
fmicb-09-02877 November 24, 2018 Time: 19:42 # 1

ORIGINAL RESEARCH
published: 27 November 2018

doi: 10.3389/fmicb.2018.02877

Edited by:
Suhelen Egan,

University of New South Wales,
Australia

Reviewed by:
Weiming Sun,

Yantai University, China
Chang Chen,

University of Illinois at Chicago,
United States

Khalil Eslamloo,
Memorial University of Newfoundland,

Canada

*Correspondence:
Cristian Gallardo-Escárate

crisgallardo@udec.cl;
crisgallardo@oceanografia.udec.cl

Specialty section:
This article was submitted to

Microbial Symbioses,
a section of the journal

Frontiers in Microbiology

Received: 07 August 2018
Accepted: 09 November 2018
Published: 27 November 2018

Citation:
Valenzuela-Miranda D and

Gallardo-Escárate C (2018) Dual
RNA-Seq Uncovers Metabolic Amino
Acids Dependency of the Intracellular

Bacterium Piscirickettsia salmonis
Infecting Atlantic Salmon.
Front. Microbiol. 9:2877.

doi: 10.3389/fmicb.2018.02877

Dual RNA-Seq Uncovers Metabolic
Amino Acids Dependency of the
Intracellular Bacterium
Piscirickettsia salmonis Infecting
Atlantic Salmon
Diego Valenzuela-Miranda and Cristian Gallardo-Escárate*

Laboratory of Biotechnology and Aquatic Genomics, Interdisciplinary Center for Aquaculture Research, University
of Concepción, Concepción, Chile

High-throughput sequencing technologies have offered the possibility to understand
the complexity of the transcriptomic responses of an organism during a wide variety
of biological scenarios, such as the case of pathogenic infections. Recently, the
simultaneous sequencing of both pathogen and host transcriptomes (dual RNA-seq)
during the infection has become a promising approach to uncover the complexity of the
host–pathogen interactions. In this study, through a double rRNA depletion and RNA
sequencing protocols, we simultaneously analyzed the transcriptome of the intracellular
bacterium Piscirickettsia salmonis and its host the Atlantic salmon (Salmo salar) during
the course of the infection. Beyond canonical host immune-related response and
pathogen virulent factors, both bacteria and host displayed a large number of genes
associated with metabolism and particularly related with the amino acid metabolism.
Notably, genome-wide comparison among P. salmonis genomes and different fish
pathogens genomes revealed a lack of the biosynthetic pathway for several amino acids
such as valine, leucine, and isoleucine. To support this finding, in vitro experiments
evidenced that when these amino acids are restricted the bacterial growth dynamics
is significantly affected. However, this condition is phenotypically reversed when the
amino acids are supplemented in the bacterial growth medium. Based on our results, a
metabolic dependency of P. salmonis on S. salar amino acids is suggested, which could
imply novel mechanisms of pathogenesis based on the capacity to uptake nutrients
from the host. Overall, dual transcriptome sequencing leads to the understanding of
host–pathogen interactions from a different perspective, beyond biological processes
related to immunity.

Keywords: dual RNA-seq, Piscirickettsia salmonis, Atlantic salmon, nutritional immunity, metabolic dependency,
amino acids

INTRODUCTION

High-throughput sequencing technologies applied to transcriptomic studies (RNA-Seq) have
offered the possibility to understand complex molecular responses under different biological
scenarios. Among them, a pathogenic infection entails a deep transcriptomic remodeling of the
host to promote the pathogenic clearance; in turn, pathogens display the expression of different
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genes to grant their survival and replicate within the host. In
this context, the simultaneous analysis of host and pathogen
transcriptomes (dual RNA-Seq) during their interaction can
reveal novel aspects of the infective process (Westermann
et al., 2017). Initially, this approach was limited to viral, fungal
and parasitic infections, where the pathogen resembles host
transcripts (Tierney et al., 2012; Strong et al., 2013; Choi et al.,
2014; Pittman et al., 2014) and scarcely reported in bacterial
models (Westermann et al., 2012). However, the improvement of
high-throughput sequencing and the development of novel RNA
capture/depletion methods offer a promising opportunity to also
expand this approach to bacterial infections (Westermann et al.,
2016).

Although most dual RNA-seq approaches applied in bacterial
infections have been exploratory, some of them have unraveled
novel mechanisms of host–pathogen interaction. For instance,
a dual RNA-seq was used to discover a possible strategy
employed by Chlamydia trachomatis for the in vitro infection
of human epithelial cells based on an early iron acquisition
and a host immune depletion strategy (Humphrys et al., 2013).
Furthermore, the simultaneous transcriptome analysis of the
Gram-negative bacterium Haemophilus influenza during the
infection of mucosal epithelial cells revealed the importance
of the host oxidative response and the mechanisms employed
by the bacteria to overcome this adverse environment (Baddal
et al., 2016). Likewise, the co-transcriptomic analysis of the
uropathogenic Escherichia coli (UPEC) and its host evidenced
that while host transcriptomic response was similar to different
bacterial strains, different expression patterns were identified in
UPEC strains with contrasting pathogenic effects (Mavromatis
et al., 2015). These results were used to reveal novel insights
into the mechanisms employed by the bacteria for the
intra-macrophage survival. Moreover, a dual RNA-Seq was used
to characterize the regulatory role of small RNAs (sRNAs)
in Salmonella enterica infection. Here, researchers identified
bacterial sRNA involved in the regulation of both host and
pathogenic genes, revealing the hidden roles of S. enterica
transcripts during the pathogenesis (Westermann et al., 2016).
Simultaneous profiling of host-pathogen transcriptomes has
become a powerful approach tool to unravel key aspects during
the infection process. In the present study, we apply a dual
RNA-Seq approach to reveal novel aspects of the infective process
of the intracellular bacterium Piscirickettsia salmonis during the
infection on the Atlantic salmon (Salmo salar).

Piscirickettsia salmonis is a facultative intracellular
gram-negative bacterium that causes the salmonid rickettsial
septicemia (SRS), a severe systemic disease responsible for up
to 85% of the infectious moralities in farmed salmons in Chile.
Just in this country, the economic losses associated with this
pathogen has been estimated in around US$100 million per year
(Smith et al., 1997; Bravo and Midtlyng, 2007; Pulgar et al., 2015),
becoming one of the main concerns for the industry (Mauel
and Miller, 2002). Beyond this negative impact, perhaps one
of the most remarkable features of P. salmonis is its capability
to infect and replicate within host immune cells, such as in
macrophages (McCarthy et al., 2008; Rajas et al., 2009; Ramirez
et al., 2015). In this context, the mechanism whereby this

pathogen can evade host immune response are still unclear. Due
to the high prevalence, negative impact and scientific interest
on this pathogen, different efforts have tried to understand
salmonids defensive mechanism against P. salmonis and how
the bacteria overcome this response. Host transcriptomic
response has been mainly associated with a regulation of
genes involved in the innate immunity, apoptosis, different
signaling pathways, endocytosis, non-coding RNAs and iron
metabolism among others (Rise et al., 2004; Tacchi et al., 2011;
Pulgar et al., 2015; Valenzuela-Miranda and Gallardo-Escarate,
2016; Valenzuela-Miranda et al., 2017). On the other hand,
P. salmonis transcriptomic response has been assessed after
the in vitro infection in Sf21 cell lines (Machuca and Martinez,
2016). Although different genes associated with the type IV
secretion and iron acquisition system were identified, it remains
unexplored how P. salmonis transcriptome is modulated during
the infection. Due to this, we explore a dual RNA-Seq approach
to unravel novel mechanisms of interactions during the infection
of P. salmonis on the Atlantic salmon. A special emphasis
was placed in bacterial gene expression, since transcriptional
response of the Atlantic salmon against P. salmonis have
been widely described previously (Tacchi et al., 2011; Pulgar
et al., 2015; Valenzuela-Miranda and Gallardo-Escarate, 2016;
Tarifeno-Saldivia et al., 2017). Beyond canonical pathogenic
and immune related-genes, our results evidenced a common
transcriptomic response between host and pathogen associated
with the amino acid metabolism. Further analyses revealed a
lack of P. salmonis genes associated with different amino acids
biosynthetic pathways and the importance of the availability
of some amino acids for the bacterial growth medium. We
hypothesize metabolic amino acids dependency of P. salmonis on
S. salar, which could imply novel mechanisms of pathogenesis
based on the capacity to uptake nutrients from the host and
capacity of the host to regulate the availability of free amino
acids.

MATERIALS AND METHODS

Experimental Design
Atlantic salmons (154.7 ± 13.5g) were obtained from a
commercial farm located at Puerto Montt, Chile and transferred
to the Marine Biology Station of the University of Concepción
(Dichato, Chile). Here, individuals were randomly screened
to discard the presence of different pathogens commonly
present salmonid aquaculture. After quarantine, individuals were
randomly divided into two independent marine water-based
recirculating lines, each containing five 370 L tanks. For each
line, three tanks were used for sampling (six in total), one tank
was used to record mortality (two in total) and the remaining
tank was not considered in this experiment. A total of 50
individuals per tank were maintained during an acclimation
period of 14 days before the challenge. After this period, each
individual was anesthetized and intraperitoneally injected with
0.2 ml of P. salmonis (EM-90 strain) containing 1 × 106

bacteria per dose, as previously standardized. Later, samples were
collected from infected individuals at 3, 7, and 14 days post
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infection (dpi). Head kidney and spleen tissues were collected
from two individuals of each sampling tank (12 individuals per
point) and stored in RNA later solution (Ambion, United States)
at −80◦C. In the remaining tanks, mortalities were daily
recorded (Supplementary Figure S1), clinically and molecularly
confirmed as a result of SRS. All animal procedures were carried
out under the guidelines approved by the Ethics Committee of
University of Concepción.

RNA Isolation and Sequencing Strategy
Infected tissues stored at −80◦C in RNA later solution
were thawed at room temperature and total RNA (host and
pathogen) was isolated from 10 different individuals using the
TRIzol reagent kit (Thermo Fisher Scientific) according to
manufactures instructions. RNA integrity was verified using the
R6K screen tape 2200 on the TapeStation (Agilent Technologies,
United States) platform. Thus, isolated RNAs with RNA Integrity
Numbers (RIN) above 8 were considered for further analysis.
Based on RNA quality, 3 different pools of RNA were prepared
from 3 distinct individuals for each tissue and time (biological
replicates). RNA pools were precipitated in absolute ethanol and
shipped in dry ice to Macrogen Inc. (Korea). Here, two Ribo-Zero
rRNA Removal Kit (Illumina, San Diego, CA, United States)
were used to remove both bacterial and host rRNAs. Remaining
RNA containing both P. salmonis and S. salar transcripts were
used to prepare high-throughput sequencing libraries using the
TrueSeq RNA sample preparation kit (Illumina, San Diego, CA,
United States). Each library was sequenced on a HiSeq platform at
100 bp paired-end reads (Macrogen, Korea). All sequencing data
will be available under the SRA accession number SUB4576220.
Sequencing statistics for each RNA-seq data are presented in
Supplementary Table S1.

Dual RNA-Seq and Differential
Expression Analysis
Raw sequencing reads were filtered by quality and adapter/index
were identified and removed from remaining reads using CLC
Genomics Workbench (V10, CLC Bio, Denmark). In order
to discriminate pathogen and host transcriptomes, cleaned
reads were mapped against the last available version of the
Atlantic salmon (S. salar)1 and against P. salmonis available
genomes2. Mapping parameters included a mismatch cost of 2,
insertion/deletion cost of 3 and a similarity/length fraction of 0.8.
Effectively mapped reads against both genomes were separated in
different files and used for further RNA-Seq analysis. RNA-Seq
analysis was conducted using CLC Genomics Workbench (V10,
CLC Bio, Denmark). Previously discriminated reads from host
and pathogen were used to perform RNA-Seq analysis using
all coding sequences annotated in the Atlantic salmon and
P. salmonis genomes. For RNA-Seq analyses, similarity/length
fraction was set as 0.9 in order to minimize the probability to
include misassigned reads for each species. Expression values
were estimated as transcripts per million (TPM) and normalized
by totals per million read. Expression values obtained at 3 dpi

1https://www.ncbi.nlm.nih.gov/assembly/GCF_000233375.1/
2https://www.ncbi.nlm.nih.gov/genome/genomes/11769

were used as baseline for gene expression comparison. We
decided to use this dataset as reference because we needed
transcriptomic data that contained reads from the pathogen to
compare, since pathogenic reads in any type of control would not
be present. Further, statistical differences were identified through
a Baggerly’s test adjusting p-values through a false discovery
rate (FDR) correction. Genes with a fold change > 4 and FDR
p-values < 0.01 were considered as differentially expressed.

Functional Annotation and qPCR
Validations
Molecular annotation of the differentially expressed transcripts
for both P. salmonis and S. salar was carried out to identify the
most representative biological processes. For this purpose, the
Gene Ontology (GO) annotation was conducted through
the BLAST2GO software V 4.1.9 (Conesa et al., 2005) and
the enrichment analysis was performed using as reference the
genomes of P. salmonis and S. salar. Further, resulting GO
enrichment analysis was visualized in REVIGO platform (Supek
et al., 2011). Finally, KEGG pathway annotation analysis
was also conducted using the KEGG automatic annotation
server (Moriya et al., 2007) through the bidirectional best-hit
assignment method. Furthermore, RT-qPCR were used to
validate sequencing results. To do this, 10 genes from the bacteria
and 10 genes from the fish were randomly selected and used to
RT-qPCR primer design (Supplementary Table S2). After primer
validation, each RT-qPCR was conducted in a thermocycler
StepOne plus (Applied Biosystems, United States) using the
Maxima SYBR Green/ROX kit according to manufactures
instructions. Amplification cycles were used as following 95◦C
for 10 min, 40 cycles at 95◦C for 30 s, 60◦C for 30 s, and 72◦C for
30 s. All qPCRs were carried on five biological and three technical
replicates and expression values were estimated through the 21
Ct method using 16s and elongation factor 1a as normalizer genes
for P. salmonis and S. salar, respectively. Significant differences
between 7 and 14 dpi regarding 3 dpi were estimated with the
Student’s t-test (p < 0.05). A comparison between fold-changes
obtained through RT-qPCR and RNA-seq evidence a r2 value
above 0.8, evidencing a high correlation between the fold changes
obtained by RT-qPCR and RNA-seq (Supplementary Figure S2).
Individual fold changes were included as Supplementary
Figure S3.

Exploring the Amino Acid Metabolism of
P. salmonis
Dual RNA-Seq analysis revealed a large number of genes
differentially expressed associated with amino acid metabolism
during the infection process. Due to this, we further explored the
importance of amino acids in P. salmonis metabolism. First, a
genome-scale comparison was conducted between P. salmonis,
a second salmonid pathogen such as Aeromonas salmonicida
and a closely related bacterium as Francisella tularensis. For
this purpose, coding genes were obtained from NCBI for
P. salmonis (see text footnote 2), F. tularensis3 and A. salmonicida4

3https://www.ncbi.nlm.nih.gov/genome/genomes/511
4https://www.ncbi.nlm.nih.gov/genome/genomes/540
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FIGURE 1 | (A) Global transcriptome analysis of Piscirickettsia salmonis (blue) and S. salar (red) at 3, 7, and 14 days post-infection (dpi) in spleen and head kidney
tissues. Expression values were estimated as transcripts per million reads (TPM) and Log2 transformed for heat map clustering. (B) Differentially expressed genes in
spleen and head kidney at 7 and 14 dpi using as control the expression values at 3 dpi. Three days post-infection were used as baseline gene expression since no
bacterial reads would be present in any type of control group.

genomes. All coding sequences were annotated through KAAS
annotation server as described above, focusing our attention
in Histidine metabolism (00340), valine, leucine and isoleucine
degradation/biosynthesis (00280 and 00290), Arginine and
proline metabolism (00330), Lysine biosynthesis/degradation
(00300 and 00310), Cysteine and methionine metabolism
(00270), Glycine, serine and threonine metabolism (00260),
Phenylalanine, tyrosine and tryptophan biosynthesis (00400)
and Alanine, aspartate and glutamate metabolism (00250).
Furthermore, liquid cultures of P. salmonis were conducted
considering different experimental culture media with distinct
amino acid composition. A basal medium (BM) was prepared
with Eugon (30.4 g/l) supplemented with FeCl3 (2 mM),
a complete medium (CM) prepared with Eugon (30.4 g/l)
supplemented with FeCl3 (2 mM) and Casamino acid (1%)
and experimental cultures medias were prepared with BM +
1% of the desired amino acid (Valine, leucine, and Isoleucine).
A bacterial inoculum previously obtained from CHSE-214 cells
infected with P. salmonis at 90% of lysis was used as starting

material for the growth of P. salmonis in CM medium. When the
exponential phase was reached, 300 µL from the liquid culture
was used to inoculate 2.7 ml of liquid culture containing the
different experimental mediums. All cultures were carried on
triplicates and maintained at 20◦C with a constant agitation of
100 rpm. Bacterial growth was daily based monitored through
the change in the optical density at an absorbance of 600 nm.
A multiple t-test was carried out to identify statistically significant
differences (p < 0.01) between treatments.

RESULTS

Exploring Host and Pathogen
Transcriptome During Pathogenesis
Dual RNA-Seq analysis evidenced the modulation of P. salmonis
and S. salar transcriptomes during the infection. This modulation
is represented in two heat maps, one for the fish host (red) and
another one for the pathogen (blue), where different clusters
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FIGURE 2 | Venn diagram showing the number of exclusive and shared genes in the transcriptome of P. salmonis during the infection in spleen (blue) and head
kidney (red) tissues of Atlantic salar. The heat maps show a subset of exclusive and shared genes expressed by P. salmonis in both tissues.

of expression profiles were identified (Figure 1A). Regarding
S. salar transcriptome, 771 and 829 genes were differentially
expressed in spleen at 7 and 14 dpi, respectively (Figure 1B).
Meanwhile, 412 and 467 genes were differentially modulated
in the head kidney at the same time-points (Figure 1B). On
the other hand, 68 and 79 P. salmonis genes were differentially
expressed in the spleen at 7 and 14 days, respectively, while
14 and 44 were identified in the head kidney (Figure 1B).
Thus, the number of bacterial genes differentially expressed
were increased together with the course of the infection. Since
transcriptional responses for the host have been previously
reported, a special focus was placed on bacterial gene expression.
Herein, a Venn diagram analysis revealed that 31 P. salmonis
genes were differentially regulated in both spleen and head
kidney, while 101 and 15 transcripts were exclusively regulated in
spleen and head kidney, respectively. Genes exclusively regulated
in spleen included a ferritin-like domain protein, genes associated
with the type IV secretion system (VirB9, IcmL, and IcmW) and
several outer membrane proteins (Figure 2). On the other hand,

the genes exclusively regulated in head kidney included a MATE
efflux family protein, DNA repair protein RecN, chaperone protein
HtpG and membrane proteins among others (Figure 2). Among
shared genes, different Protein phosphatase 1, ribosomal protein,
chaperones and Asn/Gln aminotransferase subunits were also
found (Figure 2). The complete list of differentially expressed
genes for the Atlantic salmon and P. salmonis is included as
Supplementary Table S3.

Amino Acid Metabolism: A Common
Response Between P. salmonis and
S. salar
A functional annotation of the different differentially expressed
genes for both S. salar and P. salmonis was conducted in
order to identify key molecular pathways regulated during the
infective process. GO enrichment analysis evidenced that a
large percent of differentially expressed genes in P. salmonis
belonged to biological processes related with the metabolism of
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FIGURE 3 | Gene ontology annotation (A) and KEGG pathway annotation (B) of the differentially expressed genes in Salmo salar and P. salmonis during the infection.
The size of each circle represents the frequency of the GO term in the underlying GO database (larger circles represent more general terms) and the color represents
the number of genes in each term (value). Both host and pathogen displayed a large number of genes associated to amino acid biosynthesis and degradation.

proteins and nitrogen compounds, such as the terms “protein
metabolism,” “cellular protein metabolism” and “cellular
nitrogen compound biosynthesis” among others (Figure 3A).
On the other hand, a more complex transcriptomic response
was found in Atlantic salmon. Here, multiple biological
processes were represented, such as organic acid metabolic
process, oxidation-reduction process, response to external
stimulus, chemotaxis among others (Supplementary Table S2).
However, terms related to the metabolism of amino acids was
also represented within differentially expressed transcripts,
such as the “cellular amino acid metabolism” (Figure 3A).
Enrichment of genes associated with protein metabolism was
also found through KEGG annotation. Furthermore, one of
the most represented pathways among differentially regulated
genes in P. salmonis transcriptome included different metabolic
pathways, among them, the “biosynthesis and degradation
of amino acids” (Figure 3B). Regarding host transcriptome,
the response of the Atlantic salmon was associated not
just associated with endocytosis, cytokine-cytokine receptor
interaction, apoptosis, phagosome and Nod-like receptor

signaling pathways (Supplementary Table S4), but also with
key metabolic pathways, including the “biosynthesis of amino
acids” (Figure 3B). Overall, the results evidenced that although
the metabolism of amino acids was not the predominant
transcriptomic response in the host, both P. salmonis and S. salar
displayed a large number of genes involved with biosynthesis
and degradation of amino acids. Due to this common response,
we further investigate the role of amino acids in P. salmonis
metabolism.

Role of Amino Acids in P. salmonis
Metabolism
To explore the importance of amino acids in P. salmonis
metabolism, a genome-scale comparison was used to identify
the presence/absence of genes directly involved in the
degradation/biosynthesis of different bacterial pathogens.
Thus, P. salmonis genome was compared with F. tularensis and
A. salmonicida available genomes. Results showed that all three
pathogens dispose of a similar genetic background of genes
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FIGURE 4 | (A) Genomic-wide comparison of genes involved in the biosynthesis and degradation of amino acid in P. salmonis, a close related bacterium
(F. tularensis) and another fish Gram negative bacterium (A. salmonicida). Bars represent the percentage of genes identified for each pathogen underlying all the
possible genes for the pathway in KEGG pathway database. (B) Subset of the biosynthesis and degradation pathway for valine, leucine, and isoleucine in
P. salmonis, F. tularensis, and A. salmonicida. Circles represent intermediate molecules and arrows the genes catalyzing each reaction. Thus, a green arrow
represents a gene that was found in the genome of each pathogen and gray ones for those absent. Thus, P. salmonis evidenced a smaller number of genes involved
in valine, leucine, and isoleucine biosynthesis/degradation.

involved in biosynthesis/degradation of amino acids (Figure 4).
However, a significant lack of genes related with valine, leucine,
and isoleucine metabolism was found in P. salmonis compared
with F. tularensis and A. salmonicida, where over 60% of all
possible genes were found (Figure 4A). However, a deeper look
into this metabolic pathway evidenced that although P. salmonis
lacks the majority of the genetic background for the biosynthesis
of this amino acids, it was possible to found the gene that encodes
for the primary degradation of valine, leucine, and isoleucine
(Figure 4B). These results suggest that the bacterium is not able
to biosynthesize these amino acids and therefore a metabolic
dependency of P. salmonis on environmental host amino acid
availability can be expected. To further explore the importance
of amino acid availability to the bacteria, P. salmonis was growth
in different liquid culture mediums with different amino acidic
availability. A control medium (CM) fully supplemented with
amino acids, a basal medium (BM) with no supplementation
of amino acids and basal mediums supplemented with 1% of
either valine (BM+ V), leucine (BM+ I) or isoleucine (BM+ L)
were used as experimental mediums. The results evidence
that the bacteria are not able to grow when no amino acid is
supplemented. However, when BM is supplemented with either
valine, leucine or isoleucine, the growth kinetics of P. salmonis
resembles the one observed in a fully amino acidic supplemented
condition (Figure 5).

DISCUSSION

Dual RNA-Seq has emerged as a promising approach to
elucidate host–pathogen interaction. Although this approach was
previously limited to pathogens that resembles host transcripts
(Westermann et al., 2017), the development of high-throughput
sequencing technologies has allowed to expand this approach to
bacterial infections. In this context, we applied a dual RNA-Seq
approach to explore novel means of interaction between the
intracellular bacterium P. salmonis and its main host the
Atlantic salmon (S. salar). In addition to being the main
threat to Chilean salmonid aquaculture (Rozas and Enriquez,
2014), the intracellular nature of this pathogen makes it an
interesting model to study host immune evasion strategies
and intracellular survival mechanisms employed by intracellular
pathogens.

The dual RNA-Seq analysis revealed the presence of
different bacterial genes among the spleen and head kidney
transcriptome. Thus, the spleen showed the largest number
of bacterial genes regarding the ones found in head kidney
data. This can be attributable due to when IP injection is
used as infection method in previous IP challenges with
P. salmonis, the spleen is one of the first tissues to be
infected, followed by head kidney (Valenzuela-Miranda and
Gallardo-Escarate, 2016). Therefore, the differences between
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FIGURE 5 | Growth kinetics of P. salmonis in liquid culture media
supplemented with different amino acids. Bacteria was growth in a control
medium (CM), a basal medium without amino acids (BM) and in basal medium
supplemented with valine (BM + V), leucine (BM + L), and isoleucine (BM + I)
amino acids at 1%. ∗Represents statistically significant differences (p < 0.01)
between the supplemented medium (Val, Leu, or Ile) regarding control group
(no amino acids).

the transcriptional modulation of pathogen genes among
this tissue could be as a result of different infection stages
rather than a tissue-specific transcriptomic response of the
pathogen. Nevertheless, different classical pathogenic related
genes were identified in transcriptomic data. Such as the case

of several members of the type IV secretion system, including
VirB9, IcmL, and IcmW. The type IV secretion system it has
been described as a conserved mechanism for the delivery
of virulent factors from host to pathogen (Thanassi and
Hultgren, 2000). This system has been previously described
in P. salmonis (Gomez et al., 2013) and even the directed
mutagenesis of this locus has resulted in the attenuation of
the pathogenesis of P. salmonis (Mancilla et al., 2018). On the
other hand, the repertory of genes displayed by the Atlantic
salmon in response to infection was classified into different
molecular pathways. These processes included endocytosis,
cytokine-cytokine receptor interaction, apoptosis, phagosome
and Nod-like receptor signaling pathways, which has been
previously described as key responses triggered during the
infection of P. salmonis in S. salar tissues (Valenzuela-Miranda
and Gallardo-Escarate, 2016).

However, beyond the canonical pathogenic genes commonly
associated with bacterial pathogenesis and the Atlantic salmon
immunity (Valenzuela-Miranda and Gallardo-Escarate,
2016; Tarifeno-Saldivia et al., 2017), a common response
associated with protein metabolism and particularly the
biosynthesis/degradation of amino acids was present in both
S. salar and P. salmonis transcriptomic response during the
infection process. Due to this, a genome-scale comparison
was performed in order to evidence the genetic background of
genes involved in biosynthesis degradation of amino acids in
P. salmonis, a close related bacterium F. tularensis and another
salmonid bacterial pathogen A. salmonicida. The genomic
background has been previously used to predict essential and
non-essential amino acids in different pathogens (Meibom
and Charbit, 2010). Based on our results, we found a lack of
biosynthetic genes associated with the metabolism of valine,
leucine, and isoleucine for P. salmonis when compared with
F. tularensis and A. salmonicida genomes. Therefore, the
availability of these amino acids for P. salmonis might rely
upon the presence of these resources in the host intracellular
environment.

During infection, intracellular pathogens must overcome
different adverse condition, such as the entrance to host
cells, host immune response, free radicals and also nutrient
deprivation. Although host cytosol was previously considered
as an abundant source of nutrients for invading pathogens
(Ray et al., 2009), recent evidence suggests that hosts can
reduce the intracellular availability of certain nutrients
as a protective response against the invading pathogens
(Abu Kwaik and Bumann, 2013; Barel and Charbit,
2013). This deprivation results in a struggle between host
and pathogen for the limited nutrient availability, which
commonly known as nutritional immunity (Hood and
Skaar, 2012). Thus, it has been suggested that part of the
immune response of the Atlantic salmon to P. salmonis
infection relies on the nutritional immunity. This has been
exclusively explored due to the struggle for iron availability.
From P. salmonis perspective, it has been suggested the
importance of a siderophore-based mechanism to capture
iron from different host sources (Calquin et al., 2018).
On the other hand, the infection of P. salmonis induces a
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strong transcriptomic modulation of genes involved in iron
availability in S. salar (Pulgar et al., 2015; Valenzuela-
Miranda and Gallardo-Escarate, 2016). In this context, our
results evidence that both host and pathogen display a large
number of genes involved in the biosynthesis/degradation of
amino acids. Considering the lack of biosynthetic pathways
in leucine, valine and isoleucine in P. salmonis and that
these same amino acids are defined as essential amino
acids for salmonids (Helland et al., 2010), we suggest
that this transcriptional modulation can be reflecting an
amino acid-based nutritional immunity triggered by S. salar
to overcome P. salmonis infection. In turn, P. salmonis
displayed a transcriptional modulation of different genes
associated with amino acid metabolism to deal with host
response.

Intracellular pathogens have developed different strategies
to overcome amino acids starvation triggered by the host
during infection. Some of these adaptations include the growth
arrest and differentiation, an amino acid self-sufficiency and
to exploit host machinery to obtain amino acids form host
cell (Zhang and Rubin, 2013). Based on our results and
considering the recent reconstruction of metabolic models
for the bacteria (Cortes et al., 2017), the self-sufficiency
strategy for amino acids in the P. salmonis can be rejected.
Regarding growth arrest and differentiation, it has been reported
that during an amino acid restricted scenario C. trachomatis
morphologically changes into an aberrant form that is unable to
grow but protects them from a nutrient restricted environment
(Leonhardt et al., 2007). However, the addition of tryptophan
or isoleucine can restore these aberrant forms and reactivate
bacterial growth (Hatch, 1975; Ibana et al., 2011). Previously,
it has been reported the existence of morphological small
variants of P. salmonis, which were suggested as a survival
mechanism employed by the bacteria to overcome adverse
scenarios (Veronica Rojas et al., 2008). However, the role of
these variants during an amino acid restricted scenario and
its relation with virulence remains unexplored. On the other
hand, pathogens like Legionella pneumophila have devolved
mechanism that grants the access to host nutrients by promoting
the expression of host amino acid transporters and taking
advantage of proteasomes of infected cells to generate free
amino acids for bacterial growth (Wieland et al., 2005;
Price et al., 2011). In this context, it has been suggested
that one of the mechanisms employed by P. salmonis to
evade immune response can be related with the regulation
of host transcriptional response through non-coding RNAs
(Valenzuela-Miranda and Gallardo-Escarate, 2016; Valenzuela-
Miranda et al., 2017), therefore, the idea that P. salmonis is able
to hijack host machinery to obtain amino acids should also be
explored.

The importance of amino acids in pathogenic cell cycle
has not only be associated as a primary resource for the
biogenesis of proteins, but also as alternative sources of carbon
and nitrogen (Steeb et al., 2013). Therefore, a metabolic
plasticity to obtain carbon and energy from multiple amino

acid sources could become an advantage in a resource-
limited scenario. This metabolic plasticity has been reported
in other intracellular pathogens like F. tularensis, where
the intracellular survival of this bacteria relies on their
availability to exploit multiple host amino acids (Meibom
and Charbit, 2010; Barel et al., 2015). Based in our results,
and considering the recently proposed metabolic models for
P. salmonis (Cortes et al., 2017; Fuentealba et al., 2017),
we can hypothesize that this bacteria is capable to use
different amino acids as a carbon an energy resource. This
strategy has been adopted by others intracellular bacterium,
where this capability has been described as a crucial factor
for virulence development (Eisenreich et al., 2010; Meibom
and Charbit, 2010; Barel et al., 2015). In this scenario, the
implications of a metabolic plasticity in P. salmonis and its
link to virulence of different bacterial strains must be further
explored.

Overall, our results showed how a dual RNA-Seq approach
can lead us to the understanding of novel means of
interaction between host and pathogens. However, the
importance of an amino acid-based nutritional immunity
of S. salar in response to P. salmonis infection must be
further investigated. This information will not just lead us
to the development of novel treatments for the pathogen,
but also to the understanding of the pathogenesis process
from a different perspective, beyond canonical immunological
mechanisms.
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