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Abstract 

The newborn marsupial is born at a highly altricial stage of development when 

compared to eutherian newborn mammals. Interestingly, the marsupial young are born 

into a non-sterile environment and lack a developed immune system which prevents 

them from mounting an adaptive immune response. 

Two reviews are presented in this thesis. The first review examined the complementary 

mechanisms which protect the developing marsupial young. Immune protection through 

forms of innate immunity and maternal contributions has been examined in marsupials. 

However, as there are many facets to immune protection, our understanding of the 

protection of the developing marsupial young is far from complete and much of the 

developing marsupial’s innate immune system remains unexplored. Importantly, the 

review also recognised that the availability of marsupial genomes should be exploited to 

help direct further research on the protection of marsupial young. 

The second review examined the role of the pouch in marsupial reproduction. While it 

is clear that the pouch provides immune protection to those species that have a pouch, 

the pouch cannot provide immune protection to the young of those species without a 

pouch. Thus, instead of using the pouch to explain immune protection of marsupial 

young, the review examined the role of the pouch in supporting highly altricial young 

and promoting reproductive success in various environments where a pouch may confer 

significant advantages over free hanging young.  

The reviews set the direction for the experimental research presented in this thesis. The 

model species tammar wallaby (Macropus eugenii) was used to further examine innate 

immune genes. First, innate immune genes, mucin and lysozyme were identified or 

predicted in the tammar wallaby. The mucin and lysozyme genes were then physically 
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mapped to conserved regions of the tammar wallaby genome which facilitated the 

confirmation of the identification of the genes. 

Second, the expression of immune genes was examined in the skin and lung of 

developing tammar wallabies considered immune-incompetent and immune-competent 

using transcriptome sequencing. There were 390 and 429 immune genes expressed in 

developing tammar wallaby skin and lung, respectively, suggesting that both tissues 

play a role in immune defense. Unexpectedly, mucin and lysozyme were not expressed 

in the skin and lung of wallabies considered to be immune-incompetent. Further, 

enrichment analysis of genes identified in Gene Ontology terms showed that specific 

immune genes, complement component 3, complement factor B and apolipoprotein A1, 

have increased expression in the skin and lung of wallabies considered immune-

incompetent. The increased expression of the immune genes suggests that there may be 

specific innate immune system processes in play to compensate for the delayed 

development of the adaptive immune system in marsupial.  

The research presented in this thesis identified gaps in the research of immune 

protection of marsupial young and identified, mapped and examined the expression of 

innate immune genes in the developing tammar wallaby. Thus, we are closer to 

understanding the complexity of the developing marsupial immune system. The 

identification of immune genes and their expression, lays the foundation for further 

functional research in marsupial developmental immunology. 
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Chapter 1. Introduction 

Background 

In comparison to the broad altricial to precocial spectrum observed amongst different 

eutherian mammals at birth, marsupials are born at a developmental stage which marks 

the minimum onset of functionality for specific tissues (Hughes and Hall 1988). This 

stage of development can be visually compared to the developmental stage of a bird 

embryo, well before hatching, or to a eutherian mammal embryo in utero. The most 

visible characteristics of the marsupial at birth are the forelimbs, which the young uses 

to take hold of the mother’s fur to propel itself from the mother’s urogenital opening to 

a teat. The mouth parts are also well developed and have a very important role in 

fastening onto the mother’s teat so the young can remain attached to the mother and 

obtain milk.  

Remarkably, the undeveloped characteristics of marsupials outweigh the comparatively 

developed characteristics several-fold at birth. Many general physiological processes 

essential for adult survival, also remain immature until sometime after parturition. In 

particular, newborn marsupials have undeveloped immune tissue (Yadav et al. 1972; 

Cutts and Krause 1982; Basden et al. 1997) and insufficient numbers of circulating 

lymphocytes (Coutinho et al. 1995; Old and Deane 2003; Old et al. 2004) to mount an 

adaptive immune response.  

Interestingly, the marsupial pouch contains a range of potentially pathogenic bacteria 

(Osawa et al. 1992; Old and Deane 1998; Deakin and Cooper 2004; Chhour et al. 2010) 

and this generates an immunologically challenging environment for the developing 

young as their immune tissues mature. Thus, evolutionary biologists and immunologists 
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are particularly interested in deciphering how these altricial young are immunologically 

protected in a non-sterile environment over such a critical period. 

Direction 

The overall aim of the research presented in this thesis was to further understand 

immune protection of developing marsupial young and to further contribute to the 

literature of marsupial developmental immunology. As the development of the immune 

tissues and the onset of adaptive immune protection have been well established in 

marsupials (Yadav et al. 1972; Cutts and Krause 1982; Coutinho et al. 1995; Basden et 

al. 1997; Old and Deane 2003; Old et al. 2004), the first aim was to review the literature 

examining complementary modes of immune protection in developing marsupial young. 

The review in Chapter 2 covers the exposure of developing marsupials to microbial 

organisms, maternal protection and innate immune protection of developing young.  

Immune protection from the pouch was examined in the review in Chapter 3. However, 

as not all marsupials have pouches, protection from the pouch was difficult to 

comprehend, as some marsupial species have undeveloped young that attach to a teat on 

their mother’s abdomen which are not enclosed by a pouch. Thus, the second aim was 

to review the role of the pouch in light of reproductive success and mammalian 

evolution. The review in Chapter 3 examines the characteristics of highly altricial 

young, the different types of pouches observed in marsupials and implications of the 

pouch for reproductive success and mammalian evolution. 

The information generated from the first and second aim established the direction for 

the remaining aims. The reviews found that although the pouch has a number of 

important functions for the developing marsupial, not all marsupials have pouches 

(Russell 1982; Tyndale-Biscoe 2005), and therefore may not be an ideal starting point 

for examining immune protection in the developing marsupial. Additionally, many 
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researchers have already extensively examined maternal protection through the transfer 

of compounds with a potential role in immunity in milk.  

As the mammalian innate immune system consists of many components, the remaining 

aims focused on innate immune genes using the model species tammar wallaby 

(Macropus eugenii). The third aim was to identify and physically map innate immune 

genes, mucin and lysozyme, in the tammar wallaby genome. Mucin and lysozyme genes 

are found in a broad range of species and play an important role in the protection of 

vertebrate neonates. The fourth aim sort to utilise the recently published tammar 

wallaby genome (Renfree et al. 2011) and advances in RNA-sequencing. A global 

assessment of the expression of innate immune genes in skin and lung of developing 

tammar wallabies was carried out on two tissues that are directly exposed to potentially 

pathogenic bacteria and environmental particulates. As RNA-sequencing permits the 

analysis of the expression of multiple genes in whole tissue, it was possible to venture 

away from compound specific analysis and use a holistic approach to determine which 

genes were expressed in developing tammar wallabies. 

Specific aims 

A summary of the aims include: 

Aim 1: Review the literature examining microbial exposure and complementary modes 

of immune protection in developing marsupial young. 

Aim 2: Review the role of the pouch in marsupial reproduction and mammalian 

evolution. 

Aim 3: Identify and physically map innate immune genes, mucin and lysozyme, in the 

tammar wallaby genome. 
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Aim 4: Determine the expression of innate immune genes in the skin and lung of 

developing tammar wallabies that are considered immune-incompetent and immune-

competent. 
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Abstract 

Background: Marsupials are born with undeveloped immune tissue, yet at birth they 

must make their way from the sterile uterine environment to the teat located on the 

mother’s abdomen. Thus, from birth, the newborn marsupial skin comes into direct 

contact with potentially pathogenic bacteria and must protect itself from immune 

challenges. As skin acts as a first line of defense against microorganisms, the main 

objective of this research was to examine the expression of immune genes in the skin of 

the developing tammar wallaby (Macropus eugenii). Transcriptome sequencing was 

used to obtain a holistic view of immune gene expression in the developing tammar 

wallaby skin. First, we identified the distribution of expression of different immune 

genes in immune related Gene Ontology (GO) terms. Second, we identified specific 

immune GO terms which included genes which were differentially expressed between 

immune-incompetent and immune-competent tammar wallabies. Finally, we examined 

genes previously identified or suggested to be expressed in the skin of developing 

tammar wallabies. Results: Several GO immune system process terms were represented 

by genes expressed in developing tammar wallaby skin, including activation and 

regulation of immune system processes, and leukocyte activation, homeostasis and 

migration, suggesting that the developing tammar wallaby skin plays a role as an 

immune defense organ. The genes with important immune functions with increased 

expression in the immune-incompetent group included two genes involved in 

complement, complement component 3 and complement factor B, two peroxidase 

genes, myeloperoxidase and glutathione peroxidase 2, and the lipoprotein component, 

apolipoprotein A1. Of the genes previously identified or suggested to be expressed in 

the skin of developing wallabies, three cathelicidin genes and peroxiredoxin 1 showed 

expression in skin; the tammar wallaby cathelicidin 1 and/or 2 genes showed increased 

expression in the immune-incompetent tammar wallabies compared to the immune-
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competent tammar wallabies, while the gene for tammar wallaby cathelicidin 8 was 

highly expressed in both groups. Conclusions: The results suggest that specific innate 

immune protection mechanisms play a large role in the immune protection of 

marsupials before their immune tissues develop and until they can mount an adaptive 

immune response. 

Background 

Marsupials are born with undeveloped immune tissue [1-3] which develops as they 

suckle from the mother’s teat. At birth, marsupial young are immunologically 

incompetent and cannot mount an adaptive immune response [4-6]. Instead, the young 

receives passively acquired immune protection from the mother through such 

mechanisms as milk [7-10] and pouch secretions [11-12]. The young also derives some 

protection from their own innate, non-specific immune system [13-18]; however, 

research in this field is lacking, and there are still many facets of immune protection in 

developing marsupials that require further examination [19]. Foremost is the 

immunological role of the pouch young skin, as young are directly exposed to 

potentially pathogenic bacteria as they make their way from the urogenital opening to 

the teat [20-23].  

Mammalian skin acts as a first line of defense against microorganisms and commonly 

includes physical structures, chemical compounds and cells; including Langerhans 

(dendritic) cells, sebaceous glands (which secrete sebum) and antimicrobial peptides. 

The skin of the newborn marsupial comprises an outer layer of developing epidermis 

called the periderm, which is lost approximately one week after birth in the Virginia 

opossum (Didelphis virginiana) and Northern Quoll (Dasyurus hallucatus) [24,25]. The 

periderm functions as an initial and important physical barrier of protection, as early 
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research by Block (1960), found that non-sterile incisions which penetrated the 

periderm of the Virginia opossum resulted in the death of the animal [26].  

To date, antimicrobial peptides, unique molecules located on immune cells which 

recognize pathogens, and an antioxidant have been investigated in the skin of the 

tammar wallaby (Macropus eugenii); however, research has been slow because 

compounds are usually examined individually and there are many potential immune 

compounds to investigate. Carman et al. [13,14] and Daly et al. [15] identified 

cathelicidins in the skin of tammar wallaby pouch young which were later found to be 

effective in killing a broad range of bacterial pathogens [18,27]. The expression of two 

molecules used for immune cell surface recognition, cluster of differentiation 14 

(CD14) and toll-like receptor 4 (TLR4), have also been identified in tammar wallaby 

pouch young skin [16], as well as the gene for the antioxidant peroxiredoxin 1 

(PRDX1), which has a possible role in immunity [17].  

The extent of the role and importance of other forms of protection in the skin of the 

developing marsupial is unclear, as reported discrepancies in the timing of their first 

occurrence exist between species. For example, as summarized by Edwards et al. [19], 

Langerhans cells are found at birth in the newborn white-eared opossum (Didelphis 

albiventris) [4], while Langerhans cells and sebaceous glands are not evident until 23 

and 59 days postpartum, respectively, in the quokka (Setonix brachyurus) [25] and 

immature Langerhans cells are evident at 10 days, with sebaceous glands evident at 28 

days, in the brushtail possum (Trichosurus vulpecula) [28].  

To date, research examining the expression of immune genes in skin has been 

compound specific and thus slow; however, with the advent of next generation 

sequencing it is now possible to venture away from compound specific research and to 

examine the expression of many genes involved in specific pathways or Gene Ontology 
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(GO) terms at one time. This research uses transcriptome sequencing to obtain a holistic 

view of immune gene expression in the developing tammar wallaby skin and aims to 

make use of the tammar wallaby genome, which has been sequenced to a 2-fold depth 

[29] to fill in research gaps associated with innate immunity and to highlight potential 

immune pathways that are relevant to future research for the protection of pouch young. 

Thus, before investigating potential new genes that may be protecting the pouch, we use 

information that is already available to achieve three main aims. First, we identify genes 

involved in specific immune GO terms which are expressed by pouch young. Second, 

we identify genes involved in specific immune GO terms which are differentially 

expressed between wallabies which are considered to be immune-incompetent and 

wallabies that are immune-competent. We consider tammar wallabies younger than 35 

days to be immune-incompetent and wallabies older than 35 days to be immune-

competent, based on histological studies, which imply that functional maturity of the 

adaptive immune system occurs by 35 days post partum, when mature T and B cells are 

found in lymphoid tissue beds [5]. However, as it is likely that there is a continuum of 

immune development, we examine animals that are younger or older than the 35 day 

time point. Finally, we also examine the expression of TLR4, PRDX1, cathelicidins, 

mucins and lysozymes, and where possible compare their expression with previous 

research, as these genes have previously been examined in developing tammar wallaby 

skin or have been suggested to play an immune role [13-19]. 

Results and discussion 

Marsupials are born at an immune-compromised developmental stage, while their 

immune tissues are still developing. To date, the majority of immune protection 

research has come from maternal strategies, including studies of protection afforded by 

milk [19], while little research has been committed to examining the functioning aspects 
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of the young’s own immune system. Thus, the focus of this study was to identify 

important immune genes that are expressed in the skin of the developing wallaby, an 

organ which is in direct contact with potentially pathogenic bacteria.  

We performed transcriptome sequencing on skin samples obtained from four tammar 

wallabies aged 1.5 days (n = 1), 19 days (n = 1) and 57 days (n = 2) old. As tammar 

wallaby young do not appear to mount an adaptive immune response until 35 days post 

partum [5], 1.5 day and 19 day old pouch young wallabies (the younger group) 

represented an immune-incompetent group, while 57 day old pouch young (the older 

group) represented an immune-competent group.  

Read mapping statistics  

Previous research which has used RNA-sequencing to examine the skin transcriptome 

of other animals include studies on adult Atlantic Salmon (Salmo salar) [30] and the 

Antarctic fur seal (Arctocephalus gazelle) [31]; however, this is the first study to 

examine the skin transcriptome of a marsupial using RNA-sequencing. There were 

approximately 22 million reads obtained from the RNA-sequencing of developing 

tammar wallaby skin, after filtering for high quality sequenced reads (91.83 %; 

Additional file 1). TopHat was used to map 31.14 ± 2.22 % (mean ± SD) of the reads to 

the tammar wallaby genome (Additional file 1). As the tammar wallaby genome has 

only been sequenced to a 2-fold depth by Sanger Sequencing [29], it is likely that part 

of the genome has not been sequenced, which may account partly for the lower 

proportion of tags mapping to the genome. For further analysis the reads were 

normalized and filtered to include only those that made up the top 98 % of genes with 

the highest cumulative tag count (9 658 tammar wallaby genes) (Additional file 2). As 

long genes may generate more reads than equally expressed short genes, transcript 

length and fragments per kilobase of exon per million fragments mapped (FPKM) were 
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examined and found to display no bias (Additional file 3). The processed data file is 

available in Additional file 4 while the raw data can be downloaded from 

www.ncbi.nlm.nih.gov/sra [accession numbers SRR831709, SRR831710, SRR831711 

and SRR836292] [32]. 

Distribution of immune gene expression across different immune system process terms 

This is the first study to examine the immune transcriptome of developing wallaby skin 

and to identify genes associated with immune function in wallaby skin. Figure 1 shows 

the distribution of the expression of genes associated with immune system process GO 

terms, including the number of genes expressed in the skin for each GO term. There 

were 390 immune genes identified that are associated with the immune system process 

GO term. All samples showed similar expression of log2 normalized tag counts across 

immune system process child terms. Thus, it appears that the skin of the developing 

wallaby is an active site of the expression of genes involved in immunity and is likely to 

act as an immune defense organ. However, although this analysis identifies genes in 

immune system process terms, it is possible that not all genes are directly involved in 

immunity pathways, and instead are involved in other metabolic processes that may 

facilitate activation of immune response. Nevertheless, the GO analysis provides a 

comprehensive list of immune terms that lays the foundation for further and more 

specific immune gene analysis (Additional file 4). 

Several previous studies have examined the expression of immune genes in the skin of 

various species. For example, Ierardi et al. [33] sequenced expressed sequence tags 

(ESTs), identifying 52 genes important in response to stress and immune challenges in 

the skin of the North Atlantic right whale (Eubalaena glacialis), while EST sequencing 

of Chinese brown frog (Rana chensinensis) skin identified 518 ESTs relevant to 

immunity and defense [34]. The skin of the zebrafish (Danio rerio) infected with  
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Figure 1. The expression of genes representing each immune system process child term 

in each sample that contained more than five genes. The upper, middle and lower ends 

of the box represent the upper quartile, median and lower quartile, while the upper and 

lower ends of the vertical lines represent the largest and smallest log2 tag count of the 

genes found within the immune system process child terms, respectively. The number 

of genes in each immune system process child term identified in the transcriptome is 

listed in brackets. Outliers (any data points above the 3rd quarter + 1.5 times the 

interquartile range and below the 1st quarter - 1.5 times the interquartile range) are not 

shown. 
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bacterium Citrobacter freundii was found to express 88 genes that were significantly 

involved with skin immunity including; complement activation and acute phase 

response, defense and immune response, response to stress and stimulus, antigen 

processing and presentation, cell adhesion and migration, platelet activation and 

coagulation factors and regulation of autophagy and apoptosis [35]. Next generation 

sequencing has also identified several immune relevant genes related to the adaptive and 

innate immune system in Atlantic salmon [30]. The studies examining immune gene 

expression in skin suggest that the skin of these species is also an active site of 

expression of genes involved in immunity.  

Differential expression of immune genes between immune-incompetent and immune-

competent groups 

As reports suggest that there is a difference in the developmental stage of the immune 

system between marsupial young under 35 and young over 35 days old, we examined 

the differential expression of genes identified in the wallaby skin. First, a pairwise 

comparison of all samples was conducted to determine the relationship of variation 

between all samples (Additional file 5); with 75 % of the variation showing a 

relationship between the samples in the immune-incompetent group and 95 % of the 

variation showing a relationship between the samples in the immune-competent group. 

The lower score observed in the immune-incompetent group may be expected, 

compared to the higher score observed in the immune-competent group, as there is an 

age gap between the young in the immune-incompetent group. There were 229 genes 

(out of 9 658 filtered genes) which were identified as differentially expressed. In the 

immune-incompetent group, 131 genes were found to be more highly expressed than in 

the immune-competent group, while 98 genes were found to be more highly expressed 
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in the immune-competent group than in the immune-incompetent group (Additional file 

6).  

Genes that were significantly more highly expressed (P-value < 0.05, Benjamini-

Hochberg false discovery rate (FDR) < 0.05) in the immune-incompetent group were 

used to perform GO term enrichment analysis by g:Profiler to detect significantly 

overrepresented GO terms compared to all genes. A total of 78 groups were identified 

as significantly overrepresented (P-value < 0.05), including 32 biological process terms, 

18 cellular component terms and five molecular function terms (Additional file 4). 

Terms with immune function included five terms from the biological process term: 

humoral immune response, inflammatory response, regulation of inflammatory 

response, defense response, and regulation of defense response (Table 1). There was 

only one molecular function GO term, smoothened binding, identified as 

overrepresented in the immune-competent group when compared to the immune-

incompetent group. It is not surprising that the younger group showed increased 

expression of genes in immune groups compared to the older group, as an organism 

faces new demands at birth as it moves from a sterile uterine environment to the 

external environment.  

The genes from GO terms, which were significantly overrepresented in the immune 

associated term, with potential immune function were further examined to determine 

whether they were represented by both immune-incompetent individuals. The genes 

which were over expressed in the immune related GO terms by both individuals in the 

immune-incompetent group include, alpha-2-HS-glycoprotein (AHSG), apolipoprotein 

A1 (APOA1), complement component 3 (C3), complement factor B (CFB), glutathione 

peroxidase 2 (GPX2), hemopexin (HPX), and myeloperoxidase (MPO) (Figure 2a). 

Here we will focus on five genes which have potentially important immune roles that  
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Table 1. Significantly overrepresented Gene Ontology (GO) terms associated with 

immune related terms represented by highly expressed genes in the immune-

incompetent wallabies. 

GO term Relative 

GO depth 

Genes 

differentially 

expressed (no.) 

P-value 

Parent term Child group    

Biological 

process 

Defense response 1 12 0.00 

Regulation of defense response 2 7 0.05 

Inflammatory response 2 7 0.04 

Regulation of inflammatory 

response 

3 6 0.01 

Humoral immune response 1 4 0.03 
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Figure 2. The expression (fragments per kilobase of exon per million fragments 

mapped (FPKM)) of genes which were identified in immune system process Gene 

Ontology (GO) terms that were significantly overrepresented in the GO term 

enrichment analysis in the immune-incompetent group. A. shows the genes that were 

expressed in the skin of both immune-incompetent individuals, while B. shows the 

genes that were highly expressed in the 19 day old individual. 
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can be extended to the skin, including the two genes involved in complement, C3 and 

CFB, two peroxidase genes, MPO and GPX2 and one lipid related term with potential 

immune function, APOA1.  

Complement is one of the most ancient forms of immunity and provides an important 

role in defense as one of the first innate mechanisms awaiting pathogens that may 

penetrate the epithelial barrier [36]. In addition to roles in immunity, complement 

contributes to the growth and repair of tissue, induces growth factors and promotes 

restoration of tissue homeostasis [36]. The alternative pathway of complement 

activation can be triggered directly by microbial surfaces, thus the complement defense 

mechanism acts immediately after encountering a pathogen [37].  C3 is the central 

molecule to the alternative pathway and CFB protease binds to hydrolyzed C3 [36]. The 

occurrence of higher expression of C3 in the younger marsupials is surprising as the 

complement system is underdeveloped in healthy term humans (38 to 42 weeks 

gestation), with circulating complement concentrations 10 to 80 % of adults [38]. By 

specifically examining C3, McGreal et al. [38] uncovered a large range of differences in 

complement levels in human neonates. For example, C3 can be found at concentrations 

60 % that of the concentration of adults [39] which reaches the adult concentration 

between six days and six months old [40]; however, the concentration in newborns has 

also been observed at concentrations that are almost identical to adults [41], although, 

Shapiro et al. [41] report that their adult reference values are lower than those in other 

studies. McGreal et al. [38] also reports that preterm concentrations are much lower 

than those of term neonates; however, the research examining these concentrations 

compared them to the maternal serum concentrations which are usually higher than 

those of normal adults [42]. In contrast to the expression of CFB observed in developing 

tammar wallabies, with increased expression found in the immune-incompetent group 
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compared to the immune-competent group, in newborn humans, CFB serum 

concentrations are on average 54 % (36 to 73 %) that of normal adults [38].  

Marsupials are born at a stage of development that is equivalent to a human at eight to 

10 weeks gestation [26,43]. Although we are comparing the transcriptome analysis of 

complement in wallaby to the concentrations of complement in human serum, the 

results thus far suggest that complement activity is high in young wallabies and lacking 

in young humans. The complement system appears to be developing at a much earlier 

stage in marsupials when compared to eutherian mammals and it may be that the 

premature development compensates for the delayed development of their immune 

tissue and delayed ability to mount an adaptive immune response. Further research is 

warranted to examine this hypothesis.  

Two peroxidase enzymes were also identified to be more highly expressed in the 

younger group. MPO has an important immunological function in the neutrophil’s 

primary role of phagocytosis and destruction of microorganisms. MPO is released into 

the phagosome during degranulation or it is leaked outside of the cell before enclosure 

of the phagosome [44] and has an antimicrobial effect on microorganisms [45]. Skin 

contains blood vessels and leukocytes and hence, it is not surprising that a gene 

associated with the role of neutrophils would be expressed in tammar wallaby skin. 

MPO has been previously identified in the neutrophils of adult tammar wallaby serum 

[46]. Neutrophils make up the majority of leukocytes at birth in tammar wallaby [47], 

the quokka [48] and Virginia opossum [49]. A comparison of neutrophil composition in 

the leukocytes of Virginia opossum reduced from 89 % in newborns, to 23 % in adults 

[49]. Thus, the higher expression of MPO in younger versus older animals is not 

surprising if neutrophils comprise the largest proportion of the leukocyte population and 
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suggests that neutrophils are important to the immunological protection of the marsupial 

neonate.  

The identification of GPX2 in the skin was an unusual result as GPX2 is a major 

enzyme that reduces hydroperoxidase in the intestinal epithelium. Few studies have 

examined the immune role of GPX2; however, Chu et al. [50] found that GPX2 

prevented ileocolitis and intestinal cancer by reducing oxidative stress caused by 

bacteria. As young are in contact with bacteria on their journey to the teat and within the 

pouch, GPX2 could play a similar role in the developing tammar wallaby skin.  

In addition to the two complement components and the two peroxidase enzymes, an 

apolipoprotein gene was also identified to have higher expression in the skin of the 

younger group. APOA1 is a major apolipoprotein of high density lipoprotein, and may 

directly affect bacterial growth and promote self defense mechanisms of normal and 

immune-incompetent individuals, as a serum fraction containing APOA1 has shown 

antimicrobial activity against a gram positive bacteria Staphylococcus epidermidis [51]. 

In addition to the immune related GO terms, the enrichment analysis also identified 

many lipid related processes as overrepresented in the immune-incompetent group 

(Additional file 4). Apolipoprotein B (APOB), is a major structural component of low 

density and very low density lipoproteins, which plays a role in mediating the virulence 

of specific microorganisms. For example, APOB influences agr signaling in S. aureus 

which prevents the change in phenotype of S. aureus from colonizing to invasive [52]. 

Although the apolipoprotein analysis was conducted using serum, antimicrobial lipids 

are also found at the skin surface [53]. In a review of the complementary mechanisms 

that protect the developing marsupial pouch young, Edwards et al. [19] highlight that 

there are no studies which have examined antimicrobial lipids in developing marsupials 
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and that they are unlikely to be explored while there is still so much unknown about the 

antimicrobial proteins and peptides. 

Differential expression of immune genes between 1.5 and 19 day old young 

The aim of this research was to compare the skin of young considered to be immune-

incompetent and the skin of young considered to be immune-competent; however, 

differences between the young in the immune-incompetent group were also observed. 

There were five genes that were over expressed in the immune related GO terms by the 

skin of the individual that was 19 days old, including B6SF63_MACEU, chymotrypsin-

like elastase family, member 1 (CELA1), matrix metallopeptidase 7 (MMP7), 

proenkephalin (PENK) and trefoil factor 2 (TFF2) (Figure 2b). Particularly interesting 

is the over expression of TFF2, as TFF2 codes for one of three mammalian TFF 

peptides. TFFs are synthesized in mucin producing epithelial cells and play a role 

protecting the epithelia [54]. Although normally found in the gastrointestinal tract of 

mammals, TFF peptides have also been detected in amphibian skin, with TFF domains 

forming a central part of frog integumentary mucin C.1 [55]. Mucins, the main 

component of mucus, often afford protection to the skin of other species, such as fish 

[56] and it has been suggested that they may play a similar role in the developing 

marsupial skin before the marsupial pelage develops. Previous research identifying and 

mapping mucin genes to the tammar wallaby genome proposed that mucins may play a 

role in the protection of developing marsupial young [57]. Reads corresponding to 

scaffolds which contain previously identified mucins were examined (data not shown), 

but were not identified to be expressed.  

At the time of sample collection, the aim of the research was to examine the skin 

transcriptome of wallabies with and without immune competence. However, as there are 

differences in gene expression observed between the younger two samples further 
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studies examining the transcriptome of younger wallabies are warranted to determine if 

there is a difference between the ages of the wallabies or if the difference is due to 

individual variation.  

Expression of immune genes previously detected in tammar wallaby skin 

Previously, TLR4 was identified in tammar wallaby skin from young aged five days 

with an increase in expression occurring at 70 and 90 days postpartum [16]. In this 

study, TLR4 was identified in all samples but with an FPKM less than two, suggesting 

that other genes may play a larger role in immune protection of marsupial young than 

TLR4. PRDX1, however, was found to be represented across all samples with tag counts 

greater than 250 FPKM. Daly et al. [17] found that PRDX1 was expressed in five day 

old tammar wallaby skin and that its expression decreased at around 25 days and then 

increased 70 to 90 days postpartum. Differential expression may not have been detected 

in this study as the oldest samples were 57 days old. Although there were reads that also 

mapped to the tammar wallaby lysozyme orthologues they were not included in the     

98 % of cumulative tag counts retained for further analysis (Additional file 4), which 

suggests that lysozyme does not play a large role in the protection of marsupial young 

as hypothesized by Edwards et al. [19]. 

Reads corresponding to the tammar wallaby cathelicidin (MaeuCath) genes were also 

examined (Additional file 4). The reads mapping to MaeuCath1 and MaeuCath2 could 

not be differentiated but showed significantly higher expression in the immune-

incompetent group compared to the immune-competent group (log fold change = 5.1, P-

value and FDR value < 0.01), while MaeuCath8 was expressed in all samples. The 

expression of MaeuCath1 has previously been found to increase in the skin of 

developing wallabies in the first 25 days postpartum [15], and has also been detected 

along with MaeuCath8 in tammar wallaby pouch young skin 20 to 120 days postpartum 
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[18]. MaeuCath8 has been detected in the skin of tammar wallabies from seven days, 

but not at birth [14]. MaeuthCath1, splice variants of MaeuCath1 and WAM1 (a 

wallaby antimicrobial peptide derived from MaeuCath1) possess antimicrobial activity 

against a range of microorganisms and are thought to provide the young with substantial 

immune protection during and after birth [18,27]. 

Conclusions 

Our research examined the transcriptome of the developing wallaby skin and identified 

genes involved in several immune terms that were present in both the immune-

incompetent and immune-competent group, but also genes involved in immune terms 

that were overrepresented in the immune-incompetent group, such as C3, CFB, MPO, 

GPX2 and APOA1. Interestingly, complement components are usually found in much 

lower concentrations in human neonates than in human adults, suggesting that sections 

of the complement system develop faster in marsupials than in eutherian mammals and 

could possibly provide an immune compensation mechanism while the young’s 

undeveloped immune tissue matures. We suggest that the skin of the developing 

marsupial is an active immune organ; however, further analyses are required to 

determine the specific function of these genes. 

As research to date has been compound specific, we used transcriptome sequencing to 

identify genes in developing tammar wallaby skin which have already been annotated in 

the genome. Now that GO immune terms and immune genes have been identified 

further work examining these groups and processes would be highly beneficial. 

Additionally it would be interesting to compare neonatal skin of eutherian mammals to 

marsupials, or to do increased time series transcriptome studies with and without 

immune challenge. Marsupials provide for an interesting immunological case at birth 

and we are only just touching the surface of protective mechanisms. Not only can we 
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use information, such as annotated genomes and transcriptome sequencing to explore 

these protective mechanisms but there is also the potential for examining new 

compounds with large immunological roles. 

Methods 

Sample collection 

Animal handling and sample collection were carried out at the Commonwealth 

Scientific and Industrial Research Organisation (CSIRO) Sustainable Ecosystems, 

Gungahlin, Canberra, Australia by methods approved by the Australian National 

University’s Animal Experimentation Ethics Committee (Register no. R.CG.15.10) and 

the CSIRO Sustainable Ecosystems Animal Ethics Committee (Application no. 10-02). 

Animals were euthanized by decapitation. Skin tissue was obtained between the neck 

and tail on the dorsal side of four tammar wallaby pouch young, aged 1.5 days (n = 1), 

19 days (n = 1) and 57 days (n = 2). The tissue samples were suspended in RNAlater
®

 

solution (Ambion) for at least 24 hrs, before they were stored at -80 °C or were 

immediately frozen at -80 °C following dissection.  

RNA extraction, library construction and sequencing  

Frozen tissue samples were homogenized in lysis solution with 2-mercaptoethanol. 

Total RNA was extracted using the GenElute
TM

 Mammalian Total RNA Miniprep Kit 

(Sigma-Aldrich) with the protocol for fibrous tissue. Contaminating DNA was removed 

using an on-column DNase I digestion set (Sigma-Aldrich) during the RNA extraction 

or with DNA-free
TM

 (Ambion) after the extraction, following the manufacturer’s 

instructions. RNA integrity and concentration were determined using a Nano6000 chip 

on a 2100 Bioanalyser (Agilent Technologies). Each RNA sample was stabilized and 

stored in an RNAstable tube (Biometrica) and sent to the Beijing Genomics Institute, 
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Tai Po, Hong Kong for sequencing. cDNA libraries were generated using Illumina’s 

mRNA Sample Preparation Guide (Cat # RS-930-1001); mRNA was enriched by oligo 

(dT) magnetic beads and fragmented to 200 basepairs using fragmentation buffer. First 

strand cDNA was synthesized by random hexamer-primer using the RNA fragments as 

templates. Buffer, dNTPs, RNase H and DNA polymerase were added to synthesize the 

second strand. The double strand cDNA was purified with QiaQuick PCR extraction kit 

and washed with EB buffer for end repair and single nucleotide adenine addition. 

Finally, sequencing adaptors were ligated to the fragments. The fragments were purified 

by agarose gel electrophoresis and enriched by PCR amplification. The library products 

were sequenced to a length of 49 nucleotides using the Illumina
®
 HiSeq

TM
 2000 

sequencing platform.  

Quality assessment, read mapping and tag counting  

Low quality sequenced reads were first filtered out using Trimmomatic [58] (version 

0.25). Reads with an end nucleotide quality value less than three or reads with the mean 

quality value of the ast four nucleotides less than 20 were considered as low quality 

reads and removed from further analysis. Filtered high quality reads were visually 

assessed for their qualitative properties using FastQC [59]; data quality was deemed 

acceptable for further analysis. 

The tammar wallaby genome sequence (Meug_1.0) and gene annotations were 

downloaded from Ensembl [60] (version 70). All reads were aligned to the wallaby 

genome reference sequence using TopHat (version 2.0.6) with default parameters. The 

alignments generated after running the TopHat command were further processed using 

Cufflinks [61] (version 2.0.2) to identify and assemble known and novel transcripts. 

Cuffmerge [61] was used to produce a non-redundant set of known and novel transcripts 

for our dataset. Read alignments were overlapped with gene annotations for the wallaby 
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genome using intersectBed [59] (BedTools version 2.17.0) and sequenced fragment 

counts were then generated for each gene in each sample using custom Perl scripts 

(Additional file 7). TopHat identified novel transcript isoforms of annotated genes or 

novel gene models overlapping with existing gene annotations. However, further 

analysis of the novel isoforms and gene models was beyond the scope of this study.  

For further analysis, the sum of mapped tag counts for each sample was used as its 

effective library size. Read counts per gene were first normalized for library size and 

transcript length to obtain FPKM [62]. These counts were further normalized for total 

RNA output using the trimmed mean of M-values method [63]. Transcript length was 

compared to normalized FPKM to determine length versus expression bias. 

Distribution of expression of immune system process terms 

To determine the expression of immune genes across different immune system process 

terms, all genes associated with the child terms of the immune system process GO term 

(GO:0002376) were identified from Ensembl. The expression patterns for the genes 

associated with these GO terms were quantified using a Perl script (Additional file 7) 

implemented in the edgeR package [64] (version 2.6.12). GO terms, showing expression 

of less than six genes were excluded from the analysis.  

Differential expression analysis 

A pairwise comparison of all samples was first conducted to determine the relatedness 

between all samples. Differential expression analysis for genes between young (1.5 and 

19 days) and old samples (57 days) was performed using the edgeR package [64] 

(version 2.6.12) following the author’s recommendations. We selected all genes that 

contributed to the top 98 % of the cumulative counts in any one sample. Zero tag counts 

were adjusted to the mean value of the lowest normalized count and zero. For each 
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group of samples, dispersion estimates were obtained using the quantile adjusted 

conditional maximum likelihood method. Subsequently, differential expression tests 

were computed for each gene. FDR was calculated for multiple-testing using the 

Benjamini-Hochberg procedure. Genes were defined as differentially expressed if the P-

value and FDR for differential expression was ≤ 0.05. A list of differentially expressed 

genes (up and down regulated) was sorted based on their log fold change. GO term 

enrichment analysis, to detect significantly overrepresented GO terms was performed in 

g:Profiler [65]. 

We also examined the expression of genes previously identified or suggested to be 

expressed in the skin of developing wallabies. TLR4 [Ensembl: 

ENSMEUG00000009461], PRDX1 [ENSMEUG00000006820] and lysozyme 

orthologues [ENSMEUG00000011846 and ENSMEUG00000015902] are annotated in 

the genome. However, cathelicidin genes [RefSEQ: gi_157042603; gi_157042605; 

gi_157042607; gi_157042609; gi_157042610; gi_157042612; gi_157042614; 

MaeuCath8 [14]] and mucin genes [57] are not annotated in the genome. For genes not 

annotated in the genome we identified their locations using megablast and subsequently 

analyzed their tag counts or we counted tags for the scaffolds that are known to harbor 

these genes. 
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Additional File 1. Number of tag counts obtained from transcriptome sequencing, before and after quality value (Q.V.) filtering and number of tag 

counts successfully mapped to the tammar wallaby genome for tammar wallaby skin using TopHat. 

Sample  

(days old) 

Tag counts 

(raw) 

Tag counts low Q.V. 

filter 

Tag counts low 

Q.V. filter (%) 

Tag counts low Q.V. filter 

mapped 

Tag counts low Q.V. 

filter mapped (%) 

1.5 24828905 22855751 92.05 6520026.00 28.53 

19 24338153 22396985 92.02 7269031.00 32.46 

57 (a) 24783405 22685259 91.53 7581735.00 33.42 

57 (b) 23827686 21854875 91.72 6590673.00 30.16 

Mean 24444537.25 22448217.50 91.83 6990366.25 31.14 

Standard deviation 467044.96 438540.12 0.25 519084.35 2.22 
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Additional file 2. The number of tag counts (log2 counts per million (CPM)) for each 

gene (dotted lines) expressed in tammar wallaby skin and the cumulative proportion of 

tag counts for each gene (solid line). The black line represents the cut-off of genes 

which include genes containing 98 % of the cumulative tag counts. 
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Additional file 3. The correlation between the FPKM (fragments per kilobase of exon 

per million fragments mapped) of transcripts expressed in tammar wallaby skin and the 

length of each transcript (A. 1.5 day old; B. 19 day old; C. 57 day old (a) and D; 57 day 

old tammar wallabies). 
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Additional file 4. Spreadsheet containing the data analyzed for the tammar wallaby 

developing skin transcriptome. The spreadsheet is available on the disk accompanying 

the thesis. 

Sheet name Description  

RawCounts Raw counts 

FPK Raw counts/base pair length 

FPKM FPKM/library size  

NormFactors  Normalization factors 

NormFPKM FPKM/normalization factors 

Retained Genes making up 98 % of highest tag counts 

Diffexp Differential expression analysis results 

NegLFC Genes showing negative fold change between the immune-incompetent 

and immune-competent group  

NegGOEnr GO terms showing significant enrichment in the immune-incompetent 

group 

PosLFC Genes showing positive fold change between the immune-incompetent 

and immune-competent group  

PosGOEnr GO terms showing significant enrichment in the immune-competent 

group 

Cathelicidin Raw counts, NormFPKM, retained and Diffexp for cathelicidin analysis  

 

 

 

  



70 

 

 

 

 

 

 

 

Additional file 5. A pairwise comparison of genes expressed by tammar wallaby skin 

which shows correlation coefficients between each sample. 
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Additional file 6. Differential expression of genes from immune-incompetent and 

immune-competent tammar wallaby skin. Genes which are up regulated and down 

regulated in the immune-incompetent group compared to the immune-competent group 

are shown in blue and red respectively. The remaining points (grey) show genes which 

are not differentially expressed between the two groups. 
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Additional file 7. Perl script used to conduct tammar wallaby skin transcriptome 

analysis. 

 

library(edgeR) 

options(java.parameters = "-Xmx4000m") 

library(xlsx) 

source("Downloads/gProfileR/R/gProfileR.R") 

 

sortcol <- function(x){sort(x,decreasing=TRUE)} 

cumfreqcol <- function(x){cumsum((x/sum(x))*100)} 

seltop <- function (x){slist<-cumsum(x[order(x,decreasing=TRUE)])/sum(x)<=0.98; bottom<-

labels(slist)[slist==FALSE]; x[bottom]<-NA; return(x)} 

panel.cor <- function(x, y){ 

    usr <- par("usr"); on.exit(par(usr)) 

    par(usr = c(0, 1, 0, 1)) 

    r <- abs(cor(x, y)) 

    txt <- format(c(r, 0.123456789), digits=2)[1] 

    text(0.5, 0.5, txt) 

} 

 

a <- read.table("skin.FPKTagCounts.txt", header=TRUE, row.names=1) 

rawcounts <- read.table("skin.rawTagCounts.txt", header=TRUE, row.names=1) 

l <- read.table("skin.EffectiveGeneLength.txt", header=TRUE, row.names=1) 

acpm <- cpm(a) 

g <- c(1,1,2,2) 

y <- DGEList(counts=acpm,group=g) 

y <- calcNormFactors(y) 

nc <- cpm(y, normalized.lib.sizes=TRUE) 

nc[nc==0] = (range(nc[nc>0])[1]) / 2 ###adjust zero values to a value half-way between zero 

and the minimum value 
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ncs <- as.matrix(apply(nc,2,sortcol)) ####each column sorted 

nccf <- as.matrix(apply(ncs,2,cumfreqcol)) ####cumulative proportion for each column 

filt <- apply(nc, 2, seltop) ####select top 98% in at least one sample 

retained <- filt[rowSums(filt,na.rm=TRUE)>0,] 

retained <- data.frame(nc[rownames(retained),]) 

rl <- cbind(retained, l[rownames(retained),]) #####attach transcript lengths 

y <- y[rownames(retained),] ###change DGE object for only top genes 

y <- estimateCommonDisp(y) 

y <- estimateTagwiseDisp(y) 

et <- exactTest(y) 

tt <- topTags(et,n=100000) 

imp <- tt$table[tt$table$PValue <= 0.05 & tt$table$FDR <= 0.05,] 

nimp <- tt$table[tt$table$PValue > 0.05 | tt$table$FDR > 0.05,] 

impneg <- imp[imp$logFC < 0,] 

impneg <- impneg[order(impneg$logFC),] 

negenr <- 

gprofileradv(organism="meugenii",ordered_query=1,significant=1,rownames(impneg),backgro

und=rownames(y$pseudo.alt)) 

imppos <- imp[imp$logFC > 0,] 

imppos <- imppos[order(-imppos$logFC),] 

posenr <- 

gprofileradv(organism="meugenii",ordered_query=1,significant=1,rownames(imppos),backgro

und=rownames(y$pseudo.alt)) 

 

#####for a go term gene expression in four samples 

go <- read.table("immunesystemprocess.goVSgene.txt", header=FALSE, sep="\t") 

colnames(go) <- c("geneid", "goacc", "goname") 

goexp <- merge(go, retained, by.x=1, by.y=0, all=FALSE) 

dm <- melt(goexp, id.vars = c('geneid', 'goacc'), measure.vars=colnames(retained)) 

gocounts <- ddply(dm, c("goacc"), summarise, count=length(goacc)/ncol(retained)) 

rownames(gocounts) <- gocounts$goacc 



74 

 

gocounts$goacc <- NULL 

dm$count<-gocounts[dm$goacc,] 

dm$label = paste(dm$goacc, " (", dm$count,")", sep="") 

dm$value <- log(dm$value,2) 

bp <- boxplot(dm[dm$count>5,]$value ~ 

(dm[dm$count>5,]$label+dm[dm$count>5,]$variable)) 

 

#####write excel tables 

write.xlsx(rawcounts, file="WallabyTranscriptome.xlsx",sheetName="RawCounts") 

write.xlsx(a, file="WallabyTranscriptome.xlsx",sheetName="FPK", append=TRUE) 

write.xlsx(acpm, file="WallabyTranscriptome.xlsx",sheetName="FPKM", append=TRUE) 

write.xlsx(y$samples$norm.factors, 

file="WallabyTranscriptome.xlsx",sheetName="NormFactors", append=TRUE) 

write.xlsx(nc, file="WallabyTranscriptome.xlsx",sheetName="NormFPKM", append=TRUE) 

write.xlsx(retained, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="Retained", 

append=TRUE) 

write.xlsx(tt$table, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="DiffExp", 

append=TRUE) 

write.xlsx(impneg, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="NegLFC", 

append=TRUE) 

write.xlsx(negenr, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="NegGOEnr", 

append=TRUE) 

write.xlsx(imppos, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="PosLFC", 

append=TRUE) 

write.xlsx(posenr, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="PosGOEnr", 

append=TRUE) 

 

#####Normalization factors 

pdf("WallabySkinNormFactors.pdf") 
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barplot(y$samples$norm.factors, names.arg=rownames(y$samples)) 

dev.off() 

#####pairwise comparison 

pdf("WallabySkinPairwise.pdf") 

pairs(log(retained,2), upper.panel=panel.cor) 

dev.off() 

#####Transcript Length plot 

pdf("WallabySkinLengthvsFPKM.pdf") 

par(mfrow=c(2,2)) 

for (i in 1:ncol(retained)){ 

  plot(log(rl[,(ncol(retained)+1)],2), log(rl[,i],2), pch=19, col="grey 50", cex=0.3, 

xlab="log2(Longest Transcript Length)", ylab="log2(Normalized FPKM)") 

  lines(lowess(log(rl[,(ncol(retained)+1)],2), log(rl[,i],2)), col="tomato 4") 

  legend("topright", colnames(retained)[i], cex=0.8) 

} 

dev.off() 

#####Differential Expression Graph 

pdf("WallabySkin.DiffExp.pdf") 

plot(nimp$logCPM, nimp$logFC, cex=0.4, col="grey 50", xlim=range(tt$table$logCPM), 

ylim=range(tt$table$logFC), xlab="log2 (Normalized Counts/Million)", ylab="log2 (Fold 

Change", main="Wallaby Skin Differential Expression Pattern") 

points(imp[imp$logFC > 0,]$logCPM, imp[imp$logFC > 0,]$logFC, cex=0.8, col="blue", 

pch=19) 

points(imp[imp$logFC < 0,]$logCPM, imp[imp$logFC < 0,]$logFC, cex=0.8, col="tomato 4", 

pch=19) 

legend("right", c("Down", "Up"), fill=c("blue", "tomato 4")) 

dev.off() 

#####cumulative distribution plots 

pdf("WallabySkin.CumDist.pdf") 

par(mar = c(5, 4, 4, 4) + 0.3)  # Leave space for z axis 

plot(log(ncs[,1],2), col="0000000", xlab= "mRNA Rank", main="Tag Count Distribution", 

ylab="log2 CPM", ylim=range(log(ncs,2)), las=1) 
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for (i in 1:ncol(ncs)){ 

     lines(log(ncs[,i],2), pch=10, col=rainbow(ncol(ncs))[i], lty=3, lwd=2) 

} 

par(new=TRUE) 

plot(nccf[,1], col="0000000", axes = FALSE, bty="n", xlab="", ylab="", ylim=c(0,100), las=1) 

for (i in 1:ncol(ncs)){ 

 lines(nccf[,i], pch=10, col=rainbow(ncol(ncs))[i], lwd=2) 

} 

axis(side=4, at=pretty(c(1,100))) 

mtext("% Cumulative Tag Counts", side=4, line=3) 

legend("right", colnames(nc), fill=rainbow(ncol(nc)), cex=0.7, ncol=2) 

abline(v=nrow(retained)) 

dev.off() 

#####GO Term analysis 

pdf("immunesystemprocess.pdf") 

ggplot(dm[dm$count>5,], aes(x=label, y=value)) + geom_boxplot(aes(fill=variable), 

position="dodge", outlier.shape=NA) + ylab("log2 (Normalized Tag Counts)") + xlab("Child 

Terms of Immune System Process GO Term") + ylim(range(bp$stat)) + theme_bw() + 

opts(axis.text.x=theme_text(angle=90)) 
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Abstract 

Background: At birth, the marsupial lung is developmentally behind that of the 

newborn eutherian, and continues to develop after birth at a slower rate. The 

development of the immune system in the marsupial lung is particularly interesting as 

the largest part of development occurs postnatally, when young are exposed to an 

external environment where they must protect themselves from inhaling harmful 

environmental particulates. The intent of this research was to examine the immune 

system of the developing marsupial lung using the model species tammar wallaby 

(Macropus eugenii). We used RNA-sequencing to compare the transcriptome of the 

newborn wallaby, which is considered immune-incompetent when compared to older 

wallabies which are considered immune-competent. We used Gene Ontology (GO) 

classifications to identify which immune terms are represented by immune genes 

expressed in the lung and further examined specific immune genes which are 

highlighted in the literature of mammalian lung development. Results: We identified 

429 immune related genes from a range of immune system process GO terms which 

suggests that the developing wallaby lung plays a role as an immune defense organ. We 

also identified five GO terms which were associated with immune function and 

significantly overrepresented in the immune-incompetent group compared to the 

immune-competent group, containing the genes APOA1, APOA2, C2, C3, C4B, CFB 

and FCN3. Surprisingly, there were no GO terms associated with immune function 

found to be overrepresented by the immune-competent group. We also examined the 

expression of specific immune genes which have been suggested to be expressed by 

marsupial lung and immune genes which are associated with the developing mammalian 

lung and found that several genes classified as antimicrobials, complement, cytokines 

and chemokines, and pattern recognition molecules had increased expression in the 

immune-incompetent group. Conclusion: The results demonstrate the complexity of the 
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developing marsupial immune system and suggest that specific innate immune genes 

may play a large role in the protection of newborn tammar wallabies while their 

immune tissues are still developing. 

Background 

The newborn marsupial is considered undeveloped at birth when compared to eutherian 

mammals, as the majority of a newborn marsupial’s organs and physical structures are 

far from mature at birth [1]. In both clades, however, the postnatal lung is particularly 

undeveloped, and together, species representing the clades display a large range of 

developmental stages [2], depending on the growth and metabolic demands of the 

species [3]. The marsupial and eutherian lung developmental patterns correspond, yet 

the developmental stage of the newborn marsupial lung is generally behind that of the 

newborn eutherian and develops at a slower rate [2,4]. For example, the lung of the 

newborn marsupial gray short-tailed opossum (Monodelphis domestica) and the tammar 

wallaby (Macropus eugenii) are at the early terminal air sac stage of development and 

the first alveoli are found at 28 and 65 days post partum, respectively, while two 

newborn altricial eutherian species, the golden hamster (Mesocricetus auratus) and the 

musk shrew (Suncus murinus) are at the late stage of terminal air sac development, with 

the alveolar observed four days after birth in both species [4].  

The development of the respiratory system has been intensely researched in marsupials, 

including research in relation to lung morphology and metabolic development [2,4], 

endothermy [5], mechanics [6], skin gas exchange [6,7] and immune defense [8]. At 

birth, most newborn marsupials have a poorly developed bronchial system and large 

terminal sacs, making respiration possible [2]. Thus, for most marsupial species at birth, 

the lung is structurally immature but functions as a gas exchange organ [9]. The largest 

part of marsupial lung development occurs postnatally [10], while the young resides 
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attached to the teat on the mother’s exposed abdomen or in a partially covered to 

covered pouch. For example, in the tammar wallaby, during the first 70 days post 

partum there is tissue proliferation and septal development, terminal sac expansion and 

septal thinning; from 70 to 180 days, there is septal remodeling and microvascular 

maturation [11].  

The development of the immune system in the marsupial lung is particularly interesting, 

as preterm eutherian young with immature lung development are extremely susceptible 

to respiratory infection [12,13], as a result of the immaturity of the innate immune 

components [14]. Yet the marsupial young with immature lung development are 

exposed to an external environment where they must protect themselves from harmful 

environmental particulates. Reviews on the innate immune system of the mammalian 

lung, including human and mouse, describe protection from leukocytes, epithelial cells 

and soluble constituents in airway fluid [15,16]. Alveolar macrophages are paramount 

as they account for 95 % of the airway leukocytes, with lymphocytes and neutrophils 

accounting for the other 5 % [15]. Airway epithelia play a role in the innate immune 

response in lung as ciliated epithelial cells move mucus and harmful particles out of 

lungs [16]. Toll like receptors (TLR), which recognize microbial products, are found on 

alveolar walls and the ciliated epithelium from the trachea to the terminal bronchi. 

Airway fluids may also contain compounds, including lysozyme, lactoferrin, 

immunoglobulin A (IgA), IgG, defensins, complement, surfactant and surfactant 

associated proteins which help to protect the lungs from invading particulates [15].  

To date researchers have investigated only fragments of the marsupial lung immune 

defense mechanisms, which includes a poorly developed mucocilary blanket, 

pulmonary surfactant, alveolar macrophages, mucosal associated lymphoid tissue, Igs 

and antimicrobial peptides [8]. The newborn marsupial, however, lacks many structures 
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associated with the secretion and movement of immune compounds. For example, the 

newborn Virginia opossum (Didelphis virginiana) lack cilia and it is not until 60 days 

that the juvenile forms submucosal glands and goblet cells [17]. Goblet cells do not 

appear until 21 days partum and submucosal glands are only fully developed at 105 

days postpartum in brushtail possums (Trichosurus vulpecula) [8]. Edwards et al. [18] 

reviewed the literature examining the structures of the developing marsupial respiratory 

tract which could be involved in protecting the developing young; the literature is sparse 

and includes specific compounds such as the pattern recognition molecules, cluster of 

differentiation 14 (CD14), toll-like receptor 4 (TLR4); the surfactant proteins SP-A and 

SP-B, an antioxidant enzyme peroxiredoxin 1 (PRDX1) and the antimicrobial peptides, 

cathelicidins [19-21] all which have been found or their genes have been found to be 

expressed in the lung of young developing tammar wallabies.  

The intent of this research is to further examine the immune system of the developing 

marsupial lung using the model species tammar wallaby. We use RNA sequencing to 

compare the transcriptome of the newborn wallaby, which is considered immune-

incompetent when compared to older wallabies which are considered immune-

competent, as histology studies imply functional adaptive immune competence by 35 

days postpartum [22]. Specifically we use Gene Ontology (GO) classifications to 

identify which immune terms are represented by immune genes expressed in the lung 

and further examine specific immune genes which are highlighted in the literature of 

mammalian lung development.  

Results and discussion 

Marsupials are well recognized for their short gestation period, and at birth, their 

reduced developmental stage and lack of developed immune tissue and cells that are 

important for mounting an adaptive immune response. However, the mechanisms of 
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immune protection are not well understood. The lung is typically continually exposed to 

pathogens, particulates and allergens found in inhaled air. Thus, to ensure normal lung 

function, an immune defense system is critical for defense against infection [23]. 

As there are many facets to the immune defense system of the lung, here we have 

examined the transcriptome of the developing tammar wallaby lung with specific 

reference to genes involved in immune system processes. First we examined the 

distribution of GO term pathways associated with the GO term immune system process. 

Second, we used enrichment analysis to determine if any GO terms are significantly 

overrepresented by differentially expressed genes in the immune-incompetent and 

immune-competent groups. Third, we examined the expression of specific immune 

genes which have been suggested to be expressed by marsupial lung and immune genes 

which are associated with the developing mammalian lung.  

Read mapping statistics 

This is the first study to examine the transcriptome of the developing lung of a 

marsupial using RNA-sequencing. Approximately 24 million reads were obtained from 

transcriptome sequencing (92 % of which were considered high quality reads; 

Additional file 1). Of the high quality reads, 31 % were mapped to the tammar wallaby 

genome by TopHat (Additional file 1). The reads were further filtered to include only 

those that made up the top 98 % of genes with the highest cumulative tag count (9 587 

tammar wallaby genes; Additional 2). Transcript length and FPKM (fragments per 

kilobase of exon per million fragments mapped) were examined to show that there was 

no bias between the length of genes and number reads (Additional file 3). Additional 

file 4 contains the processed data while the raw data is available in Additional file 5. 
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Distribution of immune gene expression across different immune system process terms 

From the 9 587 genes identified, 429 genes were associated with the GO term immune 

system process. To examine which immune system process terms were represented by 

genes expressed in the developing tammar wallaby lung, the distribution of the 

expression of genes for each term was examined and is shown in Figure 1. All samples 

showed similar expression of log2 normalized tag counts which suggests that the lung of 

the developing wallaby has immunological activity across a range of immune system 

process child terms. The immune system process child terms provides a comprehensive 

list of immune terms that lays the foundation for further and more specific immune gene 

analysis. 

In three immune system process child terms; immune response, tolerance induction and 

T cell selection, the immune-incompetent wallabies contained genes with a tendency for 

reduced expression (Figure 1). Although not significant, the trend towards increased 

expression of the genes in the immune-competent wallabies is most likely the result of 

the development of immune tissue and competence, as the wallaby is considered to be 

immune-competent at 35 days post partum, which is well before the age of the 

individuals sampled in the immune-competent group. 

Differential expression of genes in the immune-incompetent and immune-competent 

tammar wallaby lung 

We identified 9 587 genes in the tammar wallaby developing lung. Of these, 663 genes 

were significantly upregulated in the immune-incompetent wallabies compared to the 

immune-competent tammar wallabies (P-value < 0.05; false discovery rate (FDR) value 

< 0.05), while 880 genes were significantly upregulated (P-value < 0.05; FDR value < 

0.05) in the immune-competent compared to the immune-incompetent tammar  
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Figure 1. Immune system process child terms and the expression of genes involved in 

each term for each tammar wallaby lung sample. Terms which showed expression of 

less than six genes were removed. The upper, middle and lower ends of the box 

represent the upper quartile, median and lower quartile, while the upper and lower ends 

of the vertical lines represent the largest and smallest log2 tag count of the genes found 

within the immune system process child terms, respectively. The number of genes in 

each immune system process child term identified in the transcriptome is listed in 

brackets. Outliers (any data points above the 3rd quarter + 1.5 times the interquartile 

range and below the 1st quarter - 1.5 times the interquartile range) are not shown. 
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wallabies (Additional file 6). A pairwise comparison of all samples was conducted to 

determine the relationship of variation between all samples (Additional file 7). There 

was very little variation (with 95 to 96 % of the variation showing a relationship) 

between the samples in the immune-competent group (even with one sample 28 days 

younger than the remaining two). There was more variation (with 83 to 84 % of the 

variation showing a relationship) between the two groups. 

By examining the differentially expressed genes using GO term enrichment analysis we 

found 125 biological process terms, 19 cellular component terms and 21 molecular 

function terms to be significantly overrepresented in the immune-incompetent groups 

compared to the immune-competent group (Additional material 4). There were five 

terms associated with immune function including complement activation; cytokine 

secretion involved in immune response; regulation of cytokine secretion involved in 

immune response; negative regulation of cytokine secretion; and negative regulation of 

cytokine secretion involved in immune response (Table 1). Figure 2 shows the 

differentially expressed genes involved in the GO terms associated with immune 

function and their FPKM, including genes identified in the tammar wallaby genome, 

apolipoprotein A1, (APOA1), apolipoprotein A2 (APOA2), complement component 2 

(C2), complement component 3 (C3), complement component 4b (C4B), complement 

factor B (CFB) and ficolin 3 (FCN3). Surprisingly, GO term enrichment analysis did 

not identify significantly overrepresented GO terms in the immune-competent tammar 

wallaby lung.  

Three genes, APOA1, C3 and CFB, with increased expression in the lung of the 

immune-incompetent individuals, were also identified to have increased expression in 

the skin of immune-incompetent compared to immune-competent tammar wallabies 

(Edwards et al. in preparation), while there were four genes, APOA2, C2, C4B and  
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Table 1. Gene Ontology (GO) immune terms which were significantly overrepresented 

by genes up regulated in the immune-incompetent wallaby lung compared to the 

immune-competent wallaby lung. 

GO term Relative 

GO depth 

Genes 

differentially 

expressed (no.) 

P-value 

Parent term Child term    

Biological 

process 

Complement activation 1 5 0.01 

Cytokine secretion involved 

in immune response 

1 2 0.01 

Regulation of cytokine 

secretion involved in immune 

response 

2 2 0.01 

Negative regulation of 

cytokine secretion 

1 2 0.04 

Negative regulation of 

cytokine secretion involved in 

immune response 

2 2 <0.01 
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Figure 2. The expression of genes (fragments per kilobase of exon per million 

fragments mapped (FPKM)) which were identified in the Gene Ontology (GO) immune 

system process child terms, that were significantly overrepresented in the GO term 

enrichment analysis in the immune-incompetent group. 
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FCN3 that were identified in the lung of immune-incompetent compared to immune- 

competent tammar wallabies, not identified in the skin. C4b, C2 and FCN3 have 

significant immune roles in the complement system and will be discussed further. C2 is 

a protease which cleaves C3/C5 and is part of the classical and lectin pathway 

convertases, while C4b is a component of C4 which is also part of the classical and 

lectin pathway convertases [24]. FCN3 is also part of the complement cascade and acts 

as a pattern recognition molecule which recognizes carbohydrate patterns and initiates 

the lectin pathway [24]. 

The results from the skin transcriptome, identifying increased expression of C3 and 

CFB provided the first indication that the complement system develops before, or very 

shortly after birth in marsupials (Edwards et al. in preparation). The increased 

expression of the complement components in immune-incompetent tammar wallabies is 

discussed in detail in Edwards et al. (in preparation); thus, here we will not repeat the 

discussion but reiterate that the increase in expression may represent part of the innate 

immune system which develops early in marsupials to compensate for the delayed 

development of the adaptive immune system. It is also important for us to reiterate that 

complement has been found to play a role in the development of organs that do not have 

an immune role [25]. For example, complement components have been found to play a 

role in the regeneration of limbs in the Mexican salamander (Ambystoma mexicanum) 

and the Eastern newt (Notophthalmus viridescens) [26] and in the liver of mice [27]. A 

study on the African clawed frog (Xenopus laevis) also found embryological expression 

of several components of the complement system in organs not always involved in 

immunity, however, their findings require further functional studies [28].  

It is evident that further work is required to determine the role of complement in 

development versus immunity, especially in marsupials. Although further research to 
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determine the functional significance of complement was beyond the scope of this 

study, the detection of complement in the immune-incompetent individuals is 

interesting and provides the basis for further work to be carried out on these 

compounds. Experiments which directly compare the detection of complement between 

specific tissues from species from the marsupial and eutherian clades is warranted to 

determine if the complement system is developing earlier in marsupials compared to 

eutherians to compensate for the undeveloped adaptive immune system.  

We also examined important innate immune genes that are annotated in the tammar 

wallaby genome which have previously been researched in the developing mammalian 

lung. The list of genes was mostly generated from genes identified in the developing 

ovine lung, as research has focused on the ovine lung, due to its similarity to the 

perinatal human lung [29]. The genes were grouped into antimicrobials, complement, 

cytokines and chemokines, and pattern recognition associated genes. The log fold 

change of expression for each gene is reported in Table 2. C3, CFB, an isoform of 

lactoferrin (LTF) and monocyte chemoattractant protein 1 (MCP1/CCL2), SP-A 

(SFTPA) and TLR4 were all found to have increased expression in the immune-

incompetent group. Complement factor H (CFH) and an isoform of LYZ were the only 

genes to show increased expression in the immune-competent group, while interleukin 6 

(IL6), an isoform of LTF, two isoforms of MCP1/CCL2, transforming growth factor 

beta 1 (TGFB1), TLR2 and TLR3 were not differentially expressed. Dual oxidase 1 

(duox1), dual oxidase 2 (duox2), interferon beta 1 (IFNB1), interferon gamma (IFNG), 

IL10, an isoform of LYZ, serum amyloid A (SAA), TLR5 and tumor necrosis factor alpha 

(TNFA) were trimmed out of the analysis as they contained too few tag counts. 

In an attempt to further understand what is contributing to the protection of immune-

incompetent new born marsupials, here we focus on the genes with increased expression  
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Table 2. Upregulation, shown by log fold change, of specific immune genes found in 

typical mammalian lung in the lung of immune-incompetent (less than 15 hrs 

postpartum) and immune-competent wallabies (58 to 86 days postpartum). 

Immune role Gene 

symbol 

Gene ID Group up 

regulated 

Log fold 

change 

P-value FDR 

Antimicrobial LTF ENSMEUG00000009372 - 1.23 0.01 0.07 

 LTF ENSMEUG00000015994 Incompetent 1.37 <0.01 <0.01 

 LYZ ENSMEUG00000011846 Competent 2.71 <0.01 <0.01 

Pattern 

recognition 

SFTPA ENSMEUG00000005512 Incompetent 1.60 <0.01 <0.01 

 TLR4 ENSMEUG00000009461 Incompetent 0.91 <0.01 0.05 

 TLR3 ENSMEUG00000015021 - 0.90 0.07 0.25 

 TLR2 ENSMEUG00000008042 - 0.19 0.87 1 

Cytokines and 

chemokines 

MCP1/ 

CCL2 

ENSMEUG00000000697 - 1.11 0.03 0.13 

 MCP1/ 

CCL2 

ENSMEUG00000005275 Incompetent 1.87 <0.01 <0.01 

 MCP1/ 

CCL2 

ENSMEUG00000009109 - 0.41 0.25 0.57 

 TGFB1 ENSMEUG00000001194 - 0.32 0.10 0.33 

 IL6 ENSMEUG00000012927 - 1.44 0.08 0.28 

Complement C3 ENSMEUG00000006258 Incompetent 0.60 <0.01 0.02 

 CFB ENSMEUG00000006029 Incompetent 1.49 <0.01 <0.01 

 CFH ENSMEUG00000002177 Competent 3.10 <0.01 <0.01 
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in the immune-incompetent group, an isoform of LTF and MCP1/CCL2, SFTPA and 

TLR4. LTF binds iron and is found on mucosal surfaces, in polymorphonuclear 

leukocytes, and in body fluids such as milk and saliva. LTF has antimicrobial activity, 

both by sequestering iron to make it unavailable to pathogens and as a direct 

bacteriocide [30]. MCP1/CCL2 also plays an important role in innate immunity as a 

chemoattractant cytokine which recruits monocytes, neutrophils and lymphocytes and 

induces chemotaxis. In particular, MCP1/CCL2 plays an essential role in regulating the 

migration and infiltration of monocytes and macrophages [31]. While transferrin, 

another compound of the family that contains lactoferrin has been examined in 

marsupials [32-34], LTF and MCP1/CCL2 have not yet been explored, but appear to be 

prime candidates for further examination of immune protection in developing marsupial 

lung. 

Pattern recognition receptors (PPR) can include secretory PPRs (e.g. surfactant 

proteins) and signaling PPRs (e.g. TLRs) which are an essential part of the innate 

immune system for recognizing and processing pathogens [35]. SP-A is a member of 

the collectin family of C-type lectins which bind to the surface of microorganism 

promoting phagocytosis by innate immune cells such as macrophages and neutrophils. 

SP-A also poses direct bactericidal activity against bacteria and fungi [36]. In 

marsupials, SP-A has been detected in the lamellar bodies and cytoplasm of the alveolar 

type II cells and air spaces in newborn tammar wallabies using immunohistochemistry; 

however, Miller [19] found that the distribution of SP-A remained the same throughout 

development. SFTPA and TLR4, were also found to have increased expression in the 

immune-incompetent wallabies. Our results correspond to those of Daly et al. [21], 

which showed increased expression of TLR4 in tammar wallaby young three to four 

weeks old, which peaked again at 70 days, a collection point just between that of the 
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samples used in the immune-competent group in this study of 56 days and 86 days post 

partum.  

The increase in expression of these pattern recognition molecules may be important in 

newborn mammals, as TLR4 increases several fold during the prenatal development and 

after birth in mice [37] and is also developmentally regulated in baboons [12]. In 

preterm baboons, reduced levels of SP-A is associated with incompetent host defense 

[38]. Although, at birth the marsupial lung is at a stage of development that corresponds 

to a preterm eutherian lung, which usually has reduced innate immune function, tammar 

wallabies have increased expression of innate immune genes compared to older tammar 

wallabies which have increased immune competence. These results suggest that 

marsupials may develop components of their innate immune system faster than 

eutherian mammals in order to compensate for their reduced maturation of immune 

tissue at this early stage of development, and to compensate for the different 

environment they are developing in—with limited protection ex utero as opposed to a 

protected environment in utero of the eutherian mammals.  

Tammar wallaby cathelicidin (MaeuCath) genes were also examined for differential 

expression between the immune-incompetent and immune-competent groups 

(Additional file 4).Tags were mapped to each MaeuCath gene, however, there were too 

few genes mapping to MaeuCath3 so it was not retained for further analysis. Although 

tags mapped to MaeuCath4 , MaeuCath5, MaeuCath6 and MaeuCath7, differential 

expression between the groups was not observed. The reads mapping to MaeuCath1 and 

MaeuCath2 could not be differentiated but showed significantly higher expression in 

the immune-incompetent group compared to the immune-competent group (log fold 

change = 1.9, P-value and FDR value < 0.01), while MaeuCath8 showed significantly 

higher expression in the immune-competent group compared to the immune-
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incompetent group (log fold change = 2.2, P-value and FDR value < 0.01). The 

expression of MaeuCath2 has not been examined in developing tammar wallaby lung, 

however, the expression of MaeuCath1 and MaeuCath8 have been identified at five and 

one day/s postpartum, respectively [20,39]. Tammar wallaby cathelicidins have also 

previously displayed antimicrobial activity against a range of microorganisms [40,41]. 

Previous research has examined mucins in the tammar wallaby and suggests that mucins 

may play a large role in the protection of developing young [42]. Although tags mapped 

to three of the scaffolds that contain exons for mucin 4 (MUC4), the tag counts were too 

few and not retained for differential analysis. MUC5AC and MUC5B are common lung 

mucins in mammals, thus it was surprising that no tags were mapped to scaffolds 

containing mucin genes. The deficiency of tags mapped to mucin gene locations 

suggests that the developing tammar wallaby is also lacking another important 

component of the immune system at birth and during its time of development in the 

pouch. The results correspond to those examining the development of respiratory 

structures that are associated with mucin in the Virginia opossum and brushtail possum, 

whereby cilia is absent and it is not until well into pouch life that the juvenile forms 

submucosal glands and goblet cells [8,17].  

Conclusions 

We identified 429 genes that were associated with the GO immune system process term 

and expressed by the developing tammar wallaby lung, which suggests that the 

developing lung plays an important role as an immune defense organ in the tammar 

wallaby pouch young. In particular, GO term enrichment analysis identified C2, C3, 

C4B and CFB to have increased expression in the immune-incompetent tammar 

wallabies, while analysis of genes routinely associated with innate immunity in the 

developing mammalian lung also identified a range of innate immune genes with 
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increased expression in immune-incompetent tammar wallabies. Interestingly, preterm 

eutherian young generally have reduced expression of these innate immune genes, while 

tammar wallabies at a developmental stage resembling preterm eutherian mammals 

have increased expression of these innate genes when compared to older wallabies.  

We propose that although marsupial lung development occurs at a slower rate than 

eutherian lung development, the expression of innate immune compounds of the lung 

develop earlier; most likely to compensate for the reduced and slow development of 

immune tissue and the difference in the environmental conditions in which development 

is taking place. 

Methods 

Animals, sample collection and RNA extraction 

Whole lung (including bronchi to peripheral lung tissue) was dissected from six tammar 

wallaby pouch young, aged less than 15 hrs old (n = 3), 58 days old (n = 1) and 86 days 

old (n = 2). The tammar wallabies were maintained at the Commonwealth Scientific and 

Industrial Research Organisation (CSIRO), Sustainable Ecosystems, Gungahlin, 

Canberra, Australia and samples were collected by methods accepted by the Australian 

National University’s Animal Experimentation Ethics Committee (Register no. 

R.CG.15.10) and the CSIRO Sustainable Ecosystems Animal Ethics Committee 

(Application no. 10-02). 

Lung tissue was frozen at -80 °C or placed into RNAlater
®
 solution (Ambion) for no 

less than 24 hrs and stored at -80 °C. The GenElute
TM

 Mammalian Total RNA Miniprep 

Kit (Sigma-Aldrich) was used to extract total RNA from frozen whole lung 

homogenized in lysis buffer and 2-mercaptoethanol. Contaminating DNA was removed 

using an on-column DNase I digestion set (Sigma-Aldrich). 
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Library construction and sequencing 

The RNA samples from the pouch young less than 15 hrs old were pooled as only a 

small amount of RNA was obtained from each lung. Each RNA sample was then 

checked for integrity and concentration on a 2100 Bioanalyser (Agilent Technologies) 

using a Nano6000 chip. The RNA was stabilized and stored in an RNAstable tube 

(Biometrica) and sequenced at the Beijing Genomics Institute, Tai Po, Hong Kong. 

cDNA libraries were generated using Illumina’s mRNA Sample Preparation Guide (Cat 

# RS-930-1001) and the library products were sequenced using the Illumina
®
 HiSeq

TM
 

2000 Sequencing System.  

Data preprocessing: read mapping, tag counting and normalization 

Read quality assessment was carried out using Trimmomatic [43] (version 0.25). Reads 

with an end nucleotide quality value less than three or reads with the mean quality value 

of the last four nucleotides less than 20 were deemed low quality and filtered out for 

further analysis. The remaining reads were assessed using FastQC [44] and considered 

acceptable for further analysis.  

Reads were then aligned to the tammar wallaby genome sequence (Meug_1.0) 

downloaded from Ensembl [45] (version 70) using TopHat (version 2.0.6) with default 

parameters. The alignments were assembled and identified using Cufflinks [46] (version 

2.0.2) and a non-redundant set of known and novel transcripts was produced by 

Cuffmerge [46]. Read alignments were overlapped with gene annotations for the 

tammar wallaby downloaded from Ensembl using intersectBed [44] (BedTools version 

2.17.0) and custom Perl scripts were used to count sequenced fragment counts for each 

gene (Additional file 8). Although TopHat identified novel transcript isoforms of 

annotated genes and novel gene models which overlapped with annotated genes, further 

analysis of novel isoforms and gene models was beyond the scope of this study.  
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The effective library size was determined by summing the mapped tag counts for each 

sample. Read counts per gene were first normalized for library size and transcript length 

to obtain counts per 1000 nucleotides per million mapped tags [47] and further 

normalized for total RNA output using the trimmed mean of M-values method [48]. 

Transcript length was compared to normalized FPKM to determine length versus 

expression bias.  

Expression of immune system process terms 

All genes associated with the child terms of the immune system process GO term 

(GO:0002376) were identified from Ensembl (version 70). The expression patterns for 

the genes associated with these GO terms were quantified using a Perl script (Additional 

file 8) implemented in the edgeR package [49] (version 2.6.12). GO terms showing 

expression of less than six genes were excluded from the analysis. 

Differential expression analysis 

We conducted a pairwise comparison of all samples to determine the relatedness of 

variation between samples. Differential expression analysis for genes between immune-

incompetent (less than 15 hrs old) and immune-competent (greater than 58 days old) 

individuals was then performed using the edgeR package (version 2.6.12) according to 

the author’s instructions [49]. All genes that contributed to the top 98 % of the 

cumulative counts in any one sample were selected for further analysis. As some genes 

produced tag counts of zero, these values were adjusted to the mean value of the lowest 

normalized count and zero. Dispersion estimates were obtained using the quantile 

adjusted conditional maximum likelihood method for each group of samples and 

differential expression tests were computed for each gene. FDR was determined for 

multiple-testing using the Benjamini-Hochberg test. Genes were defined as 

differentially expressed if the P-value and FDR for differential expression was less than 
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0.05. To detect significantly overrepresented GO terms, GO term enrichment analysis 

was performed in g:Profiler [50] and was conducted on the list of differentially 

expressed genes (up and down regulated) that were sorted based on their log fold 

change. 

We also examined the expression of genes suggested to be expressed in developing 

wallabies. Genes annotated in the genome include lysozyme orthologues (LYZ) 

[ENSMEUG00000011846 and ENSMEUG00000015902] [42], while genes not 

annotated in the genome, include a range of mucin genes (MUC1, MUC2, MUC3A, 

MUC4, MUC5AC, MUC5B, MUC6, MUC13, MCAM, OVGP1) [42] and cathelicidin 

genes [RefSEQ: gi_157042603; gi_157042605; gi_157042607; gi_157042609; 

gi_157042610; gi_157042612; gi_157042614 and tammar wallaby cathelicidin 8 

(MaeuCath8) [39]]. For genes not annotated in the Ensembl (version 70) gene build 

[45], we identified their locations using megablast and subsequently analyzed their tag 

counts or we counted tags for the scaffolds that are known to harbor these genes [42]. 

To identify and evaluate the expression of genes that are routinely expressed in the 

mammalian lung, we compiled a list of genes (Additional file 4) from the literature 

which has previously examined immune genes in the mammalian lung (Martin and 

Frevert 2005; Kawashima et al. 2006; Sow et al. 2009). The list was used to determine 

which of these genes were found to be expressed in the immune-incompetent and 

immune-competent groups. 
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Additional File 1. Number of tag counts obtained from transcriptome sequencing, before and after quality value (Q.V.) filtering and number of tag 

counts successfully mapped to the tammar wallaby genome for tammar wallaby lung using TopHat. 

Sample  

 

Tag counts 

(raw) 

Tag counts low Q.V. 

filter 

Tag counts low 

Q.V. filter (%) 

Tag counts low Q.V. filter 

mapped 

Tag counts low Q.V. 

filter mapped (%) 

< 15 hrs 22374809 20513718 91.68 6344510 30.93 

59 days 23685629 21845905 92.23 6968583 31.90 

86 days (a) 23918218 22090425 92.36 6892007 31.20 

86 days (b) 24370263 21959014 90.11 6740448 30.70 

Mean 23587229.75 21602265.50 91.59 6736387.00 31.18 

Standard deviation 856804.29 732544.66 1.04 277918.84 0.52 
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Additional file 2. The dotted lines represent the number of tag counts (log2 counts per 

million (CPM)) for each gene expressed in the tammar wallaby lung for each sample, 

while the solid lines represent the cumulative proportion of tag counts for each gene. 

The black line represents the cut-off of genes which include genes containing 98 % of 

the cumulative tag counts. 

 

 

  



108 

 

 

 

 

 

Additional file 3. The correlation between the length of each transcript and FPKM 

(fragments per kilobase of exon per million fragments mapped) of transcripts expressed 

in tammar wallaby skin (A. less than 15 hr old; B. 58 day old; C. 86 day old (a) and D; 

86 day old tammar wallabies). 
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Additional file 4. The spreadsheet containing data analyzed for the tammar wallaby 

developing lung transcriptome. The spreadsheet is available on the disk accompanying 

the thesis. 

Sheet name Description  

RawCounts Raw counts 

FPK Raw counts/base pair length 

FPKM FPKM/library size  

NormFactors  Normalization factors 

NormFPKM FPKM/normalization factors 

Retained Genes making up 98 % of highest tag counts 

Diffexp Differential expression analysis results 

NegLFC Genes showing negative fold change between the immune-incompetent 

and immune-competent group  

NegGOEnr GO terms showing significant enrichment in the immune-incompetent 

group 

PosLFC Genes showing positive fold change between the immune-incompetent 

and immune-competent group  

PosGOEnr GO terms showing significant enrichment in the immune-competent 

group 

Cathelicidin Raw counts, NormFPKM, retained and Diffexp for cathelicidin analysis  

Specific 

lung genes 

A list of genes from the literature which have previously been 

examined in the mammalian lung 
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Additional file 5. The raw read counts for the lung transcriptome analyses are available 

on the disk accompanying the thesis.  
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Additional file 6. Differential gene expression in immune-incompetent and immune-

competent tammar wallaby lung. Up regulated genes in the immune-incompetent 

compared to the immune-competent group are shown in blue, and down regulated genes 

are shown in red. The grey points represent genes which are not differentially expressed 

between the immune-incompetent and immune-competent groups. 
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Additional file 7. A pairwise comparison of genes expressed by tammar wallaby lung 

(graphs located to the bottom and left of sample names) and correlation coefficients 

between each sample (boxes located to the top and right of sample names). 
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Additional file 8. Perl script used to conduct tammar wallaby lung transcriptome 

analysis. 

 

library(edgeR) 

options(java.parameters = "-Xmx4000m") 

library(xlsx) 

source("Downloads/gProfileR/R/gProfileR.R") 

 

sortcol <- function(x){sort(x,decreasing=TRUE)} 

cumfreqcol <- function(x){cumsum((x/sum(x))*100)} 

seltop <- function (x){slist<-cumsum(x[order(x,decreasing=TRUE)])/sum(x)<=0.98; bottom<-

labels(slist)[slist==FALSE]; x[bottom]<-NA; return(x)} 

panel.cor <- function(x, y){ 

    usr <- par("usr"); on.exit(par(usr)) 

    par(usr = c(0, 1, 0, 1)) 

    r <- abs(cor(x, y)) 

    txt <- format(c(r, 0.123456789), digits=2)[1] 

    text(0.5, 0.5, txt) 

} 

 

a <- read.table("lung.FPKTagCounts.txt", header=TRUE, row.names=1) 

rawcounts <- read.table("lung.rawTagCounts.txt", header=TRUE, row.names=1) 

l <- read.table("lung.EffectiveGeneLength.txt", header=TRUE, row.names=1) 

acpm <- cpm(a) 

g <- c(1,2,2,2) 

y <- DGEList(counts=acpm,group=g) 

y <- calcNormFactors(y) 

nc <- cpm(y, normalized.lib.sizes=TRUE) 

nc[nc==0] = (range(nc[nc>0])[1]) / 2 ###adjust zero values to a value half-way between zero 

and the minimum value 
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ncs <- as.matrix(apply(nc,2,sortcol)) ####each column sorted 

nccf <- as.matrix(apply(ncs,2,cumfreqcol)) ####cumulative proportion for each column 

filt <- apply(nc, 2, seltop) ####select top 98% in at least one sample 

retained <- filt[rowSums(filt,na.rm=TRUE)>0,] 

retained <- data.frame(nc[rownames(retained),]) 

rl <- cbind(retained, l[rownames(retained),]) #####attach transcript lengths 

y <- y[rownames(retained),] ###change DGE object for only top genes 

y <- estimateCommonDisp(y) 

y <- estimateTagwiseDisp(y) 

et <- exactTest(y) 

tt <- topTags(et,n=100000) 

imp <- tt$table[tt$table$PValue <= 0.05 & tt$table$FDR <= 0.05,] 

nimp <- tt$table[tt$table$PValue > 0.05 | tt$table$FDR > 0.05,] 

impneg <- imp[imp$logFC < 0,] 

impneg <- impneg[order(impneg$logFC),] 

negenr <- 

gprofileradv(organism="meugenii",ordered_query=1,significant=1,rownames(impneg),backgro

und=rownames(y$pseudo.alt)) 

imppos <- imp[imp$logFC > 0,] 

imppos <- imppos[order(-imppos$logFC),] 

posenr <- 

gprofileradv(organism="meugenii",ordered_query=1,significant=1,rownames(imppos),backgro

und=rownames(y$pseudo.alt)) 

 

#####for a go term gene expression in four samples 

go <- read.table("immunesystemprocess.goVSgene.txt", header=FALSE, sep="\t") 

colnames(go) <- c("geneid", "goacc", "goname") 

goexp <- merge(go, retained, by.x=1, by.y=0, all=FALSE) 

dm <- melt(goexp, id.vars = c('geneid', 'goacc'), measure.vars=colnames(retained)) 

gocounts <- ddply(dm, c("goacc"), summarise, count=length(goacc)/ncol(retained)) 

rownames(gocounts) <- gocounts$goacc 
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gocounts$goacc <- NULL 

dm$count<-gocounts[dm$goacc,] 

dm$label = paste(dm$goacc, " (", dm$count,")", sep="") 

dm$value <- log(dm$value,2) 

bp <- boxplot(dm[dm$count>5,]$value ~ 

(dm[dm$count>5,]$label+dm[dm$count>5,]$variable)) 

 

#####write excel tables 

write.xlsx(rawcounts, file="WallabyTranscriptome.xlsx",sheetName="RawCounts") 

write.xlsx(a, file="WallabyTranscriptome.xlsx",sheetName="FPK", append=TRUE) 

write.xlsx(acpm, file="WallabyTranscriptome.xlsx",sheetName="FPKM", append=TRUE) 

write.xlsx(y$samples$norm.factors, 

file="WallabyTranscriptome.xlsx",sheetName="NormFactors", append=TRUE) 

write.xlsx(nc, file="WallabyTranscriptome.xlsx",sheetName="NormFPKM", append=TRUE) 

write.xlsx(retained, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="Retained", 

append=TRUE) 

write.xlsx(tt$table, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="DiffExp", 

append=TRUE) 

write.xlsx(impneg, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="NegLFC", 

append=TRUE) 

write.xlsx(negenr, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="NegGOEnr", 

append=TRUE) 

write.xlsx(imppos, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="PosLFC", 

append=TRUE) 

write.xlsx(posenr, 

file="WallabyTranscriptomeAnalysis/WallabyTranscriptome.xlsx",sheetName="PosGOEnr", 

append=TRUE) 

 

#####Normalization factors 

pdf("WallabyLungNormFactors.pdf") 
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barplot(y$samples$norm.factors, names.arg=rownames(y$samples)) 

dev.off() 

#####pairwise comparison 

pdf("WallabyLungPairwise.pdf") 

pairs(log(retained,2), upper.panel=panel.cor) 

dev.off() 

#####Transcript Length plot 

pdf("WallabyLungLengthvsFPKM.pdf") 

par(mfrow=c(2,2)) 

for (i in 1:ncol(retained)){ 

  plot(log(rl[,(ncol(retained)+1)],2), log(rl[,i],2), pch=19, col="grey 50", cex=0.3, 

xlab="log2(Longest Transcript Length)", ylab="log2(Normalized FPKM)") 

  lines(lowess(log(rl[,(ncol(retained)+1)],2), log(rl[,i],2)), col="tomato 4") 

  legend("topright", colnames(retained)[i], cex=0.8) 

} 

dev.off() 

#####Differential Expression Graph 

pdf("WallabyLung.DiffExp.pdf") 

plot(nimp$logCPM, nimp$logFC, cex=0.4, col="grey 50", xlim=range(tt$table$logCPM), 

ylim=range(tt$table$logFC), xlab="log2 (Normalized Counts/Million)", ylab="log2 (Fold 

Change", main="Wallaby Lung Differential Expression Pattern") 

points(imp[imp$logFC > 0,]$logCPM, imp[imp$logFC > 0,]$logFC, cex=0.8, col="blue", 

pch=19) 

points(imp[imp$logFC < 0,]$logCPM, imp[imp$logFC < 0,]$logFC, cex=0.8, col="tomato 4", 

pch=19) 

legend("right", c("Down", "Up"), fill=c("blue", "tomato 4")) 

dev.off() 

#####cumulative distribution plots 

pdf("WallabyLung.CumDist.pdf") 

par(mar = c(5, 4, 4, 4) + 0.3)  # Leave space for z axis 

plot(log(ncs[,1],2), col="0000000", xlab= "mRNA Rank", main="Tag Count Distribution", 

ylab="log2 CPM", ylim=range(log(ncs,2)), las=1) 
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for (i in 1:ncol(ncs)){ 

     lines(log(ncs[,i],2), pch=10, col=rainbow(ncol(ncs))[i], lty=3, lwd=2) 

} 

par(new=TRUE) 

plot(nccf[,1], col="0000000", axes = FALSE, bty="n", xlab="", ylab="", ylim=c(0,100), las=1) 

for (i in 1:ncol(ncs)){ 

 lines(nccf[,i], pch=10, col=rainbow(ncol(ncs))[i], lwd=2) 

} 

axis(side=4, at=pretty(c(1,100))) 

mtext("% Cumulative Tag Counts", side=4, line=3) 

legend("right", colnames(nc), fill=rainbow(ncol(nc)), cex=0.7, ncol=2) 

abline(v=nrow(retained)) 

dev.off() 

#####GO Term analysis 

pdf("immunesystemprocess.pdf") 

ggplot(dm[dm$count>5,], aes(x=label, y=value)) + geom_boxplot(aes(fill=variable), 

position="dodge", outlier.shape=NA) + ylab("log2 (Normalized Tag Counts)") + xlab("Child 

Terms of Immune System Process GO Term") + ylim(range(bp$stat)) + theme_bw() + 

opts(axis.text.x=theme_text(angle=90)) 
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Chapter 7. Synopsis and future work 

Introduction 

Developmental immunologists have been intrigued by the marsupial immune system for 

over 50 years (e.g. Block 1960; Ashman and Papadimitriou 1975; Cutts and Krause 

1980; Deane et al. 1990; Old and Deane 2000). Interest in the development of marsupial 

immunology stemmed from research examining the timing of the development of 

immune competence, which occurs up to weeks after the young are born—long after the 

young are exposed to the external environment (reviewed in Old and Deane 2000). 

What followed included research examining the exposure of the developing young to 

microorganisms (Yadav et al. 1972; Charlick et al. 1981; Old and Deane 1998; Deakin 

and Cooper 2004; Chhour et al. 2008; Chhour et al. 2010), along with potential 

alternative mechanisms to protection including those afforded by the mother (e.g. milk 

(Cockson and McNeice 1980; Nicholas 1988; Nicholas et al. 1989; Piotte et al. 1997; 

Young et al. 1997; Adamski and Demmer 1999; Adamski and Demmer 2000; Young 

and Deane 2001; Daly et al. 2007; Joss et al. 2007; Joss et al. 2009; Wanyonyi et al. 

2011) and pouch secretions (Bobek and Deane 2002; Ambatipudi et al. 2007; 

Ambatipudi et al. 2008)) and the innate immune system of the young (Yadav 1972; 

Cutts and Krause 1980; Coutinho et al. 1994; Basden et al. 1996; Santos et al. 2003; 

Daly et al. 2008a; 2008b; 2008c; Carman et al. 2009; Wang et al. 2011).  

The main objective of this thesis was to further examine the immune protection of 

marsupial young; first, to review the literature and to identify major gaps in our 

knowledge of the development of the immune system of the marsupial and second to 

begin to fill these gaps through experimental research. Specifically, the chapters include 

two reviews of the literature and three experimental studies. The first review examines 
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exposure to microorganisms and complementary protective mechanisms, while the 

second review examines the marsupial pouch and its implications for marsupial 

reproduction and mammalian evolution. The experimental chapters identify specific 

compounds involved in innate immunity in the tammar wallaby (Macropus eugenii) and 

examine the expression of genes that code for potential immune compounds in tissues 

of developing tammar wallabies that are readily exposed to microorganisms. 

Protection of marsupial young 

Over 10 years ago, Old and Deane (2000) reviewed the development of the immune 

system and immunological protection in marsupial pouch young. Therefore, the first 

aim of this thesis was to review the current literature examining the development and 

immunological protection of marsupial young. Since Old and Deane’s (2000) review, 

research has focused on exposure of marsupial young to microorganisms, maternal 

protection and the innate immune system of the developing young. 

Interestingly, only two studies have linked (even if superficially) the threat 

microorganisms pose to the survival of marsupial pouch young (Block 1960; Osawa et 

al. 1992); instead research examining the various sites of microbial colonisation in 

which marsupial young are exposed to microorganisms has dominated, as knowing the 

microbial species that are present and the threat they pose in other species can provide 

an insight into the threat they may pose to marsupial young. The sites examined include 

the urogenital opening, pouch and mouth of the mother and the gastrointestinal tract of 

the pouch young (Yadav et al. 1972; Charlick et al. 1981; Old and Deane 1998; Deakin 

and Cooper 2004; Chhour et al. 2008; Chhour et al. 2010). Thus, although the exact 

threat of microorganisms has not been established, the occurrence of microorganisms 

implies that an immune mechanism, elicited from the mother or the young, prevents the 

microorganisms from proliferating and causing harm to the developing young.  
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Protection provided to the pouch young by the mother has been examined extensively 

and largely includes through pouch secretions and milk. The review in Chapter 2 

recognised that large gaps in our understanding of developmental marsupial 

immunology exists; and while research examining the components of colostrum and 

milk has identified many cells and chemical compounds with potential protective roles, 

experimental studies examining their protective role are largely absent (Cockson and 

McNeice 1980; Nicholas et al. 1989; Piotte et al. 1997; Young et al. 1997; Adamski 

and Demmer 2000; Young and Deane 2001; Joss et al. 2007; Joss et al. 2009). 

Additionally, elements of the innate immune system of the young have also been 

examined and suggest that the innate immune system also plays a large role in 

protection (Yadav 1972; Cutts and Krause 1980; Coutinho et al. 1994; Basden et al. 

1996; Santos et al. 2003; Daly et al. 2008a; 2008b; 2008c; Carman et al. 2009; Wang et 

al. 2011). To conclude, the review recognises that the sequencing of marsupial genomes 

(Mikkelsen et al. 2007; Renfree et al. 2011; Murchison et al. 2012) facilitates a greater 

understanding of the metatherian immune system and can be exploited to increase our 

understanding of the protection of developing marsupial young. 

The second aim of this thesis was to understand the role of the pouch. At first, immune 

protection from the pouch was difficult to comprehend, as some marsupial species have 

undeveloped young that attach to a teat on their mother’s abdomen which are not 

enclosed by a pouch (Russell 1982; Tyndale-Biscoe 2005). It is clear that although the 

pouch may provide immune protection to those species that have them, the pouch 

cannot provide immune protection for those species with highly altricial young which 

do not have pouches. Thus, instead of using the pouch to explain protection of 

marsupial young, the review in Chapter 3 examines the role of the pouch in marsupial 

evolution in light of supporting highly altricial young and promoting reproductive 

success in various environments where a pouch may confer significant advantages over 
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free hanging young, as opposed to its immune protective role. It is likely that the 

pouch’s immunological role arose to counteract a potential immune threat that the 

pouch itself may create, such as a humid environment where bacteria may thrive. 

The first two review chapters helped to identify the direction for the remaining research 

reported in this thesis. Specifically, it was found that the innate immune system has 

received limited attention when compared to the vast amount of research that has been 

conducted on the role of milk and colostrum and that while the pouch may provide 

protection to those species that have them, it does not explain immune protection of 

developing marsupial young. Additionally, the sequencing of marsupial genomes 

provides a wealth of information that can be exploited to help address questions 

regarding the immunological development of marsupial young. 

The remaining chapters exploited the marsupial genomes, particularly the genome of a 

model marsupial species, the tammar wallaby, to further examine the innate immune 

genes of developing marsupials. First, specific immune genes, mucins and lysozyme 

were identified and physically mapped to the tammar wallaby genome, and second, the 

transcriptome of two tissues of developing tammar wallaby young were sequenced to 

examine the difference in expression of innate immune genes between young that are 

considered immune-incompetent and young that are considered immune-competent.  

Genome sequencing and its role in examining protection of developing marsupial 

young 

Genome sequencing and the resulting genomes are becoming highly accessible to 

researchers, with three marsupial genomes; the gray short-tailed opossum (Monodelphis 

domestica) (Mikkelsen et al. 2007), tammar wallaby (Renfree et al. 2011) and the 

Tasmanian devil (Sarcophilus harrisii) (Murchison et al. 2012) publicly available. 

Thus, it is important that these genomes are exploited to their full potential, including to 
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facilitate further research, such as functional studies. Before starting the research 

presented in this thesis, it was evident that many researchers were selecting individual 

genes to explore immune protection of marsupial young based on their roles in other 

species; most of these studies also included the identification of the genes. Chapter 4, 

examining mucins and lysozymes, followed this pattern. However, as RNA-sequencing 

permits the analysis of gene expression in whole tissue, it was possible to venture away 

from individual genes or groups of genes and use a holistic approach to determine 

which genes were expressed in developing tammar wallabies. The research presented in 

this thesis has used a novel approach to examine the protection of marsupial young by 

exploiting the tammar wallaby genome. Although, the tammar wallaby genome has 

limitations, as it has only been sequenced to a 2-fold depth and consists of many 

scaffolds not anchored to chromosomes, it was still possible to identify several genes 

that are expressed in the skin and lung of developing tammar wallabies, which in turn, 

has raised several more questions relating to the immune protection of marsupial young. 

Identification and physical mapping of innate immune genes, mucin and lysozyme 

Mucins and lysozymes play an important role in innate immunity in eutherian mammals 

and form a primary defense against pathogenic microorganisms. As few studies have 

examined mucins in marsupials (Schumacher and Krause 1995; Renfree and Lewis 

1996; Casey et al. 2002; Paris et al. 2005; Kwek et al. 2009), the research presented in 

Chapter 4 aimed to identify mucins and lysozymes in tammar wallabies. A preliminary 

examination of the genome found three putative mucin genes and two lysozyme genes 

predicted in the genome. The remaining mucin sequences were predicted by using 

cDNA sequences from the opossum or human to search the tammar wallaby genome. 

Of the 17 different types of mucin genes found in human, 11 mucin or mucin related 

genes and two lysozyme genes were identified in the tammar wallaby genome. The 
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mucin and lysozyme genes were mapped to tammar wallaby chromosomes to determine 

their location. The location of the genes showed that marsupials display conservation of 

their arrangement of mucin genes when they are compared to the arrangement of mucin 

genes on human and opossum chromosomes. Although examining the function of these 

genes was beyond the scope of this thesis, it is hypothesised that mucin and lysozyme 

play similar roles to those they play in innate immunity in eutherian mammals, as a 

primary defense against pathogenic microorganisms.  

Identification and expression of immune genes from RNA-sequencing  

The expression of the mucin and lysozyme genes were examined in the skin and lung of 

developing tammar wallabies in Chapters 5 and 6. In the skin transcriptome, reads 

mapped to the tammar wallaby lysozyme orthologues located on tammar wallaby 

scaffold 23673 and 31416, however, they were not included in the 98 % of cumulative 

tag counts retained for further analysis, suggesting that other genes play a larger role in 

immune protection of developing marsupial skin. In the lung, however, one lysozyme 

orthologue (located on scaffold 23673) also contained too few reads to warrant further 

analysis, while the other orthologue (located on scaffold 31416) showed increased 

expression in the immune-competent group. In the lung analysis, reads only mapped to 

the scaffolds of one mucin gene, MUC4, however the reads were too few to warrant 

further analysis and did not span all of the scaffolds containing the mucin gene. This 

was surprising as two mucin genes, MUC5AC and MUC5B, play an important 

immunological role in the mammalian lung (Thornton et al. 2008). However, the results 

correspond to those examining the development of respiratory structures that are 

associated with mucin in the Virginia opossum (Didelphis virginiana) and brushtail 

possum (Trichosurus vulpecula), whereby cilia is absent and it is not until well into 

pouch life that the juveniles form submucosal glands and goblet cells (Krause and 



125 

 

Leeson 1973; Cooke and Alley 2002). The deficiency of mucin gene expression 

suggests that the developing tammar wallaby is also lacking another important 

component of the immune system at birth and during its time of development in the 

pouch. However, in the young lung, immune protection may be acting in regions prior 

to the bronchi and peripheral lung, for example, mucin genes may be expressed and 

acting in the trachea, before bacteria reach the bronchi or peripheral lung.  

Mucin gene expression was also not detected in the developing tammar wallaby skin. 

However, over expression of trefoil factor 2 (TFF2) was found in the individual aged 19 

days old. TFFs are synthesized in mucin producing epithelial cells and play a role 

protecting the epithelia (Hoffmann et al. 2001). TFF peptides have also been detected in 

amphibian skin, with TFF domains forming a central part of frog integumentary mucin 

C.1 (Hauser and Hoffmann 1992). This result suggests that there may be other mucins 

or compounds similar to mucins that were not identified in Chapter 4 protecting the 

young. 

In the past, research examining the innate immune system of developing marsupial 

young has been compound specific. However, with the advent of new technologies such 

as RNA-sequencing, it is now feasible to examine the whole transcriptome of cells and 

tissues. The research presented in Chapters 5 and 6 ventures away from the compound 

specific approach of examining immune genes in developing marsupials and uses RNA-

sequencing to examine the expression of a collection of innate immune genes in two 

tissues in the developing tammar wallaby assumed to be readily exposed to bacteria 

from birth. This approach enables the exploitation of information, which is readily 

available, such as the tammar wallaby genome, and facilitates the informed 

identification of interesting immune compounds that can be selected for further 

functional research.  
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Skin was selected as a tissue of interest, as it acts as a first line of defense against 

microorganisms. RNA from the skin of developing tammar wallabies which are 

considered to be immune-incompetent and wallabies that are immune-competent was 

sequenced and examined to determine the variation in expression of innate immune 

genes. There were 390 immune genes from a range of immune related Gene Ontology 

(GO) groups identified in the skin of young, which suggests that the developing wallaby 

skin plays a role as an immune defense organ. 

Several GO immune system process groups and genes which were differentially 

expressed between immune-incompetent and immune-competent individuals were also 

identified. The genes with important immune functions which were differentially 

expressed with increased expression in wallabies considered immune-incompetent 

compared to those that were considered immune-competent included two genes 

involved in complement, complement component 3 (C3) and complement factor B 

(CFB), two peroxidase genes, myeloperoxidase (MPO) and glutathione peroxidase 2 

(GPX2), and a lipoprotein component, apolipoprotein A1 (APOA1).  

The lung transcriptome of developing marsupials was also examined. The development 

of the immune system in the marsupial lung is particularly interesting as the largest part 

of development occurs postnatally, when young are exposed to an external environment 

where they must protect themselves from inhaling harmful environmental particulates. 

As with the skin analysis, GO classifications were used to identify which immune 

groups are represented by immune genes expressed in the lung. There were 429 immune 

genes from a range of immune related GO terms identified in the lung, which suggests 

that like skin, the lung of the developing wallaby also plays a role as an immune defense 

organ. There were also five GO terms associated with immune function that were 

significantly overrepresented in the immune-incompetent group compared to the 
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immune-competent group, containing the genes APOA1, apolipoprotein A2 (APOA2), 

complement component (C2), C3, complement component C4b (C4B), CFB and ficolin 

3 (FCN3). 

Further, specific immune genes which are highlighted in the literature of mammalian 

lung development were also examined and several genes classified as antimicrobials, 

complement, cytokines and chemokines, and pattern recognition molecules were found 

with increased expression in the immune-incompetent group. C3, CFB, an isoform of 

lactoferrin (LTF) and monocyte chemoattractant protein 1 (MCP1/CCL2), surfactant 

protein A (SFTPA) and toll-like receptor 4 (TLR4) were all found to have increased 

expression in the immune-incompetent group. Complement factor H (CFH) and LYZ 

were the only genes to show increased expression in the immune-competent group, 

while interleukin 6 (IL6), an isoform of LTF, two isoforms of MCP1/CCL2, 

transforming growth factor beta 1 (TGFB1), TLR2 and TLR3 were not differentially 

expressed. The results suggest that specific innate immune genes may play a large role 

in the protection of newborn tammar wallabies while their immune tissues are still 

developing.  

In both the skin and lung of the developing tammar wallaby, APOA1, C3 and CFB were 

found with increased expression in the immune-incompetent groups. Although direct 

comparisons with eutherian mammals cannot be made, complement components are 

usually found in much lower concentrations in human neonate serum than in human 

adult serum (Yonemasu et al. 1978; Strunk et al. 1979; McGreal et al. 2012). The 

increase in expression may represent part of the innate immune system which develops 

early in marsupials to compensate for the delayed development of the adaptive immune 

system. However, complement has been found to play a role in the development of 

organs that do not have an immune role (Mastellos and Lambris 2002). Thus, further 



128 

 

work is required to determine the role of complement in development versus immunity 

in marsupials. Although further research to determine the functional significance of 

complement was beyond the scope of this study, the detection of complement in the 

immune-incompetent individuals is interesting and provides the basis for further work 

to be carried out on these compounds.  

APOA1 is a major apolipoprotein of high density lipoprotein, and may directly affect 

bacterial growth and promote self defense mechanisms of normal and immune-

incompetent individuals, as a serum fraction containing APOA1 has shown 

antimicrobial activity against a gram positive bacteria Staphylococcus epidermidis 

(Tada et al. 1993). The review in Chapter 2 highlights that there are no studies which 

have examined antimicrobial lipids in developing marsupials and that they are unlikely 

to be explored while there is still so much unknown about the antimicrobial proteins and 

peptides.  

Limitations 

There were three main areas which presented limitations to this research. First, at the 

time of sampling which was limited and opportunistic, the success of RNA-sequencing 

of developing tammar wallaby skin or lung, in terms of achieving reads and then 

mapping the reads to the tammar genome, was unknown. Thus, in conjunction with the 

high cost of sequencing only a small number of samples (which sometimes comprised 

significant age gaps) were sequenced for the immune-incompetent and immune-

competent groups. 

Second, the tammar wallaby genome has only been sequenced to a 2-fold depth 

(Renfree et al. 2011) and therefore is likely to contain incomplete annotations, as is 

evident from Chapter 4 on mucin genes. Thus, general immune genes, along with 

marsupial specific immune genes, which have not been annotated in the genome will be 
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missing from the transcriptome analysis and the number of genes identified to be 

expressed or differentially expressed in the transcriptome analysis may be largely 

underestimated.  

Finally, the methodology relating to the GO analysis may also contain limitations. It is 

possible that the genes associated with GO immune system process terms may not 

always be directly involved in immune pathways, and instead may be involved in other 

metabolic processes. Additionally, using GO term enrichment may mask the differential 

expression of important immune genes that are not found in specific GO terms or are 

found within terms that do not contain differential expression of the other genes. GO 

terms have also been developed based on the pathways of other species, thus, it is 

assumed that the immune genes of marsupials follows a similar pattern to those of other 

animals. As GO term enrichment identified genes that were differentially expressed 

between the immune-incompetent and immune-competent groups, the need to further 

identify interesting immune groups or pathways was also suppressed. Although the 

research comprises limitations, a baseline for research in marsupial developing 

immunology has been developed, whereby RNA-sequencing and the tammar wallaby 

genome can be utilised with some success. 

Future work 

The research presented in this thesis has identified gaps in the research of immune 

protection of marsupial young and has identified, mapped and examined the expression 

of innate immune genes in the developing tammar wallaby. Thus, we are closer to 

understanding the complexity of the developing marsupial immune system.  

However, although the identification of immune genes and their expression implies an 

immune role, functional studies confirming the role of genes must be undertaken. For 

example, although an increase in expression of complement components is found in the 
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skin and lung of the individuals considered immune-incompetent compared to the 

individuals considered immune-competent, it is essential to determine that the function 

of these compounds is related to immunity. Increased time series transcriptome studies 

with and without immune challenge could help to determine the role of specific 

complement components or other immune related genes.  

Further, to determine if specific immune compounds develop earlier in marsupials 

compared to eutherians to compensate for the undeveloped adaptive immune system it 

would be interesting to compare the results which showed increased expression of 

immune genes in immune-incompetent individuals to the expression of these immune 

genes in the same tissues at, or just after birth in eutherian species. Currently, the 

literature does not support research which allows this comparison to be made.  

In the broader field of immunity, research tends to focus on antimicrobial peptides over 

antimicrobial lipids, as discussed Chapter 2. However, the results presented in this 

thesis, with increased expression of APOA1 and APOA2 in immune-incompetent 

compared to immune-competent individuals, supports the case to further examine 

antimicrobial lipids.  

There is also a case for doing further age specific transcriptome analysis. At the time of 

skin sample collection, the aim of the research was to examine the transcriptome of 

wallabies with and without immune competence; however, as there are differences in 

gene expression observed between the immune-incompetent individuals, further studies 

examining the transcriptome of younger wallabies are warranted to determine when the 

majority of immune genes start to show differential expression, or if the differences are 

the result of individual variation.  

Although mucins were not detected in the expression analysis of skin and lung, their 

absence means that another crucial part of the immune system is deficient from 
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marsupials at birth and while they are developing. However, it is possible that other 

mucins, which have not been identified yet, are acting in their place. Additional research 

is required to further examine mucins.  

Importantly, with the transcriptome analysis of the developing marsupial lung and skin, 

it is now possible for researchers to use the information presented in this thesis to 

further seek out genes of interest. Now that genes are known to be present at specific 

developmental ages, researchers can make an informed decision to research these genes 

or compounds in the developing marsupial.  
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