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ARTICLE INFO ABSTRACT

The southern giant petrel is a large Procellariiform seabird of the southern oceans and has a circumpolar habitat.
In this study, we generated the first high-quality de novo assembly of the blood transcriptome of the southern
giant petrel (Macronectes giganteus) using the Illumina Miseq platform. A total of 28.7 million raw reads were
obtained and assembled using the Oases assembly platform, resulting in 27,989 contigs with an N50 value of
1,044 bp. We performed functional gene annotations using Gene Ontology (GO), Eukaryotic Orthologous Groups
(KOG), and Kyoto Encyclopedia of Genes and Genomes pathway analyses. As one of the top consumers in the
southern oceans, M. giganteus feeds on carrion and carcasses, unlike most other Procellariiformes. However,
geographical isolation is not an absolute defense against parasites or pathogens. We detected many genes that
are critically involved in classic innate immunity. In terms of the GO terms analyzed, many genes were assigned
to the subcategories of response to stimuli and immune system processes. These numbers were higher than those
in the whole blood of lipopolysaccharide (LPS)-injected greenfinches and blood lymphocytes of the Chinese
goose but lower than those found in the whole blood of the cinereous vulture. This genomic information will be
useful for checking the immune status of southern giant petrels without sacrifice, as the species is vulnerable.
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1. Introduction gene expression analysis may be valuable, as it requires only a small

volume of blood or piece of tissue and sacrifice is unnecessary.

The southern giant petrel Macronectes giganteus is the largest avian
predator/scavenger of the Southern Ocean, found on the sub-Antarctic
islands, the Antarctic Peninsula, the Malvinas (Falkland Islands),
Patagonia (southern Chile), and Argentina (Patterson et al., 2008). The
bird normally has a long life, females lay single eggs, the annual re-
productive output is low, and sexual maturity is deferred (Hamer et al.,
2002). Over the past decade, anthropogenic activities, habitat de-
struction, introduced predators, and the exploitation of fisheries have
increased, threatening the M. giganteus population (Quintana et al.,
2006). The bird is listed as vulnerable in the Red Data List because of
continuous declines in the total breeding population (IUCN, 2004),
although several colonies have irregularly exhibited increased breeding
(Huin and Reid, 2005). Evaluation of the health status of the bird via

Blood is very sensitive to endogenous and exogenous stimulation.
Blood circulates; therefore, analyses of molecular and biochemical
parameters may provide useful information about responses to parasites
or pathogens. Whole-transcriptome profiling has been used successfully
to estimate immune system homeostasis and transcriptional changes
after experimental challenges (Meitern et al., 2014; Chung et al., 2015;
Tariq et al., 2015; Videvall et al., 2015; Watson et al., 2017). Blood
transcriptome profiling and/or analyses of target gene/pathway-spe-
cific expression can evaluate homeostasis at the individual level, im-
proving the disease resistance and protection of avian populations. The
immune homeostasis of M. giganteus requires monitoring. The bird feeds
on fish and seal carcasses (Maynard, 2003; BirdLife International,
2009). In a previous study, blood stable isotope levels revealed that M.
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Table 1
Characteristics of the M. giganteus blood transcriptome sequencing project:
MIxS standard data.

Item Description

Eukaryote transcriptome
Macronectes giganteus blood transcriptome

Investigation type
Project name

sequencing

Geographical location, name King George Island (South Shetland Islands),
Antarctica

Geographical location 62°1414.0”S, 58°45’59.8"W

Collection date 21 Jan 2017

OMIT_0002267 (Antarctic region)
ENVO_00000098 (island)
ENVO_01000428 (rocky shore)

Environment (biome)
Environment (feature)
Environment (material)

Tissue type Blood
Developmental stage Adult
Sequencing method Pyrosequencing

Illumina Miseq
Oases (ver. 0.2.08)

Sequencing platform
Assembly

Finishing strategy Contig
Bioproject number PRINA445761
Data accessibility SRR6902605

giganteus chicks were preferentially fed carrion of fish, penguins, and
seals (Raya Rey et al., 2012). Moreover, despite their geographical
isolation, birds in the Antarctic remain under threat of parasitic or
pathogenic infection (Barbosa and Palacios, 2009). In fact, among
birds, M. giganteus has the highest recorded number of parasites/

A)
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pathogens (Barbosa and Palacios, 2009). Salmonella sp. and avian
cholera (caused by the bacterium Pasteurella multocida) normally found
in scavenging species have been detected in giant petrels and skuas
(Leotta et al., 2003; Shearn-Boschler et al., 2008; Barbosa and Palacios,
2009).

Here, using basic bioinformatic tools, we derive a new blood tran-
scriptome resource for work on M. giganteus. The information will fa-
cilitate future investigations of blood-specific pathways in other
Procellariiformes or in birds in general, with a particular focus on in-
nate immunity and pathogen exposure.

2. Description of the data
2.1. Sample collection and Illumina sequencing

A blood specimen (ca. 1 mL) was collected from an M. giganteus
individual on King George Island, South Shetland Islands, Antarctica
(Table 1). The species was identified by reference to morphological
characteristics and the mitochondrial cytochrome oxidase subunit 1
(CO1) sequence. The blood sample was immediately transferred to an
RNAlater vial (QIAGEN, Valencia, CA, USA) and stored at —20°C until
RNA extraction. Total RNA was extracted using an RNeasy® Micro Kit
(QIAGEN) according to the manufacturer’s protocol and stored in
RNAstable (Biometrica, San Diego, CA, USA). The quality and quantity
of the total RNA was checked using the 2100 Bioanalyer (Agilent
Technologies, Santa Clara, CA, USA). High-quality mRNA (2 ng) was
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Fig. 1. Numbers of major BLAST hits matched to Macronectes giganteus blood transcripts at the phylum and species levels. Each number is the number of orthologous

gene families shared by the indicated genomic database.
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Fig. 2. Gene Ontology (GO) analyses: A) biological processes, B) cellular components, and C) molecular functions enriched in the blood transcriptome of Macronectes
giganteus. D) A comparison of the compositions (percentages) of two subcategories: response to stimuli and immune system processes of avian blood transcriptomes.

used to generate a double-stranded cDNA library using poly A selection
(Kim et al., 2017). A NuGEN Encore Complete RNA-Seq Library System
(NuGEN, San Carlos, CA, USA) was used to construct paired-end li-
braries (PE500) of sheared cDNA (500 bp fragments) that were se-
quenced on an Illumina MiSeq® System platform (300 X 2 paired-end
reads). We trimmed the index and adaptor sequences using Trimmo-
matic (Bolger et al., 2014) and removed low-quality reads using the
FASTX toolkit (Gordon and Hannon, 2010) with the parameters set at
—t, 20; -1, 70; and -Q, 33.

2.2. De novo assembly

Sequencing produced 28.7 million reads. We removed low-quality

reads (average quality score < 10), adapters, linkers, and PCR primers
via quality filtering. Then we assembled high-quality reads de novo
using Oases (ver. 0.2.08; Schulz et al., 2012) using the default para-
meters. TransDecoder was used to identify coding regions. Unclustered
transcripts and the longest sequences were considered unigenes. We
found 27,989 contigs of an average length of 899 bp and an N50 length
of 1,044 bp (Supplementary Table 1). All unigenes were searched
against the NCBI nonredundant (NR) database using BLASTx with an E-
value threshold of 1.00E-04 to identify functional transcripts. The
overall sequencing quality and the de novo assembly parameters (i.e.,
average read size, longest length, gene density, and GC ratio) were
comparable to those of previous avian blood transcriptomes (Meitern
et al., 2014; Chung et al., 2015; Tariq et al., 2015; Videvall et al., 2015;
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Watson et al., 2017).

2.3. Transcriptome annotation

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses of all contigs were performed using the
Blast2GO sequence annotation tool (ver. 4.0; Conesa et al., 2005). The
specific GO composition of each category is presented as a Level 2
percentage. After aligning the contigs, we analyzed three principal ca-
tegories (biological processes, cellular components, and molecular
function) using default parameters. The BLAST search and functional
domain annotation by InterProScan of the Blast2GO software package
assigned 2,194 contigs to at least one GO term (Supplementary Tables
2-4). Finally, the assembled data were arranged in terms of read length,
gene annotation, GenBank number, E-value, species, and species ac-
cession number. We calculated the mRNA expression level using the
reads per kilobase of the transcriptome per million mapped reads
(RPKM) method (Mortazavi et al., 2008).

The principal BLAST hits indicated that about 2,123 M. giganteus
contigs exhibited sequence similarities to transcripts of the peregrine
falcon (Falco peregrinus), and 1,719 exhibited similarities to transcripts
of the rock pigeon (Columba livia; Fig. 1A). Of the top hits, 90.8% and
5.7% were homologous to transcripts from the classes Aves and Rep-
tilia, respectively (Fig. 1B and C). Thus, sample preparation and se-
quencing had been successful; the raw read assembly was undoubtedly
avian. Our reference transcriptome of the southern giant petrel will be
valuable for studying avian disease, comparative blood compositions,
and blood-specific gene expression and also for protecting M. giganteus.

The diverse GO assignments analyzed by Blast2GO showed that
blood performs many complex biological functions. The vast majority of
transcripts in the biological processes category were assigned to cellular
processes (18%), metabolic processes (15%), and single-organism pro-
cesses (14%; Fig. 2A). Of the GO terms dealing with cellular compo-
nents, many genes were categorized as cell (28%) and organelle (25%)
components (Fig. 2B). In terms of the molecular function category,
many genes were classified as binding (48%), followed by catalytic
activity (30%; Fig. 2C). It is interesting that a considerable number of
unigenes were categorized as response to stimuli (7.1%) and immune
system processes (2%) potentially associated with blood-borne im-
munity. Although the proportions of these categories among the bio-
logical processes were lower than those in the whole blood of the ci-
nereous vulture Aegypius monachus (18.2% and 7.7%; Chung et al.,
2015), they were higher than those in the whole blood of the LPS-in-
jected greenfinch Carduelis chloris (4% and 2%; Meitern et al., 2014)
and the blood lymphocytes of the Chinese goose Anser cygnoides (2.8%
and 0.3%; Tariq et al., 2015; Fig. 2D). The M. giganteus transcriptome
included sequences of major innate immune system proteins, such as
NF-xB (KEGG pathway number: 04064), Toll-like receptor (TLR;
#04620), and JAK-STAT (#04630), which suggests that canonical
vertebrate immune pathways are expressed in M. giganteus blood and
serve to defend against exogenous challenges to the immune system.
Transcriptional data on genes associated with the immune system and
mapped to the various pathways are appended in Supplementary
Table 5. Blood is constantly circulated to transport oxygen, nutrients,
and waste products and is exposed to many endogenous and exogenous
molecules, including those of pathogens. Thus, diverse transcriptional
pathways are active in blood.

We present the first whole-blood transcriptome of the southern
giant petrel and a brief comparison of pathway genes related to the
immune system in this bird and other avian blood transcriptomes. As
the M. giganteus blood transcriptome covers the essential gene re-
pertoire, we believe that our data will be useful for exploring immune
homeostasis of southern giant petrels in the field. They will also make it
possible to analyze the sensitivities and response patterns of the an-
notated genes.
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3. Data deposition

The raw RNA-seq data have been deposited in the NCBI Sequence
Read Archive (SRA; accession number SRR6902605) under bioproject
number PRJNA445761. This Transcriptome Shotgun Assembly project
has been deposited at DDBJ/ENA/GenBank under the accession
GGLKO00000000. The version described in this paper is the first version,
GGLK01000000.
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