInfection,' + B3X Week;

+BaXrrT; + BsXurt; + BrXwWeek, XLRT;
+Bs X week, XurT; + €i
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am~N(002 )

» Oewe
2
8 ~ N(O’ OlambID)

€ ~ N(O,az)

where i represents the observation, m represents the
ewe, j represents the lamb ID, and N represents a normal
distribution.

Results

Increased pathogen load in the lower respiratory tract
following lower-respiratory tract inoculation of lambs

with Mycoplasma ovipneumoniae

In a previous study, we showed that experimental M. ovi-
pneumoniae infection, achieved by inoculating the nasal,
oral and conjunctival mucosae of specific pathogen-free
lambs with ceftiofur-treated nasal wash fluid from con-
ventional lambs with natural M. ovipneumoniae infec-
tion, caused chronic colonization of the nasal cavity in
the absence of clinical signs [21]. Here, we compared
inoculation of the nasal, oral, and conjunctival mucosae,
i.e., the upper respiratory tract (URT), to endoscopic
intratracheal inoculation of the lower respiratory tract
(LRT; Figure 1A). Analysis of nasal swab samples for M.
ovipneumoniae showed that both URT and LRT delivery
of M. ovipneumoniae-positive, antibiotic-treated nasal
wash fluid resulted in consistent colonization of the nasal
mucosae with M. ovipneumoniae over eight weeks (Fig-
ure 1B). Interestingly, swab samples collected at necropsy
from both URT (nose and nasopharynx) and LRT (bron-
chi, and trachea) at eight weeks pi were positive for M.
ovipneumoniae in lambs from both infection groups, sug-
gesting that inoculation of the URT also leads to infection
of the LRT, and vice versa (Figure 1C). However, M. ovi-
pneumoniae pathogen load in the bronchi and trachea,
i.e., the LRT, was significantly higher in the LRT than the
URT group, confirming that delivery route influenced
pathogen distribution. None of the samples from control
lambs that had received PBS tested M. ovipneumoniae-
positive at any time during the study. We also analyzed
sera collected throughout the study for antibodies to M.
ovipneumoniae to elucidate whether pathogen delivery
route affected the induction of humoral immunity. Both
URT and the LRT inoculation with M. ovipneumoniae
led to significant induction of anti-M. ovipneumoniae
antibodies within two weeks that plateaued by six weeks
pi and remained high at eight weeks pi (Figure 1D). There
was a non-significant trend for higher antibody responses
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in the LRT compared to the URT groups. Bronchoal-
veolar lavage fluids (BALF) were collected at one week
before and at two and five weeks pi, and total cell counts
were determined. No significant differences in total cell
counts were found between experimental groups at —1
and+2 weeks. However, at five weeks post infection,
BALF cell counts were significantly higher in the LRT
group (2.47+0.91x10°%) compared to the control group
(0.88+0.55%10°% P=0.0073), with intermediate cell
numbers recovered in the URT group (2.04+0.85x 105
Figure 1E). These data indicate that pathogen delivery
route alters pathogen distribution across the respiratory
tract and that LRT delivery of M. ovipneumoniae induces
an increased local response.

Lower respiratory tract inoculation of lambs with M.
ovipneumoniae leads to reduced weight gain and more
severe clinical signs

To assess the impact of M. ovipneumoniae infection on
growth and productivity, we measured body weights of
the experimental animals weekly over the course of the
study. Interestingly, lambs in the LRT group gained less
weight by week than lambs in the control group, while the
URT group had intermediate weight gains (Figure 2A).
In support of these observations, our weight gain model
showed strong evidence for an interaction between week
and LRT treatment that corresponded to a 3% decrease
in weight gain per week in LRT lambs compared to the
control animals (Wald’s test, P<0.001) after accounting
for sex and age at infection (Table 4, Additional file 2).
Interestingly we also observed strong evidence to suggest
that older lambs had lower weight gains, with a one day
higher age at infection associated with a 1% decrease in
percent weight gain (Wald’s test, P<0.01).

We also monitored lamb health, behavior and food
intake two times per day, using our previously published
scoring system [21] with slight modifications (Additional
file 1). In contrast to our earlier study [21], all lambs that
had received the M. ovipneumoniae-containing nasal
wash fluid developed significant respiratory disease (Fig-
ures 2B and C). Total clinical scores in the LRT group
peaked at two weeks post infection, with a second peak
seen at about 7 weeks pi (Figure 2B). In the URT group,
clinical scores peaked at 4 and 7 weeks pi (Figure 2B). In
particular, respiratory scores, representing incidences
of coughing, nasal discharge and/or labored breathing,
were significantly higher for infected lambs compared to
uninfected controls, again with highest scores seen fol-
lowing LRT inoculation, but with a peak at six weeks post
infection (Figure 2C). Conversely, no apparent changes
in behavior, appetite, or administered medications were
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Figure 1 Both upper and lower respiratory tract pathogen delivery leads to stable colonization with M. ovipneumoniae. A Experimental
design. Five three-month-old lambs per group were inoculated with PBS or with Ceftiofur-treated nasal wash fluid collected from sheep

with natural M. ovipneumoniae infection via the upper (URT) or the lower respiratory tract (LRT) and then monitored over eight weeks. Created
with BioRender.com. B M. ovipneumoniae infection levels in nasal swab samples were determined by gPCR. Data are shown as 40 minus Ct

value. Mean £ SD. Statistically significant differences between control and URT (*** P<0.001), control and LRT ("** P<0.001), and LRT and URT

(® P<0.05) were determined by mixed-effects analysis with Tukey’s multiple comparisons test. C M. ovipneumoniae infection levels in swab
samples collected at necropsy from the nose, nasopharynx, trachea, and bronchi were determined by gPCR. Individual data points, mean+SD.
Statistically significant differences (**** P<0.0001, ** P<0.01, * P<0.05) were determined by 2-way ANOVA with Tukey's multiple comparisons
test. D M. ovipneumoniae-specific antibody levels were determined by competitive ELISA analysis of serum samples before (week-1) and after URT
or LRT inoculation with M. ovipneumoniae or PBS (control). Statistically significant differences between control and URT (* P<0.05, ** P<0.01, ***
P<0.001), or control and LRT (** P<0.001) were determined by mixed-effects analysis with Tukey’s multiple comparisons test. Individual data
points, mean =+ SD. E Total cell counts in bronchoalveolar lavage fluid (BAL) collected via endoscope one week before and two or five weeks

after experimental inoculation of lambs. Individual data points, mean+ SD. Statistically significant differences between control and LRT (* P<0.01)
were determined by 2-way ANOVA with Tukey's multiple comparisons test.
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Figure 2 Lower respiratory tract inoculation with M. ovipneumoniae leads to increased respiratory disease and decreased weight gains
compared to upper respiratory tract inoculation. A Development of lamb body weights over time, shown as percent change from baseline
weight measured one week before inoculation with M. ovipneumoniae or PBS. Graph shows predicted mean (line) and SD. B, C All lambs were
screened twice daily for signs of respiratory disease, for changes in behavior and appetite, and administered medications were also recorded (see
Additional file 1 for scoring rubric). Daily scores were the sum of the two individual measurements. B Total health scores, calculated as the sums
of the daily scores in the four categories. C Respiratory scores. D Biweekly rectal temperatures measured in the three different treatment groups.

Graphs show mean +SD of five lambs per group.

detected, although the control lambs consistently scored
lower than the infected lambs (Additional file 3). Con-
sistent with these observations, our health score model
found a 29.2-times increase in the total score between the
control group and the LRT group (Wald’s test, P<0.001)
and a 15.2-times increase in total score between the con-
trol group and the URT group (Wald’s test, P<0.001)
(Table 5, Additional file 2). This corresponded to a 38%
increase in total health scores per week for the URT
and LRT groups (Wald’s test, P=0.03; Additional file 2,
Table 5).

Lambs in the LRT group also had increased incidences
of elevated body temperatures that exceeded 104 °F

(40 °C) at multiple time points, whereas body tempera-
tures remained in the normal range in the URT and con-
trol groups (Figure 2D). However, our body temperature
model (Table 6), showed now significant difference in
temperature between the control animals and the URT
or LRT treatments (Wald’s test, P> 0.05). In general, lamb
body temperatures decreased slightly over time, with
moderate evidence for a 0.07 °C decrease (Wald’s test,
P=0.038) after accounting for treatment, age at infection,
and sex. In summary, data analysis using mixed linear
modeling confirmed that the site of pathogen introduc-
tion to the respiratory tract can significantly impact dis-
ease severity in M. ovipneumoniae-infected lambs.
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Table 4 Weight gain model

Predictors Estimates Cl P
(Intercept) 142 1.17t0 167 <0.001
Sex [m] 0.03 -0.38t0 044 0.538
Age at infection -0.01 —0.01 to -0.00 0.009
Week 0.07 0.06 to 0.08 <0.001
Treatment [URT] -0.00 -0.58100.58 0.998
Treatment [LRT] -0.07 -0.72t00.58 0.398
Treatment [URT] x Week 0.00 -0.01t0 0.02 0.702
Treatment [LRT] x Week -0.03 —0.04 to —-0.01 <0.001
Nee 1

Niambip 15

Observations 130

Mixed linear model coefficients for weight development based on percent
weight change. P values considered statistically significant are bolded.

Table 5 Health score model

Predictors Incidence Cl P

rate ratios
(Intercept) 0.02 0.00-0.23 0.001
Sex [m] 141 0.88-2.27 0.157
Age at infection 1.00 0.97-1.03 0.828
Treatment [URT] 15.16 5.12-44.86 <0.001
Treatment [LRT] 29.18 10.00-85.16 <0.001
Week 0.81 0.61-1.08 0.148
Treatment [URT] x Week 138 1.03-1.85 0.029
Treatment [LRT] x Week 1.38 1.04-1.85 0.028
Observations 1840
Mixed linear model coefficients for health scores. P values considered
statistically significant are bolded.
Table 6 Body temperature model
Predictors Estimates Cl P
(Intercept) 102.78 101.43-104.12 <0.001
Sex [m] -0.13 —2.04-1.77 0.540
Age at infection 0.01 —-0.02-0.03 0457
Treatment [URT] -0.05 —3.08-2.98 0.865
Treatment [LRT] 0.69 —-2.29-3.68 0.208
Week -0.07 —0.13 t0 -0.00 0.038
Treatment [URT] x Week 0.03 -0.06-0.12 0.529
Treatment [LRT] x Week -0.07 -0.16-0.02 0.148
N fre 11
N lambip 15
Observations 241

Mixed linear model coefficients for body temperatures. P values considered
statistically significant are bolded.
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Lower respiratory tract inoculation of lambs with M.
ovipneumoniae was associated with gross and microscopic
lung pathology

Lungs collected after euthanasia at 8 weeks pi were
analyzed for gross and microscopic abnormalities. The
respiratory tract of the control lambs had no visible
abnormalities. In contrast, enlarged tracheobronchial
lymph nodes were found in three out of four lambs in the
URT inoculation group, and patchy areas of consolidated
lung tissue were present in one lamb (Figures 3A and B).
More strikingly, all lambs in the LRT inoculation group
(5/5) had consolidated cranial lung lobes, three had
enlarged tracheobronchial nodes, and two had fibrotic
lung adhesions, all indicative of significant pneumonia
(Figures 3A and B).

These observations were confirmed by histopathologi-
cal analysis of lung tissue and bronchial regions (Figure 4
and Table 7). A significant increase in interstitial, alveo-
lar, and bronchiolar inflammation was detected in the
cranial lungs of the LRT group compared to the control
group. Cranial lungs of the URT group also had signifi-
cantly increased alveolar and interstitial inflammation
compared to the control group, with a trend for increased
bronchiolar inflammation (Figures 4A and B). Some
bronchioles in lambs from the LRT infection group were
filled with large numbers of neutrophilic granulocytes,
indicative of significant acute inflammation (Figure 4B,
Table 7). We also observed inflammatory infiltrates
around the bronchi of M. ovipneumoniae-infected lambs
that were mild in the URT group, moderate to severe in
the LRT group, but absent from healthy or control lambs
(Figure 4C). Interestingly, bronchus-associated lymphoid
tissue (BALT) developed to a similar extent in both the
URT and LRT groups but was generally absent from
lungs of control animals (Figure 4D, Table 7). No signifi-
cant differences were found for any group or parameter
for the caudal lung lobes, indicating that the disease was
limited to the cranial lung (data not shown). Overall,
these data indicate that the increased pathogen load in
the lower respiratory tract of lambs in the LRT inocula-
tion group was associated with more severe respiratory
pathology, but that BALT was induced independent of
inoculation route or pathogen load.

M. ovipneumoniae infection induced significantly increased
IFN-y gene expression in the blood and lungs

A transcriptomics panel for fourteen immune related
genes was applied to tissue samples from cranial and cau-
dal lungs at necropsy (8 weeks pi) and to blood samples
collected at 0, 2, 4, 6, and 8 weeks pi [34]. Interestingly, M.
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Lower respiratory tract infection
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Animal #
Control No abnormalities No abnormalities No abnormalities No abnormalities No abnormalities
Upper Enlarged trachea- No abnormalities No samples Enlarged Enlarged
respiratory bronchial lymph collected tracheobronchial tracheobronchial
tract nodes, some lymph nodes lymph nodes
consolidated lung
areas
Lower Fibrotic adhesions, Consolidated cranial Consolidated cranial Consolidated cranial Fibrotic adhesions,
respiratory consolidated cranial lung lobes lung lobes, enlarged and middle lung consolidated cranial
tract lung lobes tracheobronchial lobes, enlarged lung lobes, enlarged
lymph nodes tracheobronchial tracheobronchial
lymph nodes lymph nodes

Figure 3 Increased gross pathological changes in cranial lung lobes of lambs after lower respiratory tract, but not upper respiratory
tract inoculation with M. ovipneumoniae. A Representative lungs from lambs with upper and lower respiratory tract inoculation at eight weeks
post inoculation with PBS or with M. ovipneumoniae. LCr—left cranial lung, RCr—right cranial lung, LCa—Ileft caudal lung, RCa—right caudal lung, H
heart. Arrows in the right panel point to consolidated lung tissue. B Gross pathological findings for lungs from individual animals at necropsy. One
animal in the URT group developed a urinary tract disease and was euthanized prior to the experimental endpoint, so that no samples could be

collected.

ovipneumoniae infection was associated with increased
expression of IFNG in all three types of samples (Fig-
ure 5). For blood samples, no clear trends over time
were apparent, so that gene expression from the 2, 4, 6,
and 8 week time points relative to baseline expression at
week 0 was averaged for each animal (Figure 5A). Blood
samples from LRT lambs showed a significant increase
in IFN-y gene expression compared to the URT group
(P<0.05) and compared to the control group (P<0.001).
In addition, there was a trend for increased expression
of the T cell activation marker CD69 in blood from both
URT and LRT lambs compared to the control group, and
a trend for increased expression of the anti-inflammatory
cytokine ILI0 in lambs from the URT group alone that

was also seen in cranial lung tissue. Interestingly, both
cranial and caudal lung tissue from lambs inoculated via
the URT showed significantly increased expression of
IFNG compared to the control group (Figures 5B and C).
IFNG expression also was increased in the LRT group,
but this was not significant. No other significant changes
were detected. Both cranial and caudal lungs from URT
and LRT lambs showed a trend for increased expression
of CD69. Cranial lung tissue from URT and LRT lambs
also showed a trend for increased expression of the Thl
transcription factor TBET and the pro-inflammatory
cytokines TNFA and IL1B. Overall, these data suggest
that M. ovipneumoniae infection may enhance type 1
immunity both locally and systemically [42].
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Figure 4 Increased histopathological changes in cranial lung lobes of lambs after lower respiratory tract compared to upper respiratory
tract inoculation with M. ovipneumoniae. Histopathological analysis of paraffin-embedded, H&E-stained sections of respiratory tract tissues
collected upon necropsy at eight weeks post inoculation. A Representative images of the alveolar regions with interstitium show healthy tissue
from a representative control lamb. Samples from M. ovipneumoniae-infected animals show thickening of the alveolar septa and infiltration

of alveolar spaces with neutrophils and mononuclear cells that were mild to moderate in the URT group and severe in the LRT group. B Bronchioles
show peribronchiolar lymphoid cuffs in the URT and LRT groups and severe luminal infiltration with neutrophils and necrotic material in the LRT
group. (C) Severe submucosal inflammatory infiltrates in the bronchial submucosa of a lamb from the LRT group. Some infiltrating immune cells
are also present in tissue from the URT group. (D) Formation of bronchus-associated lymphoid tissue (BALT) is observed in the URT and LRT groups,

but not in the control group. All bars are 100 um.

Inoculation of specific pathogen free domestic lambs

with ceftiofur-treated nasal wash fluid resulted

in co-infection with M. ovipneumoniae and Pasteurellacea
Given that our previous studies investigating mono-
infection with M. ovipneumoniae resulted in subclini-
cal colonization [21, 30], whereas the lambs exhibited
significant clinical signs in the current experiment, we
asked whether additional respiratory pathogens were
present that might have contributed to disease pathogen-
esis. The SPF flock used in this study consistently tested
negative for nasal Pasteurellacea and M. ovipneumoniae

colonization. Nasal wash fluids used for inoculation had
been treated with ceftiofur, which was expected to elimi-
nate respiratory bacterial pathogens other than Myco-
plasma spp. [12, 43]. However, we found that nasal swabs
from all lambs from both the URT and LRT groups, but
not the control group, contained culturable Bordetella
sp. (bronchiseptica and/or parapertussis) at three weeks
pi, with inconsistent detection thereafter (Additional files
4A-C). In addition, M. haemolytica was isolated from one
lamb in the URT group and three lambs in the LRT group
at various time points pi. Three isolates of M. haemolytica
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Table 7 Histopathological scoring of lungs from sheep
infected with PBS (control) or with M. ovipneumoniae-
containing nasal-wash fluids through inoculation of the
upper (URT) or lower respiratory tract (LRT)

Control URT LRT P-value*
(n=5) (n=4) (n=5)
Pulmonary edema and congestion
Cranial 34+1.1 38+05 32+08 0.6631
Caudal 32+08 35+06 36+09 0.7212
Alveolar and interstitial inflammation
Cranial 08+1.1° 2.8+0.5° 50+1.2° 0.0002
Caudal 02+04 08+1.0 1.0£0.0 0.1207
Bronchiolar inflammation
Cranial 0.2+04° 1.5+06° 44+15° 0.0001
Caudal 0.0+00 0.0+0.0 02+04 0.4406
BALT hyperplasia
Cranial 06+05° 33+10° 42+08° <0.0001
Caudal 04+05 1.0+£00 12+£08 0.1406
Total score 88+3.1° 11.3+1.3° 228+4.1° <0.0001

" ANOVA analysis. P values considered statistically significant are bolded.

abe pifferent letters denote statistically significant differences (P<0.05) in Tukey’s
pairwise comparisons test.

A Blood B

-

>

Cranial lungs C
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were cultured, and the presence of the leukotoxin gene
lktA was confirmed by PCR [33] in all isolates (data not
shown).

To further investigate the apparent M. haemolytica
co-infection in the lambs, we also performed quantita-
tive PCR screening of the nasal swab samples collected
throughout the experiment for M. haemolytica (Fig-
ure 6A). A subset of samples from both groups of inocu-
lated lambs, but not the control group, tested positive for
M. haemolytica throughout the study, with a significant
increase in positive samples detected for the LRT group
at weeks two and five pi. In general, more M. haemolyt-
ica-positive samples were detected in the LRT compared
to the URT groups (Additional file 4D). Conversely, only
a small proportion of swabs collected at the experimental
endpoint from the nose, deep nasopharynx, and trachea
from URT and LRT lambs tested positive for M. haemo-
lytica (Figure 6B), with statistical significance only found
for nasopharyngeal swabs collected from LRT group
lambs. Surprisingly, we were unable to detect M. haemo-
lytica in any swab samples collected from bronchi, even
after LRT inoculation.

Caudal lungs
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3 URT
I Control
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Figure 5 M. ovipneumoniae infection drives IFN-y gene expression in blood and lungs. Gene expression analysis for a panel of immune
related genes [34] was performed using quantitative RT-PCR, with the delta-delta Ct method for data analysis. A Whole blood samples were
collected at weeks 0, 2, 4, 6 and 8 pi. Datapoints for each lamb represent average expression for weeks 2, 4, 6 and 8 pi normalized to the baseline
samples collected at week zero before inoculation. B, C RNA was isolated from cranial and caudal lung tissues collected at necropsy (week 8 pi).
Data were normalized to the average gene expression of the control group. For all three panels, individual data points, mean and SD are shown.
Data were analyzed by 2-way ANOVA with Tukey's multiple comparisons test (* P<0.05, ** P<0.01, *** P<0.001).
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Figure 6 Identification of Mannheimia haemolytica in M. ovipneumoniae infected lambs. A Mannheimia haemolytica infection levels in nasal
swab samples collected throughout the experiment were determined by gPCR. Data are shown as 40 minus Ct; individual data points, mean+SD.
Statistically significant differences between groups (* P<0.05) were determined by mixed-effects analysis with Tukey’s multiple comparisons test.
Dotted line indicates limit of detection. B M. haemolytica infection levels in swab samples collected at necropsy from the nose, nasopharynx,
trachea, and bronchi were determined by gPCR. Individual data points, mean + SD. Statistically significant differences (** P<0.01) were determined
by 2-way ANOVA with Tukey’s multiple comparisons test. C Timepoint for first detection of a PCR-positive sample (Ct < 35) for M. ovipneumoniae

or M. haemolytica in each animal. Only lambs from the URT and LRT groups were included in the analysis. Individual datapoints, mean +SD; *

P <0.05 Wilcoxon matched-pairs signed rank test.

When looking at associations between M. ovipneumo-
niae and M. haemolytica infection, we found that nasal
swab samples tested positive for M. ovipneumoniae
significantly earlier (at 1.1+2.6 weeks pi) than for M.
haemolytica (at 2.9+ 2.5 weeks pi; Figure 6C). Across all
time points, there was only a weak correlation between
M. ovipneumoniae and M. haemolytica pathogen load
based on cT values obtained by qPCR analysis (Addi-
tional file 4E).

Statistical diagnostics assessment

Model diagnostics for each of the mixed-models were
assessed, and no severe violations of linearity or nor-
mality of residuals were observed for the health score
and percent weight models. The temperature model had
severe violations of normality, but mixed-models are
robust to violations of normality with the resulting effect
of these violations being a larger estimate of uncertainty
[44]. Multicollinearity was observed in both the body
temperature model and the weight gain model, which
increases the likelihood of type II error due to a larger
confidence interval for the estimates [45].

Discussion

Mycoplasma ovipneumoniae is a facultative pathogen
associated with ovine respiratory disease that ranges
from asymptomatic colonization to lethal pneumonia
[3, 21, 43]. The factors that determine the outcome of
infection are still incompletely understood but include

bacterial strain characteristics [3], genetic susceptibility
of the host [19, 46], and presence of co-infections [15].
In two recent challenge studies that we performed with
specific pathogen-free lambs with M. ovipneumoniae, the
infection had no measurable impact on weights, lamb
health, or lung inflammation [21, 30]. In contrast, stud-
ies from China described coughing, wheezing, and leth-
argy in response to infection with the M. ovipneumoniae
type strain Y-98 [9, 10]. Notably, M. ovipneumoniae was
directly administered into the bronchi or trachea in these
experiments [9, 10], whereas we had used an upper res-
piratory tract inoculation protocol based on a publication
by Besser et al. [12, 21, 30]. Here, we performed a side-
by-side comparison of endoscopic LRT inoculation with
M. ovipneumoniae and inoculation of the URT i.e., the
nasal cavity, conjunctiva, and oral cavity.

Under normal circumstances, M. ovipneumoniae trans-
mission between sheep is thought to occur via the URT
through droplets [3]. However, it is conceivable that M.
ovipneumoniae may reach the lower airways if the animal
is panting due to stress or exertion, if pathogen loads are
extremely high, or if mucociliary defense mechanisms are
compromised due to ongoing disease processes or infec-
tions. PCR analysis of swab samples collected at necropsy
confirmed that, compared to URT inoculation, pathogen
administration to the LRT via endoscopic intratracheal
inoculation indeed led to significantly higher M. ovip-
neumoniae loads in the trachea and bronchi, but similar
loads in the nasal cavity and nasopharynx. These results
corroborated that different distribution patterns of the
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pathogen could be effectively modeled using different
experimental inoculation methods. Importantly, LRT
M. ovipneumoniae administration led to significantly
more severe clinical disease and increased lung pathol-
ogy than URT administration. Our results also are con-
sistent with findings from other experimental models
that showed that outcomes of respiratory infections can
vary depending on where Mycoplasma or other patho-
gens are delivered. In a hamster model of M. pneumo-
niae infection, small particle aerosols and large volume
inocula reached the lungs and subsequently caused lung
pathology, whereas Mycoplasma from small inocula or
large particle aerosols remained in the URT and did not
cause lung lesions [47]. Likewise, pneumonia in mice
inoculated with Bordetella pertussis was more severe and
less variable following aerosol inoculation compared to
intranasal delivery [48]. A study that compared intrana-
sal and intratracheal inoculation of Cebus monkeys with
influenza A virus found that only intratracheal pathogen
delivery resulted in clinical disease [49]. Together, these
findings indicate that circumventing critical protective
mechanisms of the upper respiratory tract, such as the
tonsils and mucociliary clearance, consistently results in
pathogen growth in the lower airways.

Previous reports have shown that clinical M. ovipneu-
moniae infection in both domestic and wild sheep pre-
dominantly occurs when the animals are co-infected
with Pasteurellaceae such as Mannheimia haemolytica
and Bibersteinia trehalosi [15, 17, 50]. Despite treat-
ment of the nasal wash inocula with ceftiofur, we found
that all lambs in the M. ovipneumoniae-infected groups
except one also were infected with leukotoxin-positive
M. haemolytica and Bordetella spp. Both M. ovipneu-
moniae and Pasteurellaceae are considered facultative
respiratory pathogens but also express virulence factors
that can facilitate the expansion of other pathogens: M.
haemolytica produces a leukotoxin (/ktA) that targets the
integrin CD18 (integrin 2) on leukocytes and causes
leukocyte death and local immunosuppression [51, 52],
and M. ovipneumoniae can produce hydrogen peroxide,
which severely disrupts ciliary activity on the respiratory
epithelium [28, 53]. The ability of M. ovipneumoniae to
support expansion of M. haemolytica in our study was
extremely impressive, since no detectable M. haemolyt-
ica were present in the original inocula or in any of our
SPF sheep prior to the study, and none of the uninfected
control lambs ever tested positive for this organism. M.
ovipneumoniae was generally detected in the nasal swabs
at earlier timepoints than the M. haemolytica, suggesting
that M. ovipneumoniae was the driving force for respira-
tory disease development in our study.

Whether the M. haemolytica co-infection contributed
to the clinical signs and respiratory pathology observed in
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the present study remains unclear. Notably, the M. haemo-
lytica strains that we recovered from the experimental
animals were positive for /ktA. However, as none of the
postmortem swabs obtained from the lower respiratory
tract tested positive for M. haemolytica, the pulmonary
lesions found in our study were likely caused by the M.
ovipneumoniae. Previous studies have reported conflict-
ing results regarding lung infection with M. haemolytica
in M. ovipneumoniae-infected sheep [11, 33, 54], which
suggests that additional factors may determine the relative
contributions of M. ovipneumoniae and M. haemolytica
to ovine pneumonia during co-infection. While disease
severity in the present infection study was higher than in a
previous study performed by our team, where M. haemo-
lytica was not detected [21], this difference may have been
due to variations in M. ovipneumoniae strain virulence,
infectious dose, or the lower age of the lambs.

One other key finding from the present study was the
observation that M. ovipneumoniae infection was asso-
ciated with increased gene expression of /FNG in the
blood, the cranial and the caudal lungs. This was signifi-
cant for the LRT group for blood samples and the URT
for lung samples, but similar trends were seen for both
infection groups. So far, very little information is avail-
able regarding the immune response to M. ovipneumo-
niae. The increase in IFN-y, which is typically produced
by Th1 cells, innate lymphoid cells (ILC) 1, natural killer
cells, and cytotoxic T cells, is indicative of a enhanced
type 1 immunity, the characteristic response to intracel-
lular pathogens and viruses [42]. While it still remains
unclear whether M. ovipneumoniae can survive intra-
cellularly, many Mycoplasma species including M. bovis
are known to replicate inside host cells [55, 56], where
type 1 immune responses are expected to be protec-
tive. In humans, serum IFN-y is a diagnostically relevant
biomarker for pediatric mycoplasma pneumonia, where
it significantly correlates with disease severity [57]. A
few previous studies have analyzed cytokine responses
in M. ovipneumoniae-infected sheep, with highly vari-
able results. Bowen et al. [34] analyzed blood samples
from adult Bighorn sheep with acute or chronic M. ovi-
pneumoniae and found that MXI1, TGFB, and IL1B gene
expression increased as infection progressed, while IFNG
was only increased in early infection. Conversely, bulk
RNASeq and pathway analysis of lung tissue analyzed at 4
and 14 days pi revealed that M. ovipneumoniae infection
predominantly led to an increased expression of toll-like
receptor pathway genes in Bashbay sheep and of primary
immunodeficiency genes in Argali hybrid sheep [9, 10].
Li et al. [58] analyzed the respiratory tracts of domes-
tic sheep naturally infected with M. ovipneumoniae and
found increased gene expression of IFNG in the trachea,
but not the lungs, whereas the expression of IL1B and
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TNFA was increased across the entire respiratory tract.
These different findings may be related to differences
in sheep species and experimental setup between the
studies.

Our study did have several limitations. First, although
we did find significant differences in pathogen distri-
bution between lambs inoculated via LRT vs. URT,
M. ovipneumoniae was still detected in samples from
all anatomical sites in both groups. Second, although
we and others have previously performed successful
monoinfection of lambs with M. ovipneumoniae using
ceftiofur-treated nasal washes from naturally infected
animals [12, 21, 43, 59], we achieved an unintentional
polymicrobial infection in the present study, as dis-
cussed above. Third, the immunological screening only
included complex samples, i.e. whole blood and lung,
which contain many different cell types, and was lim-
ited to gene expression analysis, which does not neces-
sarily correspond to functional cytokine levels in these
compartments. Fourth, the statistical models were
found to have some violations of normality (body tem-
perature model) or multicollinearity (body temperature
and weight gain models), which increases the likelihood
of a false negative for both of these models. Last, while
we did perform both random selection and random
assignment of the animals to the treatment groups, the
limited number of animals in each group does decrease
the scope of inference for our results.

In summary, our study showed that pathogen delivery
route impacts disease severity in experimental infec-
tion of sheep with M. ovipneumoniae. Specifically, deep
intratracheal inoculation with the organisms resulted
in more severe clinical disease, reduced weight gains,
increased macroscopic and microscopic lung pathol-
ogy, and increased pathogen load in the LRT compared
to inoculation of URT mucosal surfaces. Clinical respir-
atory disease involved lower weight gains in the lambs,
confirming the negative impact of M. ovipneumoniae
infection on productivity [1, 2].

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513567-024-01439-y.

Additional file 1: Rubric for health scoring. Scoring rubric for lamb
health during challenge experiment, based on Johnson et al. [21].

Additional file 2: Linear mixed modeling of lamb weight develop-
ment and health. (A) The predicted percent weight change effect is
shown for the treatments across the weeks while holding sex and age
atinfection constant. The grey shaded area corresponds to the 95%
confidence interval. (B) The predicted total score effect is shown for each
treatment group across the weeks post-infection holding sex and age at
infection constant. The grey shaded area corresponds to the 95% confi-
dence interval. (C) The predicted total score effect is shown for just the
treatment groups while holding week, sex, and age at infection constant,
the lines correspond to the 95% confidence interval.

Page 150f 17

Additional file 3: Health scores for behavior, appetite, and adminis-
tered medications, and body temperatures. All lambs were screened
twice daily for changes in (A) behavior, and (B) appetite. (C) Administered
medications were also recorded (see Additional file 1 for scoring rubric).
Daily scores were the sum of the two individual measurements. Graphs
show mean + SD of five lambs per group.

Additional file 4: Identification of Pasteurellacea in M. ovipneumo-
niae-infected lambs. Routine bacteriological analysis of nasal swab sam-
ples collected throughout the study from lambs in (A) the control group,
(B) the upper respiratory tract (URT) infection group, and (C) the lower
respiratory tract (LRT) infection group for the presence of Pasteurellacea
was performed at the Washington Animal Diseases Diagnostic Laboratory.
(D) Percentage of Mannheimia haemolytica positive nasal swab samples
out of all samples in lambs from the three experimental groups. (E) Weak
correlation between Ct values from M. ovipneumoniae and M. haemolytica
PCRs across all animals from the URT and LRT groups and all time points
post inoculation. Data were analyzed by simple linear regression analysis.
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