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A B S T R A C T   

Diseases caused by pathogens contribute to molecular adaptations in host immunity. Variety of viral pathogens 
challenging animal immunity can drive positive selection diversifying receptors recognising the infections. 
However, whether distinct virus sensing systems differ across animals in their evolutionary modes remains 
unclear. Our review provides a comparative overview of natural selection shaping molecular evolution in 
vertebrate viral-binding pattern recognition receptors (PRRs). Despite prevailing negative selection arising from 
the functional constraints, multiple lines of evidence now suggest diversifying selection in the Toll-like receptors 
(TLRs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRs) and oligoadenylate synthetases (OASs). In several 
cases, location of the positively selected sites in the ligand-binding regions suggests effects on viral detection 
although experimental support is lacking. Unfortunately, in most other PRR families including the AIM2-like 
receptor family, C-type lectin receptors (CLRs), and cyclic GMP-AMP synthetase studies characterising their 
molecular evolution are rare, preventing comparative insight. We indicate shared characteristics of the viral 
sensor evolution and highlight priorities for future research.   

1. Introduction 

Viral infections seriously harm human health, impair agricultural 
production with significant effects on economics, and threaten wildlife 
(Jones et al., 2008; Karesh et al., 2012; Socha et al., 2022). Many 
emerging diseases are caused by zoonotic viruses transmitted from an-
imals to humans (Jones et al., 2008). Often is the origin of the viral 
pathogens in wild species that are phylogenetically and ecologically 
distant from humans (Kruse et al., 2004; Nabi et al., 2021). We know still 
little about infection dynamics and immune variation in these 
non-model species (Plowright et al., 2016; Vinkler et al., 2022). 
Recently, global awareness of the importance of relationships between 
human and wildlife health has led to formulation of the One Health 
concept (Lebov et al., 2017) and urged for the research of immunoge-
netic diversity across species. To set effective measures to prevent dis-
ease transmission and establish successful therapeutic treatments, we 
need to better understand the evolution of host immunity responding to 
evolving pathogens. In this review, we contribute to these efforts by 
characterising evolutionary patterns diversifying host immunity at the 
interface with viral pathogens. 

Host-pathogen interactions are commonly viewed as arms races, 
where hosts constantly counter-adapt to pathogen adaptations aimed at 
overcoming host immunity (Woolhouse et al., 2002). Such co-evolution 

forms strong diversifying selective pressures on host immunity (Buch-
mann, 2014; Danilova, 2006). Animal immune genes show impressively 
rapid evolution, with high levels of variation both within and between 
species (Bustamante et al., 2005; Fumagalli et al., 2011; Hillier et al., 
2004; Lenz et al., 2013; Těšický and Vinkler, 2015; Vinkler et al., 2022). 
However, host adaptations do not necessarily need to intensify the 
pathogen-specific immune responses. In certain cases, natural selection 
can favour diminishing the unnecessary damage in the hosts, optimising 
the balance between resistance and tolerance to the infection (Henschen 
et al., 2023; Råberg et al., 2007; Savage and Zamudio, 2016; Weber 
et al., 2022). This often happens also during viral infections where 
excessive or dysregulated immune response can cause more harm than 
the infection itself (Hussell et al., 2001). Such immune adaptations are 
constrained by interactions with other symbionts (Horrocks et al., 2011) 
trading-off responses to potential threats and avoidance of immunopa-
thology caused by harmless stimulation (Graham et al., 2005). While 
recent evolutionary research helped to define some host molecular ad-
aptations to pathogens, evidence indicating distinct evolutionary pat-
terns across immune genes is still rare. 

Host immunity is importantly guided and regulated by immune re-
ceptors that recognise infection-related signals and trigger immune re-
sponses (Palm and Medzhitov, 2009). A large variety of 
germline-encoded innate immune receptors detecting 
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pathogen-derived structures are grouped under the term 
pattern-recognition receptors (PRRs). Despite their functional linkage in 
vertebrate immunity, the PRRs belong to several protein families that 
are heterogenous in their structures, varying in domain composition, 
cellular location, ligand binding as well as in the mechanism of signal 
transduction (Li and Wu, 2021; Pålsson-McDermott and O’Neill, 2007; 
Wu et al., 2022). These include namely the Toll-like receptor (TLR) 
family, Nucleotide-binding oligomerization domain (NOD)-like receptor 
(NLR) family, Retinoic-acid inducible gene-I(RIG-I)-like receptor (RLR) 
family, Absent in melanoma 2 (AIM2)-like receptor (ALRs) family, 
C-type lectin receptors (CLRs), Oligoadenylate synthetase family (OAS) 
and Cyclic GMP-AMP synthetase (Bermejo-Jambrina et al., 2018; Ho 
et al., 2022; H. Jiang et al., 2021; Lee et al., 2019, 2019). Do these 
sensory systems differ in their pathogen-driven evolutionary modes in 
vertebrates? Current evolutionary theoretical framework suggests that 
natural selection modes may differ between different groups of immune 
receptors based on the ligands they recognise, cellular sites to which 
they are expressed or even their expression inducibility during infection 
(Vinkler et al., 2023).Yet, present research data do not provide any 
conclusive insights so far. In this review, we focus on the molecular 
evolution of PRRs that specifically sense viral pathogens. We discuss the 
evidence available for adaptations putatively allowing PRRs of different 
vertebrate taxa to differentially recognise virus-derived microbe--
associated molecular patterns (MAMPs), conserved structures identi-
fying distinct pathogen groups. While for some of the PRR families 
evidence has recently accumulated to reveal the pattern of their 

molecular evolution (Fig. 1), we aim to show how limited are still our 
evolutionary insights into the diversity of the vast majority of these re-
ceptors. This review is thus complementary to other recent excellent 
reviews describing the roles of various PRRs (Liao and Su, 2021; Maj-
zoub et al., 2019; Mojzesz et al., 2020; Neerukonda and Katneni, 2020; 
Nie et al., 2018) and their diversity or general evolution in distinct taxa 
(Banerjee et al., 2020; Iwama and Moran, 2023; Magor, 2022), 
providing a timely overview of host molecular adaptations at the 
receptor-virus interface. 

2. Evolution of Toll-like receptors 

Toll-like receptors (TLRs) are PRRs conserved throughout animal 
evolution (Nie et al., 2018). Typically, 10–12 TLR genes are expressed in 
vertebrates as transmembrane proteins adapted to recognise the high 
diversity of extracellular and endosomal MAMPs (Vinkler and Albrecht, 
2009). These structures are in TLRs detected through their 
leucine-rich-repeat (LRR) ectodomains forming a horseshoe-shaped 
ligand-binding surface. Upon ligand binding, signalling is achieved 
through dimerization of the receptor proteins, bridging their cyto-
plasmatic Toll/interleukin-1 (IL-1) receptor (TIR) domains (Akira et al., 
2006; Gosu et al., 2019). Although highly conserved in their general 
architecture, specific structural variation emerged between different 
TLR ectodomains, determining different TLR subfamilies (Wang et al., 
2016). While frequently located in the plasma membrane (e.g. TLR1 
subfamily, TLR4 or TLR5 involved mainly in bacterial recognition), the 

Fig. 1. Positive selection acting in vertebrate viral sensing pattern recognition receptors (PRRs). PRR gene families were selected based on information available to 
their molecular evolution. Triangles indicate domains and molecular regions (not sites) under positive selection; triangle colour indicates taxon in which positive 
selection was detected: red = mammals, blue = birds; triangle size indicates the intensity of positive selection in terms of numbers of positively selected sites detected 
(weak, medium or strong selection; for details see Table 1). TLR = Toll-like receptor, NLRP = nucleotide-binding oligomerization domain-like receptor with pyrin 
domain (PYD), NLRC = nucleotide-binding oligomerization domain-like receptor with caspase-recruitment domain (CARD) protein, NOD = nucleotide-binding 
oligomerization domain protein, RIG-I = retinoic acid-inducible gene I, MDA5 = melanoma differentiation-associated protein 5, OAS = oligoadenylate synthetase, 
AIM2 = Absent in melanoma-2, IFI16 = Interferon-inducible protein 16, CLR = C-type-lectin receptors. To each protein, different domains are shown: TIR = Toll/ 
interleukin-1 (IL-1) receptor (TIR) domain, LRR = leucine-rich repeat, PYD = pyrin domain, CARD = caspase-recruitment domain, NBD = nucleotide-binding 
domain, FIIND = function to find domain, CTD = C-terminal domain, UBL = C-terminal tandem ubiquitin-like (UBL) domains, HIN = hematopoietic interferon- 
inducible nuclear antigens. References are indicated by numbers in the brackets: 1 = Wlasiuk and Nachman (2010); 2 = Areal et al. (2011); 3 = Escaler-
a-Zamudio et al. (2015); 4 = Jiang et al. (2017); 5 = Alcaide and Edwards (2011); 6 = Grueber et al. (2014); 7 = Wang et al. (2016); 8 = Velová et al. (2018); 9 =
Khan et al. (2019); 10 = Liu et al. (2020); 11 = Fornůsková et al. (2013); 12 = Vinkler et al., (2014); 13 = Chavarría-Smith et al. (2016); 14 = Ahn et al. (2019); 15 =
Ma et al. (2021); 16 = Wu et al. (2022); 17 = Tian et al. (2018); 18 = Cagliani et al. (2014b); 19 = Lemos De Matos et al. (2013); 20 = Krchlíková et al. (2021); 21 =
Krchlíková et al. (2023); 22 = Zheng and Satta (2018); 23 = Hu et al., (2018); 24 = Cagliani et al. (2014a). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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key viral-sensing TLRs, such as TLR3 and TLR7 subfamily members are 
expressed into the endosome where they detect nucleic acids derived 
from viruses and other intracellular pathogens (Liu et al., 2020). In 
general, the TLR family genes are mostly under purifying selection 
constrained by the receptor-conserved function throughout taxa 

(Darfour-Oduro et al., 2016; Ghosh et al., 2022; Nelson-Flower et al., 
2018; Tong et al., 2015; Velová et al., 2018). Interestingly, in most 
datasets, the dN/dS statistics suggest that in vertebrates the TLRs 
detecting viruses have been subjected to stronger functional constraints 
limiting the positive selection than the other TLRs (Liu et al., 2020; 
Mikami et al., 2012; Velová et al., 2018; Wang et al., 2016; Wlasiuk and 
Nachman, 2010). Nonetheless, this is contradicted by some amphibian 
and mammalian research suggesting that viral and non-viral TLRs are 
under similarly strong positive selection (Areal et al., 2011; Zhang et al., 
2022). Despite the general conservatism, positive selection appears to 
act frequently at various sites of these proteins, especially those located 
in the ectodomains (Liu et al., 2020; Velová et al., 2018). 

In most vertebrate taxa the virus-sensing TLRs show only limited 
protein-coding interspecific variation and population polymorphism 
(Astakhova et al., 2009; Heng et al., 2011; Kloch et al., 2018, 2018, 
2018; Świderská et al., 2018; Vinkler et al., 2015; Wlasiuk and Nach-
man, 2010). TLR3 forms a separate TLR subfamily with a single gene 
conserved throughout all vertebrates (Liu et al., 2020). Unlike some 
other TLRs including the TLR7 subfamily members (Bainová et al., 2014; 
Fiddaman et al., 2022; Khan et al., 2019; Philbin et al., 2005; Sharma 
et al., 2020; Velová et al., 2018) the TLR3 gene shows no pseudogeni-
zation, loss, or duplication in any vertebrate species studied so far, 
indicating its universal functional importance. The TLR3 protein detects 
viral double-stranded (ds)RNA through the interaction of its C and 
N-terminal LRRs with the sugar-phosphate backbone of the RNA, but 
indifferent to the sequence of the bases (Liu et al., 2008). This probably 
limits the pathogen-mediated positive selection diversifying the TLR3 
virus-recognition capacities. Across mammals, positive selection in 
TLR3 is only very weak (Jiang et al., 2017; Wlasiuk and Nachman, 
2010), although positively selected sites (PSS) have been detected, for 
instance in the bat lineage (Escalera-Zamudio et al., 2015). Relatively 
more potentially adaptive non-synonymous variation has been reported 
in avian TLR3 both on interspecific (Alcaide and Edwards, 2011; 
Grueber et al., 2014; Khan et al., 2019; Liu et al., 2020; Velová et al., 
2018; Wang et al., 2016) and intraspecific (Świderská et al., 2018) 
levels. Although still generally weaker than in most other TLRs, in birds 
recent research identified positive selection in TLR3 in the ectodomain 
and with higher frequency than in other TLRs also in the intracellular 
TIR domain (Liu et al., 2020; Velová et al., 2018). Compared to other 
TLRs, in TLR3 there is a relatively lower consistency of PSS identified in 
different taxa, which suggests (compared to other TLRs; Králová et al., 
2018; Těšický et al., 2020) limited convergent evolution in this gene. 
Yet, even in TLR3 positive selection acts also directly at some functional 
sites involved in ligand binding, suggesting possible adaptations in viral 
detection (Jiang et al., 2017). Recent evidence suggests that in birds the 
putatively functional polymorphism in TLR3 can be explained by past 
(Davies et al., 2021; Gilroy et al., 2017) or present balancing selection 
(Lara et al., 2020; Minias and Vinkler, 2022). 

In comparison with TLR3, the TLR7 subfamily including TLR7, TLR8 
and TLR9 shows in vertebrates stronger evidence for positive selection 
(Liu et al., 2020). Both TLR7 and TLR8 receptors bind single-stranded 
(ss)RNA through interaction with the Z-loop, which bridges their ecto-
domain cleavage site (Zhang et al., 2016). TLR9, which is evolutionarily 
as well as structurally more derived (Liu et al., 2020) recognizes the 
unmethylated CpG islands in bacterial and viral DNA. Although other-
wise conserved in vertebrates, the TLR7 subfamily has experienced dy-
namic evolution in modern reptiles and birds where TLR9 was lost 
entirely, TLR8 was lost in birds but duplicated in crocodilians and turtles 
(Dolby et al., 2020) and recurrent TLR7 duplication emerged several 
times independently in birds (Grueber et al., 2012; Liu et al., 2020; 
Velová et al., 2018) and also in some species of mammalian lagomorphs 
(Neves et al., 2022). In parallel, TLR8 was also lost in hares (Neves et al., 
2022). Furthermore, the functional role of the lost TLR9 has been 
replaced in birds by TLR21 which is phylogenetically unrelated and 
missing in mammals (Keestra et al., 2010). This documents the 
convergent evolution between the vertebrate TLR paralogues. Similar to 

Table 1 
Strength of positive selection acting in vertebrate viral sensing pattern 
recognition receptors (PRRs). Intensity of positive selection was categorised 
based on numbers of positively selected sites (PSS; where available, consensus 
obtained by more than two predictive methods was taken): weak = 0–2 PSS, 
medium = 3–5 PSS, strong ≥6 PSS. TLR = Toll-like receptor, NLRP = nucleotide- 
binding oligomerization domain-like receptor with pyrin domain (PYD), NLRC 
= nucleotide-binding oligomerization domain-like receptor with caspase- 
recruitment domain (CARD) protein, NOD = nucleotide-binding oligomeriza-
tion domain protein, RIG-I = retinoic acid-inducible gene I, MDA5 = melanoma 
differentiation-associated protein 5, OAS = oligoadenylate synthetase, AIM2 =
Absent in melanoma-2, IFI16 = Interferon-inducible protein 16, CLR = C-type- 
lectin receptors, LRR = leucine-rich repeat, UBL = C-terminal tandem ubiquitin- 
like (UBL) domains, HIN = hematopoietic interferon-inducible nuclear antigens. 
References are indicated by numbers in the brackets: 1 = Wlasiuk and Nachman 
(2010); 2 = Areal et al. (2011); 3 = Escalera-Zamudio et al. (2015); 4 = Jiang 
et al. (2017); 5 = Alcaide and Edwards (2011); 6 = Grueber et al. (2014); 7 =
Wang et al. (2016); 8 = Velová et al. (2018); 9 = Khan et al. (2019); 10 = Liu 
et al. (2020); 11 = Fornůsková et al. (2013); 12 = Vinkler et al., (2014); 13 =
Chavarría-Smith et al. (2016); 14 = Ahn et al. (2019); 15 = Ma et al. (2021); 16 
= Wu et al. (2022); 17 = Tian et al. (2018); 18 = Cagliani et al. (2014b); 19 =
Lemos De Matos et al. (2013); 20 = Krchlíková et al. (2021); 21 = Krchlíková 
et al. (2023); 22 = Zheng and Satta (2018); 23 = Hu et al., (2018); 24 = Cagliani 
et al. (2014a).  

Gene Domain Taxon Positive 
Selection 

PSS 
No. 

Reference 

TLR3 LRR Mammals Weak 0–2 1,2,3,4 
TLR3 LRR Birds Medium 3–4 5,6,7,8,9,10 
TLR7-9 LRR Mammals Weak- 

Medium 
2–4 1,2,3,4,11 

TLR7-9 LRR Birds Weak- 
Medium 

1–4 5,6,7,8,9,10,12 

NLRP1 linker Mammals Strong 6 13 
NLRP3 LRR Mammals Strong 7 14 
NLRP3 NBD Birds Weak 2 15 
NLRP3 LRR Birds Weak 1 15 
NLRC5 LRR Mammals Strong 9 16 
NLRC5 LRR Birds Strong 12 15 
NOD1/ 

NOD2 
LRR Birds Weak 0 15 

NOD1/ 
NOD2 

LRR Mammals Weak 0 17 

RIG-I Helicase Mammals Weak- 
Medium 

2–4 18,19 

RIG-I Helicase Birds Strong 8–12 20,22 
RIG-I Linkers Mammals Weak 2 18 
RIG-I CARD Mammals Weak- 

Medium 
2–4 18,19 

RIG-I CARD Birds Weak 1–2 20,22 
RIG-I CTD Mammals Weak 0–2 18,19 
RIG-I CTD Birds Weak-Strong 1–9 20,22 
MDA5 Helicase Mammals Weak 1–2 18,19 
MDA5 Helicase Birds Medium 4–6 21,22 
MDA5 CARD Mammals Weak- 

Medium 
2–4 18,19 

MDA5 CARD Birds Strong 8–12 21,22 
MDA5 Pincer Mammals Weak 0 18,19 
MDA5 Pincer Birds Weak 3 21,22 
MDA5 CTD Mammals Weak 1–2 18,19 
MDA5 CTD Birds Weak 2 21,22 
OASL1/ 

OASL2 
UBL Mammals Weak- 

Medium 
0–4 23 

OASL UBL Birds Weak 2 23 
AIM2 HIN C Mammals Weak 2 24 
IFI16 Linkler- 

1 
Primates Strong 7 24 

IFI16 Linker-2 Primates Strong 6 24 
CLR ECD Mammals Medium 3 17  
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TLR3, the positive selection is relatively weak in TLR7 and there is little 
consistency between the PSS identified in different taxa (Jiang et al., 
2017; Liu et al., 2020; Mikami et al., 2012; Velová et al., 2018; Vinkler 
et al., 2014). This holds also for bats, a group hypothesized to experience 
strong selection on immunity driven by frequent viral infections (Jiang 
et al., 2017). Stronger positive selection than in TLR7 has been revealed 
in mammalian TLR8 (Areal et al., 2011; Jiang et al., 2017), where 
several lineages, including the bats (Escalera-Zamudio et al., 2015) 
show increased levels of positive selection. It has been hypothesized that 
positive selection in bat virus-sensing TLRs provides them unique ad-
aptations to sustain high pathogen loads (Jiang et al., 2017), different 
from e.g. short-lived rodents, where interspecific (Fornůsková et al., 
2013) as well as intraspecific studies (Kloch et al., 2018) show strong 
negative selection and high levels of homozygosity within populations. 
In bats the TLR8 PSS are located in or in proximity to predicted 
ligand-binding and other functional sites in the ectodomain, supporting 
this hypothesis (Schad and Voigt, 2016). Similar avian TLR7, in 
mammalian TLR8 positive selection targets namely the region of the 
intramolecular protein cleavage and the Z-loop, which might indicate 
the functional significance of the variation. In mammals, the strongest 
positive selection has been observed in TLR9 (Jiang et al., 2017) where 
several taxa, including the bats, show increased positive selection. A 
similar pattern of positive selection has been revealed also in teleost fish 
(Han et al., 2019). Yet, in TLR9 there is little overlap of the PSS with the 
ligand-binding sites (Liu et al., 2020). The functionally converging avian 
TLR21 shows very weak positive selection (Velová et al., 2018). 
Nevertheless, this pattern might be artificial, resulting from relatively 
limited sequence and/or functional information available to mammalian 
TLR9 and especially avian TLR21. This notion is further supported by 
the fact that a new TLR21-like orthologue has been revealed in 
non-avian Sauropsids only recently (Dolby et al., 2020) and that 
amphibian TLR21 is likely under strong positive selection (Zhang et al., 
2022). Altogether, current results highlight the present knowledge 
limitations on TLR evolution in less frequently studied genes and taxa. 

Furthermore, other putatively virus-sensing TLRs remain up to now 
entirely out of the scope of evolutionary studies. These include the 
mammalian TLR13 (Shi et al., 2011), fish TLR19 (Ji et al., 2018) or 
TLR22, all of which also recognise viral ligands (Matsuo et al., 2008; Su 
et al., 2012). Interestingly, initial results show relevant variation in the 
evolution of some of these TLRs. For example, TLR19 appears to evolve 
in a similar conserved mode as TLR3 in fish (Wang et al., 2015), but 
under stronger diversifying selection in amphibians (Zhang et al., 2022). 
Evidence of relatively increased positive selection was also revealed in 
the ectodomain of TLR22 in teleost fish (Qi et al., 2017; Sundaram et al., 
2012). Finally, even the bacteria-sensing TLR4 that is well characterised 
for lipopolysaccharide (LPS) binding, has been indicated to recognise 
viral structures, though closer insights are still missing to reveal the 
structural mechanism of the interaction and indicate significance of 
adaptive evolution in modulating the pathogen detection (Akira et al., 
2006; Huang et al., 2012; Olejnik et al., 2018; Younan et al., 2017). 

3. Evolution of NOD-like receptors 

The nucleotide-binding oligomerization domain (NOD)-like re-
ceptors (NLRs) are evolutionarily conserved PRRs expressed into the 
cytoplasm where several of them play essential roles in antiviral innate 
immune responses throughout the animal kingdom (Wu et al., 2021; Zhu 
et al., 2022). The general protein structure of these proteins consists of a 
common C-terminal LRR domain and a central nucleotide-binding 
domain (NBD, also known as NACHT or NOD; (Wu et al., 2021). In 
their N-terminal domains the members of the NLR family differ, forming 
specific NLR subfamilies: i) NLRA containing the acidic transactivating 
domain (CIITA), ii) NLRB containing the inhibitor of apoptosis domain 
(AIP; e.g.: NAIP2, NAIP5 and NAIP6), iii) NLRC containing the 
caspase-recruitment domain (CARD; e.g.: NOD1, NOD2, NLRC3, NLRC5, 
NLRX1), and iv) NLRP containing the pyrin domain (PYD; e.g.: NLRP1, 

NLRP3) (Liang et al., 2018; Souza et al., 2021; Li et al., 2016; Chu et al., 
2018; Zhong et al., 2013). With some exceptions, viral ligands are 
detected in the cytoplasm by the LRR domain, triggering the NBD 
domain oligomerization that activates the downstream signalling 
through the corresponding N-terminal domains (Jacobs and Damania, 
2012; Jing et al., 2019). However, not all NLRs directly interact with 
viral ligands. The NLRA and NLRB subfamilies do not seem to play roles 
as viral sensors, while several receptors belonging to the NLRC or NLRP 
subfamilies do (Atyeo and Papp, 2022; Bauernfried et al., 2021; God-
kowicz and Druszczyńska, 2022; Gregory et al., 2011; Hong et al., 2012; 
Ranjan et al., 2015; Wallace and Russell, 2022; Zhang et al., 2014). 

In the NLRP gene family, the NLRP1 and NLRP3 can be activated by 
nucleic acids of both RNA and DNA viruses (Atyeo and Papp, 2022; 
Bauernfried et al., 2021; Gregory et al., 2011; Wallace and Russell, 
2022). The structure of NLRP1 differs from other NLRP proteins because 
of its extra C-terminal function to find domain (FIIND), which is in the 
inactive state connected to the linker-1 region connecting the NBD and 
PYD domains (Atyeo and Papp, 2022; Finger et al., 2012). Even though 
NLRP1 and NLRP3 have similar ligand detection capabilities, this 
structural difference diversifies their activation capacities (Atyeo and 
Papp, 2022; Bauernfried et al., 2021; Gregory et al., 2011). In NLRP1 the 
linker-1 region contributing to ligand recognition and interacting with 
FIIND needs to be cleaved by the pathogen proteases to achieve acti-
vation. The evolutionary research in primates and rodents has revealed 
strong positive selection in NLRP1 (Bauernfried and Hornung, 2022; 
Chavarría-Smith et al., 2016; George et al., 2011) with most PSS being 
located in the linker-1 region (Chavarría-Smith et al., 2016). Given its 
diversity among primates and rodents, the linker-1 region putatively 
evolves to escape cleavage inactivation by specific pathogen-associated 
proteases (Chavarría-Smith et al., 2016). In contrast, avian NLRP3 
shows the majority of the PSS distributed in the NBD, with fewer PSS in 
the LRR region (Ma et al., 2021). However, this pattern of NLRP3 
adaptive diversity may be taxon-specific, since in bats the LRR domain 
evolves under strong positive selection decreasing the capacity of NLRP3 
for activation through oligomerization (Ahn et al., 2019). 

In the NLRC family, the first members identified were NOD1 and 
NOD2 that share similar downstream signalling, which resulted in their 
joint investigation (Boyle et al., 2013; Li et al., 2015a). While primarily 
interacting with bacterial peptidoglycans, recent research has indicated 
that these two receptors can also bind viral ligands. For example, NOD2 
is involved in sensing the ssRNA viruses and both NOD1 and NOD2 play 
roles in the pathogenesis caused by SARS-CoV-2, although the precise 
interactions are not understood yet (Wang et al., 2021; Yin et al., 2021). 
NOD1 and NOD2 use the mitochondrial antiviral signalling (MAVS) 
pathway to evoke antiviral interferon responses (Sabbah et al., 2009; Wu 
et al., 2020). NOD1 is found in a variety of vertebrate taxa, including 
mammals, amphibians, reptiles, birds, and fish, while NOD2 is lacking in 
birds, reptiles, and amphibians (Boyle et al., 2013). In some basal 
vertebrate species, NOD1 can be duplicated (Li et al., 2015a). Within 
NODs, purifying selection limits sequence variation at most sites in the 
LRR, NBD and CARD domains (Boyle et al., 2013; Li et al., 2015a). In the 
bony fishes, a large number of PSS were revealed in NOD1, while only 
very few in NOD2, which indicates the difference in the selective pres-
sure experienced by both genes (Li et al., 2015a). Interestingly, no 
positive selection has been revealed in either NOD1 or NOD2 across 
tetrapods (Li et al., 2015a), and a low number of PSS were indicated 
within mammals in general and to lesser extent in birds (Ma et al., 2021; 
Tian et al., 2018) and in the carnivores in particular (Wu et al., 2022). 

The other NLRC family members comprise NLRC3, a negative regu-
lator of inflammation, IFN and T-cell antiviral responses, and NLRC5 
involved in either positive or negative regulation of the RIG-I-mediated 
antiviral signalling (Meissner et al., 2010; Ranjan et al., 2015; Zhang 
et al., 2014). The NLRC3 gene can directly interact with the 
double-stranded DNA viruses through positively charged patches of its 
LRR domain (Li et al., 2019; Lupfer and Kanneganti, 2013; Uchimura 
et al., 2018; Zhang et al., 2014). For NLRC5 such a direct interaction 
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with viral particles has not been revealed yet, although this receptor is 
crucial in some species including humans for inhibiting viral replication 
(Meissner et al., 2010; Ranjan et al., 2015). The NLRC3 gene is dupli-
cated from the NOD1 gene in a common ancestor of birds and mammals 
(Hughes, 2006). In birds this gene has fewer PSS compared to other NLR 
family members, indicating strong purifying selection (Ma et al., 2021). 
In contrast, in birds and also in carnivores NLRC5 exhibits the strongest 
positive selection of all the NLR genes investigated, with the majority of 
the PSS being located in the LRR domain (Ma et al., 2021; Wu et al., 
2022). 

Within the NLRC family, NLRX1 is very unusual for its N-terminal 
domain and mitochondrial location (Hong et al., 2012; Moore et al., 
2008). It can alter the NF-κB and interferon-mediated antiviral re-
sponses and suppress the inflammasome response mediated by RIG-I 
(Allen et al., 2011; Jing et al., 2019; Parvatiyar and Cheng, 2011). The 
NLRX1 LRR domain with large positive amino acid patches can interact 
with ssRNA and dsRNA (Hong et al., 2012), being used by some RNA 
viruses (including HIV and SARS-CoV-2) for effective infection (Gordon 
et al., 2020; Guo et al., 2016). Very weak positive selection is acting in 
NLRX1 throughout vertebrates, with adaptations in the basal lineages of 
vertebrates namely in the NBD (Li et al., 2015b). Higher frequencies of 
PSS were observed in the evolution of carnivores, suggesting accelerated 
evolution of this gene in specific lineages (Wu et al., 2022). 

4. Evolution of RIG-I-like receptors 

In the detection of viral infections, the Retinoic acid-inducible gene I 
(RIG-I)-like receptors (RLRs) play key roles in sensing cytosolic RNAs 
(Leung and Amarasinghe, 2012). These RNAs can be either viral 
(derived from both RNA and DNA viruses) or host origin. The RLRs bind 
RNA through their central DExD/H-box helicase core consisting of two 
helicase domains attached via a pincer-shaped linker to the zinc-binding 
C-terminal domain (CTD) (Jiang et al., 2011; Saito et al., 2007; Takahasi 
et al., 2009). This structure is shared by all three members of the RLR 
gene family: RIG-I, melanoma differentiation-associated protein 5 
(MDA5) and laboratory of genetics and physiology 2 (LGP2) (Fekete 
et al., 2018, 2020). RIG-I and MDA5 are full-structured receptors con-
taining the N-terminal tandem caspase activation and recruitment do-
mains (CARDs) which oligomerize upon RNA detection and activate 
antiviral responses through stimulation of type I interferon cytokine 
signalling (Ramos and Gale, 2011; Yoneyama et al., 2005). In contrast, 
the LGP2 protein lacks any CARDs. Lacking the signalling activity, LGP2 
regulates the activities of RIG-I and MDA5, both positively and nega-
tively (Pippig et al., 2009; Venkataraman et al., 2007). In mammals, 
LGP2 can inhibit RNA interference and viral RNA cleavage by inhibiting 
the endoribonuclease Dicer (Van Der Veen et al., 2018). While probably 
highly redundant in their functions, it has been hypothesized that MDA5 
binds longer dsRNA fragments than RIG-I (Li et al., 2009a, 2009b). 
However, whether distinct viral infections generate specific 
RNA-binding patterns for RIG- I and MDA5 have yet to be revealed. 

Similar to other PRRs sensing viral infections, RLRs have also 
dominantly evolved under purifying selection in vertebrates (Cagliani 
et al., 2014b; Krchlíková et al., 2021, Krchlíková et al., 2023; Lemos De 
Matos et al., 2013; Zheng and Satta, 2018). Relatively few sites or re-
gions show any consistent patterns of positive selection acting across the 
taxa. In humans, RIG-I is the RLR most constrained in its variation, while 
in MDA5 and LGP2 stronger signals of positive selection indicate pop-
ulation differentiation (Vasseur et al., 2011). Potentially functional 
non-synonymous polymorphism that is in human MDA5 and LGP2 likely 
evolving under positive selection has been identified in the helicase 
domains and CTD. This partially corresponds with the positive selection 
revealed across mammals, where MDA5 shows the highest levels of 
positive selection (Lemos De Matos et al., 2013). However, on the 
interspecific level, the LGP2 gene is the one with the lowest levels of 
positive selection (Cagliani et al., 2014b). In contrast to the human 
population datasets, in mammalian RIG-I the positively selected sites are 

distributed along all their functional domains, with significant signals of 
positive selection occurring also in the helicase domains (Cagliani et al., 
2014b; Lemos De Matos et al., 2013).This is common also to MDA5 and 
LGP2 in mammals. Yet, in both RIG-I and MDA5 higher incidences of the 
positively selected sites can be found in the linkers separating the heli-
case domains from CARDs that allow the RLR oligomerization and in 
MDA5 also directly at the CARD interface of contact between the re-
ceptor monomers (Cagliani et al., 2014b). Finally, further putative ad-
aptations can be found in MDA5 also in the regions that are specific to 
this RLR, such as unique parts of the spacer between the CARD and 
helicase domains and the insertion in the helicase domain (Cagliani 
et al., 2014b). 

In contrast to mammals, in birds it is the MDA5 that appears the most 
constrained of the three RLRs in its overall variation, which is especially 
conspicuous in the helicase domain and to a lower level also in the 
CARDs (Zheng and Satta, 2018). Yet, the same research line also in-
dicates that avian MDA5 has the highest number of sites under positive 
selection, predictively contributing to functional adaptations. While all 
three avian RLRs show positive selection in the helicase region 
(Krchlíková et al., 2021), only MDA5 has increased the number of 
positively selected sites in the CARDs (Krchlíková et al., 2023; Zheng 
and Satta, 2018). Furthermore, important variation exists in the RLR 
evolution between different evolutionary lineages even within birds and 
mammals. For example, in mammals increased positive selection has 
been revealed in RIG-I in, e.g., the Xenarthra and the lineages leading to 
the shrew, dog, rabbit or squirrel, and in MDA5 it occurs in the lineages 
leading to the Tasmanian devil, shrew, giant panda, guinea pig or alpaca 
(Cagliani et al., 2014b; Lemos De Matos et al., 2013). 

Despite this evidence for diversifying selection in RLRs, parallel 
evolution (i.e. independent evolution of functionally identical features) 
at homologous sites has been indicated between the three RLRs (e.g. 
sites 421 in mammalian RIG-I and 179 in LGP2; Cagliani et al., 2014b; or 
sites 333 in avian MDA5 and 867 in RIG-I; Zheng and Satta, 2018). 
Further evidence also suggests parallel evolution acting at the positively 
selected sites in RLRs across taxa, possibly creating convergent adap-
tations between various vertebrate lineages (Krchlíková et al., 2021, 
Krchlíková et al., 2023). Nevertheless, the most conspicuous example of 
parallel evolution is the repeated RLR gene loss. This happened in RIG-I 
in the Acanthopterygii fish (Chen et al., 2017), in the Chinese tree shrew 
RIG-I (Xu et al., 2016), and in various avian lineages, where both cases 
of RIG-I and MDA5 pseudogenisation were described (Krchlíková et al., 
2023). Avian MDA5 has been lost in parallel in cranes (Gruiformes) and 
storks (Ciconiformes). For avian RIG-I, as many as 16 independent 
events of functional inactivation were reported, including namely events 
in some palaeognathae species, most galliforms, various seabirds 
(Cheradriiformes, Sphenisciformes) and falcons (Falconiformes). This 
might indicate selective pressures for decreased RLR-based viral recog-
nition. However, since apparently in no lineage both RIG-I and MDA5 
have been lost together (Krchlíková et al., 2023), current evidence is 
consistent with evolution occurring under functional constraints, 
possibly combined with a stochastic pattern of the individual RLR gene 
loss events. While adaptations in RIG-I do not appear to compensate the 
MDA5 function upon its loss (Krchlíková et al., 2021), evidence pres-
ently available opens the possibility that MDA5 could have evolved in 
the galliform birds to partially compensate for the RIG-I loss (Krchlíková 
et al., 2023). Additional evidence suggests episodic lineage-specific 
positive selection acting on LGP2 in Galliformes, which could be also 
related to the loss of RIG-I in this group, although in some other avian 
lineages, this gene may have experienced relaxation in selection (Zheng 
and Satta, 2018). 

In RLRs the positively selected sites are mostly exposed to the protein 
surface (Cagliani et al., 2014b), but frequently lie distant from the 
known RNA binding sites (Krchlíková et al., 2023; Zheng and Satta, 
2018). Both in avian RIG-I and MDA5 only a single positively selected 
site was located in close topological proximity to any of the RNA 
ligand-binding positions (Krchlíková et al., 2021, Krchlíková et al., 
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2023). Other sites under positive selection in these receptors were 
adjacent to residues involved in the receptor signalling. This is especially 
obvious in the avian MDA5 where many sit in the regulatory CARD re-
gions. This evidence suggests that in the RLR evolution adaptations 
could mostly adjust protein-protein interactions during signal 
transduction. 

5. Evolution of oligoadenylate synthetases 

The 2′-5′ oligoadenylate synthetases (OAS) are interferon-induced 
antiviral enzymes detecting viral dsRNA that are capable to initiate 
the degradation of the viral RNA (Eskildsen, 2003). This gene family is 
represented in all animals but in differing gene sets in different taxa 
(Kjaer et al., 2009; Kumar et al., 2000). For example, the full set of 
mammalian OAS family members consisting of OAS1, OAS2, OAS3, and 
OASL is present in most mammalian species, except for OAS2 and/or 
OAS3 absence in Odontoceti and several other species (Liu et al., 2023; 
Perelygin et al., 2006). Neognathae birds, on the other hand, possess no 
OAS functional loci and rely only on a single copy of the OASL gene that 
functions both in an RNase L-dependent and -independent (RIG-I-asso-
ciated) manner (Hu et al., 2018; Rong et al., 2018). Distinct from OAS 
proteins, the OASL displays antiviral activity against RNA viruses 
through its C-terminal tandem ubiquitin-like (UBL) domains. The OAS 
proteins can also activate the NOD- and RIG-related inflammasome 
pathways (Oakes et al., 2017). Copy-number variation is known in the 
OAS genes (e.g. in rodent OAS1; Perelygin et al., 2006). The OAS pro-
teins differ in the number of OAS domains that catalyse the synthesis of 
2′-5′ oligoadenylates upon viral dsRNA binding (Neerukonda and Kat-
neni, 2020). 

It has been shown that compared to more basal vertebrate lineages, 
mammals show increased numbers of residues on the OAS/dsRNA 
interaction interface (Hu et al., 2018). The strongest positive selection is 
in mammals in OAS1 and the weakest in OAS2 (Liu et al., 2023). Present 
evidence suggests concerted evolution of the OAS1 paralogous in 
mammals (Rodentia and Artiodactyla), with multiple inter-locus ex-
changes achieved through gene conversion distorting the OAS1 diver-
gent evolution (Perelygin et al., 2006). Despite this, strong positive 
selection has been identified in OAS1, especially in the group Cetartio-
dactyla (Liu et al., 2023). In primates with a single copy OAS1, positive 
selection in this gene has been identified specifically targeting the 
RNA-binding domain (several being directly at the RNA-binding posi-
tions) and the region circumscribing the entry to the active site, sug-
gesting adaptations in ligand binding and evasion of viral OAS 
antagonists (Fish and Boissinot, 2016). Patterns of parallel evolution 
have been indicated between OAS1, OAS2, and even cGAS in primates 
and bats (Mozzi et al., 2015). Functional diversification of the OASL 
genes in tetrapods is suggested by differing gene-wide dN/dS ratios, 
being higher in the duplicated mammalian OASL1 and OASL2 paralo-
gues than in the single-copy avian OASL (Hu et al., 2018). However, in 
the numbers of the PSS, the avian OASL and mammalian OASL2 surpass 
mammalian OASL1. Interestingly, in Sauropsids (reptiles and birds) the 
OASL genes contain more amino acid substitutions in the second UBL 
domain assumingly executing anti-viral activity, while in mammalian 
OASL2 stronger diversification is observed in the first UBL domain. 
Finally, significant intraspecific polymorphism has been described in 
some of the OAS genes, with balancing selection and trans-species 
polymorphisms modulating the allele frequencies described in OAS1 in 
mice and primates (Ferguson et al., 2008, 2012; Fish and Boissinot, 
2015). 

6. Evolution of the AIM2-like receptor 

The Absent in melanoma-2 (AIM2)-like receptor family (ALRs or the 
PYHIN family) has only recently been discovered in mammals (Cagliani 
et al., 2014a; Cridland et al., 2012). In humans the ALR family consists of 
four genes: AIM2, Interferon-inducible protein 16 (IFI16), 

Interferon-inducible protein X (IFIX), and Myeloid cell nuclear differ-
entiation antigen (MNDA; Brunette et al., 2012; Fan et al., 2022), though 
in some mammalian species (e.g. mouse) up to 13 ALR genes, while in 
others (e.g. cow) not a single functional gene can be found (Brunette 
et al., 2012). Except for MNDA all other genes appear to play roles in 
viral nucleic acid sensing (Crow and Cristea, 2017; Diner et al., 2015; 
Fan et al., 2022). The general structure of ALRs consists of an N-terminal 
pyrin (PYD) domain and one or two C-terminal hematopoietic 
interferon-inducible nuclear antigens with 200 amino acid repeats (HIN) 
domains (Brunette et al., 2012; Fan et al., 2022). While the HIN domain 
that is represented in different genes in different numbers and types is 
critical for the interaction with viral RNA or DNA (Cagliani et al., 2014a; 
Diner et al., 2015), the PYD domain mediates the downstream signalling 
(Fairbrother et al., 2001; Jin et al., 2013). The viral-sensing ALRs are 
located either in the cytoplasm (AIM2) or in the nucleus (IFI16, IFIX 
(Ding et al., 2004; Fan et al., 2022);). Some ALRs (IFI16) positively 
regulate RIG-I-mediated inflammation (Z. Jiang et al., 2021). 

Evolutionary analysis performed in primates identified in IFI16 the 
highest number of PSS in the spacers that connect the PYD domain with 
HIN or two HIN domains. IFI16 is also a selection target in human 
populations, with indication of long-lasting balancing selection 
(Cagliani et al., 2014a). Less PSS have been identified in primates in the 
AIM2 gene, including a few PSS in the HIN domain near the DNA binding 
site (Cagliani et al., 2014a). With fewer positively selected sites, the 
AIM2 gene appears to undergo weaker adaptive evolution in primates 
than in their ancestors (Cagliani et al., 2014a; Cridland et al., 2012). 
Interestingly, the IFIX gene, which is only found in primates (Cridland 
et al., 2012), does not contain any PSS in primates, which suggests its 
conserved functional roles (Cagliani et al., 2014a). Still, this gene shows 
positive selection in the human lineage (Bracci et al., 2023). 

7. Evolution of C-type-lectin receptors 

The C-type-Lectin-receptors (CLRs) belong to a superfamily of C-type 
lectin-like domains (CTLDs), Ca2+-dependent carbohydrate-binding 
proteins that are characterised by the presence of a protein domain 
consisting of double-loop structure stabilized by two highly conserved 
disulphide bridges (Zelensky and Gready, 2005). CLRs are trans-
membrane receptors with a cytoplasmatic domain and an ectodomain 
containing the carbohydrate-recognition domain. The interaction of CLR 
with the pathogen-associated carbohydrates (in viruses namely 
mannose, and fucose) that potentially triggers the CLR oligomerization 
(Bermejo-Jambrina et al., 2018; Brown et al., 2007) leads to pathogen 
internalization and also the downstream signalling upregulating pro-
duction of pro-inflammatory cytokines and interferons (Monteiro and 
Lepenies, 2017). 

Compared to other PRRs, the CLRs show in mammals the highest 
frequencies of PSS, which is due to their relatively small molecular sizes 
rather than high numbers of PSS (Tian et al., 2018). This applies espe-
cially to the Dectin2 protein followed by Dectin1 and MINCLE. The 
majority of these CLR PSS are found in the extracellular domain inter-
acting with the pathogen-derived ligands (Tian et al., 2018). The results 
obtained in primates on the CD209 CLR gene subfamily consisting of 
CD209 (DC-SIGN), CD209L (L-SIGN) and CD209L2 support positive 
selection acting especially on CD209L (Ortiz et al., 2008). In contrast, 
only limited positive selection has been found in CD209L in fish (Shu 
et al., 2015). It turns out that similar to TLRs the general pattern of CLR 
evolution is by purifying selection with episodes of strong positive se-
lection acting at specific sites mainly in the ligand-binding regions. 
However, it needs to be highlighted that many CLRs appear to interact 
with a broad range of pathogens, including bacteria, viruses, and pro-
tozoa (Koppel et al., 2004), suggesting that the positive selection 
observed is not driven only by viral infections. 
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8. Evolution of other viral sensing PRRs 

Although the abovementioned PRRs play crucial roles in vertebrate 
antiviral immunity, the list would not be complete without mentioning 
several other viral sensors. For example, the DExD/H helicase protein 
family includes several non-RLR members that detect viral RNAs and 
DNAs, such as e.g. DDX1, DDX3, DDX21, DDX23, DDX24, DDX41, 
DDX60, DHX9 or DHX36 (Neerukonda and Katneni, 2020). However, 
virtually nothing is known about molecular evolution in these genes 
except for their presence or absence in distinct taxa. Highly sporadic 
evidence available to DDX3 paralogues suggests positive selection acting 
in specific vertebrate lineages (namely the apes; (Chang and Liu, 2010). 
In DDX3 adaptations at specific sites have been observed, and while 
these are located out of the helicase domains, at least in one case positive 
selection modifies the structure of a region potentially affecting protein 
ligand-binding specificity. Furthermore, a similar absence of data on 
molecular evolution concerns also other PRRs, including the 
RNA-sensing Zinc Finger NFX1-Type Containing 1 (ZNFX1) and 
DNA-sensing c-GMP-AMP synthase (cGAS) activating the stimulator of 
IFN genes (STING) (Majzoub et al., 2019; Neerukonda and Katneni, 
2020; Wu et al., 2014). Also, the molecular evolution of the protein 
kinase R (PKR) involved in the dsRNA detection and its fish paralogue 
PKR-like protein kinase containing Z-DNA binding domain (PKZ) is 
largely unknown. Initial research has indicated that PKR has rapidly 
evolved in vertebrates (Rothenburg et al., 2009), with episodes of 
intense positive selection observed for example in primates (Elde et al., 
2009). In primates, signals of positive selection have been revealed in 
the N-terminal dsRNA-binding domain, the spacer region and namely in 
the C-terminal kinase domain. Interestingly, adaptations targeting the 
kinase domain appear to contribute to discrimination of the PKR 
conserved substrate, the translation initiation factor eIF2α, from viral 
proteins mimicking this phosphorylation target and thus inhibiting the 
antiviral responses. The functional roles and significance of other 
possible virus sensors in vertebrates, such as e.g. the Dicer involved in 
other animal taxa in RNA interference (Iwama and Moran, 2023) or 
Adenosine deaminase acting on RNA (ADAR) family members editing 
RNA (Grice and Degnan, 2015), remain presently unclear and, hence, 
despite some evidence on positive selection in these genes (e.g. Forni 
et al., 2015) so is our current idea about importance of their molecular 
evolution for antiviral responses across vertebrate taxa. 

9. Conclusion 

Altogether, current evidence suggests that vertebrate virus-sensing 
receptor systems are relatively heterogeneous. The sensors recognising 
viral nucleic acids appear more conserved and constrained in their 
variation than receptor systems detecting more complex ligands (e.g. the 
carbohydrates bound by the CLRs) or receptors sensing other pathogen 
groups (e.g. TLRs binding bacterial ligands). This is indicated by 
generally lower interspecific variation and population polymorphism, 
and also lower numbers of positively selected sites in the coding regions 
of many of the receptor genes. Understanding of such differences be-
tween PRRs in their variation across taxa could guide future research in 
wildlife immunology and provide major advantage to our ability to 
predict the zoonotic potential of different animal hosts (Vinkler et al., 
2023). However, data allowing such comparisons between genes or 
species are still scarce and available only for a few major gene families. 
The reported results often show variation in the strength of adaptive 
evolution between vertebrate evolutionary lineages, although variation 
in dataset sizes, diversity, as well as statistical analysis of the sequence 
data may to a certain extent bias the results and compromise conclusions 
based on their comparison. The lack of reported results then prevents 
any statements in the majority of the virus-sensing receptors. Despite 
these limitations, present studies have indicated specific sites of poten-
tial adaptations distributed in different domains of the viral sensors 
investigated. Several relevant evolutionary phenomena linked to host 

adaptations to viral infections have been revealed, including arms races 
putatively modulating ligand binding (Fish and Boissinot, 2015; Jiang 
et al., 2017), possible adaptation through gene loss (Krchlíková et al., 
2021, Krchlíková et al., 2023), concerted evolution between paralogues 
(Perelygin et al., 2006), convergent evolution between distantly related 
paralogous genes (Keestra et al., 2010) or balancing selection main-
taining adaptive population polymorphism (Cagliani et al., 2014a; 
Ferguson et al., 2012; Fish and Boissinot, 2015; Lara et al., 2020; Minias 
and Vinkler, 2022), intriguingly even across speciation events (Ferguson 
et al., 2008). Other phenomena still await their investigation, including 
the possible parallel evolution between vertebrate taxa in their viral 
receptor molecular phenotypes, analogous to convergence observed in 
bacterial receptors (Králová et al., 2018; Těšický et al., 2020). The 
availability of genomic sequences across vertebrate taxa is no longer a 
limitation. However, the development of a more systematic approach 
and standardised methodology may be needed in future research to 
reliably describe the evolutionary phenomena. 
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Abstract 12 

Parrots are important companion animals with concerning conservation status that can serve as reservoirs 13 
for transmission of human zoonotic diseases. In many infectious diseases, including those caused by viruses, 14 
systemic inflammation has a crucial impact on host health. There is presently little understanding of the 15 
regulation of systemic inflammatory responses in parrots. In this study, we assessed the parrot expression 16 
of key inflammation markers in the context of viral-mimicking stimulation. In budgerigar (Melopsittacus 17 
undulatus), a novel avian model for the investigation of neuroinflammation, we induced sterile 18 
inflammation with synthetic poly(I:C) RNA and followed the dose-, time- and tissue-dependent patterns of 19 
gene expression changes in selected pattern recognition receptor genes (TLR3 and NLRP3), signal mediator 20 
CASP1 and pro-inflammatory cytokines (IL1B and IL6) during acute response. Our results show significant 21 
correlations between the expression of the inflammation-related genes (namely IL1B) in intestine (site of 22 
the local stimulation) and brain (site of systemic response). In response to poly(I:C), peripheral IL6 mRNA 23 
expression was up-regulated at 3 and 6 hours after stimulation with both high and low poly(I:C) doses. In 24 
parrot brain, we found stronger patterns of activation in multiple inflammation-related genes (TLR3, IL1B 25 
and IL6) at the beginning of the immune response (3-6 hours after stimulation). Our results demonstrate that 26 
parrots are likely susceptible to severe neuroinflammation induced by peripheral viral infections. These 27 
findings set a basis essential for future comparative research of the avian neuro-immune crosstalk and 28 
neuroinflammation-linked behavioural disorders in parrots.  29 
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Despite extensive medical and veterinary efforts, infections continue to represent one of the key threats to 36 
human and animal health [1, 2]. It has been estimated that 60% of human infectious diseases and 75% of all 37 
emerging infectious diseases represent zoonoses originating from animals [3, 4]. Birds are involved in 38 
18.4% of emerging diseases [3], and being distinct from mammalian reservoirs, they require special 39 
attention. Avian hosts act as prominent wild and domestic reservoirs for several bacterial and viral pathogens 40 
of key economic and public health importance, including, salmonella, listeria, avian influenza, and New 41 
Castle disease virus [5–10]. Compared to mammals, relatively little is known about interspecific variation 42 
in avian immune function [11]. Domestic chicken provides the key and mostly universal reference for the 43 
description of biological distinctions between birds and mammals [12–14]. Yet, birds are highly diversified 44 
(equally to mammals) and, hence, heterogeneity has been observed across avian species in immunogenetics 45 
[15] as well as immune responsiveness to stimulation [16–18]. Most infectious diseases are interspecifically 46 
transmitted through close contacts between the different hosts [19]. Since many birds share their 47 
environment with humans, also avian species phylogenetically distantly related to chickens, but kept as pets 48 
and companion animals, such as parrots are relevant [9]. 49 

Parrots (Psittaciformes) are a group of birds in which many species became highly endangered in nature 50 
(https://www.iucnredlist.org/). Almost 60% of all parrot species are experiencing global population declines 51 
[20], urging conservation efforts based on the captive populations. High diversity of parrot species is now 52 
bred throughout the world in captivity, some even serving as the most popular avian pets [21]. Current 53 
estimates suggest that about half of the global parrot population is presently domestic and thus living in 54 
close contact with humans [22]. Captive parrots frequently suffer from various health issues that may be 55 
linked to their altered living environment, including digestive and behavioural disorders [23, 24]. Recent 56 
research suggests that some of these disorders may be immune-mediated [25]. Parrots were also reported to 57 
transmit pathogens such as Psittacosis and influenza to humans and other domestic animals [26–28]. Several 58 
viral diseases that are common in parrots, such as the  Newcastle Disease and Borna viruses, cause birds' 59 
severe neurological disorders [6, 7]. Our prior research has indicated that parrots may be particularly 60 
susceptible to these disorders linked to neuroinflammation given their genomic loss of the CNR2 gene 61 
regulating neuro-immune interplay [25].  62 

Inflammation is a complex biological phenomenon during which the pathogen is cleared while at the same 63 
time, a potential damage arises also to the host tissue [29]. The equilibrium between pathogen clearance and 64 
self-damage becomes particularly crucial when inflammation affects the central nervous system (CNS), 65 
where neurons generally lack regenerative capacities [30]. Like in all other animals, also in birds 66 
inflammation requires a precise regulation, which is mediated by cytokines [31–33]. Assessing the 67 
expression levels of the pro-inflammatory and anti-inflammatory cytokines offers valuable insight into the 68 
dynamics of inflammation regulation in both peripheral and central nervous tissues [31, 32]. Similar to 69 
bacterial infections, also viral pathogens typically trigger tissue-specific responses in the periphery through 70 
their microbe-associated molecular patterns (MAMPs) [34, 35]. These are in birds detected by diversified 71 
pathogen-sensing pattern recognition receptors (PRRs), including Toll-like receptors (TLRs) or NOD-like 72 
receptors (NLRs) that activate the signalling cascades up-regulating the expression of a range of pro-73 
inflammatory cytokines and other immunomodulating molecules [36, 37].  74 

Among TLRs and NLRs, especially Toll-like receptor 3 (TLR3) and the NLR family pyrin domain 75 
containing 3 (NLRP3) canonically activate inflammation during viral infections [38–40]. Previous research 76 
has suggested that both viral and synthetic double-stranded RNA and Polyinosinic:polycytidylic acid 77 
[poly(I:C)] are recognised by TLR3, which induces up-regulation of pro-inflammatory cytokines such as 78 
interleukin 1β (IL1B),  interleukin 6 (IL6) and interferons type I -α (IFNA) and -β (IFNB) both in vivo and 79 
in vitro in birds [36, 39]. However, there are also studies indicating that interferons are not activated in birds 80 



by poly(I:C) stimulation [41]. Meanwhile, the NLRP3 which activates caspase-1 (CASP1), also regulates 81 
the expression of the IL1B gene [42]. During normal physiological conditions, an interaction between the 82 
peripheral immune system and CNS has several positive effects on the brain, including helping in normal 83 
memory development and learning [43–45]. However, a substantial increase in the pro-inflammatory 84 
cytokines in the periphery leads to the disruption of the blood-brain barrier, infiltration of peripheral immune 85 
cells, and activation of the brain glial cells and results in pathological neuroinflammation [44, 46, 47].  86 

In this study, we assessed the differential gene expression of key molecular markers of viral-induced 87 
inflammation in parrots, a novel avian model for the investigation of neuroinflammation involved in the 88 
neuro-immune crosstalk between periphery and CNS [25]. We triggered sterile inflammation by stimulating 89 
the immune system with synthetic poly(I:C) RNA, a TLR3 ligand mimicking the viral dsRNA. Poly(I:C) 90 
has been previously applied in the periphery to induce neuroinflammation in both mammals and birds [36, 91 
39, 48, 49]. We followed the dose- and time-dependent patterns of this stimulation on gene expression 92 
changes in the PRR genes TLR3 and NLRP3, the signal mediator CASP1 and the cytokines IL1B and IL6 93 
during acute inflammatory response in the area of the gastrointestinal tract (small intestine in the region of 94 
ileum that is located at the site adjacent to the abdominal site of the peripheral stimulation) and brain 95 
(hyperpallial region in CNS affected through a systemic immune response) in the budgerigar (Melopsittacus 96 
undulatus). This research aimed to set a basis that is essential for further comparative research on the neuro-97 
immune crosstalk in birds.  98 

Materials and Methods 99 

Experimental design 100 

The experimental procedures mostly followed our previous experimental strategy applied for investigation 101 
of passerine [46] and parrot [25, 50, 51] immune responses to bacterial lipopolysaccharide (LPS), taking 102 
also into consideration the previously published research on immune response to poly(I:C) in birds and 103 
rodents [52–54]. Briefly, twenty-seven budgerigars (18 females, 9 males) purchased from Vyškov Zoo and 104 
from local hobby breeders (January 2022) (for details see Table S1 in Electronic supplementary material 1, 105 
ESM1) were transported into the animal facility of the Faculty of Science, Charles University, Czech 106 
Republic, EU. For each bird, the body weight and tarsus length were measured. The birds were then marked 107 
with coloured aluminium rings with identification numbers and housed in pairs in standard 100×50×40 cm 108 
cages with regular light conditions (L12:D12 with 1-hour gradual shading, 22°C) and access to food and 109 
water ad libitum. We allowed the birds four weeks of acclimatisation before any experimental procedures. 110 
For the experiment, the 27 birds were divided into three-time groups (immune response measured after 3, 111 
6, and 24 hours), each group contained nine individuals of which 3 were administrated with low dose 112 
poly(I:C), 3 with high dose poly(I:C) and 3 served as controls. The maximum stimulation period to measure 113 
the immune response was set to 24 hours, which is the time for which the previous research in mice revealed 114 
the return of the immune activity back to its baseline [53]. 115 

The poly(I:C) solution used for immune stimulation in this experiment was prepared following the 116 
procedures reported in previous studies [53, 54]. In short, 1 mg poly(I:C) (product. no. P1530, Sigma-117 
Aldrich, Massachusetts USA) was diluted in 100 μl of 0.9% sterile NaCl saline solution (cat. no. 200608, 118 
Unolab manufacturing, S.L, Madrid, Spain) and was heated for 10 minutes to 50°C, after which it was 119 
cooled down to the room temperature to achieve re-annealing. During the experimental treatment, all the 120 
individuals administrated with low-dose poly(I:C) received an intra-abdominal injection of 0.5 mg of 121 
poly(I:C) dissolved in 200 μl of sterile saline solution (approximately 12.5 mg/kg). All individuals 122 
administrated with high-dose poly(I:C) received 2 mg of poly(I:C) dissolved in 200 μl of sterile saline 123 
solution (approximately 50 mg/kg) and the control birds were injected with 200μl of the 0.9% saline 124 



solution. The dosages adopted in this experiment were selected based on the previously reported in-vivo 125 
experiments with poly(I:C) in birds [52, 54]. The experiment was conducted in two consecutive days. Based 126 
on their time groups, the birds were euthanized by decapitation, at the time intervals of 3, 6 and 24 hours. 127 
After the post-mortem blood collection from carotids, blood smears were made, and different selected 128 
tissues were immediately collected (including the brain and ileum used in this study) and placed into the 129 
RNA-later solution where they were stored at +4°C overnight and then frozen at -80°C until analysis (Details 130 
on the materials provided in ESM1 Table S2). The blood smears were used to analyse the different 131 
haematological parameters. The research was approved by the Ethical Committee of Charles University, 132 
Faculty of Science (permits13882/2011-30) and was carried out by the current laws of the Czech Republic 133 
and the European Union. 134 

RNA extraction and RT-qPCR 135 

The brain and ileum samples from all experimental individuals were homogenized in MagNa Lyser (Roche, 136 
Basel, Switzerland) using PCR clean beaded tubes (OMNI International, Kennesaw GA USA - cat. no.: 137 
2150600). Subsequently, total RNA was extracted from these homogenized samples using the High Pure 138 
RNA Tissue Kit (Roche) and the quality and quantity of RNA was measured using a Nanodrop instrument 139 
(NanoDrop ND-1000) (ESM1 Table S2). 140 

The RT-qPCR was done consistently with our previous research [25]. While the RT-qPCR primers, probes, 141 
and synthetic cDNA standards for IL1B and IL6 were available from our previous experiments [50] those 142 
for TLR3, NLRP3 and CASP1 genes were specifically designed for this research. The new primers, probes 143 
and synthetic cDNA standards were designed utilizing the Geneious software (version 11.1.5, Biomatters), 144 
with a focus on regions conserved in the avian interspecific alignments (created based on publicly available 145 
gene-specific sequences from the Ensembl database; Table S3). For coding regions covering the RT-qPCR 146 
targets within the TLR3, NLRP3 and CASP1 genes we first designed PCR primers allowing specific 147 
amplification of a broader DNA fragment. These fragments PCR-amplified from cDNA were Sanger-148 
sequenced and checked for any polymorphism that could impair the RT-qPCR. The sequences were 149 
submitted to NCBI Gen Bank under the accession numbers OR825009-OR825034, and OR940510-150 
OR940516. The final RT-qPCR primers, probes, and synthetic cDNA standards (gBlocks; IDT, Coralville, 151 
IA, USA) for our target genes were designed based on this input to specifically match the invariant sites of 152 
the genes (Table S4, Table S5 in ESM1). 153 

For RT-qPCR we used RNA diluted in molecular grade water supplemented with carrier tRNA (Qiagen, cat. 154 

no. 1068337) at a ratio of 1:5 for the target genes and 1:500 for the 28S rRNA gene which served as the 155 

reference gene. The efficiency of each primer pair was determined from calibration curves obtained using 156 

the synthetic cDNA standards across dilution series ranging from 108 to 102 copies / µl [55]. The RNA 157 

samples were amplified using the Luna Universal Probe One-Step RT-PCR Kit (New England Biolabs, MA, 158 

USA- cat. no. E3006X) (Table S2, Table S6 in ESM1) using Light Cycler 480 Instrument (Roche 159 

Diagnostics, Rotkreuz, Switzerland) under the conditions reported in Table S7 in ESM1. All runs included 160 

template-free negative controls and freshly prepared synthetic cDNA (standard) positive controls. The 161 

crossing point (Cp) values were determined by the second derivative maximum, together with the efficiency 162 

E values calculated using the inbuild LightCycler480 software v.1.5.1 The gene expression quantification 163 

was calculated as standard gene expression quantity (Qst) [55] allowing the comparisons of gene expression 164 

between the treatments and controls (Table S8 in ESM1).  165 

Statistical analysis 166 

Statistical analysis was conducted using R version 4.1.0 and R-studio software version (v.2021.09.0) [56, 167 

57]. Data normality was assessed using the Shapiro-Wilk test. Given the non-Gaussian distribution of the 168 



Qst values, normalization was performed using a common logarithm (logQst). The effects of experimental 169 

treatment on gene expression were evaluated through testing linear models (LMs) within the ‘Ime4’ 170 

package, using gene expression (continuous) as the response variable. The full models included treatment, 171 

time, sex, and mass, and the interaction between treatment and time as explanatory variables. The minimum 172 

adequate models, defined as models with all terms significant at p ≤ 0.05, were obtained by backward 173 

elimination of non-significant terms from the full models. Backward elimination of individual variables 174 

followed the Akaike information criterion and was confirmed by changes in deviance and degrees of 175 

freedom using analysis of variance (ANOVA) with F statistics. Gene expression changes in different tissues, 176 

considering combinations of treatment and time were plotted as boxplots using the ggplot2 package. The 177 

post-hoc test for the gene expression pattern and haematological parameters was performed as the 178 

TukeyHSD test. The correlation between the gene expression in the ileum and brain was checked using 179 

Pearson's product-moment correlation tests. The correlation matrix was visualised using the corrplot 180 

package. 181 

Results 182 

Haematological assessment of health  183 

First, we analysed the health state of the experimental individuals using selected haematological markers 184 
(H/L ratio and the relative basophil count). Our analysis revealed significant differences between the low 185 
treatment group and other treatments already before the poly(I:C) stimulation (P = 0.030, Table S9, ESM1;). 186 
This was driven by the high initial H/L ratio in two visually healthy individuals assigned to the low poly(I:C) 187 
treatment group (Table S9, ESM1, Figure S1 in ESM2). Given the relatively small sample size, we did not 188 
exclude the birds from the analysis but adjusted the interpretation of our results accordingly. 189 

Associations in the expression of inflammation-related genes in different tissues 190 

We found significant correlations between the expression of different inflammation-related genes in 191 
different tissues (ileum = peripheral site induced by local stimulation, brain = CNS site induced through 192 
systemic effects; Figure 1 and Table S10). In both the intestine and CNS, IL1B was positively correlated 193 
with IL6 and CASP1 expression. However, the systemic effect indicated by the association of the gene 194 
expression in the periphery and brain was observed only for IL1B, the expression of which in the intestine 195 
was linked to brain levels of IL1B and IL6. While intestinal TLR3 levels were correlated only with intestinal 196 
IL6, the expression of TLR3 in the brain was related to peripheral (intestinal) IL6 (non-significantly also to 197 
IL1B) as well as brain expression of IL1B, IL6 and CASP1. Although in the periphery we were able to find 198 
no associations between NLRP3 expression and expression of any other gene, brain NLRP3 was correlated 199 
with the brain levels of IL1B, IL6, CASP1 and also TLR3. 200 

Inflammation-related gene expression in the small intestine (ileum) 201 

At the site of the local inflammation, in the ileum, TLR3 gene expression did not show any significant 202 
changes during the course of the response (Full model 1 in Table S11, ESM1 and Figure S2 in ESM2) 203 
Similarly, we observed no significant up-regulation in the expression of NLRP3 or CASP1in birds treated 204 
with poly(I: C) (Full models 2 and 3 in Table S11, ESM1; Figure S3 and S4 in ESM2). 205 

For the IL1B gene, analysis of the full model indicated significant up-regulation in the gene expression only 206 
at 3 hours after stimulation with the high poly(I:C) dose (P = 0.043; Full model 4 in Table S11, ESM1, 207 
Figure 2A). However, the analysis of MAM did not support the significance of this change. Yet, we found 208 
a highly significant up-regulation of IL6 expression at 3 and 6 hours after stimulation for both high-dose 209 



poly(I:C) (P = 0.008, P = 0.001) and low-dose poly(I:C) (P = 0.013, P = 0.003) treated birds compared to 210 
the controls (MAM5, interaction Treatment: Time P << 0.001, Table 1; Full model 5 in Table S11, ESM1; 211 
TukeyHSD in Table S12; Figure 2B). Later, 24 hours after stimulation, the difference between the treatment 212 
groups and controls became insignificant).  213 

Table 1. Statistically significant Minimum adequate models (MAMs) to inflammation-related genes 214 
expressed during response to poly(I:C) in budgerigar ileum and brain. DF = degrees of freedom. For 215 
all genes, the expression has been expressed as log (Qst) values. 216 

 Tissue MAM/variables DF F P 

MAM5 Ileum IL6 ~ Treatment + Time + Treatment:Time 8/18 13.032 <<0.001 

  Treatment 6/18 13.349 <<0.001 

  Time 6/18 11.923 <<0.001 

  Treatment: Time 4/18 11.844 <<0.001 

MAM6 

 

Brain TLR3 ~ Treatment 
2/24 3.366 0.051 

      

MAM9 

 

Brain IL1B ~ Treatment + Time + Treatment:Time 
8/18 4.742 0.003 

  Treatment 6/18 5.962 0.001 

  Time 6/18 2.589 0.055 

  Treatment: Time 4/18 3.344 0.033 

MAM10 Brain IL6 ~ Treatment 2/24 10.46 <<0.001 

      

 217 

Inflammation-related gene expression in the brain 218 

In contrast to the ileum, for TLR3 gene expression in the brain, our analysis revealed a significant peak at 6 219 
hours after stimulation for the high (P = 0.002) as well as the low (P = 0.019) poly(I:C) dose groups 220 
compared to the controls (TukeyHSD in Table S12, ESM1). Despite the whole MAM is marginally non-221 
significant (MAM6, Treatment, p = 0.051, Table 1, Full model 6 in Table S11, ESM1, Figure 3A), this 222 
suggests systemic PRR response to the poly(I:C) stimulation. Yet, even in the brain, we did not detect any 223 
significant changes in the expression of the NLRP3 or CASP1 genes (Full models 7 and 8 in Table S11, 224 
ESM1, Figure S5 and S6 in ESM2). 225 

In contrast, for both the pro-inflammatory cytokines, our study identified highly significant time patterns in 226 
the brain. The IL1B gene expression exhibited a significant up-regulation in the birds treated with the high 227 
poly(I:C) dose (MAM9, interaction Treatment: Time, P = 0.033, Table 1, Full model 9 in Table S11, ESM1, 228 
Figure 3B).  The IL1B response to the high poly(I:C) dose started at 3 hours (P = 0.029) and subsequently 229 
increased at 6 hours (P = 0.006) and later decreased to a non-significant difference (P = 0.818) between the 230 
high-dose poly(I:C) treatments and controls at the 24th hour (TukeyHSD in Table S12, ESM1). We observed 231 
a very similar pattern of up-regulation also in IL6 where the high poly(I:C) dose and low poly(I:C) triggered 232 
a significant gene expression up-regulation (MAM10, Treatment, P << 0.001, Table 1, Full model 10 in 233 
Table S11, ESM1, Figure 3C). For the high poly(I:C) treatment the IL6 gene expression started to 234 
significantly up-regulate (P = 0.022) at 3 hours after stimulation, which increased to a maximum at 6 hours 235 
(P << 0.001), returning to the original levels (p = 0.902) later at 24 hours (no significant difference between 236 
the treatments and the controls (TukeyHSD in Table S12, ESM1)). A similar pattern was observed for the 237 
low poly(I:C) dose group, only weaker. At 3 hours after stimulation, we found no significant difference in 238 



the IL6 gene expression compared to controls, but later at 6 hours after stimulation, there was a significant 239 
peak in the response (P = 0.003). Finally, at 24 hours after stimulation the difference in IL6 expression 240 
between the low poly(I:C) treatment group and the control group became insignificant (TukeyHSD in Table 241 
S12, ESM1). 242 

Discussion 243 

Although diversified immune strategies can be expected among birds [58], little is presently known about 244 
regulation of immune responses in other avian models than the poultry. To provide fundamental basis for 245 
exploration of avian variation in immune responses, in this study we focused on parrots that are lacking 246 
important neuro-immune modulator CNR2, which may alter their regulation of neuroinflammation [25]. In 247 
birds stimulated with poly(I:C), we found significant correlations between the expression of different 248 
inflammation-related genes across the tissues. This pattern is marked namely for the pro-inflammatory 249 
cytokines. Surprisingly, we did not find any change in the receptor recognising poly(I:C), TLR3, in the 250 
periphery where the response was stimulated. In ileum, we detected significant up-regulation of mRNA 251 
expression only in IL6, peaking between 3 to 6 hours after stimulation. More complex was the immune 252 
response in brain, where 3 to 6 hours after the peripheral poly(I:C) stimulation the pattern recognition 253 
receptor TLR3, and both the pro-inflammatory cytokines IL1B and IL6 increased their expression. This 254 
indicates that the local activation of the immune response in the periphery induces in parrots systemic 255 
response, during which neuroinflammation can be triggered. 256 

The poly(I:C) treatment has been widely applied to mimic immune responses to viral infection [52–54, 59, 257 
60]. In mammals, namely rodents, is the immune response linked with neural regulation inducing 258 
physiological responses including fever, sickness behaviour and anorexia [61–63]. Few studies targeted this 259 
response in birds [41, 52, 54, 64]. Application of poly(I:C) early in life causes developmental changes in 260 
avian brain both in chicks [64] and in zebra finch nestlings [54]. However, the molecular mechanism causing 261 
these developmental effects remain elusive. Certain insight into the diversity of this regulation provides 262 
recent research exploring chicken responses to intraabdominal poly(I:C) injections [41]. Chickens treated 263 
with poly(I:C) displayed reduction in food intake as soon as 3 hours after the injection, which was 264 
comparable to the previous reports in rodents [61, 65]. However, unlike in rodents the poly (I:C)-induced 265 
anorexia in chickens was not related to the cytokine responses investigated, namely interferon α (IFNA), 266 
interferon γ (IFNG) or tumor necrosis factor (TNF)-like cytokine 1A  (TL1A) gene expression levels in 267 
either brain or spleen  [41]. This implies an IFN and TNF-independent inflammation response in birds during 268 
poly (I:C) treatment.  269 

In our research, we focused both on genes involved in poly(I:C) recognition (TLR3 and possibly also 270 
NLRP3 as a part of the inflammasome detecting cell damage) and the assumed alternative signalling 271 
pathways running through non-specific inflammation mediated by IL1B and IL6, assumingly modulated by 272 
the enzyme CASP1. Our results show positive correlations between the intestinal and brain expression of 273 
IL1B, IL6 and CASP1 expression. This is similar to the findings of other avian studies, showing consistency 274 
in expression patterns of different pro-inflammatory cytokines [55]. In the budgerigar, IL1B showed even 275 
correlations between the periphery and CNS, which is consistent with its anticipated role in modulation of 276 
neuroinflammation from the periphery [66]. Interestingly, in brain the IL1B, IL6 and CASP1 levels were 277 
positively corelated with the expression of TLR3 and also NLRP3, indicating complex activation of 278 
neuroinflammation.  279 

We have analysed the effects of peripheral inflammation across three time points: 3, 6 and 24 hours. This 280 
timescale is consistent with previous studies of acute inflammation in mice treated with poly(I:C) by 281 
Cunningham et al. [53], that have shown that pro-inflammatory cytokines IL1B and IL6 peak in expression 282 



during the response to poly(I:C) at 3 hours and then decline to the baseline level after 24 hours. However, 283 
in contrast to our research, Cunningham et al. [53] measured the protein levels of the cytokines in blood 284 
plasma to assess the peripheral inflammation, so the link to the peripheral mRNA levels is not clear. Our 285 
previous study analysing parrot responses to subcutaneous injections of LPS also showed a systemic 286 
inflammatory response, with cytokine expression peak at 6 hours after stimulation [51], which is consistent 287 
with the peak of the IL6 expression in response to the poly(I:C) treatment. Both poly(I:C) doses showed 288 
similar patterns of the pro-inflammatory cytokine activation, with the decline back to the baseline levels at 289 
24 hours after stimulation, which is consistent with Cunningham et al. [53]. 290 

The poly(I:C) is detected by the TLR3 receptor and the downstream signalling is fully dependent on the 291 
TRIF (TIR domain-containing adaptor protein inducing interferon beta) related pathway [67, 68]. In mice 292 
models it is found that the poly(I:C) can breakdown the blood-brain barrier [69, 70], and the brain cells such 293 
as the astrocytes and microglia in humans and mice express the TLR3 receptor capable of recognising 294 
poly(I:C) [71–74]. In our study, we found significant up-regulation of TLR3 gene expression in brain, which 295 
is comparable to previous reports in mice, where intraperitoneal poly(I:C) treatment also induced up-296 
regulation of TLR3 gene expression in the brain, mainly in the hypothalamus and hippocampus regions, 6 297 
hours after application [69]. An in-vitro analyses of astrocytes treated with poly(I:C) also showed up-298 
regulation of the TLR3 protein both in humans [71] and rodents [73].  299 

In the budgerigars,  IL6 was found to be up-regulated both in the ileum and brain between the 3 and 6 hours 300 
after stimulation with the high poly(I:C) dose,  suggesting that either the poly(I:C) or the cytokines passed 301 
the blood-brain barrier, similar to the cases previously reported in mice [69, 70]. In contrast to the mouse 302 
in-vitro and in-vivo models [68, 75],  in parrots the poly (I:C) treatment does not lead to any decrease in the 303 
IL6 expression, which serves in mammals as the mechanism of neuronal protection. Moreover, in our study, 304 
the poly(I:C) treatment increased also the IL1B expression in brain. This is also consistent with our previous 305 
research of the parrot immune response to LPS [50]. These results support the hypothesis that parrots may 306 
be highly susceptible to neuroinflammation, probably due to the absence of the CNR2 modulator of the 307 
neuro-immune interplay [25].  308 

Previous in-vitro research in poly(I:C)-treated mice showed that the IL1B up-regulation is dependent on the 309 
NLRP3-mediated inflammatory pathway that leads to the activation of CASP1,  independent of the TLR3 310 
pathway [76, 77]. In a recent study conducted in chickens by Ogaili et al. [78], he examined the presence of 311 
the NLRP3 gene in different chicken tissues and found that the LPS alone can stimulate the NLRP3 gene 312 
expression in the chicken intestinal tissues. This suggests an activation mechanism slightly different from 313 
mammals, where LPS or poly(I:C) activate the NLRP3 gene expression only in combination with 314 
extracellular ATP, typically indicating cell damage [77, 79, 80]. In chickens, the peak of NLRP3 expression 315 
was detected between 12 to 24 hours post-injection which is comparable with the rodent studies [76, 77]. 316 
Nevertheless, to our knowledge there is presently no study examining such effects of the poly(I:C) injection 317 
on the NLRP3 gene activation in birds. In our study, we checked the expression of the NLRP3 in both ileum 318 
and brain, but in contrast to the LPS-treated chickens [78], in parrots we did not find any change in the 319 
NLRP3 expression even 24 hours after stimulation with the poly(I:C).  320 

Conclusion 321 

Taken altogether, this study is to our knowledge the first one to explore the in vivo immune response to 322 
poly(I:C) in the parrots and also the first one in birds to check the expression patterns of NLRP3 and CASP1 323 
genes during poly(I:C) treatment in both ileum and brain. The time dynamics and expression patterns of the 324 
pro-inflammatory cytokines revealed in our study illuminate the immune crosstalk between periphery and 325 
CNS during the poly(I:C) stimulation. Our results demonstrate that parrots are likely susceptible to severe 326 



neuroinflammation induced by peripheral viral infections. Future research should broaden the 327 
characterisation of immune-related gene expression, adopting transcriptomic approaches and analysing also 328 
the long-term effects of the poly(I:C) stimulation in parrots. 329 
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 547 

Figures 548 

Figure 1. Correlation matrix comparing the relative gene expression in budgerigar ileum and brain 549 
during response to poly (I:C). The gene-pairs with positive correlation are depicted with positive slopes 550 
and blue colour and genes with negative correlation are depicted with negative slopes and red colour. 551 
Intensity of the colour and cloud shape indicate size of the correlation coefficient.  552 
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 565 

Figure 2.  Changes in relative IL1B (A) and IL6 (B) gene expression in budgerigar ileum at different 566 
time points during response to poly(I:C). The cytokine gene expression is shown as logQst values on the 567 
y axis, time across three sampling time points (3, 6 and 24 hours) is plotted on the x axis. C = controls (blue), 568 



L = low dose of poly(I:C) (orange), H = high dose of Poly(I:C) (red). The asterisks indicate the significant 569 
differences revealed by the TukeyHSD test: * for 0.010<P<0.050, ** for 0.001<P<0.010, *** for P << 0.001 570 
(for details see Table S12 in ESM1). 571 
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 576 

Figure 3. Changes in relative TLR3 (A) IL1B (B) IL6 (C) gene expression in budgerigar brain at 577 
different time points during response to poly(I:C). The TLR3 gene expression is shown as logQst values 578 
on the y axis, time across three sampling time points (3, 6 and 24 hours) is plotted on the x axis. C = controls 579 
(green), L = low dose of poly(I:C) (orange), H = high dose of Poly(I:C) (red). The asterisks indicate the 580 
significant differences revealed by the TukeyHSD test: * for 0.010<P<0.050, ** for 0.001<P<0.010, *** 581 
for P << 0.001 (for details see Table S12 in ESM1). 582 

 583 

 584 

 585 



 586 



  

Supplementary Material 1

Click here to access/download
Supplementary Material

Electronic Supplementary Material-1-2024-06-25-
MV_BM2.xlsx

https://www2.cloud.editorialmanager.com/vetr/download.aspx?id=203048&guid=964c95b0-46a4-4b91-b599-fadea75a7f8b&scheme=1


  

Supplementary Material 2

Click here to access/download
Supplementary Material

Electronic_supplementary_Material_2-2024-06-25-
MV_BM.docx

https://www2.cloud.editorialmanager.com/vetr/download.aspx?id=203049&guid=36b79743-af1f-4b31-a2fe-e05726df585a&scheme=1


 

 

 

 

 

 

 

PAPER III 

Voukali, Eleni, Daniel Divín, Mercedes Goméz Samblas, Nithya Kuttiyarthu Veetil, 

Tereza Krajzingrová, Martin Těšický, Tao Li, Balraj Melepat, Pavel Talacko, and 

Michal Vinkler. "Subclinical peripheral inflammation has systemic effects impacting 

central nervous system proteome in budgerigars." Developmental & Comparative 

Immunology 159 (2024): 105213. 

 

 



Developmental and Comparative Immunology 159 (2024) 105213

Available online 14 June 2024
0145-305X/© 2024 Published by Elsevier Ltd.

Subclinical peripheral inflammation has systemic effects impacting central 
nervous system proteome in budgerigars 

Eleni Voukali a,*, Daniel Divín a, Mercedes Goméz Samblas a, Nithya Kuttiyarthu Veetil a, 
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A B S T R A C T   

Regulation of neuroimmune interactions varies across avian species. Little is presently known about the interplay 
between periphery and central nervous system (CNS) in parrots, birds sensitive to neuroinflammation. Here we 
investigated the systemic and CNS responses to dextran sulphate sodium (DSS)- and lipopolysaccharide (LPS)- 
induced subclinical acute peripheral inflammation in budgerigar (Melopsittacus undulatus). Three experimental 
treatment groups differing in DSS and LPS stimulation were compared to controls. Individuals treated with DSS 
showed significant histological intestinal damage. Through quantitative proteomics we described changes in 
plasma (PL) and cerebrospinal fluid (CSF) composition. In total, we identified 180 proteins in PL and 978 
proteins in CSF, with moderate co-structure between the proteomes. Between treatments we detected differences 
in immune, coagulation and metabolic pathways. Proteomic variation was associated with the levels of pro- 
inflammatory cytokine mRNA expression in intestine and brain. Our findings shed light on systemic impacts 
of peripheral low-grade inflammation in birds.   

1. Introduction 

Even mild immune responses in the periphery frequently initiate 
systemic responses, modulating immunity in remote tissues, including 
the central nervous system (CNS). Proinflammatory pathways may 
trigger signals activating glial cells in brain, namely the astrocytes and 
microglia. Response in these brain cells facilitates shaping of the sub-
sequent neural feedback to the peripheral stimulation that is often 
linked with attenuation of the inflammatory pathways and onset of 
sickness behaviour (Dantzer et al., 2008). Among sources of the pe-
ripheral inflammation, gastrointestinal tract (GIT) and skin can be of 

special importance because they directly interact with high microbial 
loads. At both sites, injuries combined with microbial infections can 
alter homeostasis (microbiota dysbiosis), causing deviations from the 
immune tolerogenic regulatory balance (Belkaid and Hand, 2014). 

In non-model species, the neuroimmune interplay forms an unfa-
miliar landscape in which even the well-known actors, such as the cy-
tokines, neuropeptides and other immunomodulatory molecules may 
show shifted physiological roles. Our recent research has indicated that 
parrots represent an interesting animal model for investigation of the 
interaction between peripheral immune stimulation and CNS responses. 
Due to genomic rearrangement, the parrots entirely lack functional 
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cannabinoid receptor 2 (CNR2) gene. This loss apparently makes them 
susceptible to neuroinflammation, a condition of up-regulation of in-
flammatory pathways in the nervous tissue which can alter the brain 
function, including mood and cognitive effects (Divín et al., 2022). 
Among birds, parrots are known for their exceptional cognitive abilities 
and have been studied for complex social interactions mediated by 
learned vocalization (Ali et al., 1993). These cognitive abilities have 
been attributed to their relatively large brains (Iwaniuk et al., 2005) 
with high neuronal densities especially in telencephalon (Olkowicz 
et al., 2016). Thus, parrots may serve as valuable models to study im-
munity effects on brain physiology, adult neurogenesis, social in-
teractions, and intricate behavioural traits under the condition of acute 
or chronic neuroinflammation. 

Animal models of induced dysbiosis are often based on induction of 
colitis by oral administration of dextran sulphate sodium (DSS) 
(Okayasu et al., 1990; Wirtz et al., 2017). DSS dissolved in drinking 
water causes damage to gut epithelial cells of the basal crypts and affects 
the integrity of the mucosal barrier (Chassaing et al., 2014; Okayasu 
et al., 1990; Wirtz et al., 2017). This tissue damage triggers mucosal 
intestinal inflammation, serving as a model of the innate immune 
response during the colonic diseases (Chassaing et al., 2014). The DSS 
treatment is also known to alter the intestinal microbiota composition 
(Okayasu et al., 1990). DSS-induced colitis has advantages over other 
models because DSS administration is reproducible and stress free, when 
compared to colorectal instillation required by other methods (e.g., 
using dinitrobenzene sulfonic acid and 2,4,6-trinitrobenzenesulfonic 
acid (Elson et al., 1995). Recently, the DSS-induced colitis has become 
a frequent intestinal inflammatory model also in poultry. DSS treatment 
in poultry activates expression of a range of pro-inflammatory cytokines 
and other markers (Dal Pont et al., 2021; Liu et al., 2022; Zou et al., 
2018) and affects egg production due to liver inflammation (Nii et al., 
2020). Nevertheless, only very few studies have so far focused on the 
neuro-immune interactions in birds. In an experimental model designed 
to explore gut-brain interactions in chicken, heat stress and intestinal 
infection of Clostridium perfringens altered behavioural patterns, corti-
costerone serum levels, and CNS activity in hypothalamus, amygdala, 
preoptic area and globus pallidus (Calefi et al., 2016). Yet, limited in-
formation is still available to systemic regulatory effects of the 
DSS-induced inflammation even in the chicken and no immune response 
data exist to any non-poultry avian species. 

In non-poultry birds, systemic inflammation is more commonly 
experimentally induced in the periphery by immune stimulation of skin 
by plant (e.g. phytohemagglutinin, PHA) (Smits et al., 1999; Vinkler 
et al., 2010, 2014) or bacterial (e.g. lipopolysaccharide, LPS) toxins 
(Sköld-Chiriac et al., 2015). This mode of activation serves as a model of 
skin injury-induced inflammation. Both PHA and LPS trigger infiltration 
of leukocytes into the skin that is linked with up-regulation of expression 
of various pro-inflammatory cytokines, namely interleukin 1β (IL1B) 
and interleukin 6 (IL6) (Divín et al., 2022). The known systemic effects 
of such stimulation include changes in body temperature (Sköld-Chiriac 
et al., 2015), transcriptomic changes in blood (Meitern et al., 2014) and 
also up-regulated inflammatory cytokine expression in the brain of some 
species (Divín et al., 2022). It is particularly the interaction between the 
peripheral stimulation and the immune response in brain that awakes 
the interest when further exploration of the immunomodulation in 
parrots is concerned. 

Proteomics represents a suitable approach to study the inflammatory 
responses in various tissues (Mohanty et al., 2023). Plasma (PL) protein 
composition offers an insight into the systemic effects of the immune 
response. On the other hand, the proteome of the cerebrospinal fluid 
(CSF) provides a perspective of the brain response to stimulation. Thus, 
investigation of both these fluids is important to elucidate the relevance 
of peripheral regulation of neuroinflammation. Unfortunately, there is 
currently little evidence available for any comparative approach in 
vertebrates (Voukali et al., 2021; Voukali and Vinkler, 2022). Only 
recently, proteomics of colitis induced by the DSS treatment has been 

studied in mouse colon (Dou et al., 2020; Du et al., 2022; Wang et al., 
2022), and PL (Huang et al., 2022). No evidence is available for the 
effects of such treatment on the CSF proteome. However, in mammals as 
well as in the chicken, proteomic evidence reveals significant systemic 
changes in protein expression triggered in PL (Burnap et al., 2021; 
Harberts et al., 2020; Horvatić et al., 2019; Kuleš et al., 2020; Mohanty 
et al., 2023; Packialakshmi et al., 2016; Puris et al., 2022) and brain 
(Imamura et al., 2023; Wang et al., 2016) by the intraperitoneal appli-
cation of LPS. Nevertheless, proteomic evidence is presently lacking to 
the systemic effects of the skin LPS treatment in any vertebrate species. 

In the present project, we focused on the proteomics of 
inflammation-associated neuro-immune interaction between periphery 
and CNS in a model species of a parrot, the budgerigar (Melopsittacus 
undulatus), analysing composition of the soluble proteins represented in 
PL and CSF. The objectives of this study were (1) to describe the effects 
of DSS on the budgerigar GIT histology, (2) to characterize the 
budgerigar PL and CSF proteomic profiles, and (3) to compare the acute 
low-grade peripheral inflammation effects of DSS and LPS in parrots. 

2. Methods 

2.1. Animals and experimental stimulation of low-grade peripheral 
inflammation 

Thirty-five regular adult budgerigars of apparently clinically healthy 
status were purchased from hobby breeders in Prague, Czech Republic. 
The birds were introduced to the animal facility of the Charles Univer-
sity, Faculty of Science, where they were housed in pairs under standard 
conditions (12 L:12D) in cages 50 × 50 × 100 cm with free access to food 
and tap water. Budgerigars belong to parrots, i.e. avian group showing 
advanced cognitive abilities. Research in this model needs to follow high 
ethical standards, including reduction of the numbers of experimental 
individuals used. The research was approved by the Ethical Committee 
of Charles University, Faculty of Science and in accordance with ARRIVE 
guidelines, the current laws of the Czech Republic (permit MSMT- 
18874/2020–3) and the EU Directive 2010/63/EU for animal 
experiments. 

After two weeks of acclimation, the birds were divided into the 
following experimental groups: 1) DSS treatment (DSS-C low dose, n =
3; high dose, n = 3; very high dose, n = 3); 2) lipopolysaccharide (LPS) 
treatment (LPS-C, n = 9); 3) combined DSS and LPS treatment (DSS-LPS, 
low DSS and LPS, n = 7; high DSS and LPS, n = 7); and 4) controls (C-C, 
n = 3). Based on our previous results obtained in the zebra finch (Tae-
niopygia guttata), we expected high inter-individual variation in the 
immune responses to LPS stimulation in skin (Kuttiyarthu Veetil et al., 
2024). To avoid inconsistent findings, we assigned higher numbers of 
individuals to the LPS treatment groups. An overview of the experi-
mental groups and workflow is shown on Fig. 1. Based on the previous 
research conducted in chicken (Menconi et al., 2015), the animals 
treated with DSS were administered 25 mg/day (low dose), 50 mg/day 
(high dose) or 75 mg/day (very high dose; MP Biomedicals, cat. no. 
216011025). The DSS treatment was administrated to the animals in 
doses provided two-times a day (morning and afternoon) for 7 days by 
oral gavage (Kuttappan et al., 2015). For each dose, the DSS was diluted 
in a regular fresh tap water in the total volume of 0.5 ml. The control 
animals were respectively receiving the tap water. The doses used here 
for the budgerigar are comparable to those previously used in chicken, 
only adjusted to ½-¼ of the water volume naturally drunk by this desert 
parrot (ca. 2–4 ml/day). The individuals subjected to the LPS treatment 
were injected with 0.2 mg LPS (E. coli O55:B5, Sigma-Aldrich, cat. no. 
L2880) freshly suspended in 20 μl sterile saline, subcutaneously into the 
centre of the left wing patagium on the day following the DSS or control 
treatment termination. 

Throughout the experiment, birds were monitored for any clinical 
signs of colitis and overall morbidity. Since we observed symptoms of 
pronounced sickness (cloacal bleeding) in the individuals 
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experimentally treated with the very high dose of the DSS and high dose 
of DSS combined with LPS, in these treatment groups we terminated the 
experiment before completion, i.e., without sample collection (data 
from these individuals are not included in the present study). Therefore, 
the data available originate from 22 birds showing no apparent clinical 
syndromes of the inflammation. Body weight was measured twice, 
before the DSS/vehicle treatment and prior to tissue collection. 

2.2. Tissue collection and processing 

Six hours after the LPS treatment, time frequently used in avian 
studies to measure skin immune responses (Martin et al., 2006; Vinkler 
et al., 2012, 2014), a blood plasma (PL) sample was taken from all in-
dividuals and all the experimental animals were sacrificed by CO2 to 
collect CSF. Harvesting and preparation of the CSF and PL samples was 
conducted as previously reported (Voukali et al., 2021). After CSF 
collection, tissue samples of the hyperpallial region of brain (BR) and 
intestine (5 mm-long segments of ileum, IL; and colon, CO; collected ca. 
30 mm and 5 mm upwards from cloaca, respectively) were collected 
from all the experimental animals. Immediately after their collection, 
the subparts of the samples were immersed in RNAlater (Qiagen, cat. no. 
76106), stored at +4 ◦C for 24 h and then frozen at − 80 ◦C until the 
subsequent reverse transcriptase quantitative real time polymerase 
chain reaction (RT-qPCR) analysis. 

2.3. Histology and image processing 

Subsamples of the CO and IL were fixed in 4% paraformaldehyde, 
embedded in paraffin as previously described (Moolenbeek and Rui-
tenberg, 1981), cut into 7 μm microtome sections, stained separately 
with haematoxylin-eosin and examined by light microscopy at 20 ×
magnification. Photomicrographs of three randomly selected fields per 
individual were captured using a Zeiss AxioImager upright microscope 
equipped with high-resolution digital colour camera (Zeiss, Gottingen, 
Germany). Image J (v1.52a) was used for morphometric analysis of total 

mucosal area, villi length and total number of crypts as previously re-
ported (Zou et al., 2018). 

2.4. PL and CSF protein purification 

The protein purification steps were performed on ice to prevent any 
sample degradation. All samples were diluted with 0.2-μm-filtered 
Nanopure water (Thermo, Waltham, MA, USA) at a ratio of 1 g–2 ml of 
H2O and purified via gel filtration using PD MidiTrap G-25 columns 
(Cat. No. 28–9180-08, GE Healthcare Life Sciences). Then, the samples 
were concentrated using lyophilization, and the protein content was 
determined using Bradford reagent (Sigma-Aldrich) in a microplate, 
with bovine serum albumin used as a calibration standard. The protein 
content determined was also used for the calculation of the total pro-
teins. The samples were then processed (Erban et al., 2021) and their 
trypsin digests were subjected to analysis using nano liquid chroma-
tography tandem mass spectrometry (nLC-MS/MS). 

2.5. nLC− MS/MS analysis 

Nano reversed-phase columns were used to elute peptide cations. 
The eluting peptide cations were converted to gas-phase ions by elec-
trospray ionization and analysed on a Thermo Orbitrap Fusion mass 
spectrometer (Q-OT-qIT, Thermo). Survey scans of peptide precursors 
from 350 to 1400 m/z were performed at 120 K resolution (at 200 m/z) 
with a 5 × 105 ion count target. Tandem MS/MS was performed by 
isolation at 1.5 Th with the quadrupole, high-energy collision dissocia-
tion fragmentation with a normalised collision energy of 30 and rapid 
scan MS analysis in the ion trap. The MS/MS ion count target was set to 
104 and the max injection time was 35 ms. Only those precursors with a 
charge state of 2–6 were sampled for MS/MS. The dynamic exclusion 
duration was set to 45 s with a 10-ppm tolerance around the selected 
pre-cursor and its isotopes. Monoisotopic precursor selection was turned 
on and the instrument was run at top speed with 2 s cycles. 

Fig. 1. A schematic overview of the experimental treatment groups and analysis workflows. The initial histopathology screening of the intestine (ileum and colon 
segments) after administration of low and high dosages of dextran sulphate sodium (DSS) was done only in the DSS-C and C-C groups. Mass spectrometry and gene 
expression analyses were done in all experimental groups, but the DSS treatments were represented only by the low DSS dose group. C-C, controls; DSS-C, DSS 
treatment only; LPS-C, lipopolysaccharide (LPS) treatment only; DSS-LPS, combined treatment with both DSS and LPS; PL, plasma; CSF, cerebrospinal fluid; H & E, 
haematoxylin and eosin. Created using Biorender.com. 
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2.6. Protein identification 

All data were collected and quantified using MaxQuant software 
version 1.6.10.43 (Cox et al., 2014). False discovery rate (FDR) was set 
to 1 % for identification of all peptides and proteins. We set a minimum 
peptide length of seven amino acids. The Andromeda search engine was 
used for the MS/MS spectra search against the budgerigar Melopsittacus 
undulatus Uniprot reference proteome (downloaded in February 2020, 
containing 23,704 entries), with all duplicates removed. Enzyme spec-
ificity was set as C-terminal to Arg and Lys, also allowing cleavage at 
proline bonds and a maximum of two missed cleavages. Dithiomethy-
lation of cysteine was selected as a fixed modification and N-terminal 
protein acetylation and methionine oxidation as variable modifications. 
Quantifications were performed with the label-free quantification al-
gorithms using a combination of unique and razor peptides (Cox et al., 
2014). The mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE partner repository with 
the dataset identifier PXD047322. 

We excluded all the unlabelled peptides, peptides only identified by 
site or reverse, all contaminants, proteins identified by < 2 peptides and, 
thereafter, we kept only proteins identified in all replicates of at least 
one group. For the purpose of the pathway enrichment annotations, the 
corresponding human ortholog gene names and IDs were assigned to all 
identified proteins using the databases OrthoDB (v10.1) (Kriventseva 
et al., 2019) and http://birdgenenames.org. When the protein code was 
not possible to retrieve, the Uniprot protein ID was used. 

2.7. RT-qPCR analysis of the cytokine gene expression 

In IL, CO and BR, selected cytokine (IL1B, IL6 and IL18) mRNA 
expression levels were quantified by RT-qPCR according to Vinkler et al. 
(2018). Total RNA was first extracted from the tissue samples using the 
High Pure RNA Tissue Kit (Cat. No. 12033674001; Roche, Rotkreuz, 
Switzerland) and its concentration and quality was measured on a 
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). The 
RNA was then diluted with transfer RNA carrier (Qiagen, Cat. No. 
1068337). To calculate the efficiency of each assay (specific primer pair 
and a probe), a calibration curve was constructed with a synthetic DNA 
standard (gBlocks; IDT, Coralville, Iowa, USA; Fig. S1 in Electronic 
Supplementary Material 1, ESM1). The RNA samples and standards were 
amplified using the Luna® Universal Probe One-Step RT-PCR Kit 
(E3006, BioLabs®Inc, Ipswich, Massachusetts, USA) (Table S1 in Elec-
tronic supplementary material 2, ESM2). The RT-qPCR was conducted 
using a LightCycler 480 PCR platform (Roche) set with the following 
cycling conditions: (1) 50 ◦C for 10 min, (2) 95 ◦C for 1 min and (3) 
(95 ◦C for 10 s, 60 ◦C for 30 s) × 45. All assays were performed with 
template-free negative controls and synthetic DNA standards as positive 
controls in a freshly prepared dilution series. To test for the gene 
expression changes for each sample we calculated the standardised 
relative quantities (Qst). 

2.8. Statistical and bioinformatic analyses 

The statistical and bioinformatics analysis was conducted in the R 
software (R Core Team, 2024) (version 4.4.0). We conducted unpaired 
t-tests, following normality assessment with Shapiro test and nested 
ANOVA for the quantification of DSS effect on the budgerigar intestinal 
histological structure. In order to supress the minor technical variation 
between samples, the abundances of the identified proteins were pre-
viously normalised using the Variance stabilization normalization 
method. Missing data for the protein abundances were imputed using a 
mixed imputation method provided by DEP 1.22.0 R package after 
evaluating the random and non-random missing values. Significantly 
differentially expressed proteins were identified by multifactorial anal-
ysis with limma corrected by the Permutation Based FDR (FDR-adjusted 
p value < 0.05). The Retrieval of Interacting Genes (STRING 12.0; 

http://string-db.org) web-tool (von Mering et al., 2003) was used to 
analyse and construct the protein-protein interaction (PPI) network of 
the over-represented proteins in the treatment groups compared to the 
unstimulated controls. Significant PPIs were considered those with a 
combined score >0.4 and annotations from human (Homo sapiens). Gene 
Set Enrichment Analysis (GSEA) was performed using the R package 
ClusterProfiler (Yu et al., 2012), using as a reference Homo sapiens and 
the annotation data sets of the Gene Ontology (GO) (Ashburner et al., 
2000) and biological pathways (Kyoto Encyclopaedia of Genes and 
Genomes, KEGG; REACTOME) (Kanehisa et al., 2012; Fabregat et al., 
2018). The Benjamini-Hochberg FDR threshold was set to 0.05 of all 
enriched pathways in PL and CSF. The lists of GO for Biological pro-
cesses (BP) from PL and CSF were analysed by REVIGO (revigo.irb.hr, 
accessed on October 20, 2023), to remove redundancy (Supek et al., 
2011). Computation of coinertia was performed to explore the 
co-structuring between the PL and CSF proteomes using the package 
made 4 (Culhane et al., 2003). Also, we performed two-way ANOVA 
with Tukey multiple corrections to detect the differences in the mRNA 
expression of proinflammatory cytokines. We constructed a Pearson 
correlation matrix to explore the expression relationships between 
different cytokines across tissues and performed the principal compo-
nent analyses (PCA) in proteome and cytokine mRNA expression data-
sets. For graphical visualisation, the R package ggplot2 (Wickham, 
2009) was used. 

3. Results 

3.1. Clinical symptoms and histopathology of the GI tract following the 
DSS treatment 

Our results suggest that daily DSS doses higher than 50 mg can be 
vitally dangerous for the budgerigars, due to extensive gastrointestinal 
bleeding. At lower doses we did not observe bleeding or find any sig-
nificant decrease in body weight (p > 0.05) in the DSS-treated animals. 
Therefore, we consider these doses as subclinical. However, our histo-
logical examination of the small and large intestine showed that the DSS 
treatment affected the integrity of the intestinal wall when adminis-
trated at both low and high doses, with notable structural difference in 
the villi emerging from the muscularis mucosa. Specifically, villi lost 
their characteristic elongated structure, erosion of the epithelial layer 
has been noted, crypts showed irregular with abnormal architecture and 
the overall mucosal layer shortened (Fig. 2a). While there was no sig-
nificant difference between the low-dose and high-dose groups in 
measurements of the mucosal area, length of the villi and number of the 
crypts (Welch Two Sample t-test, p > 0.05), the combined data for both 
the DSS doses revealed significant reduction in the mucosal area 
(ANOVA nested with the slide replicates per bird; t = − 4.549, df =
6.996, p < 0.01) as well as the length of the villi in ileum and colon 
(ANOVA nested with the slide replicates per bird; t = 6.779, df = 6.860, 
p < 0.001, Fig. 2b and c) in the DSS-treated animals compared to con-
trols. Also, the number of crypts non-significantly tented to be lower in 
the DSS-treated gut (ANOVA nested with the slide replicates per bird; p 
> 0.098, Fig. 2d). Therefore, we selected the low-dose group for further 
evaluation of low-grade inflammation reflecting poor subclinical intes-
tinal health. 

3.2. Proteomics of PL and CSF 

We identified 180 individual protein hits in PL and 978 in CSF 
(Tables S2 and S3, ESM2). PL had an overlap with CSF in 155 proteins 
(Fig. S2a in ESM1). Our multifactorial analysis revealed that sex had no 
significant effect on either the PL or CSF proteome comparison, so this 
variable has not been further considered. 

In PL, PCA showed that the first two components explained 50.28% 
of the variance in protein composition (Fig. S2b in ESM1). Differential 
expression analysis identified 10 proteins with significantly different 
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abundances between our treatment groups (FDR <0.05, log2 fold 
change, log2FC ≥ 1.5, Fig. 3a, Table S4 in ESM2). The significantly up- 
regulated and down-regulated proteins for each group are shown in 
Fig. 3b and c. Serum amyloid A protein (SAA or SAA1, ortholog for Homo 
sapiens) was commonly up-regulated in all treatment-stimulated in-
dividuals (C-C vs DSS-C/LPS-C/DSS-LPS; Fig. 3b and c). For DSS-treated 
birds, vitronectin (VTN) was significantly down-regulated in PL 
compared to controls, although less than the threshold of log2FC ≥ 1.5 
(log2FC = 1.15). The parrots stimulated with LPS alone or combined 
with DSS additionally had up-regulated three fibrinogen proteins, 
fibrinogen A (FGA), fibrinogen B (FGB) and fibrinogen G (FGG), while 
down-regulated Four and a half LIM domains protein 2 (FHL2). The 
comparison of DSS vs. LPS showed significantly decreased abundances 
of FGA, FGB and FGG in DSS samples (or increased for LPS) and 
increased (or decreased for LPS) mitochondrial aconitate hydratase 
(ACO2), adenylate kinase isoenzyme 1 (two isoforms, AK1), FHL2, 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 
phosphoglucomutase-1 (PGM1). For the comparisons LPS-C vs DSS-LPS 
and DSS-C vs DSS-LPS, none of the proteins exceeded the threshold of 
statistical significance. The heatmap of significantly different protein 

abundance values illustrates that the control individuals were more 
similar to the DSS group, while the LPS- were similar to the DSS-LPS 
treated birds (Fig. 3a). The PPI analysis of the significantly differen-
tially expressed proteins revealed two associative networks with path-
ways related to immune processes (coagulation and complement 
cascades, and platelet activation) and metabolism (glycolysis and ATP 
metabolic processes; Fig. 3d–Table S5 in ESM2). In line with these re-
sults, GSEA analysis using KEGG, REACTOME and GO revealed up- 
regulation of coagulation and complement cascades, fibrin clot forma-
tion and extracellular matrix reorganisation for DSS-C, LPS-C or LPS-DSS 
samples. LPS, both combined with DSS or not, stimulated wound healing 
and proteolysis and down-regulated carbohydrate metabolic processes. 
Enriched terms for GO Cellular Components included platelet granules 
and secretory vesicles for all treatments (p < 0.05, FDR <0.05, Fig. 4a, b, 
Table S6, ESM2). The enriched pathways mostly overlapped for com-
parisons of LPS-C and DSS-LPS with the control individuals 
(Fig. 4a–Table S6 in ESM2). 

In CSF, the first two components of PCA explained 50.28% of the 
variation in protein composition (Fig. S2b in ESM1). We identified 73 
significantly differentially abundant proteins between our treatment 

Fig. 2. Dextran sulphate sodium (DSS) induced significant structural alterations in the budgerigar intestine. (a) Haematoxylin & eosin microscopic images of the 
ileum of control (C) and DSS low-dose-treated birds with induced colitis (20x; 40x; scale bars represent 50 μm and 20 μm respectively). (b) Boxplots showing the 
quantitative differences in the DSS-induced histological changes measured as disruption of the mucosal area, shortening of intestinal villi and reduction in crypt 
density (non-significant trend). Asterisks indicate statistical significance of p < 0.01 (**) and p < 0.001 (***); C, n = 3; DSS low dose (L), n = 3; DSS high dose (H), n 
= 3. 
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groups (FDR <0.05, log2FC ≥ 1.5, Fig. 5a, b, Table S7 in ESM2). The 
significantly up-regulated and down-regulated proteins for each group 
are depicted in Fig. 5b and c. Comparisons of all the treatments (C-C vs 
DSS-C/LPS-C/DSS-LPS) against controls showed common decrease in 
the abundances of ten proteins: erythrocyte membrane protein band 4.1 
(EPB41), histones (H1-1, H2AFX, H1-0), ribosomal proteins (RPS17, 
RPS13), ankyrin-1 (ANK1), lamin-B1 (LMNB1), and high mobility group 
proteins (HMGB3, HMGB1). We found a significant increase in the 
relative abundances of 10 proteins exclusively in the DSS group and 
decrease in 19 proteins, 7 of which exclusively in DSS samples (Fig. 5b 
and c). Apolipoprotein A-IV (APOA4) and cartilage oligomeric matrix 

protein (COMP) were commonly up-regulated in the CSF of birds stim-
ulated with LPS with or without DSS (Fig. 5b). There was a big overlap of 
down-regulated gene products across the two LPS-treated groups (with 
or without DSS) (Fig. 5c), involving mostly mitochondrial proteins. For 
LPS-C vs. DSS-LPS, none of the proteins exceeded the threshold of sta-
tistical significance. The significantly differentially expressed proteins 
from all comparisons formed a densely interacting network consisting of 
two parts connected by the protein alpha synuclein. The network was 
especially enriched with pathways associated to oxidative phosphory-
lation, response to stress and transport (Fig. 6, Table S8 in ESM2). The 
GSEA analysis of KEGG, GO and REACTOME showed a depletion of 

Fig. 3. Differential protein expression analysis of the budgerigar plasma proteomes after dextran sulphate sodium (DSS), lipopolysaccharide (LPS) treatment or their 
combination. (a) A heatmap depicting variation in all significantly differentially abundant proteins (rows) across all the samples analysed (columns). (b) Volcano 
plots showing the protein expression fold changes and their significance across the comparisons of the treatment groups tested. The p-adjusted values are expressed as 
negative decadic logarithm of the Permutation Based false-discovery rate (FDR). The fold change differences of the plasma proteins (x-axis) dependent on their FDRs 
(y-axis) are shown in dots, colour coded as red = significant (s) and black = non-significant (ns), based on a significance threshold set to p. adj <0.05 and fold change 
cut-off ≥1.5. Significant and marginally non-significant proteins are labelled with their corresponding human orthologs. (c) Overlaps of the significantly up-regulated 
(UP) and down-regulated (DOWN) proteins compared to controls across treatments. (d) Protein-protein interactions of the 10 significantly dysregulated proteins 
shown in (a) compared to the unstimulated controls. Connections indicate functional associations between the proteins. Line thickness indicates the strength of the 
data support. Indicative enriched terms (False discovery rate <0.05) from Gene Ontology Biological Processes and Kyoto Encyclopaedia of Genes and Genomes are 
shown as colour-codes in circles indicating the individual proteins. Controls (C-C, n = 3), birds treated with DSS (DSS-C, n = 3), LPS (LPS-C, n = 9), or both DSS and 
LPS (DSS-LPS, n = 7). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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metabolic pathways mainly involving cell respiration in the LPS-treated 
groups. Common to all treatments, including DSS-C, were pathways 
associated with chromatin organisation. Like in PL, the pathway 
enrichment result was almost overlapping between LPS and DSS-LPS vs. 
controls. Enriched cellular parts were mostly annotated as mitochon-
drial components and histones (p < 0.05, FDR <0.05, Fig. 7a and b, 
Table S9 in ESM2). 

3.3. Association between the PL and CSF proteomes 

Using the subset of 155 proteins common between PL and CSF, we 
explored the per-individual co-structuring of the two proteomes. The 
global similarity of PL and CSF datasets was moderate (Coinertia anal-
ysis, RV coefficient = 0.54, Fig. 8a). The unstimulated animals clustered 
with the DSS-treated group, and the ones challenged with LPS alone or 

in combination to DSS made up another major cluster in both the PL and 
CSF samples. 

3.4. Associations of PL and CSF proteomic changes to intensity of the 
inflammation measured through cytokine mRNA expression in brain and 
intestine 

Since our proteomic analysis indicated several systemic effects of the 
DSS and LPS treatments on immune function in parrot brain and pe-
riphery, next we tested for the associations of the proteomic changes to 
intensity of the tissue-specific inflammatory responses. Inflammation 
was measured as levels of the IL1B, IL6 and IL18 mRNA expression. As 
predicted, we found a significant increase in the relative IL1B expression 
in the intestine (two-way ANOVA with Tukey multiple comparisons of 
means, df = 6, F = 4.774) following the LPS treatment alone (n = 9, p <

Fig. 4. Plasma (PL) proteomics: Gene Set Enrichment Analysis (GSEA) based on the Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways and Gene 
Ontology (GO) for Biological Processes (BP). (a) Non-redundant enriched pathways in PL are plotted for each comparison. The dots represent term enrichment with 
colour coding according to the normalised enrichment score (NES). The sizes of the dots represent the negative logarithmic value of false discovery rate (FDR) with 
increasing value indicating higher significance. Controls (C-C, n = 3), birds treated with DSS (DSS-C, n = 3), LPS (LPS-C, n = 9), or both DSS and LPS (DSS-LPS, n =
7). (b) Network plot showing the linkages of the GO BP enriched terms and the gene products in the PL samples from birds treated with DSS-LPS compared to 
unstimulated controls. The sizes of the dots corresponding to each term represent their numbers of proteins covered and the dot colours show the degree of the log 
fold change of the proteins in DSS-LPS samples after comparison with controls. The enriched pathways shown were statistically significant at p < 0.05, FDR <0.05 
(shown as -log). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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0.001 for both CO and IL) or LPS-treatment combined with DSS (n = 7, p 
< 0.001 for both CO and IL) vs. controls (n = 3, Fig. S3a in ESM1). 
Interestingly, DSS caused no significant changes in the IL1B expression 
in the GIT (n = 3, p > 0.05). In the brain, the trend for the IL1B 
expression increase was not significant for any treatment. The pattern of 
relative gene expression variation between the treatment groups was 
similar for IL6, but here the increase was statistically significant only in 
the CO following LPS with or without DSS (two-way ANOVA with Tukey 
multiple comparisons of means, df = 6, F = 0.961, p < 0.01 and < 0.05 
for LPS-C and DSS-LPS groups compared to controls, respectively; 
Fig. S3a in ESM1). IL6 expression in the brain was similar to the controls 
following any treatment. We found no significant effect of our 

experimental treatment on the IL18 expression in any of the tissues (p >
0.05; Fig. S3a in ESM1). 

Because there were strong and significant correlations between the 
cytokine mRNA expression levels across genes and tissues (Fig. S3b in 
ESM1), to obtain per sample quantification to the general pro- 
inflammatory cytokine profile, we performed a PCA analysis of the 
IL1B, IL6 and IL18 gene expression levels for each tissue 
(Fig. 8b–Table S10 in ESM2) and extracted the first component (PC1) 
values, explaining 70.95% of variation in the data. Despite the PC1 trend 
for distinction in intensity of the systemic pro-inflammatory response 
between no response in the controls and the strongest response in LPS- 
injected individuals, the cytokine expression profiles were not 

Fig. 5. Differential protein expression analysis of the budgerigar cerebrospinal fluid (CSF) proteomes after dextran sulphate sodium (DSS) and lipopolysaccharide 
(LPS) treatment. (a) A heatmap depicting variation in all significantly differentially abundant proteins (rows) across all the samples analysed (columns). (b) Volcano 
plots showing the protein expression fold changes and their significance across the comparisons of the treatment groups tested. The p-adjusted values are expressed as 
negative decadic logarithm of the Permutation Based false-discovery rate (FDR). The fold change differences of the CSF proteins (x-axis) dependent on their FDRs (y- 
axis) are shown in dots, colour coded as red = significant (s) and black = non-significant (ns) based on a significance threshold set to p. adj <0.05 and fold change 
cut-off ≥1.5. Significant proteins are labelled with their codes (human orthologs). (c) Overlaps of the significantly up-regulated (UP) and down-regulated (DOWN) 
proteins compared to controls across treatments. Controls (C-C, n = 3), birds treated with DSS (DSS-C, n = 3), LPS (LPS-C, n = 9), or both DSS and LPS (DSS-LPS, n =
7). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Protein interaction network of differentially expressed proteins in the budgerigar cerebrospinal fluid. Protein-protein interactions of 72 proteins significantly 
dysregulated in the treatment groups (DSS-C, n = 3; LPS-C, n = 9; or DSS-LPS, n = 7) compared to the unstimulated controls (n = 3). Connections indicate functional 
associations between the proteins. Line thickness indicates the strength of the data support. Indicative enriched terms (False discovery rate <0.05) from Gene 
Ontology Biological Processes and Kyoto Encyclopaedia of Genes and Genomes are shown as colour-codes in circles indicating the individual proteins. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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significantly different (p > 0.05 for all comparisons, Fig. S3c in ESM1). 
Yet, we found weak but significant relationships of the cytokine mRNA 
PC1 and the PC1 of PL and CSF proteomes (Fig. 8c). The protein abun-
dance of SAA in PL was also significantly correlated with the pro- 
inflammatory cytokine profile (Fig. 8c). 

4. Discussion 

In this study, we report the establishment and initial characterization 
of the acute immune response model in a new animal species, the 
budgerigar, set for investigation of subclinical peripheral inflammation 
through standardised challenges mimicking the immunological effects 

Fig. 7. Cerebrospinal fluid (CSF) proteomics: Gene Set Enrichment Analysis (GSEA) based on the Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways and 
Gene Ontology (GO) for Biological Processes (BP). (a) Non-redundant enriched pathways in CSF are plotted for each comparison. The dots represent term enrichment 
with colour coding according to the normalised enrichment score (NES). The sizes of the dots represent the negative logarithmic value of false discovery rate (FDR) 
with increasing value indicating higher significance. Controls (C-C, n = 3), birds treated with DSS (DSS-C, n = 3), LPS (LPS-C, n = 9), or both DSS and LPS (DSS-LPS, 
n = 7). (b) Network plot showing the linkages of the GO BP enriched terms and the gene products for the CSF samples from birds treated with DSS-LPS compared to 
unstimulated controls. The sizes of the dots corresponding to each term represent their numbers of proteins covered and the dot colours show the degree of the log 
fold change of the gene products in DSS-LPS samples after comparison with controls. The proteins are labelled with their codes (human orthologs). The enriched 
pathways shown were statistically significant at p < 0.05, FDR <0.05 (shown as -log). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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of dysbiosis. Our findings demonstrate that even a small dosage of 
subcutaneous LPS can cause a systemic inflammatory response over a 6- 
h period, whereas a 7-day oral DSS administration had no such impact 
on immunity. Nevertheless, DSS or LPS induced proteomic changes, 
evidenced by enrichment of coagulation- and complement-related pro-
teins in PL, alterations in the CSF proteome reflecting depression of 
metabolism and changes in the pro-inflammatory cytokine profiles. We 
detected clear associations between the variation in PL and CSF pro-
teomes and identified their links to the systemic cytokine expression 
levels. This was exemplified by the correlation between the systemic 
pro-inflammatory cytokine levels and plasma levels of the acute phase 
protein SAA. 

The aim of our study was to describe the effects of DSS in inducing 
low-grade intestinal inflammation in budgerigars and compare it with 
the immunostimulating effects of LPS. Except for mice, DSS has been so 
far used to induce intestinal inflammation in a range of other species. 
Our dosage scheme was similar to that previously reported for chickens 
(Menconi et al., 2015). Like chicken, budgerigars tolerated only lower 
doses of DSS, which contrasts the effects observed in rodents that seem 
to develop acute colitis at higher DSS doses (Solomon et al., 2010; Wirtz 
et al., 2017). We found that the parrots responded with clinical resil-
ience to DSS in the dose of 25 mg/day. Yet, our histological evaluation 
showed epithelial loss and villi shortening indicating mild subclinical 
colitis. Despite these histologically relevant changes, like in the chicken 
treated with a dose of 0.75% previously reported (Zou et al., 2018), we 
found that at 25 mg/day, proinflammatory cytokine expression, weight 

loss or clinical signs were at the same levels as the controls. However, in 
this study we did not follow the time dynamics of the response to DSS, 
and it is possible that prolonging the interval of DSS administration 
would pronounce the inflammatory effects. 

Despite the plethora of studies describing the colonic proteome 
mainly in mice (Dou et al., 2020; Du et al., 2022; Wang et al., 2022), 
proteomic studies reporting systemic colitis effects in PL are scarce. In 
mice, DSS-induced colitis resulted in profound down-regulation of pro-
teins mostly related to carbohydrate metabolism and only few 
up-regulated proteins were detected (Huang et al., 2022). In terms of the 
functional annotation of the differentially expressed proteins, our results 
were similar to those reported previously in mice. In a study analysing 
equine serum, 11 proteins were reported as up-regulated in 
colitis-affected horses (Minamijima et al., 2022), including SAA also 
identified in our results. VTN has been slightly but significantly 
down-regulated in PL of the DSS-affected birds. VTN is a multifunctional 
glycoprotein, enriched in plasma, extracellular matrix and platelets that 
belongs to the family of adhesive proteins exerting inhibitory action in 
complement membrane attack complex (Preissner, 1989), so decrease in 
its expression could promote strength of the immune response. Consis-
tent with our finding, VTN was decreased in the PL of patients with 
ulcerative colitis, and its decrease in PL is thought to be related to VTN 
binding at sites of intestinal tissue injury and the severity of the colitis 
(Tsuchiya, 1994). 

The effects of colitis on the protein composition of CSF have not yet 
been reported in any species and our study is, thus, the first report on the 

Fig. 8. Integrated protein profiles in plasma (PL) and cerebrospinal fluid (CSF) in association with the pro-inflammatory cytokine profile in low-grade inflammation 
following stimulation with dextran sulphate sodium (DSS), liposaccharide (LPS) or combination. (a) Results of the Co-inertia analysis of associations between the PL 
and CSF proteomes. For each individual (marked with the group code and number) the arrows interconnect the PL proteome to CSF proteome along the first two axes 
of the multidimensional space. (b) PCA of the mRNA expression of the pro-inflammatory cytokines IL1B, IL6 and IL18 in DSS (DSS-C, n = 3), LPS (LPS-C, n = 9) or 
combined (DSS-LPS, n = 7)-treated and unstimulated control (C-C, n = 3) birds. First two axes (PC1 and PC2) shown with the percentage of gene expression variation 
explained. (c) Correlation of the integrated PL (left-hand panel) and CSF (middle panel) protein profiles with the mRNA expression profiles of IL1B, IL6 and IL18 in 
brain, colon and ileum based on their first dimension (PC1) values following PCA. On the right-hand panel, the acute phase protein, serum amyloid 1 (SAA1, human 
ortholog of serum amyloid alpha), abundances in PL are correlated with the PC1 of pro-inflammatory cytokines. 
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DSS-induced alterations in CSF proteome across all vertebrates. Never-
theless, experimental colitis induced by DSS have demonstrated 
impaired adult neurogenesis in hippocampus (Gampierakis et al., 2021) 
that is probably linked to malfunctioning of the gut-brain axis during 
dysbiosis, leading to the emergence of neuropsychiatric and neurode-
generative disorders. Following mild colitis induced in the parrots by 
DSS, we found alterations in CSF proteome involving the up-regulation 
of protein attractin, ATP-dependent RNA helicase DDX1 and Adapter 
Molecule CRK which are immune regulators (Bonaventure and Goujon, 
2022; Duke-Cohan et al., 1998; Lin et al., 2021; Liu, 2014) and 1-Phos-
phatidylinositol 4,5-Bisphosphate Phosphodiesterase Beta-1 (PLCB1), 
implicated in phospholipase signalling. Elevation of PLCB1 might indi-
cate neurotoxicity (Park et al., 2022). Interestingly, in budgerigars, the 
DSS-induced changes were not associated with altered 
pro-inflammatory cytokine transcription in brain or intestine, possibly 
due to the mild effects of the selected DSS dose and/or the temporal 
frame of our sampling. Given the extensive evidence of behavioural and 
biochemical effects of ulcerative colitis on brain function in human 
patients, experimental animals (Bisgaard et al., 2022; Talley et al., 2021) 
and novel findings suggesting potential of the parrot neuro-
immunological research (Divín et al., 2022), our results urge for further 
exploration of the CSF proteomic changes linked to dysbiosis in parrots. 

Another goal of this study was to compare the DSS effects to skin 
inflammation induced by bacterial LPS endotoxin. In budgerigars, pe-
ripheral endotoxin exposure resulted in systemic elevation of pro- 
inflammatory cytokine expression levels and proteomic up-regulation 
of several inflammatory cascades in PL. We detected LPS-induced up- 
regulation of expression of coagulation and complement components 
and of the acute phase protein SAA1, consistent with the effects previ-
ously reported in chickens (Horvatić et al., 2019), mice (Harberts et al., 
2020) and humans (Qian et al., 2005). In addition, GAPDH, AK1 and 
FHL2 were decreased in PL of LPS-treated birds. Since FHL2 is involved 
in development, control of cell survival, transcription, and signal 
transduction (Johannessen et al., 2006), our data indicate link of the 
response to down-regulation of metabolic pathways. This is consistent 
with the overall quantitative proteomic pattern of the response to LPS in 
PL evidencing opposing trends in regulation of immune and metabolic 
processes. 

The depletion of energy-related proteins was even more dramatic in 
the CSF proteome of LPS samples with or without DSS. We found 17 
mitochondrial proteins with significantly decreased abundances 
implying loss of mitochondrial homeostasis and bioenergetic distur-
bances. Compared to mammals, birds—including budgerigars—have 
more effective defences against oxidative stress and hyperglycaemia, 
prolonged lifespans with respect to their body size, because of their 
mitochondrial characteristics (West, 2010). Yet, this observation sug-
gests that peripheral immune responses can alter the brain metabolism 
in parrots. APOA4 and COMP, on the other hand, were commonly 
up-regulated in LPS-treated CSF (with or without DSS). COMP is a 
non-collagenous extracellular matrix protein that is used as a serum 
biomarker of tissue fibrosis (Cui and Zhang, 2022). APOA4 levels are 
controlled by leptin in the hypothalamus to allow inhibition of food 
intake, regulation of body weight, cholesterol transport and energy 
homeostasis (Shen et al., 2007) and this protein marker could be 
correlated to the weight loss related to the sickness response. Consistent 
with our findings, studies of mouse brain proteomes after LPS stimula-
tion have also revealed metabolic abnormalities (Imamura et al., 2023; 
Puris et al., 2022; Wang et al., 2016). Importantly, these studies have 
suggested using the paradigm of LPS-induced peripheral inflammation 
to model depression and neurodegeneration. Several proteins, parts of 
intracellular non-membrane bound organelles were reduced in the CSF 
in response to DSS and LPS stimulations. It is possible that their higher 
abundance in controls results from waste removal and clearance of CSF 
that was disrupted by the inflammation-inducing treatments. 

Overall, similar to the findings of Talley et al. in mice (Talley et al., 
2021), in budgerigar, the LPS-induced neuroinflammation was more 

pronounced than that caused by DSS, and when we administered the two 
substances together, the effects of LPS overshadowed those of DSS. This 
was demonstrated also by the variance in the PL and CSF proteomes and 
systemic cytokine expression levels that correlated significantly. In 
addition, our results suggest that protein levels of SAA in PL can be used 
as a possible biomarker to monitor low-grade inflammation in parrots. 
In PL, increase in both SAA and fibrinogen may indicate acute bacterial 
infection in budgerigars. Fibrinogen plays a role in tissue repair as well 
as homeostasis by acting as a matrix for the migration of 
inflammatory-related cells and promoting degranulation, phagocytosis 
and adaptive immune response (Murata et al., 2004). SAA1 (human 
ortholog) encodes an apolipoprotein which interacts with high density 
lipoproteins to export cholesterol from the site of inflammation. The 
SAA protein is also serving as a chemoattractant for monocytes and 
polymorphonuclear leukocytes (Badolato et al., 1994) that promotes 
secretion of IL8 (He et al., 2003) and directly acts as an opsonin for 
Gram-negative bacteria (Shah et al., 2006). In veterinary studies, SAA is 
commonly used as a marker of inflammation (Hooijberg and Cray, 
2023). In both mammals and birds, chronically high serum SAA levels in 
combination with an inflammatory or viral condition may lead to the 
misfolded amyloid protein A (AA) and AA amyloidosis, a condition 
brought on by the buildup of this SAA derivative into organs and tissues 
(Röcken and Shakespeare, 2002). In humans, amyloidosis is a patho-
logical condition related to emergence of Alzheimer’s disease (Ma et al., 
2022). 

Comparative immunology employing proteomics may enable a 
fascinating novel understanding of how the host response to pathogens 
has evolved by comparing differences and similarities between pro-
teomes across species in health and disease. We identified general and 
stimulus-dependent inflammatory markers in budgerigar PL and CSF 
following challenges mimicking low-grade peripheral inflammation 
resulting from tissue injury and bacterial infection linked to dysbiosis. 
Our research contributes to establishment of budgerigar as a novel, 
previously unexplored model organism in avian immunology. Since 
parrots appear to be prone to neuroinflammation (Divín et al., 2022), 
this is especially important for increasing the experimental potential of 
parrots to promote the future research in neuroimmunology. For both 
the DSS and LPS treatments, we observed systemic effects with impacts 
on brain physiology. We also revealed that for a low-grade inflammation 
in the budgerigar model, LPS rapidly dysregulates the proteome 
composition in biological fluids, which is linked to the pro-inflammatory 
cytokine transcription profiles, while the DSS has much milder effects. 
This is consistent with previous studies in mice (Talley et al., 2021). Due 
to its economic impact in industry, chicken is a frequently used avian 
model in immunology. With the release of the budgerigar genome, this 
small sized and easy to handle parrot may also provide valuable insights 
in comparative immunology and neuroscience. 

Although parrots such as the budgerigar may serve as a novel and 
relevant immunological model for answering certain biological ques-
tions appealing, for example, with respect to human mental health, 
extrapolating the results to human disorders has certain limits. First, 
parrots have different anatomy of GIT than humans, but also distinct 
from poultry (Caviedes-Vidal et al., 2007). Budgerigars have cloaca, 
shorter colon and lack caeca, which can affect microbiota interacting 
with the host immune system (Hird et al., 2014; Schmiedová et al., 
2024). While the links between microbiota and neuroimmune in-
teractions underlying the neuropsychiatric diseases are increasingly 
explored (Hashimoto, 2023), the effects of interspecific microbial vari-
ation still remain unknown. Thus, this variation can affect the proteome 
composition as well as other aspects of the physiological regulation of 
immunity. From a technical aspect, given the lacking specifically parrot 
and, more generally, avian gene functional annotations, we had to use 
annotations of the orthologs in human, a species that is phylogenetically 
relatively distant. Furthermore, there is presently severe lack of related 
proteomic studies describing inflammation-induced variation in CSF 
proteomes, not only in birds, but across vertebrates. Lacking specific 
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molecular tools for budgerigars, it was not possible to validate our re-
sults through an antibody-based approach. Despite these shortcomings, 
our findings can be used as a reference for future manipulative experi-
ments in neuroinflammation offering further insights into the compar-
ative regulation of the gut-brain axis. 
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Puris, E., Kouřil, Š., Najdekr, L., Auriola, S., Loppi, S., Korhonen, P., Gómez-Budia, M., 
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A B S T R A C T   

Species-specific neural inflammation can be induced by profound immune signalling from periphery to brain. 
Recent advances in transcriptomics offer cost-effective approaches to study this regulation. In a population of 
captive zebra finch (Taeniopygia guttata), we compare the differential gene expression patterns in lipopolysac-
charide (LPS)-triggered peripheral inflammation revealed by RNA-seq and QuantSeq. The RNA-seq approach 
identified more differentially expressed genes but failed to detect any inflammatory markers. In contrast, 
QuantSeq results identified specific expression changes in the genes regulating inflammation. Next, we adopted 
QuantSeq to relate peripheral and brain transcriptomes. We identified subtle changes in the brain gene 
expression during the peripheral inflammation (e.g. up-regulation in AVD-like and ACOD1 expression) and 
detected co-structure between the peripheral and brain inflammation. Our results suggest benefits of the 3′end 
transcriptomics for association studies between peripheral and neural inflammation in genetically heterogeneous 
models and identify potential targets for the future brain research in birds.   

1. Introduction 

Inflammation in brain is often linked with serious behavioural 
changes and health disorders (Kempuraj et al., 2017). In humans, the 
outcomes of mild neuroinflammation affect behaviour and psychiatric 
state, including development of clinical depression (Brites and Fer-
nandes, 2015; DiSabato et al., 2016; Yoshino et al., 2021). In rodents, 
anxiety and depression-like behaviour can be triggered by stimulation of 
inflammation in the periphery (Bluthé et al., 1994; Mayerhofer et al., 
2017; Painsipp et al., 2010; Sulakhiya et al., 2016). During inflamma-
tion, profound immune signalling from periphery to the central nervous 
system (CNS) can induce neuroinflammation (Danielski et al., 2018; 
Hernández-Romero et al., 2012). Important roles in this regulation are 
played by soluble signalling molecules, pro-inflammatory cytokines (e. 

g. interleukin 1 β, IL1B (Lopez-Castejon and Brough, 2011); produced by 
stimulated peripheral leukocytes that cross the blood brain barrier, 
stimulate microglia and astrocytes and induce neuroinflammation 
(Becher et al., 2017; Erickson et al., 2012). While recent evidence sug-
gests interspecific differences in this regulation (Divín et al., 2022), 
presently we are not sure how common this phenomenon is across 
vertebrates. Except for humans and rodents in which research of neu-
roinflammation is widespread, only few studies describe this phenom-
enon in chickens (Asfor et al., 2021; Du et al., 2020; Song et al., 2020; 
Zeng et al., 2019) and data from other taxa are sparse (Scalf et al., 2019). 

Across vertebrates, variability is observed in peripheral immune re-
sponses, contributing to variation in susceptibility to infections (Seal 
et al., 2021; Vinkler et al., 2023; Zheng et al., 2020). Much of this 
variation is adaptive, diversified and shaped by natural selection acting 
across species and populations (Eskew et al., 2021; Minias and Vinkler, 
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2022; Peralta-Sánchez et al., 2012; Těšický et al., 2020). Model organ-
isms often provide genetic uniformity that meets the research needs in 
controlled laboratory experiments but they lack the inter-individual 
variation observed in nature (Russell et al., 2017). While much is pres-
ently known about regulation of local and systemic inflammation in 
humans and laboratory rodents, little information is available to other 
species and especially birds, which represent an evolutionary parallel to 
mammals (Vinkler et al., 2022). Studies in new model species can pro-
vide novel insights into general mechanisms underlying immunity 
regulation and its interaction with other biological systems (Russell 
et al., 2017). 

Avian-oriented research could become highly informative for the 
current understanding of neuroimmunology (Bramley et al., 2016). 
Birds show high neuronal densities and developed cognitive skills, 
comparable to mammals of much larger body mass (Olkowicz et al., 
2016). However, majority of the research in avian neuroimmunology 
has so far been focused at the domestic chicken (Gallus domesticus) as a 
key model (Flores-Santin and Burggren, 2021; International Chicken 
Genome Sequencing Consortium, 2004). In chickens, the neuronal 
structures and cognitive skills are less developed than in other evolu-
tionarily derived birds (Kverková et al., 2022), such as the passerines 
representing the majority of the extant avian species (Arnaiz-Villena 
et al., 2010; Hellgren and Ekblom, 2010; Romanov et al., 2014). Pas-
serines share a number of cognitive and physiological adaptations 
convergent to primates. They mastered the vocal learning, which is 
linked to changes in brain structures analogous to humans (Aamodt 
et al., 2020). These birds also display memory-dependent behaviour 
associated with visual identification of food items, and often live in 
social groups like the primates, but are easier to handle and breed faster 
(Balakrishnan et al., 2010; Mello, 2014). Zebra finch (Taeniopygia gut-
tata) is a recently emerged songbird model for immunological (Batra 
et al., 2020; Lopes et al., 2012; Mishra et al., 2019; Pedersen et al., 2017; 
Poole and Kitchen, 2022; Vinkler et al., 2022) and neurobehavioral 
research (Spierings and ten Cate, 2016), to which much information on 
the regulation of neuroimmune pathways is still missing (David et al., 
2011). Furthermore, it has a fully sequenced high-quality genome and 
gene annotation (Warren et al., 2010), making it a suitable model for 
transcriptomic investigation. 

Transcriptomics is a powerful approach for identification of key 
pathway-activation markers in non-model species. Several advance-
ments in RNA sequencing have recently made transcript detection more 
precise (Hong et al., 2020; Ozsolak and Milos, 2011; Satam et al., 2023). 
Full-length RNA transcriptomics (RNA-seq) helps to precisely quantify 
the gene expression levels, assemble the sequences of new transcripts 
and understand alternative RNA processing (Ramsköld et al., 2012; 
Finotello and Di Camillo, 2015). Previously, the RNA-seq approach has 
provided relevant insights on gene expression changes during neuro-
inflammation and associated diseases in mice and humans (Canchi et al., 

2020; Pulido-Salgado et al., 2018). However, RNA-seq approach re-
quires deep sequencing and accurate standardisation of the library 
preparation procedures since otherwise bias can emerge from frag-
mentation and library construction steps, altering transcript represen-
tation and resulting in more enriched differentially expressed genes 
(DEGs) for longer transcripts than for the shorter ones (Wang et al., 
2009). Furthermore, in cases of less common model species with sub-
stantially high inter-individual variation in immune responsiveness, 
RNA-seq requires investigation of high number of experimental subjects 
even for relatively simple experimental designs. Hence, despite the 
falling costs of sequencing, the sample size still can represent a limita-
tion, urging for innovations in library processing, sequencing strategy 
and data analysis (Moll et al., 2014). To describe the general expression 
patterns of genes in the transcriptome, full-length sequence RNA-seq can 
represent an unnecessary investment. New 3’ RNA-seq methods, such as 
QuantSeq, were designed to reduce the costs of general gene expression 
analysis (Jarvis et al., 2020; Moll et al., 2014), allowing comparing 
expression patterns across larger sets of samples. The QuantSeq, uses a 
protocol without any prior poly(A) enrichment or rRNA depletion, in 
which total RNA is not fragmented before reverse transcription and only 
single read per transcript is obtained (Ma et al., 2019), sequencing the 
RNA string close to its 3′ end (generally from the last exon and/or the 3′ 
untranslated region). Thus, in QuantSeq the number of reads mapped to 
a given transcript sequence is fully proportional to its expression (Corley 
et al., 2019). 

The main objective of our study was to explore neural inflammation 
patterns of gene expression in zebra finch after stimulation of mild pe-
ripheral sterile inflammation triggered with bacterial lipopolysaccha-
ride (LPS). Despite previous rich transcriptomic research conducted in 
the zebra finch brain, earlier research focused mostly on variation in 
gene expression of specific genes (e.g. MHC; Ekblom et al., 2010), 
transcriptomics of parental care (Kumari et al., 2022) and especially sex- 
(Friedrich et al., 2022; He et al., 2022) and species-specific (Pfenning 
et al., 2014) differences in gene expression related to vocal learning. 
Limited research has been so far conducted in passerine brain immu-
notranscriptomics (but see e.g. Scalf et al., 2019). First, we investigated 
the peripheral and systemic effects of our immune manipulation. Since 
previous studies in avian ecophysiology considered skin as a tissue of 
interest (Santiago-Quesada et al., 2015; Vinkler et al., 2010, 2012) that 
is also suitable for the investigation of the regulatory interconnection 
between the peripheral and systemic immune responses (Arck et al., 
2006; Chen and Lyga, 2014; Paus et al., 2006; Peters et al., 2005), we 
started with analysis of the inflammation effects in skin. We adopted the 
classical Illumina RNA-seq method from the number of individuals 
equivalent to similar studies performed in lab mice (Crowell et al., 2020; 
Liu et al., 2021). Obtaining compromised results (likely due to 
inter-individual variation in immune responsiveness), we then adopted 
the QuantSeq approach that is applicable to an enlarged data set. 
Decreasing the per sample sequencing cost, we doubled the size of our 
transcriptomic data set. Here we report comparison of results from the 
two approaches, RNA-seq and QuantSeq. Next, we used the QuantSeq 
method for brain tissue transcriptomics to reveal the effects of our LPS 
treatment on gene expression changes in avian brain. Finally, we veri-
fied our key results through reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) analysis. 

2. Materials and methods 

2.1. Experimental design 

Twenty-four adult zebra finch males healthy in appearance were 
purchased from local hobby breeders (November 2018) and were 
immediately transported into the animal facility of the Faculty of Sci-
ence, Charles University, Czech Republic, EU. For each individual, the 
body weight and tarsus length were measured. For this research, we 
selected only males, because of the known transcriptomic differences 

Abbreviations 
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CIA – Co-Inertia multivariate Analysis 
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between the sexes (Friedrich et al., 2022) and the need to limit the 
overall biological heterogeneity of our experimental sample. The birds 
were marked with coloured aluminium rings with ID codes and housed 
in two large aviaries where they were fed with millet and received tap 
drinking water ad libitum. The birds were kept for 3 days in quarantine 
under regular conditions (D12:N12, 22 ◦C). Before any manipulation, 
the magnitude of the tissue of the left wing-web (patagium) was 
measured in each bird three times with accuracy to 0.01 mm (Vinkler 
et al., 2010, 2012), using a thickness gage (Mitutoyo, Sakado, Japan, 
Cat. No. 547-312S). For the experiment, the 24 individuals were divided 
into two equally sized groups: 12 individuals represented unstimulated 
controls and 12 immune-stimulated treatments (for dataset details see 
Table S1 in Electronic Supplementary Material 1, ESM1). All treatment 
individuals received intraabdominal injection of 0.1 mg Escherichia coli 
LPS O55:B5 (product No. L2880, Sigma-Aldrich, St. Louis, Missouri, 
USA) dissolved in 100 μl Dulbecco’s phosphate-buffered saline (product 
No. D5652, Sigma-Aldrich). Furthermore, the treatment birds also 
received an injection of 0.1 mg LPS O55:B5 (Abou Elazab et al., 2022; 
Casebere et al., 2015) dissolved in 20 μl sterile DPBS administrated 
subcutaneously into the left wing web (patagium) for testing the local 
inflammatory response (Wegmann et al., 2015). The experimental ma-
nipulations were performed in two consecutive days (two batches of 14 
and 10 birds, both containing equal proportions of treatments and 
controls i.e. in the first batch 7 LPS-treated and 7 control birds, in the 
second batch 5 LPS-treated and 5 control birds). The LPS-treated birds 
and no-treatment controls were manipulated in the same way to expe-
rience similar levels of the handling stress. For each bird the stimulation 
period was individually set to 24 h ( ± 1 h), a period of assumed pe-
ripheral inflammation peak (Adelman et al., 2013) after which a second 
metrical tissue-magnitude measurement was taken from both the left 
and right patagium (again three times) and then each bird was eutha-
nized by decapitation (Scalf et al., 2019; Vinkler et al., 2018). The 
research was approved by the Ethical Committee of Charles University, 
Faculty of Science (permits 13882/2011-30) and was carried out in 
accordance with the current laws of the Czech Republic and the Euro-
pean Union. 

After the post-mortem blood collection from carotids (immediately 
after decapitation, using sodium heparin to prevent blood coagulation), 
blood smears were made by spreading a drop of blood over a glass slide. 
Selected tissues were immediately collected into RNAlater (Cat. No. 
R0901, Sigma-Aldrich), including brain hyperpallium (ca. 24 mm3) and 
skin tissue necropsies from the patagium (wing web, area of ca. 6 mm2, 
containing a layer of the skin tissue and associated leukocyte infiltrate). 
The total dissection time for each bird was <20 min. The collected tis-
sues were immediately placed into the RNAlater, stored at +4 ◦C over-
night and then frozen at − 80 ◦C until analysis. The wing swelling score 
was later calculated as the average tissue thickness of the left wing after 
stimulation minus the average thickness of the right wing. 

2.2. RNA isolation and sequencing 

The brain and skin tissues were homogenized in 2 ml hard tissue 
homogenizing tubes containing beads (Cat. No: 19-628D, OMNI Inter-
national, Kennesaw, GA, USA) using MagnaLyser (Cat. No. 41984075, 
Roche, Basel, Switzerland) and the total RNA was extracted by High 
Pure RNA Tissue Kit with the DNase-treatment step included (Cat. No. 
12033674001, Roche). The RNA yield and purity were estimated using 
Nanodrop (Cat. No. 9380, ND-1000 UV/Vis, Nanodrop Spectropho-
tometer, USA) and Agilent 2100 Bioanalyzer (Cat. No. DE00001234, 
Agilent Technologies, CA, USA). For the skin necropsies (given their 
small size, ~3 × 2 mm patch), the RNA concentrations ranged between 1 
and 10 ng/μl with RNA Integrity Number (RIN) > 6.0, A260/280 values 
between 1.6 and 2.11 and A260/230 values between 1.52 and 2.48 
while for the brain samples (~8 mm3) the RNA concentrations ranged 
between 8 and 160 ng/μl with RIN >9.5, A260/280 values between 2.01 
and 2.24 and A260/230 values between 2.16 and 2.37. 

The library preparation and sequencing were performed at the Eu-
ropean Molecular Biology Laboratory (EMBL), Heidelberg, Germany. All 
the samples were first barcoded with Illumina TruSeq adapters. The NGS 
libraries were prepared using two different approaches, namely the 
RNA-seq and QuantSeq. The RNA-seq libraries were generated from the 
whole RNA and QuantSeq sequences were generated from the RNA 
3′ends. The RNA-seq libraries were prepared using NEBNext Ultra II 
Directional RNA Library Prep Kit for Illumina, and the QuantSeq li-
braries were prepared using Lexogen QuantSeq 3′ polyadenylated RNA 
Library Prep Kit FWD for Illumina. For both applications, the sequencing 
was carried out using the Illumina NextSeq 500 platform, with the RNA- 
seq reads being 80 base pair (bp) paired-end (PE), and the QuantSeq 
reads being 80 bp single-end (SE). 

For the RNA-seq we sequenced skin samples (left wing patagium) 
from six randomly selected treatment individuals, representing their 
LPS-stimulated wing-web skin (hereafter referred to as ‘treatment- 
treatment’, tt), the control skin samples (right wing patagium) from the 
same six LPS-stimulated individuals (hereafter referred to as ‘control- 
treatment’, ct) and unmanipulated skin samples (left wing patagium) 
from six randomly chosen control individuals (hereafter referred to as 
‘control-control’, cc). The general immune response was estimated by 
comparing cc samples to tt samples. The comparison of ct samples to tt 
samples served us for description of the relative effects of the local im-
mune response, while the comparison of cc samples to ct samples served 
us to disentangle the effects of the systemic immune responses in the 
periphery. To reach comparable sequencing costs for both approaches 
focusing on the tt and cc comparison, for QuantSeq we compared 12 
treatment skin samples from the treatment individuals (tt) to 12 control 
skin samples from the control individuals (cc). Using the advantage of 
the cost-efficient QuantSeq approach, we were able to cover larger 
population sample and hence overcome the issue of inter-individual 
variability in transcriptomic patterns biasing the results. Finally, to 
meet our main objective, using QuantSeq we sequenced brain samples 
from the same 12 treatment individuals and 12 control individuals. The 
raw sequences were uploaded in the Sequence Read Archive (SRA) of 
NCBI (accession number: PRJNA751848). 

2.3. Transcriptome bioinformatics 

The transcriptome bioinformatic analysis was carried out in Wage-
ningen University and Research (WUR), the Netherlands. The BAQCOM 
pipeline v. 0.3.2 (https://github.com/hanielcedraz/BAQCOM; Adapter 
trimming: Trimmomatic v. 0.39; Alignment STAR v. 2.7.2b; Readcounts: 
featurecounts v. 2.0.3) with the zebra finch reference genome (Taenio-
pygia_guttata.bTaeGut1_v1.p.dna.toplevel.fa) and annotation file (Tae-
niopygia_guttata.bTaeGut1_v1.p.108.gtf) downloaded from Ensembl 
(Howe et al., 2021) was adopted for the data analysis. This was based on 
initial testing of the BAQCOM and the bluebee pipeline (https://www. 
bluebee.com/lexogen/; Adapter trimming: bbduk v. 35.92; Alignment 
STAR v. 2.5.2a; Readcounts: HTSeq-count v. 0.6.0). 

On average, the RNA-seq generated in the skin samples ~130 million 
reads per individual (range from 85,612,614 to 167,895,520 reads; 
Table S3, ESM1) with the alignment percentage ranging between 
55.50% and 95.98% (Table S4, ESM1). For QuantSeq, the sequence data 
obtained were on average ~9.5 million reads per individual (range from 
1,586,888 to 21,400,263 reads) for the skin samples and ~13.4 million 
reads per individual (range between 11,309,173 and 16,028,933 reads; 
Table S3, ESM1) for the brain samples. For the skin samples, the align-
ment percentage ranged between 65.56% and 95.86% and for the brain 
samples, the alignment percentage ranged between 68.99% and 91.38% 
(Table S4, ESM1). 

As outlined above, for DEG analysis in RNA-seq data we used the in- 
depth capacity of the platform to gain insight into the additive effects of 
local and systemic immune response: i) the general response was esti-
mated by comparing the groups cc vs. tt (as for the QuantSeq), ii) the 
local effects were estimated by comparing treatment and control wings 
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from the same treatment individuals (ct vs. tt), and finally iii) the sys-
temic effects were estimated by comparing unmanipulated controls to 
untreated skin in the intraabdominally LPS-injected individuals (cc vs. 
ct). The DESeq2 program was used with default settings to calculate the 
fold change gene expression values that were then transformed to their 
log2 values. Genes with padj value ≤ 0.05 and a log2 fold change value 
≥ 1 were considered as significantly differentially expressed. Gene 
functional annotations (gene ontology, GO) were attributed using the 
Ensembl BioMart (Smedley et al., 2015) with a zebra finch reference, 
manually supplemented with Uniprot (The UniProt Consortium et al., 
2021) annotations. The GO terms for unannotated genes were assigned 
by finding orthologous genes in the chicken or human reference using 
gprofiler (Raudvere et al., 2019). 

To reveal similarities and differences in the results obtained through 
the RNA-seq and QuantSeq platforms, we used the Co-Inertia multi-
variate Analysis (CIA) (Dolédec and Chessel, 1994; Dray et al., 2003) 
combined with the Monte Carlo permutation test (see Bílková et al., 
2018). CIA identifies co-relationships between the samples from the 
same individuals represented in multiple datasets. Furthermore, the 
correlations between the QuantSeq and RNA-seq data were analysed 
using corrplot package (Version 0.84) and Spearman’s correlation in R 
software (version 4.1.1; (Team, 2013). Since the total number of 
experimental animals differed between our RNA-seq and QuantSeq 
datasets, we applied these two approaches on identically subsampled 
datasets, using only the QuantSeq data from samples simultaneously 
sequenced also through the RNA-seq. We also ran the GATK (Genome 
Analysis Toolkit) pipeline (Poplin et al., 2017) to check for the 
relatedness-independent assortment of the individuals between the 
treatment groups; we used SNPRelate package (default settings) (Zheng 
et al., 2012) in R software for generating the dendrogram of individual 
relatedness. The result showed us that the birds were distributed be-
tween the treatment groups randomly with respect to their relatedness 
(Supplementary Fig. S1, ESM2). We generated Venn diagrams to indi-
cate the DEGs common between the all the full length RNA-seq com-
parisons (RS) as well as between all RS vs. QuantSeq (QS) comparisons 
using Venny (version 2.1.0) (Oliveros, 2007). We used online tool Shi-
nyGO v. 0.77 (http://bioinformatics.sdstate.edu/go/) to generate the 
gene interaction network for the differentially expressed genes from the 
QS data of both skin and brain tissues (Ge et al., 2020). 

2.4. RT-qPCR validation of the gene expression changes in brain and skin 

For the selected top DEGs (based on the fold change values from the 
QuantSeq analysis) expressed in both brain and skin we verified the 
expression patterns using RT-qPCR. The target genes included IL1B, 
avidin (AVD-like), antimicrobial protein avian β defensin 10 (AvBD10), 
two chemokine genes CXCLi1, CXCLi2 (orthologous genes for the che-
mokine CXCL8 ~ IL8 in mammals; Poh et al., 2008) and 
anti-inflammatory gene aconitate decarboxylase 1 (ACOD1). The 28S 
rRNA was used as a reference gene. The RT-qPCR was performed in 
triplicates, together with plate negative (no-template triplicate) and 
positive (standard dilution series 102-108 copies) controls, using Luna 
Universal Probe One-Step RT-PCR Kit (E3006, BioLabs Inc.) with 0.6 
mM primer and 0.2 mM probe concentrations in a Light Cycler LC480 
Instrument (Roche Diagnostics, Rotkreuz, Switzerland) set to cycling 
conditions: (1) 50 ◦C 10 min, (2) 95 ◦C 1 min, (3) (95 ◦C 10 s, 60 ◦C 30 s) 
× 45. The RNA for the RT-qPCR analysis was diluted in molecular water 
enriched with carrier-tRNA (Qiagen, Cat. No. 1068337): 1:5 for the 
target gene quantification and 1:500 for the reference gene (28S rRNA) 
quantification. Details to the RT-qPCR assays are provided in Table S5, 
ESM1. As positive controls we used the synthetic DNA standards 
(g-Blocks; Table S6, ESM1). Our assay efficiency was on average 1.911 
(ranging between 1.72 and 2.00, Table S6, ESM1; standard curves for 
the RT-qPCR assays are provided in Fig. S2, ESM2). Prior the RT-qPCR 
analysis, we checked the sequence population variability in the 
primers and probes used for our RT-qPCR assays to identify any possible 

mismatches (extraction of genomic DNA from blood of 10 zebra finches 
using DNeasy Blood & Tissue Kit, Qiagen, cat. number 69581; amplifi-
cation with Qiagen Multiplex PCR Plus kit in a reaction with 0.2 μM final 
concentration of primers; Sanger sequencing of the targets with BigDye 
Terminator v. 3.1 Cycle Sequencing Kit and 3500xL Genetic Analyzer 
Applied Biosystem platform). In the final assays that we designed for this 
study we did not find any sequence variation that could differentially 
affect the assay efficiencies between individuals (GenBank IDs are pro-
vided in Table S7, ESM1). 

The gene expression quantification was calculated either as standard 
gene expression quantity (Qst; Vinkler et al., 2018) that allows com-
parison of the gene expression between treatments and controls or as the 
relative gene expression ratio (R) which provides the measure of gene 
expression fold change in the treatments against the controls (Pfaffl, 
2001). In the ACOD1 gene, non-specificities were repeatedly revealed 
when amplifying different regions of the gene with different combina-
tions of primer pairs, probably resulting from repetitive GCs, indels 
variable in the population or multiple isoforms. Also, the efficiency of 
our ACOD1 qPCR was very low in this gene (1.72). Therefore, ACOD1 
was excluded from the final DGE analysis. The analysis was limited only 
to the top target genes and a single reference gene because of the low 
amounts of RNA that was remining after the transcriptomics and was 
available for the RT-qPCR analysis. 

The statistical analysis of the RT-qPCR results was conducted using 
the R software (Team, 2013). We assessed data normality distribution 
through the Shapiro-Wilk test. Due to the non-normal distribution of the 
Qst values, we opted to employ the non-parametric Wilcox test for 
further analysis. The differences in gene expression between treatment 
groups were visualised as boxplots using the ggplot2 package (v. 3.4.2). 
Correlation tests and Principal Component Analyses (PCA) were per-
formed for the selected genes studied via RT-qPCR in both skin and brain 
tissues, respectively. The relative expression data were normalized using 
a common logarithm. 

3. Results 

3.1. Skin swelling response to LPS stimulation 

Before transcriptomic analysis, we checked whether the inflamma-
tory immune response to the LPS stimulation occurred in skin of the 
treatment birds in the time of tissue collection. This was revealed by the 
significant swelling of the tissue in treatments compared to controls 
(Wilcoxon signed rank test: n = 24, V = 1.00, p = 0.003; Fig. 1). 

Fig. 1. Difference in the wing patagium swelling response between the LPS- 
treatment birds and controls. The wing swelling score was used as an inflam-
matory response measure, calculated as the difference in skin thickness be-
tween the left (treatment) wing patagium and the right (control) wing patagium 
(mm). Mean and variation in SD is shown. 
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3.2. Skin transcriptomics analysed by the RNA-seq approach 

Based on the zebra finch RNA-seq data from skin peripheral 
inflammation, our experimental design allows us to elucidate the rela-
tive effects of systemic and local responses from the general tran-
scriptomic changes. First, the DGE analysis of the general response (tt vs. 
cc; dataset RS1) revealed in total 370 DEGs with 117 of them having 
annotation of the gene function. Out of these 62 were up-regulated and 
57 down-regulated (gene list with GO annotations provided in Table S8, 
ESM1). Interestingly, the most significant up-regulated genes belonged 
to the GO terms muscle fibre development pathway, positive regulation 
of Rho protein signal transduction pathway and post-translational pro-
tein modification pathway. Only six upregulated genes were involved in 
immune function, including innate immune response (SUSD4), leuko-
cyte migration involved in inflammatory response (TRIM55) and nega-
tive regulation of interferon-gamma-mediated signalling pathway 
(PPARG). Neither most of the significantly down-regulated genes were 
involved in immune function; those that were (5 genes) belonged to the 
pathways including negative regulation of inflammatory response 
(CCN3) and positive regulation of interleukin-1 production (PANX2). 
Second, analysis of the local effects of the LPS treatment (ct vs. tt; dataset 
RS2) identified 103 DEGs out of which only 43 DEGs had gene function 
annotations, with as few as 14 up-regulated ones and the remaining 29 
genes being down-regulated (Table S9, ESM1). The most significant up- 
regulated genes belonged to the regulation of apoptotic process and 
activation of JUN kinase activity pathways. Minority of the up-regulated 
DEGs were associated with immunity: inflammatory response (KLRG1), 
response to bacterium (CLPS) and cytokine-mediated signalling 
pathway (IL17RD). Key down-regulated genes belonged to the following 
pathways: intracellular signal transduction, lipid metabolic process, and 
calcium ion transport. Among the few down-regulated immune genes 
belonged those linked with negative regulation of NIK/NF-kappaB sig-
nalling (CCN3), positive regulation of interleukin-1 production (PANX2) 
and innate immune response (POLR3E). Third, analysis of the systemic 
effects of the peripheral LPS stimulation (cc vs. ct; dataset RS3) identi-
fied 76 DEGs in total, but only 37 genes annotated. Among these, 33 
were up-regulated and 4 down-regulated (Table S10, ESM1). The main 
pathways identified were partially consistent with the results of our 
general (cc-tt; RS1) analysis, although we could only find a single gene 
which was directly involved in immune function (ANKRD1). 

We found limited overlaps between the gene sets revealed by the 
three separate DGE analyses, with no genes common among all of them 
(Fig. S3; Table S11, ESM1). There were 32 genes common between RS1 
and RS2, indicating their involvement in the local response, although 
only a single one (BIRC7) showed a direct immune function). There were 
25 genes common between RS1 and RS3, suggesting their role in sys-
temic response, but none had any specific role in immunity. Thus, sur-
prisingly, our RNA-seq analysis did not reveal any important 
involvement of immune genes in the immune response. Therefore, we 
conclude that within the existing budget constraints, our RNA-seq was 
not very successful in detecting the immunological effect of an avian 
systemic inflammation. These pilot results indicated that simple increase 
in the sample size and sequencing depth would not be a cost-effective 
and budget-feasible solution to reach our objective. Therefore, an 
alternative strategy was adopted, applying the QuantSeq approach to 
identify the immunological effect of the LPS stimulations. 

3.3. Skin transcriptomics analysed by the QuantSeq approach 

In an enlarged dataset of 24 individuals potentially better repre-
senting the inter-individual variation, we analysed the general skin in-
flammatory response (cc vs. tt) using the QuantSeq approach (dataset 
QS; equivalent RS1). We identified the differential expression in 265 
genes. Out of the 168 significant DEGs with functional annotation 
available, 113 genes were up-regulated, and 55 genes were down- 
regulated (Table S12, ESM1; the gene interaction networks for the up- 

regulated and down-regulated genes are shown in Fig. S4 and Fig. S5, 
respectively). In contrast to the RS1 dataset, several of the up-regulated 
DEGs represented key regulators of immune response and known 
inflammation markers. As expected, the major immune pathways 
detected were immune response (SCAP), innate immune response 
(CXCL8), and cellular response to lipopolysaccharide (IL1B, TNIP3). Our 
analysis also identified changes in expression of other genes functionally 
related with altered physiology during inflammation, including, e.g., 
cell-cell junction assembly (CDH12), maintenance of epithelial cell 
apical/basal polarity (LHX2) and anatomical structure morphogenesis 
(SOX3). 

We found little overlap between the most significant up-regulated 
pathways revealed by the four skin sample comparisons we performed 
(Fig. 2). Searching for possible overlaps (Fig. 3), we found only 6 DEGs 
with defined GO annotation common between the RNA-seq and 
QuantSeq results (cc-tt) in skin: MB, MYOZ1, CKMT2, MYL1, TNNT3 and 
PLCXD3 with most of them having their roles in skeletal muscle devel-
opment and muscle contraction, but no associations to immunity. Yet, 
CIA showed significant co-structure between the RNA-seq and QuantSeq 
datasets (RV = 0.445, Monte Carlo test p = 0.001), indicating that both 
approaches captured at least part of the same biologically relevant dif-
ferences between the samples (Table S13, ESM1). 

3.4. Identification of differentially expressed genes in brain during 
peripheral inflammation 

We used the QuantSeq approach to identify also suitable neuro-
inflammatory markers in the zebra finch. Our analysis of DGE in the 
hyperpallial region of brain in the full dataset of 24 individuals identi-
fied seven consistently represented DEGs, out of which 6 genes were up 
regulated (Table S14, the gene interaction network is shown in Fig. S6). 
The up-regulated genes refer to pathways involved in antibacterial hu-
moral response (AVD-like), cellular response to interleukin-1 (ACOD1), 
inflammatory response (EX-FABP-like), clustering of voltage-gated so-
dium channels (GLDN), iron ion transport (FTH1) and positive regula-
tion of Notch signalling pathway (BMP2K; Fig. 4). The single down- 
regulated gene is MIR29B2, which is a miRNA with unknown function 
in birds. AVD-like and ACOD1 were then selected as our putative neu-
roinflammatory markers. CIA showed significant co-structure between 
the brain and skin QuantSeq datasets (RV = 0.33, Monte Carlo test p =
0.001; Table S15). 

3.5. Validation of the QuantSeq-identified DEGs in skin and brain using 
RT-qPCR 

To verify the accuracy of the QuantSeq estimates of gene expression 
changes during inflammation in the zebra finch, 5 selected DEGs (IL1B, 
AvBD10, AVD-like, CXCLi1 and CXCLi2) identified in either skin or brain 
were targeted by the RT-qPCR (details on the RT-qPCR results are pro-
vided in Table S16). Unfortunately, we were unable to develop a func-
tional RT-qPCR for ACOD1 where we experienced non-specificities in 
amplified products (Table S5 and Table S6 in ESM1). In skin, we found 
that expression of all the 5 remaining genes was significantly up- 
regulated, consistently with our QuantSeq results (Table S12). Inter-
estingly, this trend was not captured by the RNA-seq, which showed no 
significant difference in the expression of these genes in skin (Fig. 5). 
The expression of several of these selected genes in skin, as revealed by 
the RT-qPCR, was intercorrelated, but did not correlate with the 
metrical measurement of the skin swelling (Table S17). Also the PCA 
analysis of the RT-qPCR gene expression data in skin showed that all the 
tested genes consistently followed the same trend of activation (PC1 
explained 61.8% of the variation, PC2 explained 20.9% of the variation; 
Fig. S7). In the brain, the PCA showed two gene clusters, one formed by 
AvBD10 and CXCLi1 and the other one by IL1B, AVD-LIKE and CXCLi2 
(PC1 explained 66.9% variability, PC2 explained 18.5% of the variation; 
Fig. S7). The correlation matrices for IL1B, AVD-LIKE, AvBD10, CXCLi1 
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and CXCLi2 showing the RT-qPCR-detected gene expression trends for 
brain and skin are provided in the supplementary files (Table S18 and 
Table S19 in ESM1, and Fig. S8 and Fig. S9 in ESM2). None of the 
cytokine genes serving as peripheral inflammatory markers (IL1B, 
CXCLi1 and CXCLi2) was in the brain differentially expressed between 
the treatments and the controls (in all cases p > 0.100). This result was 
again consistent with the QuantSeq results. In contrast, AVD-like gene 
expression up-regulation was detected by RT-qPCR in the brain, vali-
dating the QuantSeq results (Fig. 5; rest of the figures are provided in 
Fig. S10 and Fig. S11 in ESM2). Furthermore, we found increased 
expression of AvBD10 gene in the brain of the LPS-stimulated in-
dividuals, which was not captured by the QuantSeq transcriptomics. For 
all the selected genes in skin (AVD-like: r = 0.751, p « 0.001; AvBD10: r 
= 0.758, p « 0.001; CXCLi1: r = 0.797, p « 0.001; CXCLi2: r = 0.621, p =
0.001; IL1B: r = 0.489, p = 0.015) and for AVD-like in brain (r = 0.581, p 
< 0.003) we found strong correlations between the QuantSeq and RT- 
qPCR data (for AVD-like shown in Fig. 5, for the other four genes 
expressed in skin and brain see Figs. S12 and S13 in ESM2). Our results 
indicate that within comparable expense limits, the QuantSeq method 
showed improved sensitivity over to the traditional RNA-seq to the 
changes in expression of the immune genes. 

4. Discussion 

Diverse transcriptomic methods are now available to analyse varia-
tion in gene expression, but not all are equally suitable for all types of 
datasets. Our initial attempts to describe the gene expression patterns 
during local and systemic immune response to LPS using RNA-seq in 12 

Fig. 2. The most significant up-regulated pathways revealed in the four transcriptomic analyses of the skin peripheral response to bacterial lipopolysaccharide (LPS) 
in the zebra finch. Two approaches (RS = RNA-seq and QS = QuantSeq) were adopted to reveal the differential gene expression between skin samples obtained from 
control patagium tissue in control individuals (cc), control patagium tissue in treatment individuals (ct) and treatment patagium tissue in treatment individuals (tt), 
x-axis shows log2 fold change (FC), y-axis shows the most significant pathways. 

Fig. 3. Venn diagram showing the number of common differentially expressed 
genes between the four transcriptomic analyses of the skin peripheral response 
to bacterial lipopolysaccharide (LPS) in zebra finch. Two approaches (RS =
RNA-seq and QS = QuantSeq) were adopted to reveal the differential gene 
expression between skin samples obtained from control patagium tissue in 
control individuals (cc), control patagium tissue in treatment individuals (ct) 
and treatment patagium tissue in treatment individuals (tt). 

Fig. 4. The most significant up-regulated pathways revealed in the transcriptomic analysis of the brain response to peripheral stimulation with bacterial lipo-
polysaccharide (LPS) in zebra finch. QuantSeq (QS) approach was adopted to reveal differential gene expression, x-axis shows log2 fold change (FC), y-axis shows the 
most significant pathways. 
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zebra finch individuals (6 control and 6 treatment birds) revealed much 
inconsistency to Scalf et al. (2019) regarding the immune gene expres-
sion. Assuming that high inter-individual variation in our experimental 
zebra finch dataset could have contributed to this result, we opted 
another library preparation technique, the QuantSeq. Using the single 
3′end sequencing, the cost efficiency of this approach (per sample 1/5th 
of the RNA-seq price) allowed us to increase the sequenced tran-
scriptomic dataset, consisting of skin and brain samples, to 24 in-
dividuals (12 control and 12 treatment birds). Based on this approach 
we were able to identify candidate genes expressed in brain during pe-
ripheral inflammation. Our RT-qPCR analysis in selected genes vali-
dated the application of the QuantSeq method for identification of 
immune gene expression changes in the genetically heterogeneous do-
mestic zebra finch model. 

Given the dynamics of the immune response, timing of the response 
measurement is an important parameter in characterisation of inflam-
mation. In our study we selected the 24-h response period, because this 
timing is often adopted in studies aimed at investigation of the skin 
immune responsiveness in passerine birds, corresponding to the peak of 
the tissue swelling response (Vinkler et al., 2010). Our result evidence 
significant tissue swelling at 24 h after stimulation, which is assumed to 
reflect tissue infiltration with various leukocyte types (Martin et al., 
2006). Based on the understood molecular mechanism of the immune 
stimulation with LPS in the zebra finch (Vinkler et al., 2009), our 
experiment characterises gene expression changes during non-specific 
sterile inflammation activated in the skin through TLR4-mediated 
signalling. 

Consistent with results of other studies (Jarvis et al., 2020; Vo et al., 
2021), we show important differences between the DGE analysis results 
obtained through the RNA-seq and the QuantSeq approaches. While in 
the skin response the RNA-seq method identified more DEGs in total 
(371 genes compared to 265 genes identified by the QuantSeq method), 
this difference did not hold for the subset of the genes with available 
databased annotations, where QuantSeq provided more results (168 
genes compared to only 120 genes detected by the RNA-seq approach). 
The two approaches differ in the depth of sequencing, with the QuantSeq 
having higher coverage, but only in a much shorter part of the 
full-length transcript than RNA-seq. We assume that most of the unan-
notated genes could be sequences of non-coding RNAs in which the 
function is typically not known in less frequently studied species. Thus, 
for the zebra finch population datasets, the QuantSeq approach appears 
as a more cost-effective approach to identify the gene expression 
changes associated with inflammatory response. Similar to our findings, 
previous research reported that RNA-seq identifies in general more 
DEGs, but QuantSeq can detect more transcripts with specific features, e. 
g. shorter genes (Ma et al., 2019) that often act in immunity as effector 
and signalling molecules (Vo et al., 2021). It is important to note that 
although we sequenced lower number of samples using the RNA-seq 
method than using QuantSeq, the number of samples analysed by 
RNA-seq was still comparable to many other transcriptomic experiments 
in model organisms, e.g. in laboratory rodents (Liu et al., 2021; Söllner 
et al., 2017). However, the domestic zebra finch population is geneti-
cally more heterogenous than the common laboratory models (For-
stmeier et al., 2007; Gasch et al., 2016), which can affect the levels of 

Fig. 5. Expression changes in the AVD-like gene estimated through (A) RNA-seq (RS1), (B) RT-qPCR, (C) QuantSeq approaches in the skin samples of controls (CC) 
and treatment individuals (TT) with peripheral response stimulated with bacterial lipopolysaccharide (LPS) in zebra finch. (D) RT-qPCR and (E) QuantSeq show AVD- 
like gene expression in brain during this peripheral response. Correlation between the RT-qPCR and QuantSeq data on the AVD-like gene expression in skin, r = 0.751, 
p << 0.001 (F) and in brain, r = 0.581, p = 0.003 (G). 
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inter-individual variation in immune responsiveness and decrease 
power of the DGE analysis. Yet, the results of our CIA indicate that 
despite this issue, both the RNA-seq and QuantSeq approaches captured 
in the zebra finch biologically relevant variation between the samples 
analysed, documenting the relevance of those results that we were able 
to obtained. Comparisons of the local (ct vs. tt) and systemic response 
(cc vs. ct) using the RNA-seq generally showed pathways unrelated to 
immunity. Interestingly, in skin there were just 15 DEGs in common 
between the RNA-seq and QuantSeq results, out of which six genes only 
had defined gene names and functions. All the six shared genes were 
down-regulated in both RS1(cc-tt) and QS(cc-tt) and were mainly 
involved in movement physiology, suggesting changes in the physiology 
of subcutaneous muscles towards movement restrictions during the 
sickness phase, commonly observed during later stages of the acute 
response (Adelman et al., 2013; Deak et al., 2005; Sköld-Chiriac et al., 
2014). Similar results were described earlier in fish and mammals (Brant 
et al., 2019; Liu et al., 2022; Sousa et al., 2022). 

Importantly, the QuantSeq approach identified 56 genes involved in 
immune function whereas the RNA-seq only identified 12 immune genes 
as DEGs. Using the QuantSeq approach, we revealed in the skin up- 
regulation of key inflammation markers such as IL1B (Bent et al., 
2018; Kaneko et al., 2019) and CXCL8(IL8) (Bent et al., 2018; Bernhard 
et al., 2021; Lopez-Castejon and Brough, 2011; Shahzad et al., 2010), 
showing the ongoing acute inflammation in the periphery (Lopez-Cas-
tejon and Brough, 2011). Our RT-qPCR results obtained from skin 
samples validate the QuantSeq results, but contradict the negative re-
sults obtained from RNA-seq (all the five genes tested). 

Studies in rodents have shown that IL1B expressed in the periphery 
can activate both astrocytes and microglia in the brain, triggering neu-
roinflammation (Shaftel et al., 2008). IL8 has a role in neutrophil acti-
vation and chemotaxis within the CNS during inflammation. In human 
microglia IL8 levels increase in response to LPS (Ehrlich et al., 1998). 
IL1B also promotes the expression of avian β-defensins, which are 
important antimicrobial peptides (Hancock and Diamond, 2000; 
McDermott, 2004; Scott and Hancock, 2000). Especially AvBD10 has 
been reported in the brain tissues of many avian species (Li et al., 2015). 
Our RT-qPCR captured similar AvBD10 gene expression change in the 
brain that remained unidentified through the transcriptomics. 

Unlike previous research of zebra finch neuroinflammation per-
formed during the early phase of activation (2 h; Scalf et al., 2019), our 
study focused at the response observed 24 h after the LPS injection, 
identifying the delayed changes in gene expression. This could be 
responsible for the difference in the DGE pattern observed. In brain, our 
QuantSeq analysis identified only seven DEGs, i.e. less DEGs than 
identified during the early response (Scalf et al., 2019). Such a 
time-dependent change in the gene expression pattern is known also 
from mammalian studies (Rankine et al., 2006; Terenina et al., 2017). 
Yet, among the up-regulated DEGs detected in the brain, all six, AVD--
LIKE, EX-FABP-like, ACOD1, GLDN, FTH1, BMP2K, are involved in im-
mune response modulation, suggesting that expression of these genes 
could contribute to the regulation of neuroinflammation and related 
sickness physiology. Up-regulation of Avidin (AVD)-related genes is 
observed during inflammation and infections in chickens (Korpela et al., 
1982; Kunnas et al., 1993). AVD up-regulation can induce expression of 
a stress protein family of Fatty acid-binding proteins (FABPs) (Zerega 
et al., 2001), lipid chaperones having a roles also in neurodegenerative 
diseases (Guo et al., 2022) and regulation of neuroinflammation (So 
et al., 2022, p. 4). Similar to our results, in chickens EX-FABP expression 
increases after stimulation with LPS and IL6 (Cermelli et al., 2000), 
supporting the role of this gene in immunomodulation. Aconitate 
decarboxylase 1 (ACOD1, also known as immune responsive gene 1, 
IRG1) is a key regulator of immunometabolism during infection with 
important anti-inflammatory effects (Wu et al., 2022). In mice, both 
viral (Mills et al., 2018) and bacterial (Ganta et al., 2017; Shi et al., 
2005) pathogens importantly enhance the expression of ACOD1, espe-
cially in microglia (Kanthasamy and Rangaraju, 2020). FTH1 is known 

to be involved in macrophage activation, as evidenced by stimulation 
with LPS (Mesquita et al., 2020). Transcriptomics in mice microglial 
cells showed up-regulation of FTH1 expression in late neurodegenera-
tive diseases (Hunter et al., 2021). The associations of the remaining two 
DGEs with immunity are less direct, but previous studies showed 
elevated expression of bone morphogenetic protein 2 inducible kinase 
(BMP2K) during prolonged inflammation (Vance, 2014) and gliomedin 
(GLDN) is associated with profound macrophage infiltration into 
wounds and may be involved in the healing process (Etich et al., 2019). 

To conclude, our results provide evidence for transcriptomic changes 
induced in the periphery (skin) by a local and systemic stimulation of 
inflammation, affecting gene expression regulation in the brain. These 
results on the late response complete the previously published evidence 
on early phases of the neuroimmune response to peripheral inflamma-
tion in the songbird model (Scalf et al., 2019). Twenty-four hours after 
stimulation the pro-inflammatory regulation is detectable in the pe-
riphery but has only very modest effects on the gene expression in zebra 
finch brain. Here the signalling is mostly anti-inflammatory, including 
up-regulated expression of genes involved in resolving the acute neu-
roinflammation. Further studies are required to bring understanding to 
the precise timing of the shift between neuroinflammatory and 
anti-inflammatory regulation and specific roles of individual genes and 
related pathways in this process, similar to the time scale experiments in 
rodent (Borniger et al., 2017; Lesur et al., 2010; Seok et al., 2013). 
Comparative research is key to reveal the basic principles of the 
neuro-immune interplay regulation. Our study including also the 
RT-qPCR validation indicates that specific cost-effective alternatives to 
the classical RNA-seq, such as the QuantSeq, can promote this 
demanding investigation in non-model, genetically heterogenous spe-
cies, facilitating identification of key markers of peripheral inflamma-
tion and neuroinflammation applicable across species. 
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Těšický, Ferris Jung. 
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Varying conjunctival immune
response adaptations of house
finch populations to a rapidly
evolving bacterial pathogen
Nithya Kuttiyarthu Veetil 1, Amberleigh E. Henschen2,
Dana M. Hawley3, Balraj Melepat1, Rami A. Dalloul4,
Vladimı́r Beneš5, James S. Adelman2† and Michal Vinkler1†*

1Department of Zoology, Charles University, Faculty of Science, Prague, Czechia, 2Department of
Biological Sciences, The University of Memphis, Memphis, TN, United States, 3Department of
Biological Sciences, Virginia Tech, Blacksburg, VA, United States, 4Department of Poultry Science, The
University of Georgia, Athens, GA, United States, 5European Molecular Biology Laboratory (EMBL),
Genomics Core Facility, Heidelberg, Germany
Pathogen adaptations during host-pathogen co-evolution can cause the host

balance between immunity and immunopathology to rapidly shift. However, little

is known in natural disease systems about the immunological pathways

optimised through the trade-off between immunity and self-damage. The

evolutionary interaction between the conjunctival bacterial infection

Mycoplasma gallisepticum (MG) and its avian host, the house finch

(Haemorhous mexicanus), can provide insights into such adaptations in

immune regulation. Here we use experimental infections to reveal immune

variation in conjunctival tissue for house finches captured from four distinct

populations differing in the length of their co-evolutionary histories with MG and

their disease tolerance (defined as disease severity per pathogen load) in

controlled infection studies. To differentiate contributions of host versus

pathogen evolution, we compared house finch responses to one of two MG

isolates: the original VA1994 isolate and a more evolutionarily derived one,

VA2013. To identify differential gene expression involved in initiation of the

immune response to MG, we performed 3’-end transcriptomic sequencing

(QuantSeq) of samples from the infection site, conjunctiva, collected 3-days

post-infection. In response to MG, we observed an increase in general pro-

inflammatory signalling, as well as T-cell activation and IL17 pathway

differentiation, associated with a decrease in the IL12/IL23 pathway signalling.

The immune response was stronger in response to the evolutionarily derived MG

isolate compared to the original one, consistent with known increases in MG

virulence over time. The host populations differed namely in pre-activation

immune gene expression, suggesting population-specific adaptations.

Compared to other populations, finches from Virginia, which have the longest

co-evolutionary history with MG, showed significantly higher expression of anti-

inflammatory genes and Th1 mediators. This may explain the evolution of disease

tolerance to MG infection in VA birds. We also show a potential modulating role
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of BCL10, a positive B- and T-cell regulator activating the NFKB signalling.

Our results illuminate potential mechanisms of house finch adaptation to

MG-induced immunopathology, contributing to understanding of the host

evolutionary responses to pathogen-driven shifts in immunity-

immunopathology trade-offs.
KEYWORDS

adaptations diversifying populations, emerging disease, coevolution, parasite, host-
pathogen interaction, inflammatory immune response, resistance, tolerance
to infection
Introduction

Host-parasite co-evolution belongs among the most dynamic

evolutionary phenomena (1). Novel adaptations rapidly shift

pathogen virulence [i.e. pathogen damage to host fitness (2)] as

well as host immune defence capacities. Given the frequent

emergence of novel zoonotic infections transmitted to humans

from wildlife, there is urgent need for improved understanding of

the natural variation in both patterns and mechanisms of host-

pathogen evolution (3, 4). Despite common expectation that long-

term coevolution between hosts and their pathogens favours

decrease in the pathogen virulence (1), present evidence suggests

variation in these evolutionary patterns, with long-term increase in

virulence observed in certain contexts (5). In response, hosts can

rapidly adjust their resistance, i.e. evolve capacity to decrease

pathogen replication, consistent with the arms-race model (1).

Such adaptations have emerged, for example, in amphibians (6)

and bats (7) challenged by fungal pathogens, or rabbits facing

myxoma virus epidemics (8). However, if pathology caused by the

excessive immune defence is too costly (9), the immunity-

immunopathology trade-off can favour the evolution of tolerance

to the infection instead of, or in addition to, resistance (10–12).

Unlike resistance, tolerance mitigates the host’s fitness loss through

a reduction of tissue damage caused by infection or improved repair

of this damage, without necessarily reducing pathogen replication.

In contrast to resistance, evolution of tolerance to infection typically

does not promote the arms race accelerating further increase in

pathogen virulence (13, 14). However, if the increase in host’s

tolerance decreases immunopathology that favours pathogen

transmission, pathogen can respond by evolving higher virulence

(15, 16). This can further select on optimisation of the immune

response, setting equilibrium between host immunity and

immunopathology (9). Although recent research in different

species of wild vertebrates (17–19) indicated that infection

tolerance can be a common strategy to reduce the fitness costs in

hosts facing novel pathogens, we still mostly lack evidence on the

immunological mechanisms responsible for the shifts between

resistance to tolerance in natural host-pathogen systems.
02
One of the few relevant vertebrate models for this investigation

where we have evidence for tolerogenic adaptation (20) can be

found in the recent evolutionary interaction between the bacterium

Mycoplasma gallisepticum (MG) and its novel host, the house finch

(Haemorhous mexicanus) (21). MG is a horizontally transmitted

pathogen that shows high antigenic variation (22). Previously

known to be a respiratory pathogen of domestic poultry (23), in

1994 MG was first detected in wild house finches in Virginia

(eastern USA), causing mild to severe conjunctivitis (24). Within

three years, the infection spread across eastern North American

populations of the host and, after a few-year’s lag, in the early 2000s

the disease was detected in western North American house finch

populations (25). Mycoplasmal conjunctivitis disease decreases

survival of finches (26) in the wild, often causing severe decline

(up to 60%) in affected house finch populations (27). However, the

epizootic did not reach some isolated house finch populations, such

as those introduced to the Hawaiian Islands which still remain naïve

to MG. Further, because of the way that MG spread west across the

northern part of the United States and then down the western coast,

MG has only recently (or in some cases, never) been documented in

host populations in areas of the southwest United States such as

Arizona (28).

The house finch-MG model system is unique in avian

evolutionary ecology given the precisely mapped spatiotemporal

epizootic data and the wealth of pathogen isolates collected

throughout time from various wild house finch populations that

are presently available for infection experiments (29). This

experimental research has shown that MG virulence has increased

over time, with the evolutionarily original MG isolates (e.g. the

isolate VA1994) causing milder disease than the more recent,

evolutionarily derived isolates (e.g. the isolates NC2006 or

VA2013) (30, 31). At the same time, there is inter-individual

variability among hosts in their responses to the pathogen (32)

and the host populations appear to have adapted to the MG

selective pressure (33). We have recently shown that house finch

populations with a longer co-evolutionary history with MG show

more tolerance to the infection than the populations in recent or no

contact with the pathogen (20), with tolerance quantified as milder
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disease severity (i.e., conjunctivitis) at a given pathogen load. This is

probably linked to regulation of the inflammatory response, which

is less pronounced in the Harderian glands of house finch

populations in longer contact with the pathogen, compared with

populations with little or no contact with MG (20, 33).

Bacteria of the genus Mycoplasma are extracellular and

intracellular parasites known in vertebrates to trigger excessive

proinflammatory signalling (e.g. mediated by IL1B or IL6), while

down-regulating regulatory signals with anti-inflammatory effects

(e.g. IL10) (34). In humans, clinical manifestations of acute

mycoplasmosis result from immunopathologic inflammation

generated by the host, rather than by the direct pathogen-

mediated tissue damage (35). Excessive inflammation may

contribute to MG’s ability to evade the host effector antibody

response by disrupting regulation of the inflammation, improving

pathogen transmission efficiency (36). In house finches, MG

infection affects mainly the sites belonging to conjunctiva-

associated lymphoid tissue, including conjunctiva and Harderian

gland (37). Since its emergence in finches, MG appears to have

evolved to trigger stronger pro-inflammatory cytokine levels in the

host periocular lymphoid tissues, which is positively correlated with

increased bacterial loads (37), disease severity (5), and pathogen

spreadability (36). This promotes in the host an evolutionary trade-

off between selection on stronger immunity to clear the pathogen

infection, consistent with resistance, and constraint emerging from

immunopathology, selecting on down-regulation of inflammation

achieved through tolerance.

Transcriptomic analysis is an important approach to identify

possible shifts in immune regulation of host-pathogen interactions.

Previous studies using transcriptomics in house finches focused on

gene expression changes in spleen, a secondary lymphoid tissue not

topologically linked with the MG infection site where the primary

direct contact between the host and the pathogen occurs (38, 39).

Our previous RNA-seq transcriptomic research in the Harderian

gland (20), a periocular secondary lymphoid tissue, has shown that

3 days post inoculation (DPI) with MG, house finches from more

tolerant populations (those with a longer history of MG endemism)

also showed reduced up-regulation of immune gene expression,

notably among inflammation-regulating chemokines (20). Here we

adopted the 3’-end transcriptomic QuantSeq approach to more

closely explore the variation in immune regulation underlying the

observed differences between the house finch populations in their

tolerance to MG. Unlike the previously studied Harderian gland,

conjunctiva is a lymphoid tissue directly exposed to the MG

pathogen and thus the first tissue to be immunologically affected

by the infection. Our objective was to describe the conjunctival

immune response involved in directing the subsequent pathway

regulation towards resistance or tolerance to MG. We used samples

from the same birds for which Harderian gland tissues were

analysed in Henschen et al. (20). MG-naïve house finch juveniles

that were captured in one of four wild populations (Virginia = VA,

Iowa = IA, Arizona = AZ and Hawaii = HI) were exposed to one of

two MG isolates (original VA1994 or evolved VA2013) under

controlled captive conditions. At the time of experimentation, the

VA population had experienced the longest coevolution with MG

(>20 years), the IA population only a slightly shorter co-evolution
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with MG than VA (~20 years (24);, while in AZ the MG epidemics

are still relatively recent (0-5 years, with no detections in the

population sampled (28);, and the HI population is likely entirely

naïve to MG due to its geographic isolation (20). Differences

between house finch populations in their co-evolutionary time

with MG allowed us to track the variation in the immune

responses associated with adaptation to the pathogen. The

immune responses were assessed 3 DPI in order to describe the

initial phase of the infection, during which innate immune

regulation is being established at the infection site (37). Using

differential gene expression (DGE) analysis, we first identified the

immune pathways involved in response to MG and their differences

between the four host populations (model 1). In our analysis, we

focused namely on the variation in pro-inflammatory pathways that

could promote resistance to MG and regulatory mechanisms that

could increase tolerance to MG, indicating house finch adaptations

to the pathogen. Second, we described differences between the four

host populations in control individuals, where variation in baseline

immune regulation can be identified (model 2). Third, we

characterised differences in conjunctival immune responses

associated with MG strain virulence (model 3).
Materials and methods

Experimental design and animals

Details of the experiment are provided in (20), so here we

recapitulate it only briefly. Hatch-year house finches (identified as

first-year based on plumage characteristics) were captured using

mist nets and feeder traps (40) between June and September 2018 in

Blacksburg, Virginia (VA), Ames, Iowa (IA), Tempe, Arizona (AZ)

and Oahu, Hawaii (HI) (details provided in Supplementary Table

S1, Electronic Supplementary Material 1, ESM1 and map displaying

the details of sample collection is shown in Supplementary Figure 1,

Supplementary Figure S1 in ESM2). Any finches that showed

clinical signs of MG infection during capture were immediately

released. Following capture, each bird received a uniquely

numbered aluminium leg band, and an electronic balance was

used to determine its mass. To eliminate ectoparasites, the birds

were all dusted with 5% sevin powder. The trapped birds were

brought to the Iowa State University animal facility. After arrival, all

birds were subjected to an acclimation and quarantine period

(minimum of 40 days), which included treatment with

prophylactic medications to prevent naturally occurring

infections. A serological assay was run on blood collected

approximately two weeks post-capture to ensure that all birds

used in experiments were seronegative for MG infection (20).

Birds were kept individually inmedium flight cages (76 cm x 46 cm

x 46 cm) for the duration of the experiment and were provided ad

libitum access to water and food. The diet consisted of a 20:80 mixture

of black oil sunflower seeds and pellets (Roudybush Maintenance

Nibles; Roudybush, Inc., Woodland, CA). Temperatures (~22°C) and

light-dark cycles (12h:12h) were kept constant.

The infection experiment was performed in October 2018 on a

sample of 60 individuals representing the four different house finch
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populations (VA, IA, AZ, HI). For each population, 5 individuals

served as controls (C) treated with Frey’s media with 15% swine

serum alone, 5 were treatment individuals inoculated with the

original MG isolate VA1994, and 5 were inoculated with the

evolved MG isolate VA2013 (in both treatments the MG dose

was 7.5×106 colour changing units, CCU/mL) following the same

methodology as in (5, 41). Three days post-infection (3 DPI), the

birds were euthanised by rapid decapitation and a panel of nine

tissues were collected. All tissues were submerged into RNA later

protectant within 15 minutes of euthanasia and immediately

refrigerated at 4°C. The cooled periocular conjunctiva-associated

lymphoid tissue (conjunctiva and nictitating membrane) samples

were transported within 48 hours to Charles University, Czech

Republic, where they were kept frozen to -80°C until

further processing.
RNA extraction and sequencing

Our conjunctival samples contained both the conjunctiva-

associated lymphoid tissue (CALT) and skin of the eye lid. For

ensuring the proper RNA extraction of the lymphoid tissue, we used

the following protocol. All conjunctival samples from the 60 birds

were homogenized using PCR-clean beaded tubes (OMNI

International, USA - Serial Number: 2150600) using the MagNa

Lyser (Roche, Basel, Switzerland). The skin tissues present in the

samples were separated during the centrifugation step and

discarded, while the homogenised lymphoid tissue was used for

the total RNA extraction with the High Pure RNA Tissue Kit

(Roche, Basel, Switzerland). We used Nanodrop (NanoDrop ND-

1000) and Agilent 2100 Bioanalyzer with nano chip (Agilent

Technologies, California, USA) to calculate the RNA yield (in all

cases >20 ng/ul) and integrity (in all cases RIN values >7) (details

provided in Supplementary Table S2, ESM1).

To perform sufficiently deep transcriptomic sequencing in a

representative sample of individuals with different treatments

across four populations, we adopted the 3’-end transcriptomic

QuantSeq approach, which is more cost-efficient in larger

population samples than the classical RNA-seq ( (42–44);

Kuttiyarthu Veetil et al. in prep.). The library preparation and

sequencing were performed at the European Molecular Biology

Laboratory (EMBL), Heidelberg, Germany. All the samples were

first barcoded with Illumina TruSeq adapters (45). The QuantSeq

libraries were prepared using Lexogen QuantSeq 3’-polyadenylated

RNA Library Prep Kit FWD (Illumina). The sequencing was carried

out using the Illumina NextSeq 500 platform. QuantSeq is based on

a protocol devoid of mRNAs fragmentation before reverse

transcription (46), but the read fragment sequencing targets are

generated close to the polyadenylated 3′ end. This method uses total

RNA as an input and there is no prior poly(A) enrichment or rRNA

depletion. QuantSeq generates only one read fragment per

transcript, and the number of reads mapped to a given gene is,

therefore, proportional to its expression (42). Eight samples failed

during library preparation and were excluded from the sequencing.

The rest of the 52 indexed samples were pooled together and single-

end 80 bp reads were generated. Thus, the final analysis is based on
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the sequence data representing conjunctival samples from 52 birds

(details on the birds provided in Supplementary Table S3, ESM1).
Transcriptomes

On average, we obtained ~10 million reads per sample,

comparable to zebra finch 3’-end transcriptomic sequencing. The

bioinformatic analysis was carried out using BAQCOM pipeline

(https://github.com/hanielcedraz/BAQCOM). The samples were

aligned to the zebra finch genome downloaded from Ensembl

(47) (bTaeGut1_v1.p-GCA_003957565.1). The tools included

Trimmomatic (version 0.39) (48) for the adapter trimming, STAR

software (49) for the aligning with the reference and feature Counts

from the Subread package (50) for assigning of the sequences and

gene level quantification. The alignment percentage of the

conjunctiva samples to the reference genome ranged between

52.42% to 80.62% (Supplementary Table S4, ESM1). Next, the

DGE analysis was performed using the limma (Linear Models for

Microarray Data) package (51) in R (version- version 4.1.1) (52). In

this analysis, we considered the source population, sex, and MG

treatment as fixed factors, testing them together with their

interactions at the significance level of padj value ≤ 0.05 and a

minimum log2fold change value ≥1. After the differential gene

expression analysis, each gene in each transcriptome was annotated.

Ensembl BioMart (47) was used to assign gene functional

annotations (geneontology, GO), which were then manually

supplemented with Uniprot annotations. In cases where gene

names were not directly available, an orthologue search was

performed (Ensembl and NCBI Blast) for human annotations and

gene names were selected if the closest hit showed at least 60%

sequence identity. We used ShinyGO (version-0.77) (53) for

generating the figures for pathway analysis and using Venn

(https://bioinformatics.psb.ugent.be/webtools/Venn/) to create the

venn diagrams. The transcriptomic sequenced data were submitted

to the NCBI Sequence Read Archive. As an alternative, guided by

our research question, literature search (54) and previous results

(33), we selected the following target cytokine and receptor genes

potentially involved in regulation of the house finch immune

interaction with MG: IL1B, IL10, IL6, CXCL8, IL22, TNFSF15,

TLR4, TLR3, TLR2, ACOD1, CSF1R, CCL4, IL18, and TLR7

(selected based on literature search and 3’ end annotation

availability; Supplementary Table S11, ESM1).
Statistical analysis

To identify potential transcriptomic groupings of our four

populations, we first performed two Between group analyses

(BGA) using made4 package in R (55). In the first analysis, we

used the individual population identities as a grouping factor, while

for the second analysis we adopted the distinction between eastern

populations (VA and IA), which share a long co-evolutionary

history with MG, and western (AZ and HI) populations which

share a short (0-5 year) co-evolutionary history with MG, as applied

in our previous research (20). BGA targets the between-group
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variability by executing a principal component analysis (PCA) on

group means.

Next, we adopted three different methodological strategies to

reveal the transcriptomic variation between the house finch

populations and the two MG isolates using limma package from

R. Limma employs moderated t-statistics to assess differences in

expression of individual genes across the transcriptome. It allows to

design multiple-factor matrices (e.g., different time points,

experimental conditions, batch effects) and covariates, from which

it calculates the differential gene expression by accounting for all the

variables. Limma generates a full list of genes with associated p-

values and false discovery rate (FDR) for each gene, indicating the

result reliability (51).

First, to reveal population-specific variation in immune

responses to MG among the four house finch populations, in the

whole dataset we tested the following linear model, considering

population of origin, sex, MG treatment and the interaction

between population and MG treatment as explanatory variables

(model 1):

(∼  Population  +  Sex  +  MG_ treatment 

+  Population :  MG_treatment  +  MG_treatment :  Sex)

The target-gene analysis was performed only using the whole

dataset. To normalize the target gene expression data, we first

divided the total number of reference-aligned reads by the total

number of reads in the sample (Cn). To scale the data, we then

multiplied each of the normalized read counts by 10 million

(approx. 10 million was the average number of reads per sample

in our dataset). Given large number of zero expression levels

detected, we could not make relative quantification of the

expression and, therefore, the variation in gene expression is

shown as a logarithm of the scaled-normalized read counts, with
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uniform scaling across all genes. These gene expression levels were

visualised using heatmap: pheatmap package in R.

Since the results of model 1 indicated limited Population :

MG_treatment interactions, but revealed main effects of the

populations, to understand the pre-existing variation in gene

expression among those populations we then run a second linear

model, where in the control individuals alone we tested the

parameters of population, sex and their interaction (model 2):

(∼  Population  +  Sex  +  Population :  Sex)

Third, to reveal the differences in immunity activation caused

by the two MG isolates used (the original VA1994 vs. evolved

VA2013), we finally separately analysed the DGE in the VA2013

treatments compared to the controls, and in the VA1994 treatments

compared to the controls, later contrasting the two sets of results

(model 3):

(∼  Population  +  MG_ treatment  +  Population :  MG_treatment)
Results

First, to identify general transcriptomic similarities between

birds from different populations, we performed the between-group

analyses (BGA) comparing individual populations and their

western and eastern sets. These did not reveal any clear grouping

of the individuals based on their transcriptomic profiles (P>0.05;

Supplementary Figures S2, S3, ESM2). To investigate variation

among house finch populations in their responsiveness to MG

infection, we first performed a general analysis on the whole dataset

(model 1). In total we identified 1228 DEGs (Figure 1; Table 1;

heatmap is provided in Supplementary Figure S4, ESM2). Among
FIGURE 1

UpSet plot depicting the common differentially expressed genes in conjunctival tissue across the investigated house finch populations and the
Mycoplasma gallisepticum (MG) treatments. The house finch populations namely, Arizona (AZ), Iowa (IA) and Hawaii (HI) are compared with the
Virginia (VA) population, the MG treatments (VA1994 and VA2013) are compared with the controls. The gene set size is represented by the bar
height, and the population-treatment interaction by the lines connecting the main category dots.
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the 23 genes which were differentially expressed between sexes,

none showed any interaction with the MG treatment, and none

were involved in immunity, indicating no sex-specific variation in

immune responses to MG in the conjunctival gene expression.

Therefore, sex effects were not further considered in our analysis.

Regardless of the MG treatment status, compared to the VA

population, most DEGs were observed in the IA population (464),

indicating baseline differences between these two populations in

conjunctival gene expression. Though high number of DEGs were

detected between both the MG treatments and controls (548 for

VA1994 and 772 for VA2013), there was little interaction between

MG treatment and house finch population origin (Table 1). To

indicate the overlaps between the populations and MG treatments,

we provide the UpSet plot in Figure 1. Among the 154 genes on the

overlap of all groups, the majority of the genes were lacking any

annotations (representing novel transcripts) and there were no

genes annotated with any immune function.

While we identified in total 900 DEGs related to MG infection

(across all population, combining VA1994 and VA2013, with the

main effects and interactions), only 793 were annotated

(Supplementary Table S5, ESM1), and among those we identified

113 DEGs involved in immunity (Supplementary Table S6, ESM1).

There were 158 annotated DEGs down-regulated in their

expression during MG infection. For example, CHRNB2, ATP2B1,

SCN2A, RYR2, NKAIN1 and CACNA1C are important for the ion

transport [GO:0006811], synaptic signalling [GO:0032225] and

response to muscle activity [GO:0014850] (Supplementary Figure

S5, ESM2). Only 11 out of the 158 down-regulated genes showed

clear links to immunity, including IL12B and RAG1 that are

involved in Th1/Th17 immune response activation [GO:0032735,
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GO:0032740], positive regulation of T cell differentiation

[GO:0045582], pre-B cell allelic exclusion [GO:0002331] and

adaptive immune response [GO:0002250]. Among the 457

annotated DEGs up-regulated during MG infection, we were able

to identify 91 genes with immune function. In the MG-treated

individuals, we observed increased expression of, e.g. IL17RA and

IL17RE involved in inflammatory response [GO:0050729],

regulat ion through IL17-mediated signall ing pathway

[GO:0097400], CXCL12 involved in defence response

[GO:0006952], TLR1B activating toll-like receptor TLR6:TLR2

signaling pathway [GO:0038124], a leukocyte marker PTPRC

(CD45) regulating T cell proliferation [GO:0042102], ACOD1

involved in positive regulation of antimicrobial humoral response

[GO:0002760] and negative regulation of the inflammatory

responses (56), and CD74 involved in antigen processing and

presentation [GO:0019882]. The main pathways in which the

genes were up-regulated during MG infection are shown in

Figure 2. Interestingly, while not statistically significant, IL22 gene

that plays a critical role in modulating tissue responses during

inflammation [GO:0005125, GO:0006954], was found to be close to

significance with increased expression in the birds treated with the

VA2013 isolate (padj cut-off value = 0.07).

There were few genes for which we detected significant

interact ions between populat ion and MG treatment

(Supplementary Table S7, ESM1). Out of these, only 3 genes were

involved in immune regulation. BCL10 (positive regulation of

interleukin-6 production [GO:0032755]; positive regulation of

interleukin-8 production [GO:0032757], positive regulation of

NFKB transcription factor activity [GO:0051092]; having roles in

both innate immune response [GO:0045087] and adaptive immune
TABLE 1 Results of the general differential gene expression (DGE) analysis for conjunctival tissue collected 3 days post inoculation with Mycoplasma
gallisepticum (MG) treatment (model 1).

Factors Total DEG Total Up Total Down Immune DEG Immune Up Immune Down

AZ 309 141 168 17 15 2

HI 431 151 280 29 24 5

IA 464 131 333 18 15 3

VA1994 548 310 238 76 71 5

VA2013 772 444 328 91 81 10

AZ : VA1994 5 0 5 0 0 0

AZ : VA2013 1 0 1 0 0 0

HI : VA1994 6 2 4 2 0 2

HI : VA2013 2 0 2 1 0 1

IA : VA1994 1 0 1 1 0 1

IA : VA2013 0 0 0 0 0 0

SEX 23 15 8 0 0 0

VA1994:SEX 0 0 0 0 0 0

VA2013:SEX 0 0 0 0 0 0
The table shows the total numbers of differentially expressed genes (Total DEG) and the total numbers of differentially expressed immune genes (Immune DEG) across different comparisons as
well as numbers of up-regulated (Up) and down-regulated (Down) genes for the two infection treatments (VA1994 and VA2013) compared to controls and the populations Arizona (AZ), Hawaii
(HI) and Iowa (IA) when compared to the Virginia (VA) population, including interactions.
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response [GO:0002250]) was significantly differentially expressed in

interaction between both HI and IA population and treatment with

the MG isolate VA1994. During MG infection, BCL10 was down-

regulated in these populations. CNN2 (actomyosin structure

organization [GO:0031032]) and TRIM13 (innate immune

response [GO:0045087]; positive regulation of cell death

[GO:0010942]) were detected differentially expressed in

interaction between HI population and VA1994.

In the same analysis, a large number of DEGs were revealed

between different house finch populations, regardless of the MG

infection. In AZ birds, out of the 309 DEGs identified

(Supplementary Table S8, ESM1) we were able to annotate 106

genes with expression higher and 35 genes with expression lower

than in the VA population. There were 17 genes with immune-

related functions, out of which 15 genes showed higher expression

in AZ than in VA, including e.g., BCL10, IL17D involved in positive

regulation of interleukin-8 production [GO:0032757] and CASP6

involved in activation of innate immune response [GO:0002218].

The main immune gene with lower expression in AZ versus VA

birds was NR1H4 involved in negative regulation of IL1

[GO:0032692] production and inflammatory response

[GO:0050728]. For HI birds, we found 431 DEGs, out of which

130 annotated genes had higher and 81 genes lower expression than

in the VA population (Supplementary Table S9, ESM1). There were

28 genes linked with immune functions, again most of them (23

genes) having higher expression in HI than in the VA population.

Like in AZ, these genes included BCL10 and CASP6, but also

MAST2 involved in negative regulation of IL12 production
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[GO:0032655]. The immune genes with lower expression in HI

relative to VA were NR1H4, RAG1 and KPNA6 involved in positive

regulation of cytokine production involved in inflammatory

response [GO:1900017]. In the IA population we found as many

as 464 DEGs compared to the VA population (Supplementary Table

S10, ESM1), among which 114 annotated genes showed higher

expression and 80 genes lower expression than in the VA

population. Among the 17 genes annotated with immune

function, 15 (including again BCL10 and CASP6, and TRIM13)

had higher expression and two genes (RAG1 and NR1H4) lower

expression in IA than in VA. Thus, our results indicate that there is

important variation between the house finch populations in

immune gene expression in conjunctival tissue that is

independent of the actual MG treatment (no significant effect of

the interaction between the MG treatment and population).

As an alternative approach, we also checked for the relative

DGE changes in selected key immune genes with regulatory roles in

immunity (target-gene analysis; Supplementary Table S11, ESM1)

between the control and treatment groups of birds from different

populations. Our results (statistics provided in Supplementary

Table S12, ESM1) find that IL1B, IL6, IL10, IL12B, IL17D, IL18,

IL22, CXCL8, CCL4, ACOD1, TLR1, TLR4 and TLR7 show clear

distinction between the controls and the MG treatment groups

(Figure 3), and at the same time CCL4, TLR1, TLR4, TLR7 show also

significant variation in expression between the populations. In

TLR1, we even detected significant interaction between the MG

treatment and population (AZ, HI) indicating differences in DGE

between the populations in response to MG infection.
FIGURE 2

The gene interaction network for the differentially expressed genes (DEGs) up-regulated in conjunctival tissue 3 days post inoculation (DPI) with
Mycoplasma gallisepticum (infected vs. non-infected birds across all house finch populations), showing the most significant pathways in the GO
category Biological process. Immune genes grouped in the pathways of our interest are highlighted with red rectangles. Node colour intensity
indicates significance of gene enrichment, node size indicates number of significant DEGs.
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Immune genes differentially expressed
between populations in the
unstimulated controls

Since the differences between the house finch populations in

expression of immune genes were largely independent of MG

infection status, indicating potential population-specific

adaptations to MG, we also checked for differences in immune
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regulation in the unstimulated control individuals across

populations (model 2). Our analysis showed 748 DEGs in the

control individuals, with 71 genes (out of the 498 genes with

defined annotations) being involved in immunity (Table 2).

The lists of genes with lower expression in AZ, IA and HI

populations compared to the VA population (Supplementary Table

S13, ESM1) were mostly consistent (Supplementary Figure S6,

ESM2), indicating generally increased expression of the genes in
TABLE 2 Results of the general differential gene expression (DGE) analysis in conjunctival tissue of control individuals (model 2).

Factors Total DEG Total Up Total Down Immune DEG Immune Up Immune Down

AZ 342 152 190 40 18 22

HI 270 55 215 31 8 23

IA 281 63 218 39 11 28
The table shows the total numbers of differentially expressed genes (Total DEG) and the total numbers of differentially expressed immune genes (Immune DEG) across the Arizona (AZ), Iowa
(IA) and Hawaii (HI) and Virginia (VA) populations. Up = up-regulated (increased expression) in the tested population compared to VA, Down = down-regulated (decreased expression) in the
tested population compared to the VA population.
FIGURE 3

Heatmap showing variation in gene expression in selected inflammation-regulating genes (cytokines and receptors) in conjunctiva across house
finches from four different populations belonging to two types of Mycoplasma gallisepticum (MG)-infected treatments (VA1994 and VA2013) and
controls. Y-axis provides the information on individual birds (including population name and treatment group); X-axis shows the gene names; colour
indicates the gene expression levels shown as a logarithm of the scaled-normalized read count varying from low expression (dark blue) to high
expression (red). Please note that the scaling is not relative and, therefore, the colour pattern is common to all genes (highly as well as
lowly expressed).
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the VA birds: out of the 31 DEGs with immune function, 19 were

shared between AZ, IA and HI birds. Notably, these included LIF

(having role in regulation of immune response [GO:0050776] and

anti-inflammatory properties; (57)], IL12B and IL7 [positive

regulation of T cell differentiation [GO:0045582] and cytokine-

mediated signaling pathway [GO:0001961]). Among the 184 genes

(Supplementary Table S14, ESM1) that were consistently expressed at

higher levels in other populations compared to VA, 35 genes

(Supplementary Table S15, ESM1) were shared between the AZ, HI

and IA, indicating decreased expression in the VA population. There

were 25 DEGs annotated with immune function which had higher

expression across these three populations when compared to VA

birds. Out of them, however, only 4 genes were shared: BCL10, GGT5

(role in inflammatory response [GO:0006954]), RABGEF1 (negative

regulation of inflammatory response [GO:0050728]) and SYNCRIP

(cellular response to interferon-gamma [GO:0071346]) (Figure 4).

The main uniquely up-regulated immune genes (18 genes) in

the AZ population included IL17D, IL17C (inflammatory response

[GO:0006954]), IRF6 (immune system process [GO:0002376]),

TLR15 (toll-like receptor signaling pathway [GO:0002224]) and

TLR1B genes (up-regulated and down-regulated pathways are

shown in Supplementary Figures S7, S8, ESM2). In contrast to

AZ, the HI and IA populations (up-regulated and down-regulated

pathways for IA and HI birds, respectively, are shown in

Supplementary Figures S9–S12, ESM2) showed almost identical

sets of DEGs in the control birds: out of a total of 40 DEGs with

immune function revealed in these populations, 28 genes were

shared between these two populations, including TRIM13, PPARD

(negative regulation of inflammatory response [GO:0050728]) and

BCAR1 (antigen receptor-mediated signaling pathway

[GO:0050851]) that were different from the AZ population. These
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genes are involved in immune pathways involved in cytokine

production by mast cells and B cells.
Immune genes differentially expressed
between individuals inoculated with
different MG isolates

Our third analysis (model 3) showed only 160 DEGs for the

MG VA1994 isolate, but 1229 DEGs for the VA2013 isolate

(Table 3). Considering only the genes with annotations related

to immune function, there were 54 genes differentially

expressed during the infection with VA1994 and 230 genes

during the infection with VA2013. In birds infected with

VA1994, all the differentially expressed immune genes

showed higher expression when compared to control birds.

In birds infected with VA2013, there were 191 genes with

higher expression and 39 genes with lower expression when

compared to the controls (full list of the genes is provided in

Supplementary Tables S16, S17, ESM1).

Since the DEGs common to infections with both isolates are

consistent with those already discussed in the first analysis (model

1), here we focus only on the differences between the isolates. We

found 20 specific genes differentially expressed on 3 DPI after

inoculation with the VA1994 isolate, out of which only two genes

were related with any defined immune functions: NFATC3 and

PTAFR, both involved in inflammation [GO:0006954] (Figure 5).

For VA1994, there were no genes showing any significant

interaction with the populations. The up-regulated and down-

regulated gene interaction network for MG isolate VA1994 is

shown in Figures S13, S14, ESM2.
FIGURE 4

The gene interaction network for the differentially expressed genes (DEGs) with higher expression in conjunctiva of control birds in Iowa (IA), Arizona
(AZ) and Hawaii (HI) compared to Virginia (VA). The most significant pathways in the GO category Biological process are shown. Immune genes
grouped in the pathways of our interest are highlighted with red rectangles. Node colour intensity indicates significance of gene enrichment, node
size indicates number of significant DEGs.
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Among the 1089 genes differentially expressed after inoculation

with the MG isolate VA2013, there were 139 DEGs involved in

immune function that were up-regulated, including IL1B (cytokine-

mediated signaling pathway [GO:0019221]), IL10 (negative

regulation of cytokine activity [GO:0060302]), IL18 (natural killer

cell activation [GO:0030101)], IL22 (inflammatory response

[GO:0006954]), TLR4 (activation of innate immune response

[GO:0002218]), and TLR7 (positive regulation of interferon-beta

production [GO:0032728]) (see the pathways shown in Figure 6),
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and 39 immune DEGs that were down-regulated, including ILRUN

(negative regulation of defense response to virus [GO:0050687]),

NTS (positive regulation of NFKB transcription factor activity

[GO:0051092]), ROMO1 (defense response to Gram-negative

bacterium [GO:0050829]), AKAP1 (antiviral innate immune

response [GO:0140374]), involved in the innate immune

response, antimicrobial humoral immune response mediated by

antimicrobial peptides, defense response to bacterium and antiviral

innate immune response (Supplementary Figure S15).

Two genes were significantly differentially expressed in VA2013

in interaction with the HI population: CNN2 had lower expression,

involved in wound healing [GO:0042060] and YWHAZ higher

expression than in VA, having role in signal transduction

[GO:0007165]. There was one gene with significant interaction

between the IA population and VA2013 treatment, which is a

long non-coding RNA with unknown function. For the AZ

population, there were two genes with significant interaction to

the VA2013 treatment, again both with unknown functions.
Differentially expressed genes commonly
identified across the analyses

Finally, we searched for the genes that were identified as

differentially expressed in all the three comparisons, i.e., the 1)

DEGs during MG infection, 2) different pre-activation levels of

expression between the populations unrelated to the MG infection,

and 3) variation in expression based on the MG isolate used for

the infection.
TABLE 3 Results of the differential gene expression (DGE) analysis in conjunctival tissue collected 3 days post inoculation with VA1994 and VA2013
isolates of Mycoplasma gallisepticum (MG) analysed separately (model 3).

Factors Total DEG Total Up Total Down Immune DEG Immune Up Immune Down

VA1994 160 148 12 22 22 0

AZ 6 6 0 0 0 0

HI 2 2 0 0 0 0

IA 14 11 3 0 1 0

VA1994:AZ 0 0 0 0 0 0

VA1994:HI 0 0 0 0 0 0

VA1994:IA 0 0 0 0 0 0

VA2013 1229 785 444 178 139 39

AZ 34 26 8 3 3 0

HI 45 28 17 3 2 1

IA 47 37 10 2 2 0

VA2013:AZ 2 0 2 0 0 0

VA2013:HI 2 1 1 0 0 0

VA2013:IA 1 1 0 0 0 0
The table shows the total numbers of differentially expressed genes (Total DEG) and the total numbers of differentially expressed immune genes (Immune DEG) for the MG isolates (Va1994 and
VA2013), populations (AZ, Arizona; HI, Hawaii; IA, Iowa; VA, Virginia) and their interactions. Up = up-regulated compared to controls/increased expression in the tested population compared
to VA, Down = down-regulated compared to controls/decreased expression in the tested population compared to the VA population.
FIGURE 5

Venn diagram showing the number of differentially expressed genes
(DEGs) during infection with the original Mycoplasma gallisepticum
(MG) isolate VA1994 and the evolved isolate VA2013.
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We identified 8 common genes (Figure 7): BCL10 integrating

innate immune response [GO:0045087] and adaptive immune

response regulation [GO:0002250], USPL1 acting in cajal body

organization [GO:0030576] and cell proliferation [GO:0008283],

VPS4B acting in autophagy [GO:0016236] and cholesterol transport

[GO:0030301], RNF114 responsible for cell differentiation

[GO:0030154] and protein polyubiquitination [GO:0000209],

AFMID involved in tryptophan metabolisation to kynurenine,

ELMOD1 positively regulating the GTPase activity [GO:0019441],

CAPRIN1 responsible for negative regulation of translation

[GO:0017148] and positive regulation of dendrite morphogenesis

[GO:0050775] and WDR5B affecting histone H3-K4 methylation

[GO:0051568]. Out of these genes, only BCL10 has any clear role in

immunity. However, seven immune genes were also common DEGs

between the first and second analysis, i.e. involved in the response to

MG and also differentially pre-activated in different populations:

IL12B regulating cellular response to IFNG [GO:0071346] and T-

helper cells differentiation [GO:0042093], PPARD and NR1H4

which are negative regulators of inflammatory responses

[GO:0050728], including cellular responses to lipopolysaccharide

[GO:0071222], RAG1 that is key to immunoglobulin receptor
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recombination conditioning adaptive immune response during T-

cell B-cell differentiation [GO:0002250], RAC2 positively affecting

neutrophil chemotaxis [GO:0090023] and T-cell proliferation

[GO:0042129], TRIM13 involved in positive regulation of NFKB

signaling [GO:0043123] during innate immune responses, and

NCAPH2 involved in T-cell differentiation in the thymus

[GO:0033077]. Finally, three immune genes showed as DEGs

common to the second and third analyses, i.e. differentially pre-

activated in different house finch populations and also involved in

differential immune response to the two different MG isolates:

CDH17 involved in B-cell differentiation [GO:0002314], ACTG1

affecting cellular response to IFNG [GO:0071346] and ROMO1

inducing production of reactive oxygen species (ROS)

[GO:0034614], which is important in antimicrobial immune

responses to bacteria.
Discussion

Using QuantSeq 3’-end RNA transcriptomic sequencing, in this

study we characterised gene expression changes in a house finch
FIGURE 6

The gene interaction network for all the up-regulated differentially expressed genes (DEGs) in conjunctiva 3 days post inoculation (DPI) with
Mycoplasma gallisepticum in birds infected with VA1994 versus VA2013. The network is showing the most significant pathways in the GO category
Biological process across all the house finch populations analysed. Immune genes grouped in the pathways of our interest are highlighted in red
rectangles. Node colour intensity indicates significance of gene enrichment, node size indicates number of significant DEGs.
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periocular lymphoid tissue, the conjunctiva, during the initial phase

of infection (day 3 post inoculation) with a naturally occurring

pathogen, MG. We focused on DPI 3 as a period of innate immune

regulation that later guides the subsequent phases of the response

either towards immunopathology-linked resistance or towards

tolerance. Our focus was on the DEGs involved in the immune

response and showing variation between the house finch

populations differing in their co-evolutionary history with MG, as

this variation may indicate adaptations of the host to MG, including

in response to the increasing pathogen virulence documented

previously (5). We show significant variation in expression of

many inflammatory genes, especially those relevant for regulation

of the Th1/Th17 pathways. In response to MG, gene expression is

up-regulated at the infection site in pathogen-recognition receptors

(e.g. TLR1B), signalling molecules and their receptors (such as

CXCL12 and IL17R), adaptive cell-surface receptors (CD74) and

various other immunomodulators (e.g. ACOD1). Several genes

important for immune response regulation varied between

individuals representing house finch populations differing in their

co-evolutionary history with MG (e.g., IL12B, IL17, CASP6, NR1H4

or IRF6). Most interestingly, our data suggest that in VA, the

population with the longest co-evolutionary history with MG, the

birds decrease the baseline BCL10 gene expression compared to

other populations (irrespective of MG infection in model 1, and

only in controls in model 2). BCL10 also showed significant

interactions between house finch populations and the MG

treatment (model 1). In our analyses, BCL10 was revealed as up-

regulated during MG infection caused by the evolved VA2013
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isolate (model 3). This gene has important roles in NFKB

signalling and activation of both innate and adaptive immune

responses, so down-regulation of its expression in the VA

population may adaptively increase tolerance to infection by

minimizing damaging inflammation.

Previous transcriptomic research of the house finch-MG

interaction suggested that the immediate adaptation of the host to

MG favoured increases in host resistance. Bonneaud et al. (39)

found that house finches from populations naïve to MG experience

reduced splenic immune responsiveness to MG, while the

populations with a 12-year history of MG exposure (at the time

of that study) have up-regulated expression of genes associated with

acquired immunity in the spleen 14 days post inoculation. While

this immune response can be eventually protective, allowing

recovery, important costs are likely associated with such immune

response. Initial results of Adelman et al. (33) indicated that in

populations with longer co-evolutionary history with MG, tolerance

to the infection (defined as minimizing disease severity at a given

pathogen load) can contribute to improving host health. Recently,

this pattern was confirmed by Henschen et al. (20), who

demonstrated tolerance to MG in the eastern house finch

populations with >20-year coevolutionary history with the

pathogen. This study revealed that in the Harderian glands of the

same birds as used in this study, up-regulated expression of some

cytokines and cytokine receptors (CXCL8, CXCL14, CCL20, CSF3R)

was present only in the less-tolerant populations that have not yet

or only recently experienced epidemics with MG (AZ, HI). In

contrast to Henschen et al. (20), our transcriptomic results in

conjunctiva do not indicate clear similarities in gene expression

patterns between birds from the eastern populations that share a

long co-evolutionary history with MG (VA and IA), when

compared to western populations (AZ and HI). This suggests that

each population might have evolved a slightly different mode of

regulation of the immune response to MG at the conjunctival

infection site.

Our results indicate that the immune response triggered by MG

3DPI in conjunctiva represents Th17-directed inflammation. From

the total 109 genes differentially expressed, the majority of immune

genes (58) were up-regulated, including e.g. TLR1B receptor

activating inflammation, IL17 receptor genes IL17RA and IL17RE,

chemokine CXCL12, but also ACOD1, a negative regulator of the

inflammatory response. These immune genes have significant and

interspecifically conserved roles in immune activation and

regulation (59–64). Similar to our results, previous transcriptomic

research in chickens has also shown increases in expression of

TLR1B, CXCL12 and ACOD1 after infection with MG (65–67).

Some genes, such as CD74 expressed on antigen-presenting cells

(68) as a receptor for macrophage migration inhibitory factor (MIF)

(69) inducing inflammation (70), showed patterns of expression

contrasting with previous research in the house finch-MG system.

While our data show up-regulation, Bonneaud et al. (38) reported

down-regulation of CD74 during infection. This contrast could

result from the difference in tissue used, the time of tissue collection

post-infection, or differences in host population coevolutionary

time with MG when the studies were performed: the population
FIGURE 7

Venn diagram showing the genes in common between all the three
comparative analyses performed. We found eight genes differentially
expressed in conjunctiva during Mycoplasma gallisepticum (MG)
infection (model 1), with pre-activation levels that differed among
the four populations (model 2), and that differed in expression in
response to the different MG isolates used for the inoculation
(model 3).
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with noted resistance in Bonneaud et al. (38) had ~12 years of co-

evolution with MG versus 20-25 years of MG coevolution for the IA

and VA populations used in this study. Increased CD74 expression

during MG infection could improve activation of antigen-

presenting cells (68), and through interaction with MIF (70),

could also promote regenerative pathways in the tissue preventing

the host damage. Overall, this could contribute to the observed host

tolerance to MG in certain house finch populations. We found that

only 11 immune genes were down-regulated in conjunctival tissue

in response to MG, including IL12B, an essential mediator of the

Th1 immune response. This is consistent with observations by

Bonneaud et al. (39), suggesting that MG may be manipulating

house finch gene expression during the acute immune response in

order to allow efficient infection establishment. MG was revealed to

cause immune suppression in the initial infection stages in chickens,

suppressing expression of key cytokines involved in inflammation,

including IL8, IL12 and CCL20 (71). Thus, our data support this

hypothesis, indicating that MG may be down-regulating specific

host immune pathways rather than overall immune activation.

Contrary to our expectations and to results fromHarderian gland

transcriptomes in the same birds (20), our general analysis of the

conjunctival transcriptomes (model 1) suggested only limited

interactions between MG infection status and population of origin.

This result indicates tissue-specific differences in the immune

regulation, but also that variation in the responses between

populations may depend only on few key modifiers of the immune

regulation rather than extensive transcriptome alterations. The most

promising immune-controlling gene revealed in our results is BCL10,

a positive regulator of cytokine expression involved in modulation of

adaptive immune responses. In mammals, BCL10 has a vital role in

channelling adaptive and innate immune signals downstream to

CARMA/caspase-recruitment domain (CARD) scaffold proteins

(72). BCL10 oligomerization via the CARD facilitates NFKB

activation (73–75). Previous research in mice showed that BCL10 is

a positive regulator of lymphocyte proliferation inducing antigen

receptor signalling in B and T cells in response to NFKB activation

(76). Impairment in BCL10 function negatively affects the

development of memory B, CD4+ and CD8+ T cells (77). The

immunomodulatory effects of BCL10 are further documented by

the up-regulation of its expression during experimental bacterial

infections in cattle (78) and poultry (79). However, it has to be

noted that there are also additional non-immune functions of BCL10

described in other cells, including its involvement in neuronal

regulation (80). Based on our data the precise role of BCL10 in the

conjunctival tissue and causality of the changes in its expression

cannot be inferred.

Although we did not find strong evidence for population

differences in response to infection treatment, our results showed

high number of immune genes that vary in their conjunctival

expression between the house finch populations, independently of

MG infection. These include key Th17 pathway regulators, such as

the cytokine IL17D that is known to induce expression of other pro-

inflammatory cytokines, including IL6 and CXCL8. This may

suggest population-specific adaptations in conjunctival gene

expression, potentially contributing to optimisation of the
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immune interaction with MG at the infection site. IL17 has a vital

role in the initiation of chemotaxis and the functioning of Th17 cells

(81, 82) and commonly shows up-regulation in birds immunized

with various intracellular pathogens (83). Conjunctiva is colonised

by innate lymphoid cells (ILCs), NK cells, gdT cells (84), abT cells

(85) and memory T cells (86), out of which the gdT cells were

identified as the predominant source of IL17 during inflammation

(87). In our study, IL17D was generally highly expressed in the AZ

population, which, together with increased BCL10, CASP6 and

decreased NR1H4 [a negative regulator of IL1B production; (88)]

compared to the VA birds suggests disposition of the birds to

resistance-oriented response through Th17 pathway pre-activation.

Although the activity of NR1H4 in conjunctiva is presently not

entirely clear, its function at the site may be relevant, as in the gut

this receptor negatively controls expression of a number of genes

that activate inflammatory responses (58, 89, 90). In contrast to

other populations, longer co-evolutionary history with MG may

have selected the VA population to increase NR1H4 and decrease

BCL10 expression, which is in agreement with the tolerance

evolution described in house finches by Henschen et al. (20). This

view is partially supported also by our target-gene analysis focusing

on selected key immune genes with regulatory roles in immunity.

All populations up-regulated IL1B, IL6, IL10, IL18, IL22, CXCL8,

CCL4, TLR1, ACOD1, TLR4, and TLR7 when infected with evolved

MG (VA2013), which would propagate inflammation and facilitate

pathogen transmission through pathological mycoplasmal

conjunctivitis (15, 36). However, the AZ birds, compared to VA

birds, showed a particularly high increase in expression of TLR1 and

TLR4, probably intensifying the resistance-oriented inflammatory

response to MG. Our result thus shows similarity to the findings of

Adelman et al. (33) in which house finches from populations with a

longer coevolutionary history with MG (VA) showed lower

inflammatory signalling and increased tolerance to infection than

birds from populations with recent contact history (AZ) with MG.

Further research is, however, needed to confirm the putative

tolerogenic adaptations in the VA population.

Bonneaud et al. (39) proposed that the variation between house

finch populations in resistance to MG likely results from some

adaptations changing the initial innate immune regulation directing

the subsequent adaptive immune response. This idea is consistent

with the evidence from laboratory rodents showing that the initial

innate immune regulation defines the efficiency of the clearance of

mycoplasmal infections (91). Given the results we obtained from

our general analysis (model 1), we tested this hypothesis using a

subset of the data representing only the control individuals from the

four house finch populations (model 2). From the high number of

genes differentially expressed in the controls between the

populations, 71 genes had clear roles in immunity. Consistent

with our previous result, the control birds from the AZ

population showed higher baseline expression of IL17D, IL17C,

IRF6, TLR15 and TLR1B genes putatively strengthening the overall

Th17 responses, while the VA population showed stronger

expression of IL7, IL12B and LIF, suggesting possible pre-

activated Th1 immune pathway coupled with anti-inflammatory

signalling, which was again linked with decreased BCL10
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expression. We assume that immunological regulation of tolerance

to infection must involve balanced changes of both pro- and anti-

inflammatory pathways to prevent infection-caused mortality.

IL12B, a subunit of IL12, primarily stimulates natural killer (NK)

cells and induces the differentiation of naive CD4+ T lymphocytes

into T helper 1 (Th1) effectors (92). If the IL12B subunit is

dimerized with the IL23A subunit, then functional IL23 is

produced (93), which is necessary for Th17 development and

function (94). Alternatively, IL12B can also mediate anti-

inflammatory regulation increasing expression of other regulatory

cytokines such as IL10 (95), with IL7 supporting the host defence by

regulating immune cell growth and homeostasis (96). Thus,

increased baseline expression of IL12B might have multiple

functional roles in protecting the health of the VA birds during

the onset of MG infection. Birds from the HI and IA populations

showed similar up-regulation of immune-related pathways

activated by mast cells and B cells (TRIM13 and PPARD) when

compared with the VA birds but also with AZ birds. Taken

altogether, the pattern of immune gene expression in the VA

birds was different from all the other three remaining house finch

populations, putatively resulting, at least in part, from long-lasting

adaptation to MG through a combination of resistance and

tolerance (20).

We also examined pathogen contributions to differential

conjunctival gene expression across populations (model 3).

Consistent with previous research (5, 20, 37) we found that the

evolved (VA2013) isolate triggers much stronger conjunctival

immune responses than the original (VA1994) one, here

indicated by the number of DEGs when compared to controls. In

contrast to VA1994, the evolved isolate VA2013 activated pathways

involving differential expression of both pro-inflammatory and

anti-inflammatory genes, including key signal mediators such as

IL1B, IL10, IL18, IL22 and CXCL8. Especially negative regulators of

inflammation, such as IL10, can play important roles in fine-tuning

immunomodulation, since their down-regulation can improve

pathogen clearance, but also increase tissue damage (97–100),

optimising the immunity-immunopathology balance in the

defence (9). Previous research in rodents performed both in vivo

and in vitro shows that Mycoplasma pneumoniae antigens induce

potent immune reactions through enhancement of the Th17

response, but regulatory T cell (Treg) activation linked with IL10

expression simultaneously suppress IL17A expression (101). In

contrast, IL18 is a potent pro-inflammatory cytokine regulating

both innate and acquired immune responses (102). Studies in

chicken show that MG infection increased mRNA levels of IL18

between 3 and 7 DPI, similar to our results (103). Also IL22 is a key

mediator of inflammation that is produced immediately after

stimulation to initiate an immune response, mediating also

mucous production, wound healing, and tissue regeneration

(104). Comparable to our results, IL22 gene has been reported as

up-regulated during Mycoplasma ovipneumoniae infection in

sheep (105).

Overall, comparison of the results from all three analyses

performed identifies BCL10 as a potentially important immune

gene that changes its conjunctival expression during the MG
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infection, varies in its expression between individuals from

different house finch populations, and also varies in expression

depending on the MG isolate infecting the birds. Furthermore,

other genes involved in the response to MG (model 1 or model 3)

and at the same time also differentially pre-activated in distinct host

populations (model 2) may be of high importance for house finch

adaptation to MG. Our results elucidated both positive and negative

regulators of inflammation and Th1 immunity, including IL12B and

possibly also PPARD and NR1H4. Roles of other genes repeatedly

revealed in our analyses are less clear, but they may contribute to

altered leukocyte differentiation, infiltration into the tissue or cell

activation (RAG1, RAC2, TRIM13, NCAPH2, CDH17, ACTG1 and

ROMO1). Thus, all these 11 genes potentially provide adaptations to

the selective pressures posed by MG varying between the house

finch populations.

Our transcriptomic results obtained in conjunctiva apparently

differ from the results obtained earlier by Henschen et al. (20) from

the same experiment but for a different tissue, the Harderian gland.

Most importantly, the pattern of variation between the house finch

populations revealed for the two tissues in response to MG is

different. While we assume that biologically significant differences

in immune regulation between the tissues are responsible for the

differences in gene expression patterns observed, we are,

unfortunately, presently unable to explain them, because for the

two studies different transcriptomic methods were adopted, RNA-

seq and QuantSeq, respectively. The RNA-seq approach can be

biased by more enriched DEGs for longer transcripts than for the

shorter ones (106). Previous research has reported that RNA-seq

identifies in general more DEGs, but QuantSeq can detect more of

the shorter transcripts (46) that often act in immunity (107). Thus,

future research is needed to validate the results and reveal if the

difference in the transcriptomic results obtained for the two house

finch tissues reflect true biological difference between the tissues,

variation in the transcriptomic approaches adopted, or both.
Conclusion

Our results illuminate potential immunological pathways

underlying increased tolerance to MG in birds from the VA

population compared to the other house finch populations.

Notably, they suggest the importance of evolving balance between

the Th1 and Th17 pathway activation during the initial conjunctival

response of the house finches to the MG infection. The populations

in no or only recent contact with MG may have increased tendency

for up-regulation of the IL17-linked pathway (observed in AZ),

while the populations with long-established co-evolutionary history

with MG (VA), could promote IL12 signalling to increase Th1 and/

or anti-inflammatory (possibly B-cell driven) immune responses.

Further research should focus on understanding of specific roles of

various cell types in the immune responses to MG in birds from

populations differing in their co-evolutionary history with MG.

Furthermore, our results also document that infection with a more

recent MG isolate (VA2013) triggers in conjunctiva stronger

expression of immune genes than infection with the original
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1250818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kuttiyarthu Veetil et al. 10.3389/fimmu.2024.1250818
isolate (VA1994). Since also non-immune pathways may be affected

by this regulation [e.g. pathways regulating the extent of the

sickness behaviour which might influence MG transmission in

the finches; (36, 108)], further research should also investigate the

expression changes in genes with other functions expressed in non-

lymphoid tissues.
Data availability statement

The data presented in the study are deposited in the NCBI

BioProject repository, accession number PRJNA981079.
Ethics statement

The animal study was approved by Institutional Animal Care

and Use Committees (IACUC) at Iowa State University (ISU) and

Virginia Tech, and the ISU Institutional Biosafety Committee. The

study was conducted in accordance with the local legislation and

institutional requirements.
Author contributions

Conceptualization: NKV, AEH, RAD, DMH, JSA, MV. Data

Curation: NKV, AEH, RAD, DMH, JSA. Formal Analysis: NKV,

BM. Funding Acquisition: NKV, BM, RAD, DMH, JSA, MV.

Investigation: NKV, AEH, BM, RAD, DMH, JSA, MV.

Methodology: NKV, AEH, BM, VB, RAD, DMH, JSA, MV.

Project Administration: NKV, BM, AEH, DMH, JSA, MV.

Resources: MV, RAD, DMH, JSA. Software: n/a. Supervision:

AEH, RAD, DMH, JSA, MV. Validation: NKV, AEH, RAD,

DMH, JSA, MV. Visualization: NKV. Writing – Original Draft

Preparation: NKV, MV. Writing – Review and Editing: NKV, AEH,

BM, RAD, VB, DMH, JSA, MV. All authors contributed to the

article and approved the submitted version.
Funding

The author(s) declare financial support was received for

theresearch, authorship, and/or publication of this article. The

birds were trapped and the experiment was performed within the

framework of the project No. 1755197 (Iowa State University), NSF

1950307 (University of Memphis) and No. 1754872 (Virginia Tech)

(title ‘Collaborative Research: Immune mechanisms and
Frontiers in Immunology 15
epidemiological consequences of tolerance in a naturally

occurring host-pathogen system’) supported by the U.S. National

Science Foundation. This study was supported by the Grant

Schemes at Charles University (grant nos. GAUK 646119 and

START/SCI/113 with reg. no. CZ.02.2.69/0.0/0.0/19_073/0016935)

and by the Ministry of Education, Youth and Sports of the Czech

Republ i c ( INTER-ACTION grant no . LUAUS24184 .

Computational resources and data storage were provided by the

Czech Education and Scientific NETwork (CESNET; project e-

INFRA CZ LM2018140 supported by the Ministry of Education,

Youth and Sports of the Czech Republic). The study was further

supported by the Institutional Research Support No. 260684/2023.
Acknowledgments

Wewould like to thank all the research assistants that helped with

the field work (especially Marissa Langager and Allison Rowley) and

the subsequent laboratory analysis. We are also grateful to P. Hutton

and K. McGraw (Arizona State University), and S. Goldstein, P.

Howard, and J. Omick (Hawaii USDA) for their help with logistics in

the field.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1250818/

full#supplementary-material
References
1. Woolhouse ME, Webster JP, Domingo E, Charlesworth B, Levin BR. Biological
and biomedical implications of the co-evolution of pathogens and their hosts. Nat
Genet (2002) 32:569–77. doi: 10.1038/ng1202-569

2. Read AF. The evolution of virulence. Trends Microbiol (1994) 2:73–6. doi:
10.1016/0966-842X(94)90537-1
3. Bloom DE, Black S, Rappuoli R. Emerging infectious diseases: A proactive
approach. Proc Natl Acad Sci (2017) 114:4055–9. doi: 10.1073/pnas.1701410114

4. Cunningham AA, Daszak P, Wood JL. One Health, emerging infectious diseases
and wildlife: two decades of progress? Philos Trans R Soc B Biol Sci (2017)
372:20160167. doi: 10.1098/rstb.2016.0167
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1250818/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1250818/full#supplementary-material
https://doi.org/10.1038/ng1202-569
https://doi.org/10.1016/0966-842X(94)90537-1
https://doi.org/10.1073/pnas.1701410114
https://doi.org/10.1098/rstb.2016.0167
https://doi.org/10.3389/fimmu.2024.1250818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kuttiyarthu Veetil et al. 10.3389/fimmu.2024.1250818
5. Hawley DM, Osnas EE, Dobson AP, Hochachka WM, Ley DH, Dhondt AA.
Parallel patterns of increased virulence in a recently emerged wildlife pathogen. PloS
Biol (2013) 11:e1001570. doi: 10.1371/journal.pbio.1001570

6. Voyles J, Woodhams DC, Saenz V, Byrne AQ, Perez R, Rios-Sotelo G, et al. Shifts
in disease dynamics in a tropical amphibian assemblage are not due to pathogen
attenuation. Science (2018) 359:1517–9. doi: 10.1126/science.aao4806

7. Langwig KE, Hoyt JR, Parise KL, Frick WF, Foster JT, Kilpatrick AM. Resistance
in persisting bat populations after white-nose syndrome invasion. Philos Trans R Soc B
Biol Sci (2017) 372:20160044. doi: 10.1098/rstb.2016.0044

8. Alves JM, Carneiro M, Cheng JY, Lemos de Matos A, Rahman MM, Loog L, et al.
Parallel adaptation of rabbit populations to myxoma virus. Science (2019) 363:1319–26.
doi: 10.1126/science.aau7285

9. Graham AL, Allen JE, Read AF. Evolutionary causes and consequences of
immunopathology. Annu Rev Ecol Evol Syst (2005) 36:373–97. doi: 10.1146/
annurev.ecolsys.36.102003.152622

10. Seal S, Dharmarajan G, Khan I. Evolution of pathogen tolerance and emerging
infections: A missing experimental paradigm. Elife (2021) 10:e68874. doi: 10.7554/eLife.68874

11. Boots M, Bowers RG. Three mechanisms of host resistance to microparasites—
avoidance, recovery and tolerance—show different evolutionary dynamics. J Theor Biol
(1999) 201:13–23. doi: 10.1006/jtbi.1999.1009

12. Råberg L, Sim D, Read AF. Disentangling genetic variation for resistance and
tolerance to infectious diseases in animals. Science (2007) 318:812–4. doi: 10.1126/
science.1148526

13. Miller MR, White A, Boots M. The evolution of parasites in response to tolerance in
their hosts: the good, the bad, and apparent commensalism. Evolution (2006) 60:945–56.
doi: 10.1111/j.0014-3820.2006.tb01173.x

14. Little TJ, Shuker DM, Colegrave N, Day T, Graham AL. The coevolution of
virulence: tolerance in perspective. PloS Pathog (2010) 6:e1001006. doi: 10.1371/
journal.ppat.1001006

15. Henschen AE, Adelman JS. What does tolerance mean for animal disease
dynamics when pathology enhances transmission? Integr Comp Biol (2019) 59:1220–
30. doi: 10.1093/icb/icz065

16. Ruden RM, Adelman JS. Disease tolerance alters host competence in a wild
songbird. Biol Lett (2021) 17:20210362. doi: 10.1098/rsbl.2021.0362

17. Savage AE, Zamudio KR. Adaptive tolerance to a pathogenic fungus drives major
histocompatibility complex evolution in natural amphibian populations. Proc R Soc B
Biol Sci (2016) 283:20153115. doi: 10.1098/rspb.2015.3115

18. Atkinson CT, Saili KS, Utzurrum RB, Jarvi SI. Experimental evidence for evolved
tolerance to avian malaria in a wild population of low elevation Hawai ‘i ‘Amakihi
(Hemignathus virens). EcoHealth (2013) 10:366–75. doi: 10.1007/s10393-013-0899-2

19. Weber JN, Steinel NC, Peng F, Shim KC, Lohman BK, Fuess LE, et al.
Evolutionary gain and loss of a pathological immune response to parasitism. Science
(2022) 377:1206–11. doi: 10.1126/science.abo3411

20. Henschen AE, Vinkler M, Langager MM, Rowley AA, Dalloul RA, Hawley DM,
et al. Rapid adaptation to a novel pathogen through disease tolerance in a wild
songbird. PloS Pathog (2023) 19:e1011408. doi: 10.1371/journal.ppat.1011408
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Abstract 16 

During co-evolution, pathogen adaptations can rapidly alter the balance between immunity and 17 
immunopathology in hosts, selecting for reciprocal adaptations. Our previous transcriptomic research of the 18 
host-pathogen interaction between house finch (Haemorhous mexicanus) and its conjunctival bacterial 19 
infection Mycoplasma gallisepticum (MG) suggested that house finch populations differing in the length of 20 
co-evolutionary history with MG differ in the patterns of immune gene expression, indicating population-21 
specific adaptations. In the experiment conducted under controlled conditions, birds from the populations 22 
with the longest co-evolutionary history with MG exhibited the highest tolerance to the infection (defined 23 
as disease severity per pathogen load). Here we expanded this research with a targeted RT-qPCR approach 24 
aimed at elucidating the molecular shifts in the evolution of immune regulation. We compared the gene 25 
expression patterns in key inflammatory cytokines (IL1B and IL10) with those of BCL10, an NFKB 26 
signaling modulator. Across four different house finch populations (Virginia, Iowa, Arizona, Hawaii), we 27 
found significant differences in the expression of IL1B, IL10 and BCL10, dependent also on the MG isolate 28 
(original VA1994 or evolved VA2013) used for the treatment. Our results evidence that during the initial 29 
phase of immune response to MG, IL1B mRNA expression is up-regulated in birds from the Iowa population 30 
compared to others, while this cytokine is down-regulated in the Virginia population (both for the VA1994 31 
and VA2013 treatment). Also, IL10 levels are lower in Virginian birds. This indicates a decrease in 32 
activation of the inflammatory response in the Virginia population that has the longest co-evolutionary 33 
history with MG. The pattern was different for BCL10, where decreased levels of gene expression were 34 
consistently observed in the birds from the Iowa population. This suggests that the birds from Iowa evolved 35 
a different mechanism of tolerance to MG, activating a relatively strong cytokine response which is, 36 
however, subsequently quenched by the BCL10 down-regulation. Our findings offer a clearer understanding 37 
of the distinct immunological pathways being differentially optimized during the evolution of tolerance to 38 
the pathogen in different host populations.  39 



 
 

Keywords: 40 

Adaptations diversifying populations, emerging disease, coevolution, parasite, host-pathogen interaction, 41 
inflammatory immune response, resistance, tolerance to infection 42 

 43 

Introduction 44 

The virulence of a pathogen is determined by the extent of damage it inflicts on the host (Casadevall and 45 
Pirofski, 1999). This virulence can either increase or decrease as a result of the co-evolutionary arms race 46 
between the host and the pathogen. Hosts employ various strategies against pathogens, such as creating 47 
barriers to infection, rapidly clearing infections, and reducing the spread of pathogens (Roy and Kirchner, 48 
2000), while the pathogen develops countermeasures to subvert the host’s defense. Such reciprocal selection 49 
involving cycles of adaptations and counter-adaptations is perpetual, with the host immune system playing 50 
a critical role in shaping the actual outcomes. One of the most ancient and also most efficient mechanisms 51 
of host immunity providing pathogen clearance is inflammation (Ashley et al., 2012; Danilova, 2006). 52 
However, inflammation acts as a double-edged sword, since the benefit of the pathogen clearance can be 53 
diminished by the harm caused by the associated self-damage and destruction of the host’s tissues (Ashley 54 
et al., 2012). Therefore, evolutionary adaptations may optimize the regulatory balance in inflammation 55 
intensity. This regulation of the inflammatory response is achieved through distributed cell-to-cell 56 
communication mediated on distance through signal molecules called cytokines  (Zhang and An, 2007). By 57 
their effects on the inflammatory response, the cytokines can be described as either pro- (e.g. IL1B, IL6) or 58 
anti-inflammatory (e.g. IL10). The levels of expression of the individual cytokines thus reflect the intensity 59 
of inflammation (Dinarello, 2000). The proteins involved in downstream signaling of immune regulation, 60 
such as BCL10 or NFkB also play a pivotal role in modulating immune responses by influencing cytokine 61 
production (Wang et al., 2007; Yang et al., 2021; Zhang et al., 2022). In addition to this, there are several 62 
intrinsic and extrinsic factors affect the quality and quantity of the inflammatory response reflecting the 63 
evolutionary history of the host-pathogen interactions (Adelman et al., 2013b; Horns and Hood, 2012; Okin 64 
and Medzhitov, 2012). It has been suggested that in principle the evolutionary arms race between the host 65 
and pathogen can lead the host to either of two possible response strategies: (i) evolution of resistance to 66 
the pathogen, defined as the host’s improved ability to decrease the pathogen loads or (ii) evolution of 67 
tolerance to the infection, defined as host’s ability to limit the damage caused by the pathogen burden 68 
(Habtewold et al., 2017; Medzhitov et al., 2012; Råberg et al., 2007). Unlike resistance that can accelerate 69 
the arms race and promote immunopathology in the host (Graham et al., 2005), the evolution of tolerance 70 
detaches the pathogen loads from the host’s fitness and hence allows relaxation of the arms race evolution 71 
(Råberg et al., 2007). However, how frequent the evolution of tolerance to infection is in animals remains 72 
unknown as much as the precise adaptations in immune regulation allowing this evolutionary response to 73 
the pathogen infection. Thus, revealing specific evolutionary trajectories of immune adaptations in natural 74 
host-pathogen systems is essential to improve our understanding of the mechanisms shaping defense against 75 
diseases. 76 
Only a limited number of well-established naturally occurring co-evolutionary systems that can provide 77 
insights into host immune adaptations to pathogens are available in vertebrates (Vinkler et al., 2018).  78 
Notable and well-documented examples include the European rabbit with the Myxoma virus  (Alves et al., 79 
2019; Kerr and Best, 1998), the co-evolution of the host-pathogen interaction led to the bats and fungus 80 
causing white-nose syndrome (Langwig et al., 2017), the lowland leopard frog with the chytrid fungus 81 
(Berger et al., 1998), and the common frog with the rana virus (Price et al., 2014). In birds, a well-studied 82 
system is formed by a wild passerine host the house finch (Haemorhous mexicanus) and its bacterial 83 
pathogen Mycoplasma gallisepticum (Adelman et al., 2013b; Bonneaud et al., 2011; Dhondt et al., 1998; 84 
Grodio et al., 2012; Hawley et al., 2005). 85 



 
 

MG is a widespread pathogen of poultry, responsible for respiratory diseases of great economic significance  86 
(Ley, 2008). In the 1990s the pathogen switched its host and the first cases of the infection in house finches 87 
were reported in 1994  (Dhondt et al., 1998). In finches, MG causes acute conjunctivitis, which can 88 
significantly decrease the visual capacities of the birds and affect their survival (Hawley et al., 2005). This 89 
infection caused massive mortality that was responsible for a 60% local population decrease (Hochachka 90 
and Dhondt, 2000). This host-pathogen system has been now tracked and investigated for over 25 years,  91 
providing interesting data on the disease phenotype (Hotchkiss et al., 2005; Lindström et al., 2005) and 92 
transmission routes (Dhondt et al., 2007),  dynamics of the epidemic (Altizer et al., 2004; Dhondt et al., 93 
2005) or changes in the pathogen virulence (Adelman et al., 2013a; Grodio et al., 2012; Hawley et al., 2013). 94 
An important part of the research focused also on the host, analyzing its phenotypic traits affecting 95 
probability of recovery    (Hill and Farmer, 2005; Nolan et al., 1998) or key immunological features of the 96 
host response to the pathogen, including MG-specific antibody production (Grodio et al., 2009), leukocyte 97 
frequencies in blood during the infection (Davis et al., 2004), or bacterial killing capacity of plasma (Fratto 98 
et al., 2014). Importantly, recent research also described transcriptomic changes in the house finch 99 
secondary lymphoid tissues (the spleen; (Bonneaud et al., 2012, 2011), and at the infection site (conjunctiva 100 
and Harderian gland) (Henschen et al., 2023) and (Kuttiyarthu Veetil et al., 2024b). The local and systemic 101 
immune response to MG is regulated by cytokine profile changes that have been described in blood and 102 
tissues (Adelman et al., 2013b; Vinkler et al., 2018). 103 

The house finch-MG coevolution has an interesting spatial-temporal dynamic. The initial cases of 104 
mycoplasmosis were reported in the house finches in 1994 in the states of Maryland (MA) and Virginia 105 
(VA), situated on the eastern coast of  North America (Dhondt et al., 1998). In a few years, the disease 106 
subsequently disseminated throughout the entire eastern United States, including Iowa (IA) or Alabama 107 
(AL). Only about a decade later MG reached the western states (Washington, WA) possibly further 108 
spreading towards Arizona (AZ), where the evidence of infection is not presently available. This epidemic 109 
missed the geographically isolated house finch populations, such as the population introduced by humans 110 
to Hawaii islands (HI) (Bonneaud et al., 2011; Henschen et al., 2023; Vinkler et al., 2018). Interestingly, 111 
given the reciprocal selection between the host and the pathogen, over the thirty years of the investigation, 112 
both the house finch host (Henschen et al., 2023) and the MG pathogen (Tulman et al., 2012) evolved. The 113 
patterns of adaptations can be presently investigated by comparing the virulence of MG isolates obtained at 114 
different locations in distinct time points and patterns of the immune response measured in different host 115 
populations (Adelman et al., 2013b; Bale et al., 2020; Hawley et al., 2023; Vinkler et al., 2018). Testing 116 
these interactions in wild-reared birds originating from different populations, but kept in a single animal 117 
facility, previous transcriptomic research by (Henschen et al., 2023) and (Kuttiyarthu Veetil et al., 2024b) 118 
revealed evolutionary adaptation towards tolerance of the MG infection in the house finch populations with 119 
longest co-evolutionary history with the pathogen, compared to the populations naïve to MG or only recently 120 
affected by the pathogen. Presently, however, the precise immune regulatory pathways responsible for the 121 
tolerogenic response in the long-adapted populations remain unknown.   122 

Here we focused on the association between expression of an immune integrative regulatory protein BCL10 123 
and pro-inflammatory (IL1B) and anti-inflammatory (IL10) cytokine markers. BCL10 is involved regulation 124 
of the NF-kappaB signaling that plays a paramount role in the inflammatory immune response, as well as 125 
in the regulation of survival and differentiation of many immune cell types (Blonska et al., 2007; Wang et 126 
al., 2007; Zhang et al., 2022). In our previous transcriptomic study of the conjunctiva tissue (Kuttiyarthu 127 
Veetil et al., 2024b), this gene has been revealed as differentially expressed during MG infection and also 128 
differing in its pre-activation levels between the house finch populations. This makes it a promising 129 
candidate for the essential role in the house finch adaptation to MG. Adopting highly sensitive RT-qPCR, 130 
we develop this work through in-depth analysis of the target-gene expression within the conjunctiva tissue, 131 



 
 

a secondary lymphoid that is in direct contact with MG during the infection. We examined the gene 132 
expression pattern in birds originating from four different house finch populations (VA, IA, AZ and HI), 133 
each characterized by a distinct evolutionary history with mycoplasmosis. The experimental birds were 134 
infected with MG isolates obtained in Virginia at two different time points (VA1994) and VA2013). We 135 
predicted that the BCL10 gene expression affects the IL1B/IL10 expression levels, underlying variation in 136 
tolerance among the house finch populations.  137 

Materials and Methods 138 

Experimental design and animals 139 

A detailed explanation of the experimental procedure is provided in our previous two experiments, 140 

(Henschen et al., 2023; Kuttiyarthu Veetil et al., 2024b) so here we recapitulate it only briefly. Sixty young 141 

and healthy house finches were trapped by using the mist nets and feeder traps (Pyle, 1997) between June 142 

and September 2018 in Virginia, VA (Blacksburg),  Iowa, IA (Ames), Arizona, AZ (Tempe) and Hawaii, 143 

HI (Oahu) (15 individuals per population; details not shown). Once the birds were captured, they received 144 

a uniquely numbered aluminium leg band, and their mass was determined by using an electronic balance. 145 

Later the birds were dusted with 5% Sevin powder to eliminate ectoparasites and they were brought to the 146 

Iowa State University animal facility. A minimum of 40 days of quarantine period was provided to all birds, 147 

during which they were treated with prophylactic medications to prevent naturally occurring infections. 148 

During the experiment, all birds were kept single in medium-sized flight cages (76 cm x 46 cm x 46 cm) 149 

and were granted ad libitum access to food and water. The diet consisted of black oil sunflower seeds and 150 

pellets mixed in an 80:20 ratio (Roudybush Maintenance NiblesTM; Roudybush, Inc., Woodland, CA). The 151 

light-dark cycles (12h:12h) and temperatures (~22°C) were kept constant. All the animal captures and 152 

experimental activities were approved by the Institutional Animal Care and Use Committees (IACUC) at 153 

Iowa State University (ISU) and the ISU Institutional Biosafety Committee with appropriate permissions 154 

provided by state and federal agencies (see (Henschen et al., 2023)). 155 

In October 2018 the 60 individuals representing the four different house finch populations (VA, IA, AZ, 156 

HI) were divided into 3 experimental groups: for each population, 5 individuals served as controls (C) 157 

treated with Frey’s media with 15% swine serum alone, 5 were treatment individuals inoculated with the 158 

original MG isolate VA1994, and 5 were treatment individuals inoculated with the evolved MG isolate 159 

VA2013. Three days post-infection (3 DPI) two observers blind to the birds' population origin and treatment, 160 

did the eye scoring in all birds on a scale from 0 (no conjunctivitis) to 3 (strong pathology) at 0.5 intervals 161 

(Hawley et al., 2011; Sydenstricker et al., 2006). The total eye score is calculated by combining the eye 162 

score from both eyes.  After eye score reading the birds were euthanised by rapid decapitation and 163 

immediately a panel of 9 tissues was collected. These included the periocular conjunctiva-associated 164 

lymphatic tissue samples (conjunctiva, nictitating membrane, and the adjacent skin). All tissue samples were 165 

submerged in RNA protectant within 15 minutes after euthanisation and refrigerated. The cooled 166 

conjunctival samples were then transported within 48 hours to Charles University, Prague, Czech Republic, 167 

where they were stored frozen at -80°C until further processing. 168 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 169 

As mentioned in our previous studies  (Divín et al., 2022; Kuttiyarthu Veetil et al., 2024a) using PCR clean 170 
beaded tubes (OMNI International, Kennesaw GA USA - cat. no.: 2150600) we have homogenized the 171 
conjunctival tissue samples using the MagNa Lyser (Roche, Basel, Switzerland). The total RNA was 172 



 
 

extracted using a High Pure RNA Tissue Kit. We used Nanodrop (NanoDrop ND-1000) and Agilent 2100 173 
Bioanalyzer with nano chip (Agilent Technologies, California, USA) to calculate the RNA yield and check 174 
for RNA integrity.  175 

The RT-qPCR and cDNA synthesis were performed as previously described (Divín et al., 2022). For the 176 
ILIB and IL10 genes, the RT-qPCR primers, probe and synthetic DNA standards were adopted (Vinkler et 177 
al., 2018). For the BCL10 gene, the RT-qPCR primers were designed using Geneious software 178 
(http://www.geneious.com) based on a conserved avian interspecific alignment constructed from 179 

sequences downloaded from Ensemble, targeting the coding region. This gene was PCR amplified and 180 
Sanger-sequenced using cDNA from the house finch conjunctival tissue samples. The BCL10 partial coding 181 
DNA sequences (CDS) were submitted to GenBank under the following accession numbers: OR529380- 182 
OR529393. These sequences were then used to check for any intraspecific sequence variability that could 183 
affect the RT-qPCR and the primers and probe were designed in the conserved regions, which were also 184 
covered by the designed synthetic DNA standard.  The efficiency of each primer pair was calculated by 185 
constructing a calibration curve with a synthetic DNA standard (gBlocks; IDT, Coralville, IA, USA) using 186 
a dilution series of 108 to 102 copies / µl (Vinkler et al., 2018). 187 

The total RNA extracted from the samples was diluted in molecular grade water enriched with carrier tRNA 188 

(Qiagen, cat. no. 1068337), in a 1:5 ratio for the target genes and 1:500 for the housekeeping gene which 189 

was used as the reference gene.  The standards and the RNA samples were amplified using the Luna 190 

Universal Probe One-Step RT-PCR Kit (E3006, BioLabs Inc, Ipswich, MA, USA), with a final 191 

concentration of 0.6 mM and 0.2 mM for the primers and probe respectively. The cDNA synthesis and RT-192 

qPCR quantification were conducted using a Light Cycler Instrument (Roche Diagnostics, Rotkreuz, 193 

Switzerland). All reactions were performed along with a set of template-free negative controls and freshly 194 

prepared synthetic DNA standard positive controls on each plate. The Cq (quantification cycle) values were 195 

calculated by the second derivative maximum method, and the efficiency E and Cq data were calculated 196 

using the inbuild LightCycler480 software v.1.5.1. The gene expression quantification was calculated either 197 

as standard gene expression quantity (Qst) (Vinkler et al., 2018) which allows for the comparison of gene 198 

expression between the treatments and controls or as the relative gene expression ratio (R) (Pfaffl, 2001), 199 

which specifies the measures of gene expression fold change between the treatments normalized by the 200 

controls.  201 

We implemented the 3’- end transcriptomics QuantSeq method. The sequencing and library preparation was 202 

done at the European Molecular Biology Laboratory (EMBL), Heidelberg, Germany. The sequencing was 203 

conducted on the Illumina NextSeq 500 platform. The bioinformatics analysis was performed using the 204 

BAQCOM pipeline (https://github.com/hanielcedraz/BAQCOM). The transcriptomic data on the relative 205 

expression of the individual genes were extracted from the BioSample project Accession No. 206 

PRJNA981079. 207 

Statistical analysis 208 

The statistical analysis was done using the R version 4.1.0 and  R-studio software version v.2021.09.0 (R 209 

Core Team, 2021; RStudio Team, 2021) The data normality distribution was checked using the Shapiro-210 

Wilk test. Due to their non-Gaussian distribution, the Qst values were normalized using decadic logarithms 211 

(logQst). The effects of experimental treatment on gene expression changes were checked using the linear 212 

models (LMs) in the ‘Ime4’ package, where we used the target gene expression (continuous: R or logQst) 213 

as the response variable. The correlation between the transcriptomics and RT-qPCR data was checked using 214 

https://github.com/hanielcedraz/BAQCOM


 
 

Pearson's product-moment correlation tests. The full model consists of treatment and population and the 215 

interaction between treatment and population as explanatory variables. The minimum adequate model (here 216 

defined as models with all terms significant at p ≤ 0.05) was achieved by backward elimination of non-217 

significant terms from the full models. The backward elimination steps were confirmed by changes in 218 

deviance between the models with an accompanying change in degrees of freedom using the Akaike 219 

information criterion for identification of the exclusion terms and ANOVA, with F-statistics for testing the 220 

significance. The post-hoc test for multiple mean comparisons among different populations and treatment 221 

groups is done using the TukeyHSD test. The variation in gene expression between the populations and 222 

treatment groups was plotted as boxplots using the ggplot2 package. The correlation matrix was visualised 223 

using the corrplot package. 224 

Results 225 

Correlations between the transcriptomic and RT-qPCR gene expression data  226 

First, we tested correlations between the normalized gene expression data from the RT-qPCR (Qst) and 227 
transcriptomics obtained for the IL1B, IL10 and BCL10 genes across the whole dataset (Table1, Figure1). 228 
Our results demonstrated a highly significant correlation between the RT-qPCR expression data of IL1B 229 
gene with the QuantSeq data of IL1B gene expression (r = 0.556, p <<0.001, Table1, Figure1). For the IL10 230 
gene also the correlation between the RT-qPCR and QuantSeq data was highly significant (r = 0.526, p 231 
<<0.001, Table1, Figure1). The IL10 gene RT-qPCRRT-qPCR expression data also showed a highly 232 
significant correlation with the RT-qPCR data of the IL1B gene (r = 0.569, p << 0.001, Table, Figure1). For 233 
the BCL10 gene expression, there was no significant correlation demonstrated between the RT-qPCR data 234 
and the QuantSeq data (r = 0.116, p = 0.413, Table 1, Figure 1). Yet, the BCL10 RT-qPCR gene expression 235 
data displayed a significant correlation with the RT-qPCR data of IL1B gene expression (r = 0.294, p = 236 
0.034, Table 1, Figure 1).  237 

Figure 1. Correlations between gene expression levels revealed by RT-qPCR and QuantSeq in house 238 

finch conjunctiva 3 days after inoculation with MG. In the elliptical correlation plot, the circular shapes 239 
indicate no correlation, narrow ellipses indicate a strong correlation, tilted to the right indicates a positive 240 
correlation and tilted to the left indicates a negative correlation; the blue color represents a positive 241 
correlation, red color represents negative correlation, the intensity of color indicates the strength of the 242 
correlation. 243 
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Table 1. Correlations between gene expression levels with core values and P values revealed by RT-256 

qPCR and QuantSeq in house finch conjunctiva 3 days after inoculation with MG. Above the 257 

diagonal P values are given and below the diagonal core (r) values are given. 258 

 259 

 260 

Cytokines and BCL10 gene expression  261 

 262 

Table 2. The minimum adequate model with degree of freedom, F-value and P-value for Cytokines 263 

and BCL10 gene expression 264 

 MAM /Variables DF F P 

MAM1   IL1B_Expression ~ Treatment + Population  4/35 23.291 <<0.001 
 Treatment  1/35 4.222 0.047 
 Population 3/35 29.648 <<0.001 

MAM2 IL10_Expression ~ Population  3/36 15.550 <<0.001 

MAM3  BCL10_Expression ~ Treatment + Population  4/35 15.429 <<0.001 
 Treatment  4/35 8.703 0.006 
 Population 3/35 17.671 <<0.001 

     

 265 

The R expression values of the IL1B gene were compared across the 4 different populations (VA, IA, AZ, 266 
HI) and two treatment groups (VA1994 and VA2013). We found a statistically significant difference in the 267 
expression of IL1B among house finch populations (MAM1, Population: p << 0.001; Table 2, Figure 2) and 268 
between the treatment groups (MAM1, Treatment: p = 0.047; Table 1, Figure 2). Our analysis did not reveal 269 
any significant interaction between treatment and population groups. Further post-hoc analysis showed a 270 
significant difference in IL1B gene expression between birds from the VA population (treated with either 271 
the VA1994 or the VA2013 isolate) and the IA population (again, treated either with the VA1994 or the 272 
VA2013; TukeyHSD: in all cases p <<0.001; Table 3, Figure 2), consistent with strong up-regulation of 273 
IL1B in IA. The VA individuals treated with the VA1994 isolate exhibited down-regulation of IL1B 274 
expression compared to birds from the HI population treated with both the VA1994 isolate (TukeyHSD: p 275 
= 0.005) and VA2013 isolate (TukeyHSD: p = 0.016), and also compared with birds from the AZ population 276 
treated with the VA2013 isolate (TukeyHSD: p = 0.019; Table 3, Figure 2). At the same time, the IA 277 

 QuantSeq_BCL10 RT-qPCR BCL10 QuantSeq_IL1B RT-qPCR_IL1B QuantSeq_IL10 RT-qPCR _IL10 

 

QuantSeq_BCL10 1.000 0.413 0.128 0.755 0.247 0.119 
 

RT-qPCR BCL10 0.116 1.000 0.189 0.034 0.325 0.130 P-Values 

QuantSeq_IL1B 0.214 0.185 1.000 <<0.001 <<0.001 <<0.001 
 

RT-qPCR IL1B 0.044 0.294 0.556 1.000 <<0.001 <<0.001 
 

QuantSeq_IL10 0.163 0.139 0.719 0.480 1.000 <<0.001 
 

RT-qPCR _IL10 0.219 0.213 0.492 0.569 0.526 1.000 
 

  Core-Values      



 
 

population treated with VA2013 isolate showed a significant up-regulation of the IL1B expression compared 278 
to the AZ birds treated with both VA1994 (TukeyHSD: p <<0.001), and VA2013 isolate (TukeyHSD: p = 279 
0.004), and also with the HI birds treated with both VA1994 (TukeyHSD: p = 0.015),  and VA2013 280 
(TukeyHSD: p = 0.005; Table 3, Figure 2) isolates. (This pattern was to a lesser extent consistent also for 281 
the birds from the IA population inoculated with the VA1994 isolate (TukeyHSD: AZ_VA2013 p = 0.082; 282 
AZ_VA1994 p = 0.001; HI_VA2013 p= 0.091; Table 3, Figure 2). The results for Qst values are consistent 283 
with the results based on R (data not shown). 284 

Table 3. Tukey multiple comparisons of means with p-adjusted values for IL1B gene expression in 285 

the conjunctiva in the four house finch populations treated with the two different MG treatments. A 286 
total of 60 birds, 15 birds from each population (5 control, 5 VA1994 treatment, 5 VA2013 treatment). 287 
Difference = Difference between the means, Lower bound = Lower bound of a confidence interval, Upper 288 
bound = Upper bound of a confidence interval. Padj= Adjusted P value. 289 

Population_Treatement Difference Lower Bound Upper Bound   Padj-value 
AZ_VA94-AZ_VA13 -0.940 -2.638 0.757 0.628 
HI_VA13-AZ_VA13 0.026 -1.672 1.723 1.000 
HI_VA94-AZ_VA13 0.253 -1.444 1.951 1.000 
IA_VA13-AZ_VA13 2.214 0.517 3.912 0.004 
IA_VA94-AZ_VA13 1.583 -0.115 3.280 0.082 
VA_VA13-AZ_VA13 -1.101 -2.798 0.597 0.436 
VA_VA94-AZ_VA13 -1.911 -3.608 -0.213 0.019 
HI_VA13-AZ_VA94 0.966 -0.732 2.663 0.597 
HI_VA94-AZ_VA94 1.193 -0.504 2.891 0.337 
IA_VA13-AZ_VA94 3.154 1.457 4.852 <<0.001 
IA_VA94-AZ_VA94 2.523 0.825 4.220 0.001 
VA_VA13-AZ_VA94 -0.161 -1.858 1.537 1.000 
VA_VA94-AZ_VA94 -0.971 -2.668 0.727 0.591 
HI_VA94-HI_VA13 0.227 -1.470 1.925 1.000 
IA_VA13-HI_VA13 2.188 0.491 3.886 0.005 
IA_VA94-HI_VA13 1.557 -0.141 3.255 0.091 
VA_VA13-HI_VA13 -1.126 -2.824 0.571 0.407 
VA_VA94-HI_VA13 -1.936 -3.634 -0.239 0.016 
IA_VA13-HI_VA94 1.961 0.263 3.659 0.015 
IA_VA94-HI_VA94 1.330 -0.368 3.027 0.217 
VA_VA13-HI_VA94 -1.354 -3.051 0.344 0.199 
VA_VA94-HI_VA94 -2.164 -3.861 -0.466 0.005 
IA_VA94-IA_VA13 -0.631 -2.329 1.066 0.925 
VA_VA13-IA_VA13 -3.315 -5.012 -1.617 <<0.001 
VA_VA94-IA_VA13 -4.125 -5.822 -2.427 <<0.001 
VA_VA13-IA_VA94 -2.683 -4.381 -0.986 <<0.001 
VA_VA94-IA_VA94 -3.493 -5.191 -1.796 <<0.001 
VA_VA94-VA_VA13 -0.810 -2.508 0.887 0.777 

 290 

 291 



 
 

Figure 2. Variation in relative expression changes of IL1B in the conjunctiva in the four house finch 292 

populations treated with the two different MG treatments. At the y-axis, the IL1B mRNA expression is 293 
shown in R values indicating relative fold change in treatments compared to controls. At the x-axis, the four 294 
house finch populations are shown: VA = Virginia, IA = Iowa, AZ = Arizona, HI = Hawaii.  The two MG 295 
treatments are differentiated in color: VA1994 = orange, VA2013 = red. 296 
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The R expression values of the IL10 gene were compared across the 4 different populations (VA, IA, AZ, 308 
HI) and two treatment groups (VA1994 and VA2013). The IL10 gene expression showed significant 309 
differences among the different house finch populations (p << 0.001, Population, MAM2, Table 2, Figure 310 
3) but not among the different treatment groups. However, the gene expression pattern did not exhibit any 311 
significant interaction between the population and treatment groups. However, among the VA1994 isolate-312 
treated birds, the VA population showed a significant down-regulation in the IL10 gene expression 313 
compared to the IA population (p = 0.014, TukeyHSD) and AZ population (p << 0.001, TukeyHSD) and 314 
marginally non-significant down-regulation in IL10 expression with respect to the HI population of house 315 
finches (p = 0.068, TukeyHSD, Table 4, Figure 3). The AZ population treated with 2013 isolate of the 316 
mycoplasma also demonstrated a significant up-regulation in the IL10 gene expression compared to the VA 317 
population treated with both VA2013 (p = 0.018, TukeyHSD), and VA1994 (p = 0.001, TukeyHSD, Table 318 
4, Figure 3), isolates of mycoplasma. Also, the AZ population treated with VA1994 showed an up-regulation 319 
in the IL10 gene expression compared to the VA population treated with the VA2013 isolate of mycoplasma 320 
(p = 0.002, TukeyHSD, Table 4, Figure 3). The Iowa population treated with the VA2013 isolate also 321 
displayed a significant up-regulation in the IL10 gene expression compared to the VA population of birds 322 
treated with the VA1994 isolate (p = 0.017, TukeyHSD, Table 4, Figure 3). The results for Qst values are 323 
consistent with the results based on R (data not shown). 324 

 325 

Table 4. Tukey multiple comparisons of means with p values for IL10 gene expression in the 326 

conjunctiva in the four house finch populations treated with the two different MG treatments. A total 327 
of 60 birds, 15 birds from each population (5 control, 5 VA1994 treatment, 5 VA2013 treatment). Difference 328 
= Difference between the means, Lower bound = Lower bound of a confidence interval, Upper bound = 329 
Upper bound of a confidence interval. Padj= Adjusted P value. 330 



 
 

 331 

Population_Treatement Difference Lower Bound Upper Bound   Padj-value 
AZ_VA94-AZ_VA13 0.485 -1.483 2.452 0.992 
HI_VA13-AZ_VA13 -1.014 -2.982 0.953 0.706 
HI_VA94-AZ_VA13 -0.912 -2.879 1.056 0.801 
IA_VA13-AZ_VA13 -0.569 -2.536 1.399 0.980 
IA_VA94-AZ_VA13 -0.516 -2.483 1.452 0.988 
VA_VA13-AZ_VA13 -2.219 -4.186 -0.251 0.018 
VA_VA94-AZ_VA13 -2.795 -4.763 -0.828 0.001 
HI_VA13-AZ_VA94 -1.499 -3.467 0.468 0.245 
HI_VA94-AZ_VA94 -1.397 -3.364 0.571 0.325 
IA_VA13-AZ_VA94 -1.054 -3.021 0.914 0.666 
IA_VA94-AZ_VA94 -1.001 -2.968 0.967 0.719 
VA_VA13-AZ_VA94 -2.703 -4.671 -0.736 0.002 
VA_VA94-AZ_VA94 -3.280 -5.248 -1.313 <<0.001 
HI_VA94-HI_VA13 0.102 -1.865 2.070 1.000 
IA_VA13-HI_VA13 0.446 -1.522 2.413 0.995 
IA_VA94-HI_VA13 0.498 -1.469 2.466 0.991 
VA_VA13-HI_VA13 -1.204 -3.172 0.763 0.508 
VA_VA94-HI_VA13 -1.781 -3.749 0.186 0.099 
IA_VA13-HI_VA94 0.343 -1.624 2.311 0.999 
IA_VA94-HI_VA94 0.396 -1.572 2.364 0.998 
VA_VA13-HI_VA94 -1.307 -3.274 0.661 0.406 
VA_VA94-HI_VA94 -1.883 -3.851 0.084 0.069 
IA_VA94-IA_VA13 0.053 -1.915 2.020 1.000 
VA_VA13-IA_VA13 -1.650 -3.617 0.318 0.154 
VA_VA94-IA_VA13 -2.227 -4.194 -0.259 0.018 
VA_VA13-IA_VA94 -1.703 -3.670 0.265 0.130 
VA_VA94-IA_VA94 -2.279 -4.247 -0.312 0.014 
VA_VA94-VA_VA13 -0.577 -2.544 1.391 0.978 

 332 

Figure 4. Variation in relative expression changes of IL10 in the conjunctiva in the four house finch 333 

populations treated with the two different MG treatments. At the y-axis, the IL10 mRNA expression is 334 
shown in R values indicating relative fold change in treatments compared to controls. At the x-axis, the four 335 
house finch populations are shown: VA = Virginia, IA = Iowa, AZ = Arizona, HI = Hawaii.  The two MG 336 
treatments are differentiated in color: VA1994 = orange, VA2013 = red. 337 
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The R expression values of the BCL10 gene were compared across the 4 different populations (VA, IA, AZ, 348 
HI) and two treatment groups (VA1994 and VA2013). The BCL10 gene also showed a significant difference 349 
in the expression, among the various house finch populations (p << 0.001, MAM3, Table 2, Figure 4) and 350 
between the two treatment groups (p = 0.006, MAM3, Table 1, Figure 4). However,  the interaction between 351 
treatments and populations did not display any significant difference in the BCL10 expression. However, 352 
we found significant down-regulation of the BCL10 expression in the IA population of birds treated with 353 
the VA2013 isolate in comparison with the VA (p = 0.001, TukeyHSD), AZ (p << 0001, TukeyHSD), and 354 
HI (p = 0.001, TukeyHSD, Table 5, Figure 4) populations from the same treatment group. The IA population 355 
of birds treated with the VA2013 isolate of mycoplasma also showed significant down-regulation in the 356 
BCL10 gene expression compared to the VA1994 isolates of the AZ population (p = 0.004, TukeyHSD, 357 
Table 5, Figure 4). The VA1994 treated IA population showed a significant down-regulation of the BCL10 358 
gene, compared to the VA population treated with VA2013 isolate (p = 0.001, TukeyHSD), and the AZ 359 
population treated with both VA1994 (p = 0.004, TukeyHSD) and VA2013 (p << 0001, TukeyHSD, Table 360 
5, Figure 4) isolates. There is a marginally non-significant up-regulation of the BCL10 gene expression 361 
found in the AZ birds treated with VA2013 isolate compared to the HI population of birds treated with 362 
VA1994 isolate of mycoplasma (p = 0.072, TukeyHSD, Table 5, Figure 4). The results for Qst values are 363 
consistent with the results based on R (data not shown). 364 

Table 5. Tukey multiple comparisons of means with p values for BCL10 gene expression in the 365 

conjunctiva in the four house finch populations treated with the two different MG treatments. A total 366 
of 60 birds, 15 birds from each population (5 control, 5 VA1994 treatment, 5 VA2013 treatment). Difference 367 
= Difference between the means, Lower bound = Lower bound of a confidence interval, Upper bound = 368 
Upper bound of a confidence interval. Padj= Adjusted P value. 369 

Population_Treatement Difference Lower Bound Upper Bound   Padj-value 

AZ_VA94-AZ_VA13 -0.579 -2.008 0.849 0.887 
HI_VA13-AZ_VA13 -0.373 -1.801 1.056 0.989 
HI_VA94-AZ_VA13 -1.358 -2.787 0.070 0.072 
IA_VA13-AZ_VA13 -2.446 -3.875 -1.018 << 0.001 
IA_VA94-AZ_VA13 -2.463 -3.892 -1.035 << 0.001 

VA_VA13-AZ_VA13 -0.331 -1.760 1.097 0.994 



 
 

VA_VA94-AZ_VA13 -1.368 -2.796 0.061 0.069 
HI_VA13-AZ_VA94 0.206 -1.222 1.635 1.000 
HI_VA94-AZ_VA94 -0.779 -2.207 0.650 0.646 
IA_VA13-AZ_VA94 -1.867 -3.295 -0.438 0.004 
IA_VA94-AZ_VA94 -1.884 -3.312 -0.455 0.004 
VA_VA13-AZ_VA94 0.248 -1.180 1.677 0.999 
VA_VA94-AZ_VA94 -0.788 -2.217 0.640 0.633 
HI_VA94-HI_VA13 -0.985 -2.414 0.443 0.360 
IA_VA13-HI_VA13 -2.073 -3.502 -0.645 0.001 
IA_VA94-HI_VA13 -2.090 -3.519 -0.662 0.001 
VA_VA13-HI_VA13 0.042 -1.387 1.470 1.000 
VA_VA94-HI_VA13 -0.995 -2.423 0.434 0.348 
IA_VA13-HI_VA94 -1.088 -2.517 0.340 0.245 
IA_VA94-HI_VA94 -1.105 -2.534 0.323 0.229 
VA_VA13-HI_VA94 1.027 -0.402 2.455 0.310 
VA_VA94-HI_VA94 -0.010 -1.438 1.419 1.000 
IA_VA94-IA_VA13 -0.017 -1.445 1.412 1.000 
VA_VA13-IA_VA13 2.115 0.687 3.544 0.001 
VA_VA94-IA_VA13 1.079 -0.350 2.507 0.255 
VA_VA13-IA_VA94 2.132 0.704 3.561 0.001 
VA_VA94-IA_VA94 1.096 -0.333 2.524 0.238 
VA_VA94-VA_VA13 -1.036 -2.465 0.392 0.299 

 370 

Figure 4. Variation in relative expression changes of BCL10 in the conjunctiva in the four house finch 371 

populations treated with the two different MG treatments. At the y-axis, the BCL10 mRNA expression 372 
is shown in R values indicating relative fold change in treatments compared to controls. At the x-axis, the 373 
four house finch populations are shown: VA = Virginia, IA = Iowa, AZ = Arizona, HI = Hawaii.  The two 374 
MG treatments are differentiated in color: VA1994 = orange, VA2013 = red. 375 
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Discussion 386 

For the past three decades, a novel infection of mycoplasma evolved to cause severe conjunctivitis in the 387 
house finch. Here we used RT-qPCR analysis to reveal the evolving nature of the molecular regulation of 388 
the host immune system. Developing our previous transcriptomic research showing that birds from the 389 
populations with the longest co-evolutionary history with MG exhibit the highest tolerance to MG, we 390 
compared the expression patterns of two cytokines (IL1B and IL10) and a signal integrator, BCL10 in 391 
conjunctiva on the 3rd-day post inoculation. We revealed highly significant correlations between the RT-392 
qPCR and QuantSeq expression data for the key cytokine genes (IL1B and IL10). The expression of the 393 
signal modulator BCL10 was linked to IL1B gene expression. Across the four different house finch 394 
populations (VA, IA, AZ, HI), we found statistically significant differences in the expression of IL1B, IL10 395 
and BCL10, dependent on the MG isolate (original VA1994 or evolved VA2013) used for the treatment. 396 
Post-hoc analysis indicated significant up-regulation in IL1B mRNA expression in the birds from the IA 397 
population, especially strong when compared to the VA population which showed down-regulation 398 
compared to all other populations (both for the VA1994 and VA2013 treatment). Also, for IL10 the birds 399 
from the VA population showed decreased levels of gene expression compared to other populations. This 400 
indicates a decrease in activation of the inflammatory response in the VA population that has experienced 401 
the longest co-evolutionary history with MG. The pattern was different for BCL10, where decreased levels 402 
of gene expression were consistently observed in the birds from the IA population. Given their relatively 403 
high IL1B levels, this suggests that the IA birds activated a relatively strong cytokine response to MG, but 404 
the inflammation was subsequently decreased downstream by the BCL10 down-regulation. This suggests 405 
distinct molecular mechanisms involved in the evolution of tolerance in different house finch populations.  406 

In our prior research, we explored the differential gene expression in conjunctiva during an immune 407 
response to MG between birds originating from distinct house finch populations using 3'-end transcriptomic 408 
sequencing (QuantSeq) (Kuttiyarthu Veetil et al., 2024b). We showed that MG triggers strong pro-409 
inflammatory signaling that can affect T-cell activation, and IL17 pathway differentiation, along with 410 
decreasing the IL12/IL23 pathway signaling. The VA house finches that have the longest co-evolutionary 411 
history with MG, activate higher expression of anti-inflammatory genes and Th1 mediators than birds from 412 
other populations, which may explain their relative tolerance to MG. Here we used the same conjunctiva 413 
samples from the experiment in which we collected the tissue during the initial phase of the infection, three 414 
days post-inoculation and supplemented the transcriptomics with RT-qPCR focusing on selected immune-415 
related genes which were found differentially expressed in the QuantSeq results or which are key to reveal 416 
the immune regulatory mechanism.  417 

First, the comparison of the QuantSeq and RT-qPCR data supported high consistency in the expression 418 
patterns of the pro-inflammatory cytokine IL1B and anti-inflammatory cytokine IL10. IL1B and IL10 RT-419 
qPCR levels were also correlated. This is in agreement with the previous findings by (Vinkler et al., 2018), 420 
showing correlations between different inflammation-related cytokines in the house finches infected with 421 
MG. Although we did not find any significant correlation between the QuantSeq and RT-qPCR gene 422 
expression levels of BCL10, our analysis evidenced a weak, but significant positive correlation between 423 
BCL10 expression and expression of IL1B determined using RT-qPCR. This supports the idea that BCL10 424 
is in the house finch up-regulated during the MG infection in the same way as other inflammatory genes, 425 
but the interaction is weak and affected by variability between the individuals. Analyzing the RT-qPCR 426 
patterns of the gene expression in response to MG, we revealed important differences among the four 427 
different house finch populations. However, the gene expression patterns obtained for the two MG isolates 428 
(the original VA1994 isolate and the evolutionarily derived VA2013) used to describe the effects of 429 
pathogen evolution were surprisingly similar. Previous research has shown that MG evolves by increasing 430 
its virulence (Hawley et al., 2013), causing more pathology, but also triggering stronger immune responses 431 



 
 

(Vinkler et al., 2018). This has been observed on the transcriptomic level also in our experiment, where the 432 
evolved MG isolate elicited a stronger immune response compared to the original isolate (Henschen et al., 433 
2023; Kuttiyarthu Veetil et al., 2024b). This result is consistent with the RT-qPCR data because the IL1B 434 
and BCL10 levels were generally higher after inoculation with the VA2013 isolate than during the response 435 
to the VA1994 isolate. Yet, the pattern of inter-populational differences was in the house finches mostly 436 
consistent between the two MG treatments, which is supported by the lack of any significant interaction 437 
between the population and the treatment.   438 

During the initial response to MG, birds from the VA population triggered significantly weaker expression 439 
of IL1B than individuals from the other populations. This can be indicative of a weaker pro-inflammatory 440 
response that is consistent with tolerogenic adaptation to MG in this population with a long co-evolutionary 441 
history with MG. To our surprise individuals originating from the IA population, which has a co-442 
evolutionary history with MG only a few years shorter, showed stronger IL1B expression during the immune 443 
response to MG, when compared to the HI and AZ birds. Given the known tolerance to MG in the IA 444 
population (Henschen et al. 2023), this is an unexpected result, because high IL1B expression typically 445 
indicates activation of a strong inflammation (Vinkler et al., 2018) that can cause severe tissue damage 446 
harming the host (Ashley et al., 2012). However, a previous study mentioned that the pathogen load and 447 
immune-related gene expressions are not directly related in house finch populations (Bonneaud et al., 2011). 448 
Additionally, our prior research has demonstrated that inflammatory responses can vary across different 449 
tissues in house finches and avian species more broadly (Kuttiyarthu Veetil et al., 2024b, 2024a). Notably, 450 
the AZ population with short or no evolutionary history with the MG and the entirely naïve HI population 451 
showed comparable levels of IL1B gene expression.  452 

Similar to IL1B, also the anti-inflammatory cytokine IL10 had the lowest expression in the VA population, 453 
in particular when the birds were treated with the original MG isolate VA1994. This result is consistent with 454 
several previous studies in the house finch populations with slight changes (Adelman et al., 2013b; 455 
Bonneaud et al., 2011; Vinkler et al., 2018). Adelman et al (2013b)   (Adelman et al., 2013b) found that 456 
after the first 24 hours of MG infection, the house finches from Alabama that also have a relatively long co-457 
evolutionary history with MG experienced lower fever, and activated lower levels of the pro-inflammatory 458 
signaling through IL1B, but higher anti-inflammatory signaling through IL10 compared to the Arizona 459 
population lacking the experience with the MG pathogen. Compared to this study, in our VA population, 460 
the anti-inflammatory signaling mediated by IL10 was not increased. The lowered IL10 expression can be 461 
either a reciprocated effect of the reduced IL1B expression as previously described in mice and human cell 462 
line studies (De Waal Malefyt et al., 1991; Sun et al., 2019) or it can be part of the tolerance adaptation in 463 
the VA population. 464 

The house finches from the AZ and HI populations with little or no co-evolutionary history with MG 465 
(Henschen et al., 2023), displayed a similar expression of IL10 as IA, which may be part of the general 466 
regulation of the IL1B pro-inflammatory pathway. Although the expression of these two cytokines is 467 
antagonistic in nature (Sun et al., 2019), the IL10 feedback probably helps to regulate over-responsive 468 
inflammation. 469 

Finally, our previous research (Kuttiyarthu Veetil et al., 2024b) identified the possible immunomodulating 470 
role of BCL10 in the emergence of tolerance to MG.  BCL10 is a positive regulator of B- and T-cells that 471 
activates NFKB signaling (Blonska et al., 2007; Xue et al., 2003). In primary mouse embryonic fibroblasts, 472 
the BCL10 expression positively stimulates the proinflammatory interleukins (Jiang et al., 2016). The 473 
BCL10 also plays a crucial role in the development and suppressive function of regulatory T cells (Yang et 474 
al., 2021).  Compared to birds from VA and the other populations, IA birds showed a decrease in the BCL10 475 
mRNA expression during the MG infection. Contrasting the BCL10 and IL1B patterns, our results suggest 476 



 
 

that the birds from IA evolved a different mechanism of tolerance to MG than the VA birds. While in VA 477 
the population adaptively decreased the very expression of the pro-inflammatory signals, the IA population 478 
still activates a relatively strong pro-inflammatory cytokine response upon the MG infection. However, this 479 
response is subsequently quenched by the BCL10 down-regulation, weakening the overall inflammatory 480 
immune response that harms to host health. 481 

Conclusion  482 

To conclude, our study contributes to the understanding of the diverse evolutionary paths of molecular 483 
immune adaptations in the hosts. In the house finch, our results suggest distinct parallel adaptations 484 
providing the host tolerance to MG. Both adaptive patterns of the inflammatory gene expression emerged 485 
in the house finch populations with a long co-evolutionary history with the pathogen. In VA the birds 486 
manage to down-regulate the proinflammatory signaling mediated by IL1B while in IA they up-regulate 487 
IL1B, down-regulating also the signal integrator BCL10. Both these population-specific adaptations appear 488 
to contribute to the tolerance to MG (mild pathology despite high pathogen loads). Our findings offer clearer 489 
insight into the house finch adaptations against the MG-induced immunopathology and contribute to the 490 
general understanding of host evolutionary responses to pathogen virulence increase. 491 
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