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ABSTRACT

As a major physiological mechanism involved in cellular re-
newal and repair, immune function is vital to the body’s ca-
pacity to support tissue maintenance and organismal survival.
Because immune defenses can be energetically expensive, the
activities of metabolically active organs, such as the liver, are
predicted to increase during infection by most pathogens. How-
ever, some pathogens are immunosuppressive, which might re-
duce the metabolic capacities of select organs to suppress im-
mune response.Mycoplasma gallisepticum (MG) is a well-known
immunosuppressive bacterium that infects domestic chickens
and turkeys as well as songbirds. In the house finch (Haemorhous
mexicanus), which is the primary host for MG among songbird
species, MG infects both the respiratory system and the con-
junctiva of the eye, causing conspicuous swelling. To study the
effect of a systemic bacterial infection on cellular respiration and
oxidative damage in the house finch, we measured mitochon-
drial respiration, mitochondrial membrane potential, reactive
oxygen species production, and oxidative damage in the livers
of house finches that were wild caught and either infected with
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MG, as indicated by genetic screening for the pathogen, or free
of MG infection. We observed that MG-infected house finches
showed significantly lower oxidative lipid and protein damage
in liver tissue compared with their uninfected counterparts. More-
over, using complex II substrates, we documented a nonsignif-
icant trend for lower state 3 respiration of liver mitochondria
in MG-infected house finches compared with uninfected house
finches (P p 0:07). These results are consistent with the hypoth-
esis that MG suppresses organ function in susceptible hosts.

Keywords: Mycoplasma gallisepticum, mitochondrial membrane
potential, oxidative phosphorylation (OXPHOS), immunosuppression.
Introduction

When an animal host is faced with an immune challenge, the
body typically responds by upregulating both innate and adap-
tive immune defenses that reduce or eliminate the pathogen (Hoebe
et al. 2004). Most hosts also upregulate renewal and repair pro-
cesses to mitigate damage (McDade 2005; Rauw 2012). The ener-
getic demands of such responses to a systemic pathogen infection
have been shown to necessitate an increase in the basal meta-
bolic rate, typically by 5%–15% (Martin et al. 1990; Demas et al.
1997; Ots et al. 2001; Nilsson 2003; Hasselquist and Nilsson
2012; King and Swanson 2013). Because the energy investment
required to eliminate a pathogen from an animal’s system can be
high, most hosts rely on some degree of tolerance to mitigate
pathogen invasion (Bonneaud et al. 2017). Yet this paradigm of
defense and tolerance by the host is not consistent across all
host-pathogen interactions because some pathogens have evolved
mechanisms to manipulate the response by the host, including
downregulation of the host’s protective immune system (Bonneaud
et al. 2012, 2018).

The production of proteins and the fueling of processes
required to mount an immune response require substantial
energy production by mitochondria (Demas 2004; Lane and
Martin 2010; Koch et al. 2017), so assessment of mitochondrial
function can potentially provide key insights into the energy
investment by and energy manipulation of the host. The be-
havior of mitochondria can be quantified using absolute res-
piration rates, which thereby serve as straightforward indica-
tors of the mitochondrial function (Brand and Nicholls 2011).
Mitochondrial state 2 respiration is often quantified as an in-
dicator of leak respiration. It is measured with either complex I
or complex II substrates but without ADP (Nicholls and Fer-
guson 2002). The addition of ADP following state 2 respiration
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allows the ATP synthase to function, the mitochondrial mem-
brane potential (MMP) to drop, and the electron transport to
accelerate to its maximal level. State 3 respiration is defined as
the measure of maximum oxygen utilization by the mitochon-
dria. When the ATP-to-ADP ratio approaches equilibrium, MMP
rises, proton reentry through the ATP synthase stops, and respi-
ration slows to eventually reach mitochondrial state 4 respira-
tion. State 4 respiration is a measure of the basal respiration rate
of the mitochondria (Wong et al. 2017). The mitochondrial re-
spiratory control ratio (RCR) is defined as the ratio of state 3
to state 4 respiration. RCR varies with the coupling efficiency
of the mitochondria and is a strong indicator of respiratory
capacity. Combining these parameters of mitochondrial respi-
ration, ideally in parallel with MMP, becomes an important as-
sessment of organismal bioenergetics performance (Brand and
Nicholls 2011).
AlongwithATP, free radicals are inevitably produced during

oxidative phosphorylation (Barja 2007; Bratic and Trifunovic
2010). When the production of free radicals (reactive species)
exceeds the capacity of cells to reduce their reactivity, cells are
said to experience oxidative stress (Zhang et al. 2017). Damage
to lipids, proteins, and DNA that is caused by reactive species
mayultimately reducemitochondrial and cellular performance,
which could have fitness consequences (Speakman and Garratt
2014). The liver could be one of the important organs in these
processes because it not only ensures sufficient supplies of energy
and substrates during immune responses (Knolle and Gerken
2000) but also containsmany immunologically active cells, which
interact directly with antigens (Racanelli and Rehermann 2006).
Mycoplasma gallisepticum (MG) is a bacterium that is a well-

known pathogen of domestic poultry. In 1994, a poultry lin-
eage of MG underwent a significant host shift in Maryland, in-
fecting a population of house finches (Haemorhous mexicanus;
Ley et al. 1996; Hochachka andDhondt 2000; Farmer et al. 2002).
MG spread rapidly through the house finch population in east-
ernNorth America (Dhondt et al. 1998) and subsequently spread
across the northern states to California and then to Arizona
(Duckworth et al. 2003; Staley et al. 2017). In poultry, MG is
primarily a respiratory disease (Yoder 1991), but in the house
finch, in addition to causing a respiratory infection, MG infects
the conjunctiva of the eye, causing conspicuous swelling (Rob-
erts et al. 2001).
Interestingly, MG has been shown to have immune- and

metabolic-suppressive properties (Rharbaoui et al. 2002; Ganap-
athy and Bradbury 2003; Mohammed et al. 2007). Mitochon-
dria could be a prime target for such suppression because they
both provide the source of energy required to mount an immune
response and are directly involved in immune activation and
signaling (West et al. 2011; Weinberg et al. 2015; Koch et al.
2017). For example, mitochondria communicate with the immune
system through its redox status and tricarboxylic acid cycle me-
tabolites. Recent studies on mitochondrial complex II have iden-
tified that complex II substrate (succinate) serves as a direct link
between the mitochondrial respiratory chain and immune acti-
vation (Murphy and O’Neill 2018). Consequently, targeting mito-
chondria could be a potential mechanism for the immune- and
metabolic-suppressive properties (such as host cells avoiding
pathogen-killing reactive oxygen species [ROS]) ofMG, resulting
in less energy demand and reduced levels of oxidative damage
in tissues.

MG has been found in the liver of infected chickens, and
histological changes to the liver have also been reported (Kerr
and Olson 1967). Moreover, livers of MG-infected birds had
decreased levels of antioxidants such as catalase, glutathione,
and glutathione-S-transferase, but glutathione reductase levels
remained unchanged (Vitula et al. 2011). Given the vital im-
portance of the liver in supporting energetically demanding
processes, an MG-induced immune response will likely alter
energy allocation to other demanding physiological processes.
This is exemplified in the work of Nolan et al. (2004), who
reported a trade-off between reproduction and the immune
response in MG-infected house finches.

In this study, we assessed the effect of MG infection in house
finches on the performance of liver mitochondria. We hy-
pothesized that redox homeostasis (steady state of redox status;
see Ursini et al. 2016) of the liver and the function of mito-
chondria should be affected by pathogen exposure in a manner
that enhances an individual’s ability to cope with the demands
of an immune challenge. We predicted that if the immune
system activation and response of MG infection are energy
demanding, then mitochondrial respiratory capacities should
be elevated. In addition, higher respiratory capacity should
result in high MMP that would enable birds to cope with the
high energy and nutrient demands induced by the immune
defense system. We further predicted that MG-infected birds
would exhibit elevated ROS production and higher oxidative
damage compared with healthy birds. Alternatively, if MG sup-
presses the host’s immune and metabolic system by targeting
mitochondria, lower mitochondrial respiratory function and
oxidative damage would be observed.
Material and Methods

Bird Capture and Tissue Collection

All animal handling and tissue collection procedures were
approved by the Auburn University Institutional Animal Care
and Use Committee (PRN 2016–2922). Juvenile house finches
were collected with traps at feeding stations in August 2017 in
Auburn, Alabama (Hill 2002). This population of house fin-
ches has been coevolving with MG since 1995, 24 yr at the time
of this study (Bonneaud et al. 2011). After capture, birds were
transferred to the lab, where a choanal swab (FLOQSwabs, Copan,
Murrieta, CA) was collected from each bird. At the same time,
the severity of disease in both eyes of each bird was scored on a
five-point scale by three different observers according to Far-
mer et al. (2002). House finches were then euthanized with an
overdose of isoflurane (~30 s of exposure). This brief exposure to
isoflurane is predicted to have little impact on mitochondrial
performance (Lee et al. 2015). After the birds’ death, livers were
quickly removed and weighed. The left lobe and most of the right
lobe of the liver were used for mitochondrial isolation. A small
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piece of the right lobe was removed, flash frozen in liquid ni-
trogen, then stored at 2807C for later analyses. Choanal swabs
were shipped on dry ice to the University of Exeter for quantifi-
cation of MG infection.
Mitochondrial Measurements

Mitochondrial Isolation. Mitochondria were isolated follow-
ing procedures outlined previously (Hill et al. 2019). The mito-
chondrial isolation and function measurements were optimized
specifically for house finches. Briefly, the fresh liver was minced
and then homogenized in a Potter-Elvehjem PTFE pestle and
glass tube in isolation buffer (250 mM sucrose, 5 mM HEPES,
1 mM EGTA, pH p 7:4 at 407C; Hill et al. 2019). The result-
ing homogenate was centrifuged, and the supernatant was then
decanted through cheesecloth and centrifuged again. The result-
ing supernatant was discarded, and the mitochondria pellet was
washed in liver isolation solution. This solution was centrifuged
again, and the final mitochondria pellet was suspended in a
mannitol-sucrose solution.

Mitochondrial Respiration. Mitochondrial respiration was de-
termined polarigraphically (Oxytherm, Hansatech Instruments,
Norfolk, UK) following procedures outlined previously (Hill et al.
2019). The temperature for the chambers was set at 407C, match-
ing avian body temperature. Mitochondrial respiration buffer in-
cluded 100 mM KCl, 50 mM MOPS, 10 mM KH2PO4, 10 mM
MgCl2, 1 mM EGTA, 70 mM sucrose, 220 mM mannitol, and
0.2% w/v free fatty acid BSA, pH p 7.4 at 407C. In the respira-
tion chamber, isolated mitochondria were added to respiration
buffer at a concentration of 0.35 mg/mL of mitochondrial pro-
tein. Mitochondrial protein levels were measured by a Bradford
assay (VWR Scientific, Radnor, PA). In one chamber, respiration
was measured using 2 mM pyruvate, 2 mM malate, and 10 mM
glutamate as a substrate. In the second chamber, respiration was
measured using 5 mM succinate as a substrate with 5 mM ro-
tenone to inhibit complex I. State 2 respiration was defined as
the rate of respiration in the presence of mitochondria and sub-
strates. State 3 respiration (maximum mitochondrial respiration)
was defined as the rate of respiration in the presence of ADP and
was initiated by adding 0.25 mM ADP to the chamber containing
buffered mitochondria and respiratory substrates. State 4 res-
piration (basalmitochondrial respiration)wasmeasured after the
phosphorylation of ADP was complete. States 2, 3, and 4 respi-
ration were normalized to mitochondrial protein level. RCR was
calculated by dividing state 3 respiration by state 4 respiration.

Mitochondrial Membrane Potential. We measured MMP by
following Lambert et al. (2008) using the potential-sensitive dye
safranin O. Isolated mitochondria were incubated in standard
buffer containing 3 mM HEPES, 1 mM EGTA, 0.3% (w/v) BSA,
1 mg/mL of oligomycin, and 120 mM potassium chloride (pH p
7:2 at 407C) at a concentration of 0.35 mg/mL of mitochon-
drial protein in standard buffer with 5 mM safranin O. Change
in fluorescence was measured in a cuvette using Spectramax M
(Molecular Devices, Sunnyvale, CA) at an excitation of 533 nm
and an emission of 576 nm at 407C. At the end of each run,
membrane potential was dissipated by adding 2 mM carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP). The rela-
tive decrease in fluorescent signal on energization of the mito-
chondria is used to represent the membrane potential. Results
are reported as the absolute magnitude of this change in fluo-
rescence, with larger changes in relative fluorescence units indi-
cating higher membrane potentials. Relative fluorescence units
were normalized to mitochondrial protein level.

H2O2 Emission. The H2O2 emission in isolated mitochondria
was quantified using Amplex Red (Thermofisher, Waltham,
MA; Zhang et al. 2017; Hill et al. 2019). Formation of resorufin
(Amplex Red oxidation) by H2O2 was measured at an excitation
wavelength of 545 nm and an emission wavelength of 590 nm
using a Synergy H1 hybrid plate reader (BioTek, Winooski, VT)
at 377C in a 96-well plate using succinate. To eliminate carbo-
xylesterase interference, 100 mM phenylmethyl sulfonyl fluoride
was added to the experimental medium immediately before mea-
surement according to Miwa et al. (2016). Readings of resorufin
formation were recorded every 5 min for 15 min, and a slope (rate
of formation) was produced from these. The obtained slope was
then converted to the rate of H2O2 production using a standard
curve and normalized to mitochondrial protein levels.

Mitochondrial Density. The citrate synthase (CS) activity was
measured in liver homogenate and used as a proxy for mito-
chondrial density (Spinazzi et al. 2012). Buffer for the CS activ-
ity assay included 100 mM Tris at pH p 8:0, 0.1% (v/v) Triton
X-100, 100 mM DTNB, and 300 mM acetyl-CoA with 1 mg of
isolated liver mitochondria. Baseline activity was measured for
2 min, and reactions were started by adding the final concen-
tration of 0.5 mM oxaloacetic acid and measured for 3 min at
412 nm using a Synergy H1 hybrid plate reader. CS activity is
widely used as a biomarker for mitochondrial content in tissues
(Larsen et al. 2012).

Western Blots

Western blots were conducted on liver samples to analyze per-
oxisome proliferator-activated receptor gamma coactivator 1a
(PGC-1a, a key regulator of mitochondrial biogenesis; GTX37356,
GeneTex), a marker of lipid peroxidation (4-hydroxynonenal
[4-HNE]; ab46545, Abcam, Cambridge, MA), and a marker of
protein oxidation (protein carbonyls; OxyBlot S7150, EMD Mil-
lipore, Billerica, MA). Each membrane was stained with Ponceau
and was used as the loading and transfer control. A chemilumi-
nescent system was used to visualize marked proteins (GEHealth-
care Life Sciences, Pittsburgh, PA). Images were taken and analyzed
with the ChemiDoc-It imaging system (UVP, Upland, CA).

MG Load

Bacterial load was measured by quantitative amplification of
MG DNA from conjunctival swabs obtained at capture. DNA
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was extracted using a QIAGEN DNeasy blood and tissue kit
according to the manufacturer’s standard protocol. Multiplex
quantitative polymerase chain reactions (PCRs) for mgc2 and
rag1 in each sample were then conducted using an Applied
Biosystems StepOnePlus real-time PCR system (Tardy et al.
2019). Reactions were run in a 20-mL volume containing 2mL
of sample genomic DNA template, 1 mL each of 10 mMmgc110-
F/R and rag1-102-F/R primers (total of 4 uL), 0.5 mL each of
10 mM MGc110-JOE and Rag1-102-6FAM fluorescent hydro-
lysis probes (total of 1 mL), 10 mL of 2#qPCRBIO Probe Mix
Hi-ROX (PCR Biosystems), and 3 mL of nuclease-free water
(Ambion). Reactions were run at 957C for 3 min, followed by
45 cycles at 957C for 1 s and 607C for 20 s. Samples were run in
duplicate alongside serial dilutions of plasmid-based standards.
Amplification data were exported to LinRegPCR version 2017.1
for calculation of individual reaction efficiencies and quantifi-
cation of low-amplification samples; between-run variation was
normalized using Factor-qPCR version 2016.0, with plasmid stan-
dard serial dilutions used for factor correction.
Statistics

We first used linear models including the factor sex to com-
pare markers between MG-infected and uninfected birds. How-
ever, adding or removing sex as a covariant yields similar results
for mitochondrial respiration and oxidative status markers, so
it was removed from statistical analyses (table A1).We employed
analysis comparing MG-infected birds with uninfected birds for
mitochondrial respiration, MMP, H2O2 production rate, CS ac-
tivity, and oxidative damage markers using two-sample t-tests.
We then tested the severity of the MG infection using Pearson’s
correlation coefficient between MG load and all markers in only
MG-infected birds (table A2). Linear models were performed with
R (R Development Core Team 2013). Other statistical analyses
were performed with SigmaStat 3.5 (Systat Software, Point Rich-
mond, CA). Significance was established at a p 0:05.
Results

In this study, 55 house finches (36 males, 19 females) were
captured. After quantification of MG load in these house finches,
28 birds were MG positive, and 27 birds were MG negative (no
quantitative PCR amplification). MG loads were positively cor-
related with the eye score using Spearman’s rank correlation co-
efficient (rs p 0:86, P < 0:01; fig. 1).

Mitochondrial isolations failed in four (two MG-infected and
two uninfected) birds. When complex I substrates (glutamate,
malate, and pyruvate) were used, mitochondrial states 2, 3, and
4 respiration (fig. 2A), RCR (fig. 2C), and MMP (fig. 2D) did not
differ between MG-infected and uninfected birds (P > 0:10).

When complex II substrate (succinate) was used, mitochon-
drial states 2 and 4 respiration (fig. 2B), RCR (fig. 2C), and MMP
(fig. 2D) did not differ between groups (P > 0:36). However, there
was a nonsignificant trend where MG-infected birds had lower
state 3 respiration compared with uninfected birds (t49 p 1:83,
P p 0:07; fig. 2B).

Both the H2O2 production rate from isolated liver mitochon-
dria and CS activities in liver tissue did not vary between MG-
infected and uninfected birds (P > 0:32; fig. 3A, 3B). Interestingly,
both oxidative damage markers for lipid (4-HNE: t53 p 2:19,
P p 0:03) and protein (protein carbonyl: t53p 2:34, P p 0:02)
oxidation were lower in MG-infected birds compared with un-
infected birds (fig. 3C). PGC-1a (key regulator of mitochondrial
biogenesis) protein levels were not different between MG-infected
and uninfected birds (P p 0:24; fig. 3C).

Next, we asked whether the severity of the MG infection
impacted mitochondrial performance. Relative MG load only
showed negative but nonsignificant correlation (r p 20:36,
Figure 1. Correlation between Mycoplasma gallisepticum (MG) eye score and MG load in house finches.
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P p 0:06) with RCR using complex I substrates in MG-infected
birds. Relative MG load was not significantly correlated with other
mitochondrial respiration, MMP, H2O2 production rate, CS ac-
tivity, or oxidative damage markers (P > 0:66; table A2).
Discussion

We investigated the effects of MG infection on mitochondrial
respiratory function, MMP, H2O2 production rate, and oxi-
dative damage in the livers of wild house finches. As the
metabolic hub of organisms, the liver plays a central role in
carbohydrate, lipid, and protein metabolism and provides both
nutrients and substrates to the immune system (Rui 2011).
Lymphocyte T cells and B cells are found scattered throughout
the liver, where they play critical roles in first-line immune
defense against invading pathogens (Racanelli and Rehermann
2006). Consequently, redox homeostasis of the liver and the
function of mitochondria should be affected by pathogen ex-
posure in amanner that enhances an individual’s ability to cope
with the demands of an immune challenge (Costantini 2019).
The obvious prediction at the initiation of this study was that
MG-infected house finches would have higher respiration and
greater oxidative damage in liver cells than uninfected indi-
viduals. Contrary to this prediction, we found thatMG-infected
house finches showed decreased oxidative lipid and protein
damage compared with uninfected house finches. Moreover, a
nonsignificant trend for lower mitochondrial respiration using
complex II substrates was observed for MG-infected birds com-
pared with their uninfected counterparts. These observations sug-
gest that MG-infected individuals may have lower liver respira-
tory rates with less oxidative damage than uninfected birds.

Mycoplasmas, including MG, can suppress the immune sys-
tem to evade detection (Rharbaoui et al. 2002; Ganapathy and
Bradbury 2003; Mohammed et al. 2007). One explanation for the
observations in the current study is that MG suppressed the
immune systems of infected house finches, leading to decreased
energy demand and reduced levels of oxidative damage in livers.
To upregulate aerobic capacity, cells can modify either mito-
chondrial density or mitochondrial respiratory functions. In this
study,mitochondrial density, which is represented by CS activity,
did not vary with the presence or absence of MG, and it did not
correlate with MG load in the house finch liver. However, state 3
Figure 2. Mitochondrial respiration and mitochondrial membrane potential (MMP) from isolated liver mitochondria from birds infected with
Mycoplasma gallisepticum (MG) and uninfected birds. Data include states 2, 3, and 4 respiration rates with complex I (2 mM pyruvate, 2 mM
malate, and 10 mM glutamate; A) and complex II (5 mM succinate with 5 mM rotenone; B) substrates, respiration control ratio (RCR; C), and
MMP (D). Dots represent uninfected birds, and diamonds represent MG-infected birds. Data are presented as mean 5 SEM.
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respiration with complex II substrates might be suppressed by
MG infection. Thus, our data suggest that such suppression was
achieved by manipulating mitochondrial functions other than
mitochondrial density. Results of PGC-1a, a mitochondrial bio-
genesis marker (LeBleu et al. 2014), further support the asser-
tion that mitochondrial biogenesis, turnover rate, and density were
not affected by MG infection.

Research by Gaunson et al. (2000) and Bonneaud et al. (2011)
indicates that MG is immunosuppressive in both chickens and
house finches, especially during the later stages of the immune
response. Furthermore, microarray data showed that, following
experimental infection, susceptible individuals (i.e., nongenetically
resistant) displayed lower levels of expression of genes regulating
metabolism, such as prosaposin and spermidine/spermine N1-
acetyltransferase, than genetically resistant individuals (Bonneaud
et al. 2011). The cDNA macroarray also indicated that a number
of genes associated with redox status and the electron transport
system, such as cytochrome oxidase subunit I and III and NADH
dehydrogenase subunit 4, are downregulated in the MG-infected
house finches (Wang et al. 2006). Together, these findings suggest
that the immunosuppression by MG modulated not only the
capacity of the host’s immune system in order to evade detection
but also the respiratory functions of mitochondria in the liver.

In previous studies with this same population of house finches,
which has coevolved with MG for about 24 yr at the time of
this study, observations suggested that birds in Alabama (same
location as house finches in this study) were less susceptible to
immunosuppression than house finches from naive western pop-
ulations (Bonneaud et al. 2011). However, those conclusions were
drawn from observations of infection experiments in which MG
infection was imposed on randomly sampled birds (Bonneaud
et al. 2011). In a follow-up study on this coadapted population,
evidence for immunosuppression was observed in birds with drab
feather coloration (low-condition birds) and not in birds with
bright feather coloration (high-condition birds; Balenger et al.
2015). In the current study, we compared naturally infected house
finches with house finches that had avoided or resisted infection
in the same environment. In such a comparison, the sample of
infected birds is not randomly drawn from the population but is
likely to be biased toward birds that are susceptible to infection
and immunosuppression.

The most surprising finding of this study is the lower levels
of oxidative lipid and protein damage in MG-infected birds
compared with uninfected birds. Moreover, we did not observe
any difference in the ROS production rate from liver mitochon-
dria between MG-infected and uninfected house finches. Conse-
quently, the observed decrease in oxidative damage could result
from (1) a decrease in other cellular ROS-producing sites (such as
NADPH oxidases), (2) an increase of antioxidant levels, or (3) an
increase in systems that repair and replace oxidative damage. Un-
fortunately, we did not measure these parameters in this study, so
we cannot distinguish between these explanations. Previous stud-
ies have proposed that oxidative damage in host cells and tissues
increases in response to MG infection as a consequence of an in-
crease in ROS generated by the host’s immune system (Nunoya
et al. 1987; Vitula et al. 2011). However, there have been few direct
measures of oxidative damage in MG-infected birds. Using total
thiobarbituric acid reactive species (TBARS) as a marker, Vitula
et al. (2011) found that lipid peroxidation was lower in plasma
but higher in the lungs and unchanged in other organs, including
the liver, in MG-infected birds. Using the same marker, McGraw
Figure 3. H2O2 production rate from isolated liver mitochondria (A),
citrate synthase activities in liver tissues (B), and relative protein levels
of lipid peroxidation (4-hydroxynonenal [4-HNE]), protein carbonyl,
and peroxisome proliferator-activated receptor gamma coactivator 1a
(PGC-1a; C) in birds infected with Mycoplasma gallisepticum (MG) and
uninfected birds. Dots represent uninfected birds, and diamonds rep-
resent MG-infected birds. Data are presented as mean 5 SEM. Asterisks
indicate statistical significance at P ! 0.05.
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et al. (2013) did not observe a difference in TBARS levels in plasma
between MG-infected versus uninfected house finches. However,
owing to the lack of full validation of TBARS measurements
in biological fluids, the reliability of TBARS as a biomarker of
lipid peroxidation has been questioned (Khoubnasabjafari et al.
2015).
A number of studies documented that antioxidant defense sys-

tems were suppressed by MG in most host tissues, especially liver
tissue (Nunoya et al. 1987; Jenkins et al. 2008; Vitula et al. 2011).
As a result, it is unlikely that the observed low level of oxidative
damage in MG-infected birds was due to the upregulation of anti-
oxidant defense systems. At the same time, we did not observe
any differences in the H2O2 production rate in isolated liver
mitochondria from the MG-infected or uninfected group. There
are a few potential explanations for these observations. First,
H2O2 production was measured with succinate as the substrate
without the presence of ADP (state 2 respiration) in this study.
Using succinate at this respiratory state, most H2O2 was produced
from the quinone site of complex I and the Qo site of complex III
(Quinlan et al. 2013). Although IQ and IIIQo

sites are the primary
sites of H2O2 production during the resting stage in normal mi-
tochondria, it is possible that other sites of H2O2 production were
decreased because of MG infection (Brand 2016). Second, in this
study, the H2O2 production rate was measured with unlimited
substrates. During MG infection, it is likely that ATP demand
increased for MG-infected birds. As a result, the redox state may
have been more oxidized for MG-infected birds, resulting in low
H2O2 production and eventually leading to low oxidative dam-
age (Murphy 2009). Third, other H2O2 production sites, such as
the NOX family of NADPH oxidases, may have been influenced
by MG infection (Bedard and Krause 2007). The oxidases are
often employed for pathogen killing in host cells (Segal et al.
2012), where it is possible for MG to suppress ROS production
to avoid the immune defense system of the host cells. In sum,
MG-infected house finches exhibited reduced levels of lipid per-
oxidation and protein carbonylation, which is likely due to the
immune- and metabolic-suppressive properties of MG.
It is important to note that in the current study, MG-infected

birds contracted MG in the wild. Consequently, birds were cap-
tured and sampled across a range of infection stages. Moreover,
we do not know whether MG-negative birds had never been in-
fected with MG or had been previously infected and recovered.
However, because all birds that we sampled had hatched less
than 5 mo before capture, it is likely that this was the first bout of
MG experienced by infected birds and that MG-negative birds
had never been infected.Moreover,MG can be found in the livers
of infected house finches (Kerr and Olson 1967), but MG load
in the livers of these finches was not measured. Further studies
on the immunosuppressive properties of MG and bioenergetics
should focus on MG load in tissues, mitochondrial respiration,
and oxidative stress levels for birds at different stages of MG in-
fection. Another factor that may affect the results is the sex of
the animal. In the current study, sex did not influence much in
the parameters measured (table A1), but future experiments that
can further discern, among other parameters, the complex rela-
tionships between sex, age, and infection load should be planned.
Mock immune challenges without pathogen infection have
been shown to result in upregulations of basal and maximal meta-
bolic rates (Martin et al. 2003; Eraud et al. 2005; King and
Swanson 2013; Bonneaud et al. 2016), mitochondrial respiration
(Frisard et al. 2015), and oxidative stress (Bertrand et al. 2006).
Such immune challenges, however, cannot mimic potential im-
munosuppressive effects of a pathogen infection. Moreover, it is
unclear whether the MG-infected house finches were in the acute
or chronic stages of the infection. Hence, novel insights, such as
our observation of the limited effects of pathogen infection on
oxidative stress and respiratory function following MG infection,
should not be unexpected when the physiological strategies of
both the host and the pathogen are allowed to play out.

Oxidative stress has been used as a marker to study immune
response trade-offs in avian species (Costantini 2008; Costantini
and Møller 2009). Moreover, much has been written in recent
years about the need to include direct measures of oxidative damage
and/or ROS rather than only measures of antioxidants as a proxy
measure (Monaghan et al. 2009; Isaksson et al. 2011a, 2011b;
Selman et al. 2012; Metcalfe and Monaghan 2013; Speakman
et al. 2015). We encourage researchers to not only measure ROS
levels and oxidative defense and damage levels but also incorpo-
rate bioenergetics parameters to achieve a multitarget evaluation
(Zhang et al. 2018). For the current study, if we hadmeasured only
markers of oxidative damage, we would have incorrectly con-
cluded that MG has beneficial effects on an avian host. Such a
conclusion would have missed key immune- and metabolic-
suppressive consequences of MG infection. These outcomes fur-
ther emphasize the importance of using mitochondrial bioen-
ergetic markers when studying oxidative stress as physiological
mechanisms underlying life-history strategies (Zhang and Hood
2016; Hood et al. 2018a, 2018b).

In conclusion, we have shown that both lipid peroxidation and
protein carbonylation were lower in MG-infected house finches
compared with uninfected house finches. Moreover, nonsignif-
icant trends were observed for low state 3 respiration with
complex II substrates in MG-infected house finches compared
with their control. Such reduction in oxidative damage and mito-
chondrial respiration markers demonstrated the immune- and
metabolic-suppressive properties of MG. Future studies of mech-
anisms underlying such immune and metabolic suppression for
MG are needed.
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APPENDIX
Effect of Sex on the Measure of Mitochondrial Function

For this investigation, we collected samples for both male and
female house finches. Using a linear model, we tested for an
effect of sex on all of the variables described herein. Because sex
had a significant effect on only one variable (mitochondrial
membrane potential), we reran the comparison as a t-test and
reported those values. We report the results of both models in
table A1.
Correlations among Variables

While the relationships between mitochondrial physiology
variables are complex, evaluating the correlations among var-
iables can be informative. We present a correlation matrix in
table A2.
Table A1: Full linear model results between birds infected withMycoplasma gallisepticum (MG) and uninfected birds including sex
as a covariant for all measurements and two-sample t-test results between MG-infected and uninfected birds not including sex
Results of linear model
Effect of sex
 Effect of MG
 Results of t-test
df
 t
 P
 t
 P
 df
 t
 P
Complex I substrates:

State 2 (nmol O2/mg protein/min)
 2, 48
 .55
 .59
 .08
 .94
 49
 .12
 .91

State 3 (nmol O2/mg protein/min)
 2, 49
 .59
 .56
 .31
 .76
 50
 .10
 .92

State 4 (nmol O2/mg protein/min)
 2, 49
 .64
 .52
 1.03
 .31
 50
 1.35
 .18

RCR (state 3/state 4 respiration)
 2, 51
 1.29
 .20
 .32
 .75
 52
 .82
 .42

MMP (relative fluorescence)
 2, 50
 3.52
 !.01
 2.93
 !.01
 51
 1.67
 .10
Complex II substrates:

State 2 (nmol O2/mg protein/min)
 2, 48
 .68
 .50
 .06
 .95
 49
 .19
 .85

State 3 (nmol O2/mg protein/min)
 2, 48
 .19
 .85
 1.63
 .11
 49
 1.83
 .07

State 4 (nmol O2/mg protein/min)
 2, 48
 .33
 .74
 .05
 .96
 49
 .07
 .94

RCR (state 3/state 4 respiration)
 2, 50
 .34
 .73
 .81
 .42
 51
 .74
 .46

MMP (relative fluorescence)
 2, 50
 2.19
 .03
 1.65
 .10
 51
 .93
 .36
ROS, oxidative damage, and biogenesis:

H2O2 (nmol/min/mg protein)
 2, 48
 .78
 .44
 1.11
 .27
 49
 .88
 .38

4-HNE adducts (arbitrary units)
 2, 52
 .81
 .42
 1.79
 .08
 53
 2.19
 .03

Protein carbonyl (arbitrary units)
 2, 52
 1.82
 .07
 1.66
 .10
 53
 2.34
 .02

PGC-1a (arbitrary units)
 2, 52
 .29
 .78
 1.20
 .24
 53
 1.18
 .24

Citrate synthase (nmol/min/mg protein)
 2, 52
 1.29
 .20
 .02
 .98
 53
 .48
 .64
Note. Complex I substrates include 2 mM pyruvate, 2 mM malate, and 10 mM glutamate. Complex II substrates include 5 mM succinate with 5 mM rotenone.
RCR p respiratory control ratio; MMP p mitochondrial membrane potential; ROS p reactive oxygen species; 4-HNE p 4-hydroxynonenal; PGC-1a p

peroxisome proliferator-activated receptor gamma coactivator 1a.
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