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ABSTRACT 

Autophagy and resistance to VHSV IVb in RTgill-W1 and Flavobacterium psychrophilum in 

rainbow trout (Oncorhynchus mykiss) 

Juan-Ting Liu                                             Advisor: 

University of Guelph                                       Professor John S. Lumsden 

 

 

    Autophagy is a highly conserved process in eukaryotic cells that sequesters intracellular 

components in the autophagosome for degradation by lysosomal enzymes. Western blot (WB) 

and immunofluorescence assay for LC3II were applied to detect autophagy modulation in the 

RTgill-W1 cell line. Two percent fetal bovine serum (FBS), 1M deoxynivalenol (DON) and 

50M chloroquine (CQ) significantly (p < 0.05) activated, inhibited and blocked autophagy, 

respectively, after 3 d. Rapamycin and 3-methyladenine (3-MA) inconsistently activated or 

inhibited autophagy, respectively, after 3 d. Quantitative PCR (qPCR) for autophagy-related 

(Atg) genes showed that pattern of expression of lc3 and gabarap best reflected the LC3II signal 

using WB, while atg7, atg12 and atg4 had similar results. A potential feedback loop resulting in 

broad up-regulation of Atg genes, most notably becn1, lc3, gabarap and atg9, was seen after 

treatment with 3-MA and CQ. Autophagy activity in RTgill-W1 was significantly (p < 0.05) 

decreased for 2 d after infection with viral hemorrhagic septicemia virus (VHSV) IVb. Using 

qPCR and WB, the VHSV gene copy number and viral N-protein were suppressed by autophagy 

inhibiting (DON; p < 0.001 and 3-MA; p < 0.05) and blocking (CQ; p < 0.05) chemicals. In an in 

vivo trial, rainbow trout were experimentally infected with Flavobacterium psychrophilum. Fish 

fed 5ppm DON (p < 0.001) or pair-fed (p < 0.05) for 12 d before and then during infection had 

significantly decreased mortality after infection, while the effect of 250ppm CQ was marginally 



significant (p = 0.052). After 15 d treatment, the LC3II signal was significantly increased in the 

liver (p < 0.01) and decreased (p < 0.01) in the muscle of fasted fish. The LC3II signal was also 

significantly increased in the liver of DON-treated fish (p < 0.05) but there were no significant 

differences between treatments in the spleen. Pair-fed and fasted fish had significantly (p < 0.05) 

increased expression of gabarap, atg7 and atg12 in muscle after 15 d while 250ppm CQ 

significantly (p < 0.05) up-regulated hepatic becn1 and atg4. Autophagy modulation alone 

cannot explain the resistance of rainbow trout to experimental infection with F. psychrophilum. 
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CHAPTER 1: Literature Review 

 

1.1 Teleost Innate Immunity  

    Fish, as a lower vertebrate, offer an exquisite model to clarify the evolutionary history and 

differentiation of the immune system within vertebrates (Wu et al. 2008). Innate immunity is the 

first line of defense in fish and is essential for fish to detect foreign material before an acquired 

immune response is evoked (Whyte 2007). There are 3 major factors that contribute to the 

importance of innate immunity relative to acquired immunity in fish (Ellis 2001; Whyte 2007; 

Rajendran et al. 2012). The first factor is the lack of specificity allowing the innate immune 

response to recognize foreign substances and infectious agents without previous exposure. 

Second, the immediate or rapid response allows the fish host to react promptly to the pathogenic 

agent. In comparison, the acquired immune response in ectothermic animals can be slow and less 

effective when compared to mammals (Rajendran et al. 2012). Third, the teleost innate immune 

response compared with the acquired response is relatively independent of temperature. 

Therefore innate immune responses are always present, although they are dependent on the 

metabolic rate and can be reduced at lower temperatures. 

    Innate immunity can prevent pathogen invasion and spread without previous exposure. The 

front lines of innate immunity are the physical barriers of the skin, gut, and gills including the 

mucous secretions and the secreted molecular components that exist in the mucus on these 

surfaces (Collet 2014). Some of these antimicrobial molecules are mentioned below. A central 

theme of innate immunity is the presence of pattern recognition receptors (PRR) that recognize 

microorganisms by binding to pathogen-associated molecular patterns (PAMP) (Lee et al. 2015). 

PAMPs are microbial components that rarely exist in eukaryotic organisms and tend to be 
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molecules that have repetitive structures or patterns. These include lipopolysaccharides (LPS), 

peptidoglycans, β-1-3-glucans and double stranded RNA (dsRNA). 

    After PAMPs associated with foreign microorganisms are bound to a PRR, the eukaryotic 

cell will initiate a series of intracellular signal transmissions influencing the expression of 

downstream genes, finally resulting in the synthesis of many different sorts of chemical 

compounds, which participate in and regulate the inflammatory process (Whyte 2007; Takeuchi 

and Akira 2009). Examples of critical antimicrobial signal transmission pathways are Toll-like 

receptors (TLR), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) and nucleotide 

oligomerization domain (NOD)-like receptors (NLRs) (Feng et al. 2011; Rajendran et al. 2012). 

 

1.2 Intracellular Signal Transduction of Innate Immunity 

 

1.2.1 Toll-like receptors (TLR) 

    Toll-like receptors (TLRs) were one of the first PRRs characterized and to date there are 13, 

10 and 17 functional TLRs recognized in mice, humans and teleosts, respectively (Yeh et al. 

2013; Zhu et al. 2013; Lee et al. 2015). All of the TLRs are type I transmembrane proteins and 

share a similar structure containing three parts: (1) an outer membrane N-terminal domain 

containing leucine-rich repeats (LRR), which mediate the recognition of PAMPs; (2) a α-helix 

transmembrane region; and (3) an intracellular C-terminal Toll-IL-1 receptor (TIR) domain, 

which recruits TIR domain adaptor molecules, that once bound, activate the downstream signal 

pathways (Zhang and Gui 2012). Generally speaking, TLR1, TLR2, TLR4, TLR5 and TLR6 are 

situated on the cell membrane and recognize PAMPs of bacteria, fungi and protozoa while TLR3, 

TLR7, TLR8 and TLR9 are situated on intracellular membranous organelles and recognize viral 

nucleic acids (Delgado et al. 2008; Zhang and Gui 2012). More specifically, TLR3 recognizes 
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double stranded RNA (dsRNA), TLR7/8 recognizes single stranded RNAs (ssRNA) and TLR9 

binds cytosine-phosphate-guanosine (CpG) motifs in DNA. 

    Numerous TLRs have been found in teleosts including TLR1 in pufferfish (Tetraodon 

nigroviridis) (Wu et al. 2008), TLR2 in orange-spotted groupers (Epinephelus coioides) (Wei et 

al. 2011), TLR3 in common carp (Cyprinus carpio L.) (Yang and Su 2010) and TLR5S, TLR20 

and TLR21 in catfish (Ictarulus punctatus) (Baoprasertkul et al. 2007), etc. The evolutional 

history and importance of innate immunity for teleosts may reasonably explain the fact that 

teleosts possess versatile TLR repertoires (Lee et al. 2015). For example, there are many TLRs 

identified in teleosts with no orthologues found in mammals to date, including TLR4b, TLR5S, 

TLR14, TLR19, TLR20, TLR21, TLR22 and TLR23 (Palti 2011). On the other hand, TLR4, an 

important member of TLR family in mammals cannot be identified in most teleosts examined to 

date (Baoprasertkul et al. 2007). More specifically, functional TLR4, the major TLR in mammals 

that recognizes bacterial LPS, can be identified in only a few teleost species, i.e. zebrafish 

(Danio rerio), and this teleost TLR4 negatively regulates MyD88 signal pathway, which differs 

from its mammalian orthologues (Sepulcre et al. 2009). The absence of TLR4 in most teleosts 

may explain why the teleosts are highly resistant to LPS toxicity and an alternative pathway for 

them to detect LPS is speculated to exist but yet to be found (Sepulcre et al. 2009). 

 

1.2.2 Retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) 

    The RLR family, which are composed of DExD/H box RNA helicases, has two major 

members; retinoic acid-inducible gene I (RIG-1) and melanoma differentiation-associated gene 5 

(MDA-5) (Kato et al. 2008; Ohtani et al. 2010). There is also a minor member; laboratory of 

genetics and physiology 2 (LGP2), which is thought to be less functional and is probably a 
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negative regulator of RIG-1 and MDA-5 pathways especially in RIG-1 signal transduction 

(Komuro and Horvath 2006). 

    RIG-1 and MDA-5 have been widely studied and they primarily act to recognize 

cytoplasmic viral RNA through different pathways (Takeuchi and Akira 2009; Baum and Garcia-

Sastre 2010), while TLR3 detects dsRNA in endosomes (Johnsen et al. 2006). Both RIG-1 and 

MDA-5 are composed of two N-terminal caspase-recruitment domains (CARDs), one DExD/H 

box RNA helicase domain (HD) and one C-terminal repressor domain (RD) (Kato et al. 2008; 

Ohtani et al. 2010; Feng et al. 2011). When a RNA virus replicates in the cytoplasm, some short 

or long chain dsRNA molecules or RNA with uncapped 5’-triphosphate ends are generated 

(Hornung et al. 2006). Because dsRNA and uncapped 5’ RNA do not normally exist in host cells, 

the helicase domain and repressor domain can recognize these components and the CARDs 

subsequently trigger an intracellular signal cascade. Experiments using gene-knockout cell lines 

or mice reveal that RIG-1 tends to recognize uncapped 5’ RNA and short dsRNA while MDA-5 

tends to recognize poly(I:C) and long stable dsRNA (Hornung et al. 2006; Kato et al. 2006; Kato 

et al. 2008; Takeuchi and Akira 2009). However, both of the pathways will activate NF-κB, 

interferon regulatory factor 3 (IRF3) and IRF7, which will finally regulate the production of pro-

inflammatory cytokines and type I IFN (Feng et al. 2011). IRF3 and IRF7 undergo 

phosphorylation to form homo or heterodimers and translocate into the nucleus, thus binding to 

interferon stimulated response elements (ISREs) and activating the production of type I IFN. 

    Although all key components of the RLR family members including RIG-1 in common carp 

(Feng et al. 2011) and zebrafish (Zou et al. 2009), and MDA-5 in grass carp (Ctenopharyngodon 

idella) (Su et al. 2010) and rainbow trout (Oncorhynchus mykiss) (Chang et al. 2011a) have been 

found in different teleosts to date, further investigation of the RLR pathway in fish is needed. It 

is possible that the roles of some molecules are different in mammals and teleosts. For example, 
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LGP2 seems to be an activator of antiviral systems in rainbow trout (Chang et al. 2011a) and 

Japanese flounder (Paralichthys olivaceus) (Ohtani et al. 2010), while it is a suppressor of RIG-1 

and MDA-5 antiviral pathways in some mammalian models (Zhang and Gui 2012). 

 

1.2.3 Nucleotide oligomerization domain-like receptors (NLR) 

    NLRs, a relatively new member of the PRR family, are composed of three parts; an N-

terminal effector binding domain, a central nucleotide oligomerization domain, and a C-terminal 

leucine-rich repeat domain (Rajendran et al. 2012). NLRs serve two known functions: first they 

activate NF-κB and MAPK signal pathways; second they activate caspase-1, which leads to IL-

1β secretion and may cause programmed cell death (Zhu et al. 2013). 

    Some of the NLR components are known in teleosts, including zebrafish (Laing et al. 

2008), catfish (Rajendran et al. 2012), rainbow trout (Chang et al. 2011b) and Japanese flounder 

(Unajak et al. 2011), however, the details of the signal pathway of teleost NLRs is still unclear. 

 

1.3 Cytokine 

    Humoral components of innate immunity include the soluble molecules of plasma and body 

fluids. Examples of soluble components of innate immunity include antimicrobial peptides 

(AMPs), complement, cytokines, transferrin, hemolysin and lysozyme etc. Cytokines, with 

emphasis on interferons, are briefly discussed in the following sections.  

    Cytokines are low molecular weight proteins produced by activated immune-related cells 

(Zhu et al. 2013). They function through an autocrine or paracrine mode by binding to the target 

receptors of relevant cells. Generally, they can be divided into interferons (IFN), interleukins 

(IL), tumor necrosis factors (TNF), chemokines, and colony stimulating factors. Full genome 

sequences from zebrafish and pufferfish have revealed numerous cytokines although the 
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nucleotide sequences of these cytokines have low similarity to mammals (Savan and Sakai 

2006). This low similarity of nucleotide sequences between teleost and mammalian species has 

significantly slowed the progression of fish cytokine research (Sangrador-Vegas et al. 2002). 

 

1.3.1 Interferons (IFN)  

Interferons are a group of proteins and can induce a cellular antiviral state by transcriptional 

upregulation of IFN-stimulated genes (ISGs) (Whyte 2007). The products of different ISGs can 

further mediate antiviral activity. Classified by their biological activities, structural features and 

receptors, there are three IFN families in mammals including type I, type II and type III IFN 

(Verrier et al. 2011; Zou and Secombes 2011). Type I and type II IFNs have been demonstrated 

in several fish, including zebrafish (Levraud et al. 2007; Lopez-Munoz et al. 2009), Atlantic 

salmon (Salmo salar) (Robertsen et al. 2003) and rainbow trout (Purcell et al. 2009). 

Type I IFN includes most of the IFN members, such as IFNα, IFNβ and IFNω, which are 

secreted by the majority of virus-infected cells (Zhang and Gui 2012; Zhu et al. 2013). Both type 

I and type III IFN systems are crucial in fish innate and acquired immunity for defense from viral 

infections and the term “virus-induced IFNs” refers to these two IFN types (Aggad et al. 2009; 

Zou and Secombes 2011). Furthermore, the virus-induced interferons can also be classified into 

two groups by their conserved cysteine patterns, which determine their receptor patterns (Aggad 

et al. 2009; Zhu et al. 2013). Group I contains two cysteine residues while group II contains four 

cysteine residues (Zou et al. 2007). 

At first, the viral products of host cells are recognized by PRRs, i.e. TLRs and RLRs of host 

cells (Zhou et al. 2007; Sun et al. 2009; Zhang and Gui 2012). Then, some common transcription 

factors such as interferon regulatory factor (IRF) 3 and IRF7 will be activated and they will 

further turn on the transcription of IFNs. Although the initiating receptors may be different, type 
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I interferons, as well as the type II and the type III interferon, will then utilize Janus kinase-

signal transducer and activator of transcription signal pathway (Jak-Stat) to promote the 

expression of ISGs. The evidence to date for RIG-I, MDA-5, TLRs and many downstream 

regulators has revealed that teleosts trigger the production of IFNs and ISGs in a similar manner 

as mammals (Sun et al. 2009; Sun et al. 2011; Verrier et al. 2011; Zou and Secombes 2011).  

Type II IFN in mammals contains only one member, IFN-γ, which is produced by natural 

killer cells and T lymphocytes when they are stimulated by interleukin-12, mitogens and antigens 

(Robertsen et al. 2003). However, a new member of the type II IFN group, IFN-γ related 

molecule (IFN-γrel) was recently described in cyprinids (Zou and Secombes 2011). The function 

of IFN-γrel is not yet fully understood however functional differences between IFN-γ and IFN-

γrel were noted in goldfish (Carassius auratus L.) monocytes (Grayfer et al. 2010). The major 

impact of IFN-γ is regulation of macrophage activation and protection against intracellular 

bacteria even though some minor antiviral functions have been described (Sun et al. 2011; 

Langevin et al. 2013). For example, Sun revealed that IFN-γ reduces the replication of infectious 

pancreatic necrosis virus (IPNV) and IPNV-induced cytopathic effect (CPE) in salmon cells in 

vitro. The third IFN subfamily, IFN-λ, includes 4 genes, i.e. ifnλ1 (IL29), ifnλ2 (IL28A), ifnλ3 

(IL28B) and recently a new member, ifnλ4, was added (Odendall and Kagan 2015).          

Confirmation of this IFN type in teleosts has not yet been established. In fact, using the 

classification scheme applied to IFNs of higher vertebrates is problematic for fish. All the IFN 

genes of fish have a five exon/four intron pattern, exactly the same as IFN-λ in humans, 

however, the sequence similarities and functional features of fish IFN genes are relatively more 

similar to mammalian type I IFNs (Robertsen et al. 2003; Robertsen 2006). Thus, some 

researchers have suggested that the IFN-λ-like IFNs are the earliest virus-induced antiviral 

system in vertebrates and fish probably do not have true type I IFN. 
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    Interferon-regulated ISGs are important to antiviral defense (Verrier et al. 2011). To date, 

there have been hundreds of ISGs described in mammals. The numerous ISGs in both humans 

and fish indicate the diversity of antiviral functions developed during vertebrate evolutionary 

history (Volff 2005). Furthermore, although our understanding about fish interferon-related 

antiviral mechanisms is increasing, it is still difficult to determine whether their mechanisms are 

precisely conserved in all teleost species since there are more than 25,000 species (Zhang and 

Gui 2012). 

 

1.4 Autophagy  

Cells employ two major pathways to recycle and remove intracellular components. These 

two pathways are the ubiquitin (proteasome) system and the autophagy (lysosome) system 

(Cuervo et al. 2005; Delgado et al. 2008). However, the ubiquitin pathway can only degrade 

proteins while the lysosome pathway can degrade a much wider range of cellular components 

including proteins, organelles and even pathogens. Furthermore, proteasomes mainly degrade 

short-lived proteins and present these endogenous antigens to the MHC class I complex, which 

will finally interact with CD8+ T cells. In contrast, autophagy accommodates the degradation of 

most longer-lived proteins and presents these exogenous antigens to the MHC class II complex 

which will subsequently interact with CD4+ T cells (Paludan et al. 2005; Schmid and Munz 

2007; Schmid et al. 2007; Delgado et al. 2008). 

    Autophagy is a highly evolutionarily conserved cellular mechanism in all eukaryotic cells 

that adjusts metabolism under negative conditions like malnutrition and in the presence of stress 

signals such as oxidative stress (Kaushik and Cuervo 2006; Jung et al. 2010; Fleming and 

Rubinsztein 2011; Cuervo and Macian 2012; Ouyang et al. 2012). However, a basal level of 

autophagy occurs in normal situations (Yorimitsu and Klionsky 2005). Seiliez has demonstrated 
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up-regulation of some autophagy-related genes in primary cultures of rainbow trout muscle cells 

after serum deprivation (Seiliez et al. 2010). Similar results were also found in yeast cells 

(Kirisako et al. 1999), Drosophila larvae (Zinke et al. 2002) and mammals (Mortimore and 

Schworer 1977; Sato et al. 2007) indicating the evolutionary conservation of autophagy in very 

different phylogenetic groups (Levine and Klionsky 2004; Seiliez et al. 2010).  

In autophagy, lysosomes digest intracellular components which are considered unnecessary 

for the subsistence of the cells, or to supply nutrients otherwise not available under certain 

situations (Cuervo and Macian 2012). Research in this field has rapidly expanded in recent years 

because autophagy is involved in physiological and pathophysiological modulation of 

homeostasis. As such, autophagy is directly applicable to many fields, including cell death (Scott 

et al. 2007; Ouyang et al. 2012), cancer research (Jin and White 2007; Donohue et al. 2011; Liu 

et al. 2011; Ouyang et al. 2012), senescence (Cuervo et al. 2005), specific diseases (Pan et al. 

2009; Fleming and Rubinsztein 2011) and immunology (English et al. 2009; Deretic 2011). 

    Although autophagy is important for cells to maintain homeostasis, this function decreases 

with aging of the organism causing accumulation of damaged cellular components (Cuervo et al. 

2005). This phenomenon is particularly conspicuous in long-living and post-mitotic cells such as 

neuronal cells and myocytes. For example, accumulation of lipofuscin-like material can be 

induced in the growth-arrested human fibroblasts by inhibiting autophagic sequestration 

(Stroikin et al. 2004). 

    There are three major types of autophagy, which are classified by how the substrates are 

delivered into lysosomes (Fig. 1). These are macroautophagy, microautophagy and chaperone-

mediated autophagy (CMA) (Cuervo et al. 2005). Because macroautophagy is much more 

extensively researched than microautophagy and chaperone-mediated autophagy, the term 
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“autophagy” in the remainder of this review will refer to macroautophagy unless otherwise 

indicated. 
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Fig 1.1 Forms of autophagy (Gomes et al. 2017). Forms of autophagy are differentiated by how 

the target substrates are transported into the lysosomes. 
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1.4.1 Macroautophagy 

    Macroautophagy can be divided into multiple steps (Yang and Klionsky 2010; Deretic 

2011). First, in the initiation stage, the phagophore assembly site (PAS), which recruits 

autophagy-related (Atg) proteins, develops into a crescent-like membranous phagophore. 

Second, during the elongation and closure stage, the phagophore is extended and will finally seal 

up the sequestered cytosolic components and form the autophagosome. The final, maturation 

stage, begins when the autophagosome fuses with lysosomes to form the 

autolysosome/autophagolysosome, allowing digestion to occur (Fig. 1). After digestion, the 

newly formed macromolecules will be recycled by permease (Yang and Klionsky 2007). Before 

the autophagosome fuses with a lysosome, some autophagosomes may fuse with endosomes and 

form a temporary structure, which is called an amphisome. Moreover, some references further 

divide the autophagy procedure into 8 detailed steps (Klionsky et al. 2007). Previously it was 

believed that autophagosomes enclose the cytoplasmic components with a lowly or non-selective 

process, however, there is new evidence that some proteins, such as p62 (Pankiv et al. 2007), 

NBR1 (Kirkin et al. 2009) and optineurin (Wong and Holzbaur 2014) assist in recognition of 

cytoplasmic cargos for inclusion in autophagosomes (Yang and Klionsky 2010; Varga et al. 

2015). Moreover, a specific motif on these proteins may be pivotal in interacting with these 

developing autophagosomes (Johansen and Lamark 2011; Wong and Holzbaur 2014). In 

addition, a pathway similar to macroautophagy, the cytoplasm to vacuole targeting (Cvt) 

pathway, is considered to be highly selective (Yang and Klionsky 2010). To date, 

macroautophagy is the only pathway that is confirmed to possess the capacity to degrade 

organelles (Klionsky et al. 2007; Wong and Holzbaur 2014), and multiple terms for 

macroautophagy have been used: mitophagy means there is whole mitochondria within the 
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autophagosome; while reticulophagy refers to the endoplasmic reticulum within the 

autophagosome (Maiuri et al. 2007).  

 

1.4.2 Microautophagy 

    Microautophagy is the mechanism in which cells digest their components by directly 

engulfing the cytoplasmic materials into the lysosomal vesicles with or without the participation 

of the membrane-bound mammalian 70-kilodalton heat shock cognate protein (hsc70) (Klionsky 

et al. 2007; Cuervo and Macian 2012). Microautophagy as presently understood has little 

relevance to the field of teleost immunity. 

 

1.4.3 Chaperone-mediated autophagy (CMA) 

    The chaperone-mediated autophagy (CMA) pathway is found in all cells and can be up-

regulated under certain stressful situations such as prolonged starvation and oxidative stress 

(Kiffin et al. 2004; Cuervo et al. 2005; Cuervo and Macian 2012). Some cytosolic proteins 

containing a specific peptide motif can be recognized by hsc70 allowing docking onto lysosome-

associated membrane protein type 2A (LAMP-2A) (Cuervo and Macian 2012; Bandyopadhyay 

et al. 2008). LAMP-2A assists with translocation of the bound proteins into the lysosome. CMA 

is exclusively used to selectively degrade soluble proteins (Cuervo and Macian 2012). 

Both macroautophagy and CMA were claimed to be induced in flounder muscle under 

starvation (Yabu et al. 2012) and the author suggested that CMA as well as macroautophagy 

plays a crucial role in promoting catabolism during starvation in fish. However, apart from this 

research, CMA, like microautophagy, presently has little direct known relevance to teleost 

immunity. 
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1.4.4 Autophagy in fish 

    Because autophagy is highly conserved in eukaryotic cells, it has been identified in teleosts 

as well (Schiøtz et al. 2010). Currently nutritional metabolism (Seiliez et al. 2010; Belghit et al. 

2013; Seiliez et al. 2013), experimental animal models (Fleming and Rubinsztein 2011; Cui et al. 

2012; Varga et al. 2015) and immunology (Schiøtz et al. 2010; Garcia-Valtanen et al. 2014) are 

the autophagy-related topics most explored in fish to date (Xia et al. 2019). However, this 

ubiquitous process has raised researchers’ interests in other fields as well, e.g. the interplay 

between autophagy and apoptosis can influence the survival or death of ovarian follicular cells 

(Thome et al. 2009; Morais et al. 2012).  

    Zebrafish offer many experimental advantages, including ease of handling and housing, 

rapid embryonic development and a published genome sequence, which make them excellent 

experimental animal models and some zebrafish strains have been developed to research 

autophagy (Nasevicius and Ekker 2001; Williams et al. 2008; Fleming and Rubinsztein 2011; 

Cui et al. 2012; Varga et al. 2015). For example, some of this research relies upon transgenic 

techniques in which scientists transfect autophagy related genes conjugated with a gene for a 

fluorescent protein into the zebrafish (Lee et al. 2014) or zebrafish cells/embryos (Williams et al. 

2008; Cui et al. 2012). At the same time, knockout or knockdown of autophagy-related genes 

(Atg), such as ambra1 (Benato et al. 2013) or atg5, atg7 and becn1 (Lee et al. 2014) are used to 

demonstrate the function of specific genes in autophagy.  

 

1.5 Autophagy Activation and Modulation Pathway 

Signal transduction and modulation to stimulate autophagy is very complex and further 

research is ongoing. A major factor that influences autophagy is insulin/insulin-like growth factor 

1 (IGF-1)-phosphoinositide 3-kinase (PI3K)-Akt pathway, which promotes growth and regulates 
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autophagy by modulating the target of rapamycin (TOR) (Fig 1.2) (Scott et al. 2007; Jung et al. 

2010). Eukaryotic cells have developed a complex and highly regulated system to control 

autophagy under normal or unfavorable conditions. Among them, the TOR signaling pathway 

plays a key role because it integrates the signals from nutrient, metabolic and hormonal stimuli 

(Jung et al. 2010; Yang and Klionsky 2010). Recently, a TOR-independent pathway, which is 

probably regulated by beclin-1 (mammalian orthologue of the yeast Atg6 protein), has been 

described (Wei et al. 2008; Zalckvar et al. 2009; Wang et al. 2011). 

Basically, activation of autophagy (macroautophagy) starts from the construction of a ULK1 

protein kinase complex which includes ULK1 (Atg1), Atg13, FIP200 and Atg101 in mammals 

(Fig 1.3) (Ktistakis et al. 2014; Abeliovich 2015; Wesselborg and Stork 2015). Upon 

phosphorylation, the ULK1 complex activates a type III PtdIns3 kinase (VPS34 lipid kinase), 

which includes the core protein VPS34 and other subunits VPS15, Beclin1 (Atg6/ VPS30) and 

Atg14. Through participation of additional related proteins, the ULK1 and VPS34 together 

construct an early membrane structure from the endoplasmic reticulum membrane called the 

omegasome. 

To form a complete autophagosome, the omegasome needs to be extended and this involves 

the participation of the Atg12-Atg5-Atg16 complex. At first, the Atg12 protein is conjugated to 

Atg5 through the assistance of Atg7 (E1-like enzyme) and Atg10 (E2-like enzyme) proteins. The 

Atg12-Atg5 complex will further conjugate with Atg16 protein to form the Atg12-Atg5-Atg16 

homo-oligomer (E3-like enzyme), which will assist the lipidation of Atg8 (lc3) protein. It is the 

LC3 protein that plays a critical role in expanding the autophagosome (Periyasamy-Thandavan et 

al. 2009; Abeliovich 2015; Wesselborg and Stork 2015). 

Shortly after being synthesized, the precursor of LC3 (pro-LC3) is modified into its 

cytosolic LC3-I form by employing Atg4 or an orthologue to remove its C-terminus and expose 
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its glycine residue. With the participation of Atg7 (E1-like enzyme) and Atg3 (E2-like enzyme), 

the cytosolic LC3-I is lipidated by conjugation with phosphatidylethanolamine (PE). This PE-

conjugated LC3 molecule is called LC3-II and is inserted into the autophagosome-related 

membrane structures. This esterifying reaction might be reversed by Atg4 or an orthologue thus 

the LC3-II can be delipidated back into LC3-I again (Nakatogawa et al. 2012a). Finally, LC3II 

helps to fuse the double membrane structure and complete the autophagosome formation; ULK1 

might be involved in this step as well (Nakatogawa et al. 2012b). 

Although the mechanisms associated with autophagosome formation are well characterized, 

there are numerous details regarding protein function and their interactions that need to be 

explored in more detail. For example, the source of the membranous components of the 

autophagosome and how the phagophore membranes are elongated are still unclear. Endoplasmic 

reticulum (Hayashi-Nishino et al. 2009; Yla-Anttila et al. 2009), plasma membranes (Ravikumar 

et al. 2010), Golgi bodies (Yen et al. 2010), mitochondria (Hailey et al. 2010) and even nuclear 

membranes (English et al. 2009) may all partially donate components that may alter formation 

and function of the autolysosome (Yang and Klionsky 2010; Rubinsztein et al. 2012). Among 

these membrane sources, Atg9 is usually localized in the trans-Golgi network and endosomes 

and Atg9-positive membranes are usually considered to be involved in membrane trafficking and 

contribute to extension of the autophagosome membrane (Ungermann and Reggiori 2018). 

To date the majority of our knowledge regarding autophagy modulation and regulation of 

Atg genes is from yeast, Drosophila and mammalian models. There is however no clear evidence 

to date that there will be a huge difference in Atg gene regulation between fish and these other 

organisms (Williams et al. 2008; Seiliez et al. 2010). Research conducted in all animal models in 

vitro and in vivo accept that an increase of LC3 signal indicates activation of autophagy. 
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Fig 1.2 Major regulatory mechanisms of autophagy (Periyasamy-Thandavan et al. 2009). 
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Fig 1.3 The role of major Atg proteins in formation of the autophagosome (Cui et al. 2016) 
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1.6 Autophagy and the Immune Response 

    Autophagy affects both the innate and adaptive immune responses and is involved in host 

defense to infectious agents (Schmid and Munz 2007) including pathogen destruction (Delgado 

et al. 2008) and antigen presentation (Paludan et al. 2005). The term “xenophagy” denotes the 

sequestration and degradation of invasive pathogens by autophagy (Orvedahl and Levine 2009). 

Notably, Grégoire et al revealed that proteins of many RNA viruses, e.g. influenza A, Dengue 

virus and Chikungunya virus target autophagy-related proteins (Gregoire et al. 2012). However 

autophagy can sometimes allow improved virus replication in vitro and in vivo (Lee et al. 2008; 

Sun et al. 2014) as well. Lee et al demonstrated that upregulation of autophagy allowed human 

hepatoma cells to produce a higher titer of dengue virus than cells in which autophagy was 

suppressed (Lee et al. 2008).  

There are also functional implications if autophagy activation pathways are induced by 

starvation vs. infection (Delgado et al. 2008). Some immune cells can use PRR, i.e. TLR, to 

mediate autophagy in order to destroy the captured pathogens. For example, stimulation of the 

TLR7 ligand pathway in RAW 264.7 macrophages resulted in elimination of intracellular M. 

tuberculosis var. bovis Bacille Calmette-Guérin by autophagy even though TLR7 is a receptor for 

ssRNAs rather than bacteria (Delgado et al. 2008). The same research revealed that MyD88, a 

downstream signaling molecule recruited by TLR-ligand binding is also engaged in autophagy 

activation. The mechanism of how MyD88 usage differs between the pathways induced by 

starvation compared with pathogen recognition is not yet clear (Delgado et al. 2008). On the 

other hand, autophagy can also result in antigen processing and presentation with intracellular 

PRRs, such as TLR7 (Lee et al. 2007), MHC class I (English et al. 2009) and MHC class II 

molecules (Schmid et al. 2007; Delgado et al. 2008).  
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    Viruses and viral proteins can induce autophagy in some piscine cells (Schiøtz et al. 2010; 

Garcia-Valtanen et al. 2014). Schiøtz visualized infectious salmon anemia virus (ISAV)-induced 

autophagosomes in Atlantic salmon kidney (ASK) cells using transmission electron microscopy 

(Schiøtz et al. 2010). On the other hand, García-Valtanen et al employed spring viremia of carp 

virus (SVCV) and viral hemorrhagic septicemia virus (VHSV) G proteins to prove that these 

rhabdoviruses can elicit autophagosome formation and activate type I IFN in zebrafish 

embryonic fibroblasts (Garcia-Valtanen et al. 2014). Furthermore, vesicular stomatitis virus 

(VSV) or VHSV-induced autophagy inhibited both VHSV and SVCV replication in the same cell 

line (Garcia-Valtanen et al. 2014). Other research found that SVCV infection can activate 

autophagy in the epithelioma papulosum cyprini (EPC) cell line as well, however SVCV 

replication benefits rather than being suppressed by autophagy activation (Liu et al. 2015). 

Programed cell death (PCD) is partially implicated in cellular antiviral defense (Collet 

2014). Multicellular organisms limit the propagation of viruses by destroying the virus-infected 

cells in the early stages of infection. However, as with all phenomena in infectious disease, 

cellular pathways associated with resistance to some pathogens can be used by others to promote 

their survival (Hong et al. 1999; Sepulcre et al. 2010). 

    Currently, PCD is divided into 3 types based on morphological and biochemical differences 

(Ouyang et al. 2012). The three types are: apoptosis (Type I PCD); autophagy (Type II PCD); 

and programed necrosis (Type III PCD). 

 

1.6.1 Type I PCD: Apoptosis 

The morphological features of apoptosis include shrinkage of cellular outline, cell 

detachment from the surrounding cells or matrix, chromatin condensation (pyknosis), nuclear 

fragmentation (karyorrhexis) and packaging cell debris into apoptotic bodies without plasma 
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membrane breakdown (Edinger and Thompson 2004; Maiuri et al. 2007). The biochemical 

features include the display of phosphatidylserine (PS) on the cell membrane and activated 

cysteine proteases, which are also called caspases, within the individual cell (Saraste and Pulkki 

2000; Ouyang et al. 2012). 

There are two distinct pathways that elicit apoptosis, the extrinsic pathway (death receptor 

pathway) and intrinsic pathway (mitochondrial pathway) (Maiuri et al. 2007; Cagnol and 

Chambard 2010; Liu et al. 2011; Ouyang et al. 2012). In the extrinsic pathway, the death 

receptors, such as tumor necrosis factor receptors, Fas or TRAIL-R1/2, bind with their ligands 

and subsequently form death complexes (Cagnol and Chambard 2010; Liu et al. 2011). The 

cytoplasmic portions of the complexes, which are called the death domain (DD), will then recruit 

DD-containing proteins and subsequently form the death-inducing signaling complexes (DISC). 

Different caspases, i.e. caspase-8 and caspase-3, will be subsequently activated culminating in 

apoptosis. On the other hand, the intrinsic pathway is triggered by activation of some 

mitochondrial pro-apoptotic factors (Cagnol and Chambard 2010; Liu et al. 2011). The activation 

of these factors will increase the permeability of the mitochondrial outer membrane and then 

release cytochrome c into the cytoplasm. Release of cytochrome c activates caspase-9, which in 

turn activates caspase-3 or caspase-7, and will further lead to apoptosis. 

Apoptosis, which prevents inflammation, may play a special role in modulating normal 

physiologic reactions, infections and inflammatory reactions (Hoole et al. 2003; Elmore 2007; 

Favaloro et al. 2012). Apoptosis of activated immune cells may be a key to end inflammation 

and to initiate healing (Wu and Chen 2014). Furthermore, because virus replication depends on 

live host cells, programed cell death may be important for host organisms to defend against 

virus-caused diseases (Koyama et al. 2000; Favaloro et al. 2012). However, pathogens have also 

developed several different strategies to avoid being destroyed by apoptosis (Sepulcre et al. 
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2010). Vibrio anguillarum survives within leucocytes by inhibiting apoptosis and the respiratory 

burst in sea bass (Sepulcre et al. 2007). Furthermore, some pathogens may take advantage of the 

relative lack of inflammation to avoid the host immune response. Zlotkin (Zlotkin et al. 2003) 

showed that Streptococcus iniae type II can induce considerable apoptosis of phagocytes and can 

enhance its own survival in trout phagocytes at the same time. In addition, ISAV may elicit 

apoptosis or necrosis in different kinds of cells (Joseph et al. 2004). The CPE caused by ISAV in 

SHK-1 (salmon head kidney) and CHSE-214 (Chinook salmon embryo) cell lines had typical 

apoptotic chromosomal DNA-fragmentation while the TO cells, which originated from head 

kidney leukocytes (Wergeland and Jakobsen 2001), had nuclear leakage of high-mobility group 1 

(HMGB1) protein which is characteristic of necrosis. 

 

1.6.2 Type II PCD: Autophagy-related  

    Although autophagy is primarily considered to be an important cellular pro-survival 

mechanism, there is a connection between autophagy and apoptosis (Jin and White 2007). This 

relationship has been explored especially in relation to cancer therapy (Wang et al. 2011). The 

accumulating evidence supports the concept that autophagy and apoptosis are mutually 

inhibitory and over-expression of autophagy may result in apoptosis although the mechanism is 

not clearly understood yet (Maiuri et al. 2007; Ouyang et al. 2012). Three signal pathways 

including TOR subnetwork, beclin-1 interactome and p53 signaling are the most widely 

discussed mechanisms of interaction between apoptosis and autophagy (Wang et al. 2011). The 

cross reactions of these pathways may crucially decide the fate of cells. 

 

1.6.3 Type III PCD: Programed necrosis 
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    Necrosis has traditionally been considered a passive and unregulated cellular event 

(Galluzzi and Kroemer 2008). Necrosis involves cytoplasmic vacuolization, nuclear pyknosis 

and karyorrhexis, cell membrane breakdown, cell lysis and release of intracellular components 

into the surrounding tissues (Edinger and Thompson 2004; Ouyang et al. 2012). The leakage of 

cellular components causes further inflammation. Necrosis, or versions of it, may be a substitute 

choice for apoptosis during some situations, which means necrosis is, at least to some degree, 

inducible and regulatable (Proskuryakov et al. 2003; Hitomi et al. 2008; Wu et al. 2012). Thus, a 

newly coined term, necroptosis, has been coined to indicate this type of programed cell death 

(Wu et al. 2012). Furthermore, the inflammation-inducing character of necroptosis may imply a 

different regulatory and adaptive purpose from apoptosis during infectious disease 

(Proskuryakov et al. 2003). Substantial efforts are needed to elucidate the detailed molecular 

cross-talk between apoptosis, autophagy and necroptosis. 

    Since programed necrosis, to a certain degree, is an alternate pathway to apoptosis and they 

partially share upstream pathways, programed necrosis may also play a role in defending against 

viral infections (Li and Beg 2000; Wu et al. 2012). Mouse fibroblasts, which are resistant to 

TNF-α induced apoptosis, underwent a necrosis-like cell death after vaccinia virus infection and 

TNF-α treatment (Li and Beg 2000). 

 

1.7 Chemicals for Suppressing Autophagy 

    Many methods to inhibit, block or induce autophagy at different points during development 

of the phenomena have been identified (Klionsky et al. 2007). Genetically modified cell lines or 

a variety of chemicals are most commonly used. However, most of these models or chemicals 

have effects on other aspects of cellular physiology and therefore, interpretation of the 

experimental results should be made with caution (Mizushima and Yoshimori 2007). Some of the 
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most commonly used chemical reagents used to inhibit, block or induce autophagy will be 

discussed herein. 

 

1.7.1 Amino acids 

    Autophagy can be activated by a prolonged shortage of amino acids and therefore the 

presence of sufficient amounts of amino acids is a useful and important inhibitor of autophagy 

(Klionsky et al. 2007). To turn autophagy on or off as desired, cell lines may be cultured in 

serum-deprived low nutrient or nutrient-rich media. However, not all amino acids have the same 

capability to suppress the activation of autophagy and additionally, the nutrition requirements 

may differ between cell lines (Grinde and Seglen 1981; Poso et al. 1982). Therefore a balanced 

amino acid formula may be needed to suppress autophagy (Klionsky et al. 2007). Moreover, 

amino acids are quickly metabolized by cells and therefore any suppression may not last when 

compared to other autophagy-suppressing reagents. This autophagy-suppressing function of 

amino acids or nutrition can be seen in the muscle tissue of rainbow trout in vivo and zebrafish 

embryonic cells in vitro (Yabu et al. 2012; Belghit et al. 2013).  

 

1.7.2 3-Methyladenine (3-MA) 

    3-MA, a PI3K class III inhibitor, potently blocks the sequestration step of autophagy 

(Klionsky et al. 2007; Mizushima et al. 2010; Yabu et al. 2012). It inhibits autophagy with only a 

few additional effects on other basic cellular physiological functions, such as energy metabolism, 

protein synthesis and cellular viability, in all mammalian cell lines that have been assessed to 

date. Yabu et al. used stably transfected zebrafish embryonic cells, with fluorescent microtubule-

associated protein 1-light chain 3B protein (MAP1-LC3B), to prove that 3-MA can suppress 

amino acid shortage-induced autophagy in vitro (Yabu et al. 2012). Schiøtz et al. employed a 
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similar model in ASK cells and achieved similar results (Schiøtz et al. 2010). Furthermore, this 

research revealed that 3-MA not only suppresses formation of the autophagosome within the 

cells but also decreases the titres of ISAV in the cell supernatants. Notably, other research 

demonstrated that 3-MA conversely activated autophagy in a complete nutritional environment 

in a mouse embryonic fibroblast cell line hours after treatment (Wu et al. 2010). 

 

1.7.3 Acidotropic amines and chloroquine (CQ) 

    Acidotropic amines, which act as an intralysosomal proton trapper, can elevate the pH of 

lysosomes and suppress the function of lysosomal acid hydrolases (Klionsky et al. 2007). Adding 

NH4Cl to the culture medium also effectively suppresses lysosomal protein function. This 

suppressive function of acidotropic amines not only effects macroautophagy but also other 

autophagy pathways (Finn et al. 2005).  

    Chloroquine (CQ), as a lysosomotropic reagent, not only raises the lysosomal pH but also 

inhibits the fusion of autophagosomes and lysosomes (Klionsky et al. 2007; Mizushima et al. 

2010). CQ only inhibits lysosome hydrolases but the formation of the autophagosome is not 

inhibited. Thus, when CQ is applied to block autophagy, the standard signal used to detect 

autophagy, e.g. LC3II, will be increased, not decreased, as might be expected (Mizushima and 

Yoshimori 2007). The use of CQ to block the downstream steps of autophagy is widely accepted 

in cells from different animals including humans (Wang et al. 2018b), rats (Skop et al. 2012), 

chickens (Sun et al. 2014), fish (Cui et al. 2012) and flies (Zirin et al. 2015).  

In a human liver cell line Huh-7 experimentally infected with hepatitis C virus (HCV), CQ 

inhibited the replication of HCV in a dose-dependent manner between 10-3~10-7M (Mizui et al. 

2010). Twenty-five and 50mM CQ both inhibited Newcastle disease virus (NDV) replication in 

chicken fibroblast cells (Sun et al. 2014). The same research also showed that intramuscular 
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injection with 20mg/kg CQ decreased NDV titers in chicken lung but not in intestine, although 

the mortality of the NDV-infected chickens was only delayed and not decreased when compared 

with the control chickens. A similar result was also seen in human fetal neural stem cells infected 

with Zika virus (Liang et al. 2016) and Vero and primary chicken embryonic fibroblasts infected 

with avian reovirus (Meng et al. 2012). There are very few reports that CQ promotes viral 

replication. Maheshwari reported that CQ treatment enhanced Semliki Forest virus and 

encephalomyocarditis virus titers in mice brain (Maheshwari et al. 1991), however autophagy 

inhibition by knocking out atg5 did not affect the Semliki Forest Virus gene expression in 

fibroblasts (Eng et al. 2012).  

Finally as a bonus, CQ, unlike several other drugs used to manipulate autophagy, is 

inexpensive and it has been traditionally used to treat malaria in humans successfully before 

widespread resistance developed leading to its’ disuse (Gurmu et al. 2018). 

 

1.7.4 Deoxynivalenol (DON) 

Deoxynivalenol (DON) is a trichothecene mycotoxin which is produced by Fusarium genus 

contamination in wheat, barley and corn (Pestka 2010). It is also known as “vomitoxin” because 

of its’ clinical effects in pigs. Through interference with eukaryotic production of ribosomes, 

peptidyltransferase and other mechanisms, DON inhibits the synthesis of protein and 

subsequently obstructs somatic growth (Ehrlich and Daigle 1987). 

Animals show different sensitivity to DON with pigs the most sensitive and then in 

decreasing order followed by mice, rats, and finally chickens, which are similarly sensitive to 

ruminants (Rotter 1996). Rainbow trout were also found to be very sensitive to DON and even at 

as low as 0.8ppm in feed (Hooft et al. 2011). Feed intake, weight gain, whole body crude protein 

and feed efficiency of rainbow trout are all negatively impacted by consuming DON.  
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To date, there are only a few reports demonstrating a connection between DON and 

autophagy, however the reported effects of DON on autophagy are inconsistent depending on the 

cell type and animal model applied (Islam et al. 2013; Han et al. 2016). Porcine oocytes in vitro 

had an increased LC3II signal, autophagosome numbers and lc3 gene expression after exposed to 

3M DON (Han et al. 2016) and research using porcine enterocytes (IPEC-J2) also showed 

similar results (Tang et al. 2015). On the other hand, mice that received 2mg/kg DON had either 

up- or down-regulated Atg genes including atg5 and becn1 expression in immune cells from 

different organs, however LC3 was not assayed (Islam et al. 2013). Overall, the effect of DON 

on cellular autophagy is not yet clear. 

 

1.8 Chemicals for Inducing Autophagy 

 

1.8.1 Rapamycin 

    Rapamycin is an anti-fungal and immunosuppressive reagent that can promote the 

formation of autophagosome by affecting TOR (Pan et al. 2009). More accurately, rapamycin 

affects TORC1 (target of rapamycin complex 1) and then allows for the phosphorylation or 

dephosphorylation of downstream molecules, which consequently activate autophagy (Jung et al. 

2010). Rapamycin is the most common chemical reagent used to induce autophagy in cells from 

many different animals including fish (Schiøtz et al. 2010; Cui et al. 2012; Garcia-Valtanen et al. 

2014), mice (English et al. 2009) and human (Lee et al. 2008; Pan et al. 2009). Rapamycin can 

also reduce the occurrence of apoptosis by inducing mitophagy, which leads to removal of 

mitochondria by autophagy (Pan et al. 2009). 

 

1.9 Markers for Autophagy 
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    To date, there are few cellular markers available to identify the formation of different 

vesicles (endosome, amphisome, autophagosome, autophagolysosome, and lysosome) that 

correlate with the stages of autophagy in mammalian cells (Klionsky et al. 2007). Researchers 

have to employ a combination of markers to identify different autophagy and endocytosis stages. 

It is now known that there are sets of genes and proteins utilized in autophagy for the formation 

of autophagosomes (Cuervo and Macian 2012). To date, about 30 different autophagy-related 

genes (Atg) have been recognized in yeast (Schiøtz et al. 2010) and most counterparts of these 

genes can be found in higher eukaryotic cells. In previous research from our laboratory, several 

Atg such as atg4, atg16, lc3 and gabarap were identified as potential biomarkers for starvation-

induced autophagy in a rainbow trout gill cell line (RTgill-W1) (Balmori-Cedeno et al. 2019). 

 

1.9.1 Microtubule-associated protein light chain 3 (MAP-LC3) 

Microtubule-associated protein light chain 3 (MAP-LC3), which is usually referred to as 

LC3, is the product of the orthologue of yeast Atg 8 (Tanida et al. 2004; Klionsky et al. 2007; 

Lee et al. 2008; Schiøtz et al. 2010; Weidberg et al. 2010). This is a widely applied marker to 

detect autophagosome formation. In some cases their human homologue, γ-aminobutyric-acid-

type-A-receptor-associated protein (GABAA receptor-associated protein or GABARAP) can also 

be used to detect autophagosome formation (Tanida et al. 2004; Schiøtz et al. 2010; Weidberg et 

al. 2010). 

    Quantification of the relative amount of LC3-II to LC3-I or other housekeeping proteins 

such as actin or β-tubulin by western blot has been widely applied to determine autophagosome 

formation, although some of the LC3-II would be degraded by lysosomal hydrolyases after 

lysosome and autophagosome fusion (Mizushima and Yoshimori 2007; Schmid et al. 2007; 

Seiliez et al. 2010; Skop et al. 2012). However, additional concerns about misinterpretation of 
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experimental results should also be considered (Klionsky et al. 2007). One of these concerns is 

an increase of signals for autophagosome formation resulting from blockage of lysosomal 

degradation (Mizushima and Yoshimori 2007). On the other hand, punctate fluorescent signals of 

green fluorescent protein fused LC3 (GFP-LC3) are found occasionally and are easily 

incorporated into protein aggregations when it is transiently overexpressed after transfection. 

This autophagy-independent punctate fluorescent signal can be misinterpreted as an indication of 

autophagosome formation (Kuma et al. 2007). 

    The phenomenon of cytoplasmic LC3-I protein undergoing conversion to membranous 

LC3-II has been demonstrated in piscine cells in vivo, in zebrafish (Cui et al. 2012) and rainbow 

trout (Seiliez et al. 2010), and in vitro, in zebrafish embryonic fibroblasts (Garcia-Valtanen et al. 

2014)/cells (Yabu et al. 2012), rainbow trout muscle cells (Seiliez et al. 2010) and ASK cells 

(Schiøtz et al. 2010). However, the LC3I protein was not always detected in all research in 

rainbow trout (Seiliez et al. 2013; Balmori-Cedeno et al. 2019). 

 

1.10 Interactions Between Restricted Nutrition and Immunity 

Deprivation of feed as a strategy to resist pathogen invasion and to decrease fish mortality 

has been discussed for decades, however this strategy is controversial (Kim and Lovell 1995; 

Damsga˚rd et al. 2004; Wise et al. 2008; Ryerse et al. 2016; Ryerse et al. 2015). Two year old 

catfish, which were fully or partially fed through winter revealed higher mortality than catfish 

which were completely unfed. However, this conclusion was not realized in one year old catfish 

in the same research (Kim and Lovell 1995). The mortality of unfed channel catfish was also 

significantly decreased after experimental infection with Edwardsiella ictaluri, the cause of 

enteric septicemia of catfish (ESC) (Wise et al. 2008). Higher survival rates in starved fish 

compared with fully-fed fish were also seen in Atlantic salmon exposed to Vibrio salmonicida, 
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the cause of coldwater vibriosis (Damsga˚rd et al. 2004). Furthermore, this relationship between 

feed restriction and higher survival rates was also seen in rainbow trout experimentally infected 

with Flavobacterium psychrophilum (Ryerse et al. 2016; Ryerse et al. 2015). Rainbow trout, 

which were partially deprived of feed or had a lower appetite resulting from consumption of 

mycotoxin (deoxynivalenol, DON)-contaminated feed, experienced reduced mortality (Ryerse et 

al. 2016; Ryerse et al. 2015). 

    There are also experimental studies that do not demonstrate reduced susceptibility to 

infectious disease with diet restriction (Okwoche and Lovell 1997; Lim and Klesius 2003; 

Shoemaker et al. 2003). Channel catfish fry or juveniles, which were totally deprived of feed 

during winter, showed significantly higher mortality than fish that were partially or fully fed, 

after experimental infection with Edwardsiella ictaluri (Okwoche and Lovell 1997). However, 

the mortality trend in market size catfish in the same study was reversed (Lim and Klesius 2003). 

In contrast, juvenile channel catfish that were deprived of food before they were experimentally 

infected with Flavobacterium columnare, showed a significantly higher mortality than fish fed 

daily or every other day (Shoemaker et al. 2003). The reason for the conflicting results are not 

presently known, however, E. ictaluri (and F. psychrophilum) is a facultative intracellular 

pathogen and potentially more impacted by autophagy than F. columnare, which is an 

extracellular pathogen.  

Research examining the relationship between dietary restriction of fish and infectious 

disease has exclusively focused on bacterial pathogens. Many of the results that support a role 

for feed restriction influencing resistance to infection involved intracellular or facultative 

intracellular bacteria. Investigation of this relationship with viral pathogens is now needed as 

they are obligate intracellular pathogens. Furthermore, even though experimental evidence has 

revealed that starved fish tend to have higher survival rates and that autophagy can be involved 
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in the destruction of intracellular pathogens, definitive evidence is still lacking to prove that 

autophagy is responsible for the higher survival rate.  

 

1.11 Thesis Rationale 

  Autophagy is a highly evolutionary conserved cellular mechanism in all eukaryotic cells 

(Jung et al. 2010) that adjusts metabolism under negative conditions, such as malnutrition and 

presence of stress signals (Cuervo and Macian 2012). Due to the high degree of phylogenetic 

conservation (Kabeya et al. 2004) the most important autophagy-related (Atg) genes have been 

found in teleosts (Schiøtz et al. 2010). 

 Although autophagy is primarily considered to be a pro-survival mechanism for cells to deal 

with negative situations, it impacts both the innate and adaptive immune responses. There is also 

evidence that differences exist in autophagy activation pathways between starvation and 

infection (Delgado et al. 2008). Viruses or their proteins induce autophagy in some piscine cells. 

For example, ISAV can induce autophagosome formation in Atlantic salmon kidney cells 

(Schiøtz et al. 2010). Moreover, SVCV and VHSV can elicit autophagosome formation and 

activate type I IFN in zebrafish embryonic fibroblasts and induction of autophagy reduced virus 

replication (Garcia-Valtanen et al. 2014). Alternatively, autophagy induction is beneficial for 

proliferation of some viruses, e.g. dengue virus in human hepatoma cell (Huh7) (Lee et al. 2008) 

and SVCV in EPC cells (Liu et al. 2015). The interaction between pathogens and cellular 

autophagy will be different depending on the model discussed but further study will be useful to 

better understand disease pathogenesis and to explore new strategies of therapy.  

Feed deprivation is a controversial but commonly used strategy to decrease fish mortality in 

aquaculture operations and reduced feed intake may induce autophagy. Channel catfish (Kim and 

Lovell 1995; Wise et al. 2008), Atlantic salmon (Damsga˚rd et al. 2004) and rainbow trout 
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(Ryerse et al. 2016) that underwent feed restriction had lower mortality after experimental 

infection with facultative or obligate intracellular pathogens. The biological mechanism that is 

responsible for increased resistance after feed restriction is still unknown, however I propose that 

autophagy is at least partly responsible. 

I propose to use selected autophagy modulating chemicals/method to examine their 

influence on autophagy modulation in a rainbow trout gill cell line (RTgill-W1) by applying 

western blot and immunofluorescence assay to detect LC3 protein abundance and qPCR to detect 

the regulation of chosen Atg genes. Once the action of the chemicals on autophagy modulation is 

understood in RTgill-W1, the influence of autophagy modulation on replication of VHSV IVb in 

the same cell line will be determined by applying western blot and qPCR to detect the change of 

viral N-protein and gene copy number, respectively. At the same time the impact of VHSV IVb 

infection on autophagy modulation in RTgill-W1 will also be determined. Based on these results, 

selected treatments will be tested in vivo in rainbow trout for their impacts on rainbow trout 

infection with F. psychrophilum and for their effect on autophagy in liver, muscle and spleen. 

 

1.12 Hypotheses and Objectives 

Hypothesis 1: Autophagy can be activated by application of restricted nutrition (2% FBS), 

rapamycin, DON, inhibited by 3-MA, and blocked by CQ, and this modulation can be sensed by 

changes in LC3 protein and expression of selected Atg genes in the RTgill-W1 cell line. 

Objectives 

a. Establish western blot methodology to determine LC3II/β-tubulin ratio and confirm autophagy 

modulation; autophagy is activated when there is a higher ratio of LC3II/β-tubulin. 

b. Establish immunofluorescent staining methodology to visualize the morphology and quantity 

of autophagosomes/autophagolysosomes in RTgill-W1 after application of selected chemicals. 
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c. Quantify the expression of 10 Atg genes after application of the above. 

 

Hypothesis 2: VHSV IVb infection will cause autophagy activation in RTgill-W1 and the 

subsequent viral replication will be enhanced by activation of autophagy and suppressed by 

inhibition or blockage of autophagy. 

Objectives  

a. Use western blot, immunofluorescence assay and qPCR to detect the autophagy fluctuation in 

RTgill-W1 cells after infection with VHSV IVb. 

b. The viral gene copy number and viral N-protein in lysates of cells before and after treatment 

of autophagy modulating chemicals ex. 2% FBS, rapamycin, 3-MA, DON or CQ will be 

assessed by qPCR and western blot, respectively. 

 

Hypothesis 3: Autophagy induced by feed restriction or DON will decrease the mortality of 

fish infected with F. psychrophilum and treatment with CQ will block autophagic flux and 

increase the mortality. 

Objectives 

a. Induce or block autophagy in rainbow trout by applying different feeding regimens or reagents 

and confirm this phenomenon by using western blot and qPCR. Fish organs including liver, 

spleen, muscle, heart, head kidney and small intestine will be sampled at different time points 

during the regimen before and after infection. 

b. Duplicate groups of rainbow trout will be used for each treatment and then infected with F. 

psychrophilum to observe mortality, fish feed intake and fish weight during the trial. 
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CHAPTER 2: Modulation of Autophagy by Deoxynivalenol and Chloroquine in a Rainbow 

Trout (Oncorhynchus mykiss) Gill Epithelial Cell Line - RTgill-W1 

 

This chapter is formatted according to guidelines of the Journal of Fish Diseases 
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2.1 Abstract 

 

    Autophagy is involved in the modulation of nutrition, immunity and disease in humans and 

animals. To understand the impact of autophagy-modulation on a rainbow trout gill epithelial cell 

line (RTgill-W1), treatments including reduced nutrition (2% fetal bovine serum [FBS] 

compared with 10% control), rapamycin, 3-Methyladenine (3-MA), deoxynivalenol (DON) and 

chloroquine (CQ) were tested. Western blot and immunofluorescence were used to detect LC3II 

and quantitative PCR was used to detect the expression of 10 autophagy-related genes (Atg). At 

three days post-treatment, reduced nutrition (2% and 0% FBS) significantly (p<0.05) activated 

autophagy (increased LC3II) while DON significantly (p<0.01) suppressed LC3II compared to 

10% FBS. These phenomena were confirmed by using immunofluorescence to detect the number 

of autophagosomes in RTgill-W1. CQ prevents degradation of LC3II and is critical to allow 

observation of LC3II modulation in this model. On the other hand, the commonly used 

autophagy modulating chemicals rapamycin and 3-MA, either activated or suppressed LC3II, 

respectively as expected from the literature, but did not act in a consistently significant manner. 

Expression of five of the 10 Atg genes examined including lc3, gabarap, atg4, atg7 and atg12 

were altered in a similar pattern to LC3II protein. The consistent trend of Atg gene up-regulation 

including becn1, lc3, gabarap and atg9 following treatment with 3-MA and CQ is suggestive of 

a novel negative feedback regulation in the autophagy machinery.  
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2.2 Introduction 

 

    Autophagy is a highly evolutionarily conserved mechanism in all eukaryotic cells that 

responds to many negative environmental conditions such as starvation by degrading 

cytoplasmic structures for recycling of the components (Mortimore and Schworer 1977; Kirisako 

et al. 1999; Zinke et al. 2002; Yorimitsu and Klionsky 2005). Macroautophagy (hereinafter, 

termed autophagy), which is the most important type of autophagy, by producing the double 

membrane structure of the autophagosome, can selectively target and engulf targeted 

cytoplasmic contents (Ichimura et al. 2013; Lim et al. 2015), which are digested in the 

autophagolysosome. The functional impacts of autophagy are widespread and it is involved in 

the regulation of apoptosis (Scott et al. 2007), cancer (Sato et al. 2007), immunology (English et 

al. 2009), and the development of various diseases such as Huntington’s disease and other 

neurological disorders (Williams et al. 2008; Fleming and Rubinsztein 2011).  

    Fish, as vertebrates, have been shown to have autophagy activity in vitro and in vivo (Seiliez 

et al. 2010; Morais et al. 2012; Varga et al. 2015) and current research has focused on the 

influence of autophagy on metabolism, embryonic development, infectious disease and 

environmental toxicity in fish (Xia et al. 2019). Although most of the information regarding 

modulation of autophagy is from research on yeast and mammalian cells, many of the most 

important autophagy-related genes have been identified in fish. The research in fish to date has 

mostly been limited to alteration of lc3 and LC3 but has indicated that there are few differences 

in autophagy regulation compared to yeast or mammals (Seiliez et al. 2010; Yabu et al. 2012; 

Balmori-Cedeno et al. 2019). 

    Due to the importance of autophagy to numerous critical cell functions, identification of 

treatments that manipulate autophagy has received considerable attention. Rapamycin is a 
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chemical that is frequently applied to cells to activate autophagy in vitro in many different 

species models (Meng et al. 2012; Belghit et al. 2013; Zirin et al. 2015). Rapamycin activates 

autophagy by inhibiting mTORC1, which is the key element of the phosphoinositide 3-kinase 

(PI3K) and Akt signaling pathways (Zhao et al. 2015). On the other hand, 3‐methyladenine (3-

MA), is a class III PI3K inhibitor that is commonly applied to inhibit autophagy in vitro (Sato et 

al. 2007; Schiøtz et al. 2010). It is notable, however, that 3-MA in some situations also has the 

potential to activate autophagy (Wu et al. 2010).  

Chloroquine (CQ) is applied to block autophagy and is also used to assist the observation of 

autophagosomes especially when the cell lines studied are not transfected with a plasmid 

expressing lc3 (Hailey et al. 2010; Mizui et al. 2010). Chloroquine blocks autophagy by 

inhibiting fusion of the autophagosome and lysosome and also prevents lysosome acidification. 

This results in the accumulation of LC3II in the autophagosome, allowing enhanced opportunity 

for detection. Interpretation of either LC3II or autophagosome quantity must therefore be made 

with caution when lysosomotropic reagents are present (Mizushima et al. 2010).  

    Deoxynivalenol (DON), also known as vomitoxin, is a trichothecene mycotoxin, which is 

produced by Fusarium genus contamination in cereals like wheat, barley and corn (Pestka 2010). 

By interfering with eukaryotic ribosome production and peptidyltransferase function, it 

subsequently inhibits the synthesis of protein and obstructs somatic growth in some eukaryotic 

organisms (Ehrlich and Daigle 1987). Rainbow trout are extremely sensitive to DON compared 

with most other species of domestic animals (Hooft et al. 2011). DON also influences cellular 

physiology and immunity including apoptosis (Pestka 2008; Islam et al. 2013). There are very 

few studies that have examined the impact of DON on autophagy in any species, however two 

studies performed in porcine oocytes and enterocytes demonstrated that activation of autophagy 

occurred (Islam et al. 2013; Han et al. 2016). Rainbow trout fed both DON-contaminated corn or 
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purified DON had decreased mortality after experimental infection with Flavobacterium 

psychrophilum (Ryerse et al. 2015; Ryerse et al. 2016), however the mechanism for this is 

unknown. To facilitate this, ten rainbow trout autophagy-related genes (Atg) were previously 

identified and their expression monitored in response to reduced nutrition in RTgill-W1 using 

quantitative PCR (Balmori-Cedeno et al. 2019).  

The aim of the present research is therefore to further explore how the chemicals 

rapamycin, 3-MA, CQ and in particular DON influence autophagy in RTgill-W1. LC3II protein 

detection using western blot (Donohue et al. 2011; Belghit et al. 2013; Seiliez et al. 2013) and 

autophagosomes was monitored to quantify autophagy modulation. In addition the quantitative 

expression of 10 Atg genes were used to assess autophagy gene flux. These 10 Atg genes 

represent different stages of autophagy including induction (atg13, becn1), membrane recruiting 

(atg9), LC3II maturation (atg4, atg5, atg7, atg12, atg16) and LC3 itself (gabarap, lc3) 

(Periyasamy-Thandavan et al. 2009; Wesselborg and Stork 2015). 
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2.3 Materials and Methods 

 

2.3.1 Cell culture 

The RTgill-W1 cell line (Bols et al. 1994) was maintained in Leibovitz’s L15 medium 

(Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (certified, heat 

inactivated, US origin, Thermo Fisher Scientific) and supplemented with 2 mM L-glutamine 

(GlutaMAX™, Thermo Fisher Scientific) and antibiotic-antimycotic (Thermo Fisher Scientific) 

with penicillin, streptomycin and amphotericin B at 100 units/mL, 100 µg/mL and 25 µg/mL, 

respectively. The cell line was cultured in 75cm2 polystyrene tissue culture flask (Corning™, 

Corning, NY, USA) at 15°C.  

When the cells were needed for experimentation, the monolayer was rinsed twice with 

versene (PBS [137mM NaCl, 2.7mM KCl, 10mM Na2HPO4 and 2mM KH2PO4] containing 

0.5mM EDTA). The monolayer was then treated with trypsin (TrypLE™ Express Enzyme, 

Thermo Fisher Scientific) to detach the monolayer and centrifuged (170 g, 5 min, 4°C). L-15 

with 10% fetal bovine serum (FBS) was added with agitation of cells and transfer to six well 

polystyrene microplates (Corning) with a final volume of 2 ml per well. The plate was sealed and 

incubated at 15°C. 

 

2.3.2 Experimental treatments 

Treatments including low FBS (2%), rapamycin (MilliporeSigma, St. Louis, MO, USA), 3-

Methyladenine (3-MA) (MilliporeSigma), deoxynivalenol (DON) (MilliporeSigma) and 

chloroquine diphosphate (CQ) (MilliporeSigma) were chosen to test their influence on 

autophagy modulation in RTgill-W1. Stock solutions included: rapamycin in DMSO at 1.1mM 

preserved at -20°C; 3-MA in basal L-15 media at 50mM preserved at -20°C; DON in methanol at 
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10mM preserved at 4°C; and finally CQ in basal L-15 media at 50mM preserved at room 

temperature (RT) in the dark. The CQ stock solution was remade every month. Target 

concentrations of media with 10% FBS and above supplements were made before use. 

Preliminary experiments to obtain the optimal concentration and exposure time for these 

treatments were tested: FBS from 0 to 2% from Day 1 to 8; rapamycin 25nM to 5M for 4 h or 

constantly from Day 0.5 to 3; 3-MA 0.625mM to 5mM from Day 1 to 4; DON 1nM to 100M 

for Day 1 to 3.  

Once the monolayer exceeded 95%, 1ml of old medium was replaced with 10% FBS L-15 

to suppress autophagy induced by restricted nutrition. After 1 to 2 d further incubation the 

monolayer was confluent, wells were rinsed twice with PBS and treatments were then added. 

Plates were sealed again and incubated at 15°C.  

 

2.3.3 Cellular lysate and determination of lysate protein concentration 

Wells were rinsed twice with PBS, treated with trypsin as above for 5 min, and transferred 

to 1.5ml eppendorf tubes for centrifugation (2,400 g, 3 min), rinsed with PBS and centrifuged 

again at 2,400 g for 1 min. The supernatant was removed and 80l radioimmunoprecipitation 

buffer [RIPA; 50mM Tris HCl (Thermo Fisher Scientific) pH 7.4, 150mM NaCl (Thermo Fisher 

Scientific), 1% Triton X100 (MilliporeSigma), 1% deoxycholic acid sodium salt (Thermo Fisher 

Scientific), 0.1% SDS (Thermo Fisher Scientific) and 2mM EDTA (Thermo Fisher Scientific)] 

pH 7.4 was added to each sample. 4 Kunitz units of Deoxyribonuclease I (from bovine pancreas, 

MilliporeSigma) and 1l protease inhibitor cocktail (MilliporeSigma) were also added. Samples 

were vigorously vortexed to disperse the cell pellets and incubated in an ice bath with agitation 

for 30 min. Cell lysates were then centrifuged (14,000 g, 4°C, 10 min) and the supernatants were 

removed to a new eppendorf and preserved in -20°C until used. Protein concentration was 
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determined using a BCA Protein Assay Kit (Pierce™, Thermo Fisher Scientific) according to the 

manufacturer’s instructions. 

 

2.3.4 SDS-PAGE and western blot 

SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis) (Mini-

PROTEAN Tetra, Bio-Rad, Hercules, CA, USA) was performed using 15% resolving (Bio-Rad) 

and 4% stacking gels in electrophoresis buffer (NEXT GEL®, Radnor, PA, USA) (Appendix 1). 

Cell lysates (25 ug protein) were mixed with 3X Reducing Blue Loading Buffer (New England 

Biolabs, Ipswich, MA, USA) and supplemented with 100mM DTT (Acros Organics, Thermo 

Fisher Scientific). Samples were then heated (95°C, 5 min) and centrifuged to pellet particulates 

before loading and electrophoresed (EC-200XL, Thermo Fisher Scientific™) along with a 

prestained ladder (10 to 180 kDa, PageRuler™, Thermo Fisher Scientific) at ~100 V.  

Gels were then rinsed with Milli-Q water and soaked in cathode buffer (0.025M Tris, 0.04M 

glycine, and 10% methanol, pH 9.4) for 15 min. PVDF transfer membranes (0.45 µm, 

MilliporeSigma) were activated in methanol for 3 min and soaked in anode II buffer (0.025M 

Tris and 10% methanol, pH 10.4). Three filter papers (extra thick, Pierce™, Thermo Fisher 

Scientific) were soaked in anode I (0.3M Tris and 10% methanol, pH 10.4) anode II and cathode 

buffer each separately for 15 min. The sequence of transfer sandwich from anode to cathode 

plate was filter paper with anode I buffer, filter paper with anode II buffer, membrane, gel and 

finally filter paper with cathode buffer. Transfer was performed with a semi-dry blotter 

(Pierce™, Thermo Fisher Scientific) system. 

After transfer, the membranes were rinsed in Milli-Q water and agitated in blocking 

solution [0.05% PBST (PBS with 0.05% TWEEN 20; Thermo Fisher Scientific) with 5% skim 

milk (Carnation®, NESTLÉ®, Vevey, Switzerland)], for 10 min. Membranes with protein MW 
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less than 25 kDa were incubated with rabbit anti-LC3B antibody (New England Biolabs), while 

the membranes with protein MW more than 25 kDa were incubated with rabbit anti-β-tubulin 

antibody (New England Biolabs). Primary antibodies were diluted in blocking solution at 

1:10,000 (LC3B) and 1:20,000 (β-tubulin), respectively, and incubated overnight (ON) at 4°C 

with agitation. The membranes were then washed with PBST (3 times, 5 min/time) and 

incubated at RT for 1 h with agitation with horseradish peroxidase (HRP) conjugated goat anti-

rabbit IgG Fc (Novex™, Thermo Fisher Scientific) diluted in blocking solution. The secondary 

antibody was diluted 1:10,000 for LC3 blots and 1:20,000 for β-tubulin blots. The membranes 

were then washed with 0.05% PBST again (5 times, 5 min/time) followed by application of 

ECL™ Prime Western Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA) and 

ChemiDoc™ XRS+ system (Bio-Rad) to detect the blots. Image Lab™ software (Bio-Rad) was 

used for quantification of signal, represented as volume of photo-density. The ratio of LC3II to β-

tubulin was used to represent the relative abundance of autophagy activity for each treatment. 

 

2.3.5 alamarBlue assay cellular metabolic activity test 

Once experimental conditions for each chemical treatment to modulate autophagy were 

established, the alamarBlue™ Cell Viability Reagent (Invitrogen, Carlsbad, CA, USA) was 

applied to examine the metabolic activity of RTgill-W1. The cells were cultured in 96 well plates 

and treated before the coverage of the monolayer was confluent. Two d after cells were exposed 

to treatments alamarBlue was applied according to the manufacture’s instructions and 

fluorescence was measured at 590nm 24 h after alamarBlue was added using the GloMax®-

Multi Detection System (Promega, Madison, WI, USA). Background fluorescence was 

eliminated by subtracting the reading of the treatments without cells from the corresponding 

treatment with cells. 
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2.3.6 Immunofluorescence assay 

Cells were detached using trypsin and suspended as described and added to slides by 

applying Shandon Cytospin 2 centrifuge (Marshall Scientific, Hampton, NH, USA) (600 rpm, 4 

minutes). Attached cells were fixed using acetone at -20°C for 20 min followed by air drying. 

The LC3 antibody (LC3B) was diluted in PBS for 1:75 and incubated at 4°C ON. After rinsing 

the slide with PBS, goat anti-rabbit IgG (Dylight 488, Novus Biologicals, Littleton, CO, USA) at 

1:1,000 was incubated at RT for 1 h. Nuclei were counterstained with 20uM DAPI Nucleic Acid 

Stain (Invitrogen) and finally the slides were covered with mounting solution (PBS with 10% 

glycerol). The immunofluorescence was examined using a Zeiss Observer.A1 microscope (Carl 

Zeiss, Oberkochen, Germany) with AxioVision Rel.4.8 software. 

 

2.3.7 RNA extraction  

Cells were rinsed with PBS twice and 1mL TRIzol (Ambion, Invitrogen) was added, 

followed by 0.2mL chloroform. The mixture was agitated, incubated on ice for 5 min and 

centrifuged (12,000 g, 15 min, 4°C). The aqueous phase (0.5mL) was transferred to a RNase-

treated eppendorf and followed by mixing with 0.5mL isopropanol before another centrifugation 

(12,000 g, 30 min, 4°C). The liquid was removed and the RNA pellets were cleaned using 70% 

anhydrous alcohol and air dried. RNA was then dissolved in nuclease free water (Invitrogen) and 

examined using NanoDrop One (Thermo Fisher Scientific) spectrophotometer. The RNA yields 

were diluted to 100ng/l in nuclease free water and preserved at -80°C until used. 

 

2.3.8 Reverse transcription  

Extracted RNA was reverse transcribed to cDNA by using a High-Capacity cDNA Reverse 
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Transcription Kit with RNase Inhibitor (Thermo Fisher Scientific) following the manufacturer’s 

instruction. The mixture was composed of 0.15l nuclease free water, RT buffer 3.1l, 1.55l 

dNTP, 3.1l random primers, 1.55l reverse transcriptase, and 1.55l RNase Inhibitor plus 20l 

100ng/l RNA to make a 31l final reaction volume. Reverse transcription was performed in a 

thermal cycler (Techne, Staffordshire, UK) as follows: preheat to 105°C; one cycle of primer 

annealing at 25°C for 10 min; DNA polymerization at 37°C for 2 h; enzyme deactivation at 85°C 

for 5 min; and finally chilling to 10°C. The cDNA was then diluted with 169l nuclease-free 

water to a final 200l volume with 10ng RNA reverse transcription product/l and preserved at -

20°C until used.  

     

2.3.9 Quantitative polymerase chain reaction 

    Quantitative PCR (qPCR) was performed using the LightCycler® 480 SYBR Green I 

Master kit (Roche, Basel, Switzerland) and the LightCycler® 480 Instrument II system (Roche). 

The reaction volume was composed of 10l Master mix, 1l 10M forward primer, 1l 10M 

reverse primer, 6l nuclease free water plus 2l cDNA sample to make a 20l final volume in 

each well. The primers used were designed for a previous study in Rtgill-W1 [Appendix 2; 

(Balmori-Cedeno et al. 2019)]. Three technical replicates were performed and the mean of the Ct 

values were used for gene expression. Rarely, if a single technical replicate caused the standard 

deviation larger than 1 it was removed. Gene expression was expressed as fold of the ΔCt value 

(target gene to internal control gene) in treated cells (after treated for 1 or 3 d) to the ΔCt value 

(target gene to internal control gene) in cells before treatment (Day 0). The housekeeping gene 

ef1 was the best internal control reference gene in a previous study in RTgill-W1 (Balmori-

Cedeno et al. 2019) and is applied here as well. The formula to determine gene expression was 

applied as in the previous research with a minor modification in that the efficiency of all the 
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primer sets were presumed to be 2: 

2-ΔΔCt =2-[Ct treatment (target gene−ref gene) / Ct control (target gene−ref gene)] 

 

2.3.10 Statistical Analysis 

    Stata 14 (StataCorp, College Station, TX, USA) software was used for statistical analyses. A 

Shapiro-Wilk was used to determine normal distribution and a Bartlett's test was used to 

determine variance. A one-way analysis of variance (ANOVA) followed by the post hoc analysis 

was used to compare the results of LC3II to β-tubulin signal ratios, the alamar blue assay and 

gene expression between the treatments if the data had a normal distribution and was of equal 

variance. If this was not the case a Kruskal-Wallis test was followed by a Wilcoxon–Mann–

Whitney test. Depending on the distribution and variance of the data, a Student’s t-test or a 

Kruskal-Wallis test was applied to examine target gene RNA expression for each treatment 

compared to the expression of the same gene at Day 0. Unless otherwise mentioned, p<0.05 was 

considered statistically significant. 
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2.4 Results 

 

2.4.1 SDS-PAGE and western blot of LC3 and β-tubulin 

In the blots of protein from lysates of cells treated with different chemicals, there was a 

band with MW slightly less than 15 kDa seen on the membranes incubated with the primary 

antibody for LC3II while there was a band with MW around 55 kDa on the membrane incubated 

with the primary antibody for β-tubulin.  

2.4.1.1 Impact of CQ on LC3II in RTgill-W1 

The LC3II bands were inapparent in cells without CQ treatment using western blot. There 

was a significant increase in the volume ratio of LC3II to β-tubulin after treatment of RTgill-W1 

with 50M CQ for 3 d compared to cells without CQ (Fig 2.1a, b). Similar results were also seen 

with other treatment durations (data not shown). In RTgill-W1 CQ is required to adequately 

visualize LC3II and allow quantification of autophagy activity. 
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a)                              b) 

                

Fig 2.1 LC3II and β-tubulin in RTgill-W1 cells with and without chloroquine. a. A representative 

western blot of β-tubulin and LC3II from cells treated with 50M CQ for 3 d or untreated 

(control) and b. expressed as the (mean ± SD, n=3) volume ratio of LC3II to β-tubulin with 

treated cells significantly (p < 0.05) higher than untreated. An asterix (*) represents statistical 

significance between treatments.  
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To verify the need for CQ treatment, RTgill-W1 was cultured in media with 2% FBS for 3 

d, a method that has been confirmed to reliably activate autophagy in this cell line (Balmori-

Cedeno et al. 2019) (Fig 2.2a, b). Only when 50M CQ was supplemented the autophagy 

activity was statistically significantly higher than in cells cultured in the same media but with 

10% FBS. 
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a)  

      

 

 

b) 

 

Fig 2.2 50M chloroquine (CQ) blocks degradation of LC3II allowing visualization of the 

change in autophagy activity. a. A representative western blot of the β-tubulin and LC3II from 

RTgill-W1 cells treated with 10% or 2% fetal bovine serum (FBS) with or without 50M CQ for 

3 d. b. Volume ratios (means ± SD, n=4) of LC3II to β-tubulin from cells treated with 10% or 2% 

FBS with or without 50M CQ for 3 d. An asterix (*) represents statistical significance (p < 

0.05) between treatments. 
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2.4.1.2 Impact of FBS concentration and time on LC3II in RTgill-W1 

The greatest difference in LC3II signal between cells cultured in 2% vs. 10% FBS was at 

Day 3, however there was also a significant difference at Day 1 and 4 (Fig 2.3a, b). The absence 

of FBS (0% FBS) also increased the LC3II signal after treatment from Day 1 to Day 4 and 

significant differences between this treatment and the control (10% FBS) at day 3 was seen 

(p=0.0495).  
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a)  

 

 

 

b) 

 

Fig 2.3 The influence of reduced fetal bovine serum (FBS) concentration on LC3II detection in 

RTgill-W1 cells. a. A representative western blot of β-tubulin and LC3II from cells treated with 

10, 2 and 0% FBS for 3 d and with 50M CQ. b. Volume ratios (means ± SD, n=3) of LC3II to 

β-tubulin in RTgill-W1 treated with 10, 2 and 0% FBS with 50　M CQ for 1 to 4 d. Different 

letters represent statistical significance (p < 0.05) between treatments on the same day. 
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On the other hand, an increase in LC3II signal was also seen with media containing 10% 

FBS (control) and that was unchanged during the period of experimentation (Fig 2.4a, b). This 

increase was statistically significant between Day 1 and Days 2 to 4. There was no significant 

change between Day 2 to 4. 
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a) 

 

 

 

b) 

 

 

Fig 2.4 Increased LC3II detection in RTgill-W1 cells with 10% fetal bovine serum medium from 

Day 1 to 4. a. A representative western blot of β-tubulin and LC3II from RTgill-W1 cells 

cultured in medium containing 10% FBS with 50M CQ. b. Volume ratios (means ± SD, n=3) of 

LC3II to β-tubulin in RTgill-W1 cultured under the same conditions. Different letters represent 

statistical significance (p < 0.05) between different days. 
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2.4.1.3 Impact of DON on LC3II in RTgill-W1 

Incubation of in RTgill-W1 cells with a range of concentrations of DON from 100M to 

1nM and with supplementation of 50M CQ, resulted in decreased LC3II detection in cells 

exposed to 100M to 1M DON for 1 d (not shown). The most dramatic decreases in LC3II 

signal, however, were seen in cells treated with 100M to 1M DON for two (Fig 2.5a, b) and 

three d (not shown). There were no clear differences in LC3II signal resulting from treatment of 

RTgill-W1 with 100nM to 1nM DON for one, two (Fig 2.5a, b) or three days. Therefore, the 

concentration of DON used for further trials was 1M, which is equal to 0.3ppm.  
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a) 

 

   

b) 

  

 

Fig 2.5 Reduction in LC3II detection in RTgill-W1 after exposure to deoxynivalenol (DON). a. A 

representative western blot of β-tubulin and LC3II from RTgill-W1 cells treated with 10% fetal 

bovine serum (FBS) medium and different DON concentrations from 100M to 1nM in 10% 

FBS medium for 2 d and with 50M CQ. b. Volume ratios (means ± SD, n=3) of LC3II to β-

tubulin in RTgill-W1 treated with DON from 100M to 1nM with 10% FBS and 50M CQ for 2 

d. Different letters represent statistical significance (p < 0.05) between treatments. 
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2.4.1.4 Impact of rapamycin on LC3II in RTgill-W1 

The rapamycin concentrations 50nM, 100nM or 150nM were applied to RTgill-W1 for 4 h 

followed by culture in 10% FBS L15 medium without rapamycin for 12 h, 1, 2 and 3 d, to test 

the capability of rapamycin to activate autophagy. As previously, 50M CQ was supplied to 

assist accumulation of the LC3II signal. Only treatment with 50nM rapamycin for 4 h plus 

incubation for another 12 h significantly increased the LC3II signal (Fig 2.6a, b). The influence 

of rapamycin at all concentrations on LC3II signal in RTgill-W1 was inconsistent using western 

blot assay. Cells continually exposed to different concentrations of rapamycin without a change 

of media were also tested without clear evidence of alteration of the LC3II signal (not shown). 

Therefore, incubation with 50nM rapamycin for 4 h followed by 10% FBS medium incubation 

until examination was applied in the following series of trials. 
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a) 

 

 

 

b) 

   

Fig 2.6 Increase in LC3II detection in RTgill-W1 at 0.5 d after incubation with rapamycin for 4 

h. a. A representative western blot of β-tubulin and LC3II from RTgill-W1 cells in 10% fetal 

bovine serum (FBS) medium 12 h and with 50M CQ after treatment with 50nM to 150nM 

rapamycin in 10% FBS medium for 4 h. b. Volume ratios (means ± SD, n=4) of LC3II to β-

tubulin in RTgill-W1 12 h after treated with 50nM to 150nM rapamycin for 4 h. Different letters 

represent statistical (p < 0.05) significance between treatments. 
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2.4.1.5 Impact of 3-MA on LC3II in RTgill-W1 

None of the treatments or incubation times used resulted in demonstration that 3-MA 

significantly reduced the LC3II signal. The use of 3-MA in concentrations from 5mM to 1.25mM 

with medium containing 10% FBS for 3 d did not result in a statistically significant decrease in 

the LC3II signal in RTgill-W1, although there was a slight decrease in cells treated with 5mM 3-

MA (Fig 2.7a, b). On the other hand, when cells were cultured in medium containing 2% FBS, 

after application of 5mM 3-MA there was a decrease of LC3II signal although the inhibition was 

again not significant (Fig 2.8a, b). Notably, even though the addition of 5mM 3-MA does tend to 

inhibit the LC3II signal in 2% FBS cultural environment, the signal was still significantly higher 

than that in the 10% FBS control medium. Similar results were obtained from numerous repeated 

trials. 
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a) 

 

 

 

 

b) 

 

 

Fig 2.7 LC3II detection in RTgill-W1 cultured with 10% fetal bovine serum (FBS) and 1.25 - 

5mM 3-Methyladenine (3-MA) in 10% FBS medium with 50M CQ for 3 d. a. A representative 

western blot of β-tubulin and LC3II from RTgill-W1 cells treated with 3-MA in 10% FBS 

medium with 50M CQ. b. Volume ratio (mean ± SD, n=4) of LC3II to β-tubulin in RTgill-W1 

cells cultured under identical conditions. Different letters represent statistical significance (p < 

0.05) between treatments. 
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a) 

 

 

b) 

 

 

Fig 2.8 LC3II detection in RTgill-W1 cultured in 10 or 2% fetal bovine serum (FBS) and 1.25 to 

5mM 3-Methyladenine (3-MA) in 2% FBS medium with 50M CQ for 3 d. a. A representative 

western blot of β-tubulin and LC3II from RTgill-W1 cells treated with 3-MA and with 50M 

CQ. b. Volume ratios (means ± SD, n=4) of LC3II to β-tubulin in RTgill-W1 cells cultured under 

identical conditions. Different letters represent statistical significance (p < 0.05) between 

treatments. 
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2.4.2 Cell viability using the alamarBlue assay 

    The metabolic activity of RTgill-W1 cells exposed to all of the autophagy-modulating 

treatments was suppressed to different degrees when compared to the 10% FBS medium control. 

Out of the 5 treatments, 50M CQ, 50nM rapamycin (for 4 h), 5mM 3-MA and 1M DON all 

caused a statistically significant reduction in metabolic activity compared to the 10% FBS 

control cells. There was no significant difference between the metabolic activity of cells cultured 

in medium with 10% FBS or 2% FBS 
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Fig 2.9 Metabolic activity of RTgill-W1 cells maintained in medium with 10 and 2% fetal bovine 

serum (FBS) and treatment with 50nM rapamycin for 4 h, 5mM 3-methyladenine (3-MA), 1M 

deoxynivalenol (DON) or 50M chloroquine (CQ) in 10% FBS medium for 3 d by alamarBlue 

assay. The results are presented as means ± SD (n=6). Different letters represent statistical 

significance (p < 0.05) between treatments. 
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2.4.3 Autophagosome immunofluorescence in RTgill-W1 

A few scattered small green puncta detected by antibody to LC3II were present in the 

cytoplasm of the RTgill-W1 cells treated with 10% FBS for 3 d (Figure 2.10). These puncta 

represent the quantity and location of autophagosomes and autophagolysosomes under replete 

nutrient conditions. There were brighter, larger and more numerous LC3II positive green puncta 

in the cells cultured with 2% FBS for 3 d, which is in agreement with autophagy activation under 

conditions of restricted nutrition. On the other hand, the cells treated with 1M DON for 3 d had 

a complete lack of LC3II-positive puncta, in agreement with the strong suppression of autophagy 

activity with this treatment using western blot.  
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Fig 2.10 Immunofluorescence of LC3II in RTgill-W1 cultured with either 10% fetal bovine 

serum (FBS), 2% FBS or 10% FBS medium with 1M deoxynivalenol (DON) for 3 d. Green 

fluorescence represents LC3II-positive autophagosomes and blue fluorescence (DAPI) represents 

nuclei. Images were photographed at 1,000 times magnification.  

 

 

 

 LC3II LC3II + DAPI 

10
%

 F
B

S
 

  

2%
 F

B
S 

  

D
O

N
 1
M

/ 1
0%

 F
B

S
 

  



65 
 

2.4.4 Quantitative PCR of autophagy-related gene change in RTgill-W1 

2.4.4.1 Day 1     

There were significant differences in expression of the internal control gene, elongation 

factor 1-α (ef1) between untreated cells at Day 0 and cells exposed to some treatments on Day 1 

(Supplement data 2.1). The differences were within 0.61 Ct. 

Not surprisingly, the 10 Atg genes had varying degrees of expression after treatment of the 

RTgill-W1 cells with different chemicals after 1 d (Supplemental data 2.2a-j). Comparing gene 

expression between the 10% FBS (control) treated cells at Day 0 vs. Day 1, no genes were 

significantly up-regulated while six of 10 genes (atg4, 5, 7, 9, lc3, gabarap) were significantly 

down-regulated. In cells with reduced nutrition (2% FBS), two of 10 genes (atg12, 16) were 

significantly up-regulated while expression of four of the 10 genes (atg4, 5, 9, lc3) were 

significantly down-regulated. In the rapamycin-treated cells, five of the 10 genes (atg9, 12, 13, 

16, becn1) were significantly up-regulated while two of 10 genes (atg5, 7) were significantly 

down-regulated. In the 3-MA-treated cells, two of 10 genes (lc3 and atg12) were significantly 

up-regulated and 1 of 10 genes (atg5) was significantly down-regulated. In the DON-treated 

cells, three genes were significantly up- (atg4, 9, 16) or down-regulated (atg5, 7, 12), 

respectively. In the CQ-treated cells, 4 out of the 10 genes (atg4, 12, 13, 16) were significantly 

up-regulated while none of the 10 genes was significantly down-regulated. 

2.4.4.2 Day 3 

Expression of the internal control gene, ef1, was not significantly different between 

untreated cells at Day 0 and any of the individual treatments after 3 d (Figure 2.11). There were 

some statistically significant differences in ef1 expression between the different treatments at 

Day 3, however, all of the differences were within 0.6 Ct. 

    Not surprisingly, the 10 Atg genes also had varying degrees of expression after treatment of 
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the RTgill-W1 cells with different chemicals after 3 d (Figure 2.12a-j). For cells cultured with 

10% FBS (control) at Day 0 vs. Day 3, 3 out of the 10 genes (atg7, 9, 13,) were significantly up-

regulated while 1 out of the 10 genes (gabarap) was significantly down-regulated. In the cells 

cultured with 2% FBS, 5 of the 10 genes (atg4, 7, 9, 13, lc3) were significantly up-regulated 

while none were significantly down-regulated. In the rapamycin-treated cells, none of the 10 

genes was significantly up-regulated while 4 (atg4, 12, lc3, gabarap,) were significantly down-

regulated. In the 3-MA-treated cells, 8 out of the 10 genes (atg4, 5, 7, 9, 13, becn1, lc3, gabarap) 

were significantly up-regulated while none were significantly down-regulated. In the DON-

treated cells, 3 out of the 10 genes (atg9, 13, 16) were significantly up-regulated while 4 out of 

the 10 genes (atg4, 12, lc3, gabarap) were significantly down-regulated. In the CQ treated cells, 

7 out of the 10 genes (atg4, 7, 9, 12, 13, lc3, gabarap) were significantly up-regulated while 

none were significantly down-regulated.  

2.4.4.3 Summary 

In summary, several of the genes (atg4, atg7, atg12, lc3 and gabarap) had a similar pattern 

of response. In general, the degree of gene expression was greater on Day 3 compared with Day 

1 (Appendix 3), except for rapamycin and DON treatments. Treatment of the cells with 2% FBS, 

3-MA and CQ tended to up-regulate Atg gene expression when compared with the 10% FBS 

control. This Atg gene up-regulation is especially clear in the 3-MA and CQ treated cells. The 

degree of increased expression following CQ treatment was particularly notable (3-4 fold) for 

atg4, atg7 and lc3 on Day 3 (Figure 2.12c, f, g). On the other hand, treatment with rapamycin 

and DON tended to down-regulate Atg gene expression when compared with the 10% FBS 

control, particularly on Day 3.  
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Figure 2.11 Expression (Ct) of ef1 in RTgill-W1 on Day 0 and after exposure to 10 or 2% fetal 

bovine serum (FBS), 10% FBS medium with 50nM rapamycin for 4 h, 5mM 3-Methyladenine 

(3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 3 d. The results are 

presented as means ± SD. (n=5). Different letters represent statistical significance (p < 0.05) 

between treatments.  
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Figure 2.12 Mean (± SD, n=5) expression of atg13 (a) and becn1 (b) in RTgill-W1 after exposure 

to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 3-

Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 3 d. Gene 

expression on Day 3 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0.  
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Figure 2.12 Mean (± SD, n=5) expression of lc3 (c) and gabarap (d) in RTgill-W1 after exposure 

to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 3-

Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 3 d. Gene 

expression on Day 3 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

10% FBS 2% FBS Rapamycin 3-MA DON CQ

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

10% FBS 2% FBS Rapamycin 3-MA DON CQ

c) lc3 

d) gabarap 

F
ol

d 
ch

an
ge

 

b 

d 

c 

de 
e 

a 

* 

* 

* 

* 

* 

F
ol

d 
ch

an
ge

 

d 
de 

c 

e 

b 

a 

* * 

* 

* 

* 



70 
 

 

 

 

 

 
Figure 2.12 Mean (± SD, n=5) expression of atg9 (e) and atg4 (f) in RTgill-W1 after exposure to 

10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 3-

Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 3 d. Gene 

expression on Day 3 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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Figure 2.12 Mean (± SD, n=5) expression of atg7 (g) and atg12 (h) in RTgill-W1 after exposure 

to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 3-

Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 3 d. Gene 

expression on Day 3 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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Figure 2.12 Mean (± SD, n=5) expression of atg5 (i) and atg16 (j) in RTgill-W1 after exposure 

to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 3-

Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 3 d. Gene 

expression on Day 3 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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2.5 Discussion 

 

    The purpose of this research was to investigate the influence of reduced nutrition and 

selected chemicals, including rapamycin, 3-MA, DON and chloroquine on autophagy in the 

rainbow trout gill cell line RTgill-W1. Replete nutrition (media with 10% FBS) was used as the 

control state for comparison to altered autophagy activity. Since autophagy activity changes in 

response to amino acid concentration (among other factors) autophagy will vary when new 

media is supplied or as amino acids are consumed over time in culture (Grinde and Seglen 1981; 

Belghit et al. 2013). Thus, considering autophagy activity is continually changing in response to 

nutrition or other factors (Kroemer et al. 2010; Henagan et al. 2016) caution is required when 

explaining the fluctuation of autophagy at a given time without use of a reference time point. In 

the present study, use of replete media (10% FBS) resulted in a decrease in autophagy activity 

after one day. This was followed by a significant increase in autophagy activity by Day 2 and 

later on. The pattern of expression of Atg genes supports this. The majority of the Atg genes had 

significantly decreased expression at Day 1 (Appendix 3) compared with before treatment and 

this phenomenon was not seen at Day 3. Day 3 was therefore chosen to examine autophagy 

activity in RTgill-W1 because at this time the LC3II signal had stabilized in cells with 10% FBS 

medium and was significant greater in cells with 2% medium.  

    Medium with reduced amino acid and serum ranging from 0 to 2% is commonly applied to 

mimic ‘starvation’ in in vitro research and has successfully induced autophagy in cells from 

several different animals including fish (Hailey et al. 2010; Seiliez et al. 2010; Yabu et al. 2012). 

Previous research in our laboratory with RTgill-W1 using similar methodology to the present 

study found that medium with 1.5% FBS resulted in the greatest Atg gene up-regulation after 3 d 

(Balmori-Cedeno et al. 2019) and induced significant expression of four of the same genes noted 
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in the present study on the same day (atg4, 9, 13 and lc3). Two percent FBS was used in the 

present study as it also stimulated Atg gene up-regulation but maximally induced the LC3II 

signal after 3 d. On the other hand, unlike research performed using a rat kidney cell line (Hailey 

et al. 2010), starvation (0% FBS) did not strongly activate autophagy as 2% FBS did in the 

present study. Media without FBS also maximally stimulated Atg gene up-regulation in another 

rainbow trout cell line RTL (J. Pham, personal communication). Thus the best serum 

concentration to mimic starvation and to activate autophagy varies with each in vitro model. 

Previous research documented that RTgill-W1 could barely maintain a monolayer in DMSO 

without FBS for 12 days (Zeng et al. 2016). Many researchers use LC3II green fluorescent 

protein (gfp)-transfected cells that magnifies the LC3II signal and allows enhanced detection of 

autophagy activation within hours after treatment (Yabu et al. 2012; Liu et al. 2015; Li et al. 

2017). We chose to use non-transfected cells to more accurately represent the cellular response to 

chemical treatments and also to infectious agents (Chapter 3). The interaction with the latter in 

particular requires a cellular response that occurs over days not hours.   

    Rapamycin is widely applied to activate autophagy in numerous species models in vitro 

(Kirisako et al. 1999; Lee et al. 2008; Meng et al. 2012) and in vivo (Cui et al. 2012). However, 

the concentration and exposure time that is required for rapamycin to induce autophagy varies 

widely; ranging from 30nM to 10M and from 1 h to consistent maintenance in the media 

depending on the study (English et al. 2009; Donohue et al. 2011; Meng et al. 2012). In the 

present study, different concentrations and exposure times for rapamycin were used and only 

cells exposed to 50nM rapamycin for 4 h followed by another 12 h incubation with 10% FBS 

media demonstrated any evidence of autophagy activation. Atg gene expression up-regulation 

was also greatest after 1 d, rather than 3 d, and this also matched the timing of greatest detection 

of LC3II with rapamycin. The short and inconsistent activation of autophagy in RTgill-W1 after 
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exposure to rapamycin in the present study either indicates that this cell line is not sensitive to 

rapamycin which was also the case for a chicken fibroblast cell line (Sun et al. 2014) or the best 

method of applying rapamycin for this cell line was not determined yet. 

    A reduction in LC3II signal after exposure to 3-MA was consistently demonstrated but was 

not statistically significant compared with controls. In a mouse embryonic fibroblast cell line 3-

MA activated autophagy in a complete nutritional environment hours after treatment (Wu et al. 

2010), which is contrary to the majority of the literature (He et al. 2009; Mizushima et al. 2010; 

Yabu et al. 2012). In the present study, 3-MA suppressed the LC3II signal in both nutrition-

replete and nutrition-restricted conditions in RTgill-W1 at Day 3. While the LC3II signal was 

decreased in the 3-MA treated RTgill-W1 cells, Atg gene expression in 3-MA-treated cells 

seemed to tell a different story. Eight out of the 10 Atg genes examined were significantly up-

regulated at Day 3; more than the five significantly up-regulated by 2% FBS, an activator of 

autophagy. Although negative feedback caused by autophagy inhibition is a reasonable 

explanation for this phenomenon, no literature to support this hypothesis was found. There is 

negative feedback regulation in the nutrition-autophagy pathway, involving signal feedback to 

elements such as AMP-activated protein kinase (AMPK) (Loffler et al. 2011; Wesselborg and 

Stork 2015) and the PI3K/AKT/mTOR axis (Heras-Sandoval et al. 2014; Nemazanyy et al. 

2015; Sun et al. 2018). These elements are relatively up-stream compartments of the signal 

pathway and act by phosphorylation or dephosphorylation rather than directly negatively 

regulating the Atg genes, which was seen in the present study. More research is required to 

understand how 3-MA influences signal transduction and Atg gene modulation and the ultimate 

impact on autophagy in RTgill-W1 and other cells. 

Feeding rainbow trout DON significantly reduced mortality after experimental infection 

with F. psychrophilum (Ryerse et al. 2016) and a better understanding of this phenomenon was 



76 
 

the stimulus for the present research. Porcine oocytes were exposed to 3M DON in vitro and 

the LC3II signal, autophagosome numbers as well as lc3 gene expression were increased after 

the cells been treated for 26 h (Han et al. 2016). Similar results were also seen in porcine 

enterocytes (IPEC-J2) (Tang et al. 2015). On the other hand, mice gavaged with 2mg/kg DON 

had either up- or down-regulation of Atg genes including atg5 and becn1 expression in immune 

cells from different organs (Islam et al. 2013); although gene expression alone does not 

guarantee that activation of autophagy occurred. The study authors suggested that autophagy was 

activated because DON increased cellular stress response by increasing reactive oxygen species, 

disrupted epigenetic modifications and impaired normal cellular development (Tang et al. 2015; 

Han et al. 2016). Notably, most of the autophagy activation in the pig and mouse models was 

also accompanied by increased activation of apoptosis (Islam et al. 2013; Tang et al. 2015; Han 

et al. 2016). Conversely in the present study, DON at similar and higher concentrations as that 

used in the above in vitro research consistently and profoundly decreased the LC3II signal in the 

RTgill-W1 cell line. Yet DON exposure also resulted in significant alterations in expression of 

some Atg genes, and this was particularly notable on Day 1. These results make sense if the 

inhibition of autophagy by DON in RTgill-W1 is caused by inhibition of protein synthesis, which 

is a well-known feature of DON and its derivatives (Ehrlich and Daigle 1987; Hooft et al. 2011). 

At the very least, since DON and 3-MA both reduce LC3II but produce distinctly different gene 

expression patterns, DON must operate via a distinct mechanism of action.  

CQ treatment ‘blocks’ autophagy by preventing fusion of the autophagosome and lysosome 

and delays the LC3II signal from being degraded (Skop et al. 2012; Mauthe et al. 2018). 

Chloroquine (CQ) is used widely to block autophagy, as it results in accumulation of 

autophagosomes in the cell and enhanced the detection of LC3II (Klionsky et al. 2007; 

Mizushima et al. 2010; Varga et al. 2015). In the present study, CQ was required to reliably 



77 
 

demonstrate an increase in the LC3II signal. In the absence of CQ, the autophagosome/LC3II 

signal was too low to quantify or to allow discrimination between treatments. It could be that 

LC3II was degraded very quickly by proteolytic enzymes after lysosome fusion in RTgill-W1 

and this phenomenon was observed in a rat liver cell line (Asanuma et al. 2003). The ability of 

CQ to reliably block autophagy makes it and other chemicals that have a similar function (e.g. 

bafilomycin A1) critical for research on autophagy inhibition and related topics. To our 

knowledge however, there was no research extensively investigating regulation of different Atg 

genes in vitro or in vivo after treatment with CQ. In RTgill-W1, treatment with CQ tended to up-

regulate the expression of Atg genes after 1 and 3 d and the number of significantly up-regulated 

Atg genes was greater with the longer treatment (Day 3). Additionally, CQ treatment had a more 

profound impact than reduced nutrition (2% FBS) on the number of up-regulated Atg genes and 

the degree of increased expression. Reduced nutrition is a well-demonstrated activator of 

autophagy (Seiliez et al. 2010; Yabu et al. 2012; Balmori-Cedeno et al. 2019) and had this effect 

in the present study. The mechanism of action of CQ is distinct from a reduction in nutrition, 

which activates autophagy, increasing the LC3II signal and the number of autophagosomes 

(Kirisako et al. 1999; Tanida et al. 2005). Application of CQ and 2% FBS, however, but CQ 

more profoundly, resulted in increased expression of numerous Atg genes. These results are 

novel and suggest that there is a yet unidentified feedback mechanism that affects the autophagy 

cycle. If CQ activation of autophagic flux at its’ upstream machinery is confirmed, use of the 

term ‘inhibition’ for describing the effect of CQ on autophagy, as is common (Verschooten et al. 

2012; Zou et al. 2013; Wang et al. 2018a), would be problematic. Further research in the present 

model and in others is required. 

    An objective of this research was to identify one or more reliable Atg genes that were 

consistently expressed in a manner that reflects the regulation of autophagy (LC3II production, 
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autophagosome formation) after exposure to a given treatment. There are only a few papers that 

have examined Atg expression in fish, but a number of Atg genes have received attention 

including atg1, 3, 4, 5, 6, 7, 9, 12, atg13, atg101, lc3 and gabarap in vivo in rainbow trout and 

Atlantic salmon but mostly in yellow catfish (Seiliez et al. 2010; Garcia-Valtanen et al. 2014; 

Wei et al. 2018) and lc3, gabarap, atg4 and atg12 in vitro in rainbow trout (Seiliez et al. 2010). 

In both the present research and in a previous study from our laboratory (Balmori-Cedeno et al. 

2019) a broad selection of 10 Atg genes were investigated. Therefore, three studies performed in 

rainbow trout are in agreement that increased expression of atg4, 12 and lc3 and perhaps gabarap 

are consistent indicators of reduced nutrition (Seiliez et al. 2010; Balmori-Cedeno et al. 2019). 

Expression of lc3 and gabarap in RTgill-W1 were most consistent with LC3II signaling 3 days 

after treatment with DON and rapamycin, while atg4, atg7 and atg12 had a similar but less 

significant profile. Treatment of RTgill-W1 with CQ (and 3-MA) resulted in consistent 

upregulation of becn1, lc3, gabarap and atg9. Of the 10 Atg genes examined in the present study, 

five (atg4, 7, 12, lc3, gabarap) should be most applicable in future research on modulating 

autophagy in rainbow trout and should be investigated in in vivo models. 

    In the present research, restricted nutrition, DON and CQ acted consistently in modulating 

autophagy in the RTgill-W1 cell line, however rapamycin and 3-MA were inconsistent. In 

addition, a potentially novel feedback regulation of Atg genes by CQ and perhaps 3-MA was 

identified and requires further research. The action of these mediators, in particular CQ and 

DON, on viral infection in RTgill-W1 and the role of viral infection and autophagy in this model 

will now be pursued.  
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CHAPTER 3: VHSV IVb Infection and Autophagy Modulation in the Rainbow Trout Gill 

Epithelial Cell Line RTgill-W1  

 

This chapter is formatted according to guidelines of the Journal of Fish Diseases 
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3.1 Abstract 

 

    Autophagy modulation influences the success of intracellular pathogens and an. 

understanding of the mechanisms involved might offer practical options to reduce the impact of 

infectious disease. Viral hemorrhagic septicemia virus (VHSV) can cause high mortality and 

economic loss in some commercial fish species. VHSV IVb was used to infect a rainbow trout 

gill cell line, RTgill-W1, followed by treatment of the cells with different autophagy-modulating 

reagents. Western blot assay for LC3II protein was significantly decreased for two days 

following VHSV infection and immunofluorescence confirmed that LC3II-positive 

intracytoplasmic puncta were also decreased after infection. Infection with 1 MOI VHSV 

resulted in significantly decreased expression of the Atg genes atg13, becn1, atg4 and atg12 

determined by quantitative PCR. Furthermore, both viral gene copy number and VHSV N-

protein were significantly decreased by treating the cells with autophagy blocking (chloroquine) 

and inhibiting reagents (deoxynivalenol and 3-Methyladenine), while autophagy induction 

(restricted nutrition and rapamycin) had less effect. Only treatment of RTgill-W1 with 

deoxynivalenol resulted in a significant increase in expression of type I interferon. Therefore, 

autophagy is suppressed by VHSV infection but modulation of autophagy can also inhibit VHSV 

IVb infection in RTgill-W1.  
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3.2 Introduction 

 

Viral hemorrhagic septicemia virus is a negative-stranded RNA virus and a member of the 

Rhabdoviridae family that can cause severe disease in salmonids including rainbow trout and 

also significant financial loss (Skall et al. 2005; Lumsden 2017). Four genome types of this virus 

have been identified according to the gene sequence of their nucleoprotein (N) and glycoprotein 

(G) and currently each of their distribution is geographically specific (Snow et al. 2004). The 

major targets of this virus include hematopoietic tissue, spleen, heart, and endothelium although 

the host species and viral genotype influence tissue tropisms (Al-Hussinee et al. 2011; Qadiri et 

al. 2019).  

Viral hemorrhagic septicemia virus (VHSV) strain IVb is a relatively newly identified subgroup 

that was isolated from a mortality event in freshwater drum (Aplodinotus grunniens) in Lake 

Ontario (Lumsden et al. 2007). Experimentally, this virus causes high mortality in numerous 

species of fish including fathead minnow (Pimphales promelas) (Al-Hussinee et al. 2010), 

largemouth bass (Micropterus salmoides) (Kim and Faisal 2010), bluegill (Lepomis macrochirus) 

(Goodwin and Merry 2011), Japanese fluvial sculpin (Cottus pollux) (Ito and Olesen 2013) but 

not in rainbow trout (Al-Hussinee et al. 2010; Kim and Faisal 2010). The gill epithelium was, 

however, a major tissue target throughout the course of experimental infection in rainbow trout 

(Al-Hussinee et al. 2010). Pre-treatment of rainbow trout gill epithelial cells (RTgill-W1) with 

killed VHSV IVb reduced viral replication without up-regulation of some key antiviral genes 

including Mx1, IFN1 and IFN2 (Al-Hussinee et al. 2016). Autophagy was postulated to be a 

mechanism to explain the non-interferon based antiviral immunity demonstrated in the gill 

epithelial cell line.     

Autophagy is a major mechanism of eukaryotic cells that acts to maintain nutritional 
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balance and that modulates immune regulation by recycling and processing intracellular 

components in the autophagolysosome (Cuervo and Macian 2012). A substantial body of 

research has demonstrated the crucial interaction between host cellular autophagy and infectious 

disease pathogenesis, particularly for intracellular pathogens (Paludan et al. 2005; Lee et al. 

2007; Schiøtz et al. 2010; O'Donnell et al. 2011; Garcia-Valtanen et al. 2014). Since autophagy 

activation results in digestion and degradation of the contents of the autophagosome, it is not 

surprising that this process could act in defense against some pathogens (Orvedahl et al. 2010; 

Garcia-Valtanen et al. 2014). However, there is even more evidence from several different 

animal models indicating that viral replication or pathogenesis benefits from activation of 

autophagy (Lee et al. 2008; Liu et al. 2012; Meng et al. 2012; Liu et al. 2015). This phenomenon 

has likely developed during the long co-evolutionary history of host and intracellular pathogens, 

as the pathogen strategies to survive evolved through interaction with the autophagy machinery 

(Schmid and Munz 2007; Chiramel et al. 2013). 

    The role that autophagy plays in the pathogenesis of infectious disease in fish is not clear 

and varies with the model used. Viral infection-induced autophagy suppressed the replication of 

viral hemorrhagic septicemia virus (VHSV) and spring viremia of carp virus (SVCV) in a 

zebrafish embryonic fibroblast cell line and treatment of cells with an autophagy inhibitor 3-

Methyladenine (3-MA) promoted viral yield (Garcia-Valtanen et al. 2014). On the other hand, 

Liu (Liu et al. 2015) demonstrated that SVCV replication benefits from the viral antigen-induced 

autophagy in the epithelioma papulosum cyprini (EPC) cell line. Inhibition of autophagy by 

siRNA or 3-MA both decreased the viral titer and rapamycin, which activated autophagy, 

increased the viral yield. Although both of the viruses employed in the research above are 

rhabdoviruses, the conflicting results are indicative of the complexity of the relationship between 

pathogen and host regarding autophagy modulation. Despite this, there may be potential for 
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controlling the development of viral disease via manipulation of autophagy. 

    Various chemicals have been successfully applied to modulate autophagy (Varga et al. 

2015). In Chapter 2, deoxynivalenol (DON) and other autophagy-modulating treatments, 

including reduced nutrition (low FBS medium), rapamycin, 3-MA and chloroquine (CQ) were 

applied to test their capability for modulating autophagy in the RTgill-W1 cell line. Among these 

treatments, DON and CQ reliably inhibit or blocked autophagy while reduced nutrition activated 

autophagy. Both rapamycin and 3-MA are commonly used to modulate autophagy in other 

models however in RTgill-W1 their action was inconsistent (Chapter 2). Nevertheless, for 

comparative reasons these chemicals were also of interest for their impact on virus. 

    Therefore the purpose of this research was to investigate the ability of VHSV IVb to 

modulate autophagy in RTgill-W1. In addition, the impact of autophagy-modulating treatments 

on replication of VHSV IVb in the same cell line was also investigated. Finally, the expression of 

10 Atg genes (Balmori-Cedeno et al 2019) and selected antiviral genes were also examined 

during these virus-cell interactions. 
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3.3 Materials and Methods 

 

3.3.1 Cell culture 

A cell line with epithelial morphology (RTgill-W1) obtained from the gill of rainbow trout 

(Bols et al. 1994) was applied in this research. The cell line was cultured in Leibovitz’s L15 

medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine 

serum (FBS, certified, heat inactivated, US origin, Thermo Fisher Scientific), 2mM L-glutamine 

(GlutaMAX™, Thermo Fisher Scientific) and antibiotic-antimycotic (Thermo Fisher Scientific) 

with a final concentration of penicillin, streptomycin and amphotericin B of 100units/mL, 

100µg/mL and 25µg/mL, respectively. The cell line was cultured in 75cm2 polystyrene tissue 

culture flasks (Corning™, Corning, NY, USA) and incubated at 15°C. For propagation and 

titration of VHSV IVb (Lumsden et al. 2007), the cell line epithelioma papulosum cyprini (EPC) 

from fathead minnow (Fijan et al. 1983; Winton et al. 2010) was used. The EPC cells were 

cultured and maintained under the same conditions as RTgill-W1. 

    For subculture, the cell monolayer was rinsed with versene solution [PBS (137mM NaCl, 

2.7mM KCl, 10mM Na2HPO4 and 2mM KH2PO4) containing 0.5mM EDTA] followed by 

treatment with trypsin (TrypLE™ Express Enzyme, Thermo Fisher Scientific). The detached 

cells and media were then centrifuged (170 g, 5 min, 4°C) and the supernatant was replaced with 

10% FBS L15 medium. The cells were pipetted and distributed to new flasks or culture plates as 

needed. 

 

3.3.2 Propagation and titration of VHSV IVb  

 The virus was applied to the EPC cell line in 75cm2 polystyrene tissue culture flasks 

(Corning™) before the monolayer was full developed. The EPC cells were rinsed with PBS and 
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inoculated with VHSV IVb at multiplicity of infection (MOI) = 1 at 15°C for 1 h. After 

incubation, the inoculum was removed and the cells were supplied with 15ml L-15 with 2% FBS 

and incubated at 15°C until cytopathic effect (CPE) was fully developed. The media was then 

centrifuged (670 g, 5 min) to remove the cellular debris. The supernatant was collected and 

preserved at -80°C until used. 

    Titration of VHSV IVb was determined by plaque assay (Batts and Winton 1989) in EPC 

cells in the 6-well tissue culture polystyrene microplates (Corning™). The cells were inoculated 

with ten-fold serial dilutions of supernatant in basal L-15 medium and incubated at 15°C for 1 h. 

Triplicate dilutions series were performed for each viral titration. After incubation, the 

supernatant were removed and the monolayers were rinsed with basal L-15 medium followed by 

the addition of 3ml L-15 medium containing 2% FBS and 1% methylcellulose (MilliporeSigma, 

St. Louis, MO, USA) per well. Once the CPE was full developed, the cell monolayers were fixed 

and stained with 10% buffered neutral formalin containing 0.1% crystal violet. After staining, the 

wells were rinsed with water and the plaques were enumerated.  

 

3.3.3 Experimental treatments 

To examine the influence of VHSV IVb on autophagy modulation in RTgill-W1, the cells 

were treated with heat-inactivated (56°C, 30 min) (Tafalla et al. 2008) or viable VHSV IVb 

virus. Different viral MOI (0.1, 0.3 or 1) were tested to exam the influence of viral dosage upon 

autophagy modulation and 50g/ml poly I:C (MilliporeSigma) was used to simulate double-

stranded RNA and viral infection. To avoid the temporary suppression of autophagy by medium 

with 10% FBS, the original medium was added back to the respective wells after the 1 h virus 

incubation for the immunofluorescence assay. 

To test if modulation of autophagy in RTgill-W1 could influence VHSV IVb replication the 
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following treatments (from Chapter 2) were applied: 2% FBS; 50nM rapamycin for 4 h 

(MilliporeSigma); 5mM 3-MA (MilliporeSigma); 1M DON (MilliporeSigma); and 50M CQ 

(MilliporeSigma) and these were compared with cells incubated in media with 10% FBS 

(control). RTgill-W1 cells were then incubated with basal L-15 medium containing 0.3 MOI 

VHSV IVb for 1 h followed by treatment with the autophagy modulators. To examine the 

influence of these treatments on expression of selected antiviral cytokine genes including IFN1 

and Mx-1 [Appendix 2; (Chaves-Pozo et al. 2010)] in RTgill-W1, the cells were treated with 

these autophagy modulators without VHSV IVb infection. The cellular proteins or RNA were 

harvested at different time points after infection from Day 1 to day 3 to quantify virus and 

autophagy. 

 

3.3.4 Cellular lysate and determination of lysate protein concentration 

Wells were rinsed twice with PBS, treated with trypsin until the cells were detached from 

plate, and transferred to 1.5ml eppendorf tubes for centrifugation (2,400 g, room temperature 

(RT), 3 min), rinsed with PBS and centrifuged again (2,400 g, RT, 1 min). The supernatant was 

removed and 80l radioimmunoprecipitation buffer [RIPA; 50mM Tris HCl (Thermo Fisher 

Scientific) pH 7.4, 150mM NaCl (Thermo Fisher Scientific), 1% Triton X100 (MilliporeSigma), 

1% deoxycholic acid sodium salt (Thermo Fisher Scientific), 0.1% SDS (Thermo Fisher 

Scientific) and 2mM EDTA (Thermo Fisher Scientific)] pH 7.4 was added to each sample. 4 

Kunitz units of Deoxyribonuclease I (from bovine pancreas, MilliporeSigma) and 1l protease 

inhibitor cocktail (MilliporeSigma) were also added. Samples were vigorously vortexed to 

disperse the cell pellets and incubated in an ice bath with agitation for 30 min. Cell lysates were 

then centrifuged (14,000 g, 4°C, 10 min) and the supernatants were removed to a new eppendorf 

and preserved in -20°C until used. Protein concentration was determined using a BCA Protein 
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Assay Kit (Pierce™, Thermo Fisher Scientific) according to the manufacturer’s instructions. 

Briefly, the standard albumin offered from the kit was applied to make the standard protein 

concentration. Pre-dilute the testing samples (15 times) were necessary because of their high 

protein concentrations. Plates were incubated in 37°C for 2 h followed by measure the 

absorbance at 562nm with microplate spectrophotometer (Power Wave XS2, BioTek, Winooski, 

VT, USA). Protein concentrations of testing samples were calculated by interpolating the reading 

into the standard sample curve. 

 

3.3.5 SDS-PAGE and western blot assay 

SDS-PAGE (Mini-PROTEAN Tetra, Bio-Rad, Hercules, CA, USA) was performed using 

15% resolving (Bio-Rad) and 4% stacking gels in electrophoresis buffer (NEXT GEL®, Radnor, 

PA, USA) (Appendix 1). Cell lysates (25 ug protein) were mixed with 3X Reducing Blue 

Loading Buffer (New England Biolabs, Ipswich, MA, USA) and supplemented with 100mM 

DTT (Thermo Fisher Scientific). Samples were then heated (95°C, 5 min) and centrifuged to 

pellet particulates before loading and electrophoresed (EC-200XL, Thermo Fisher Scientific™) 

along with a prestained ladder (10 to 180 kDa, PageRuler™, Thermo Fisher Scientific) at ~100 

V. 

Gels were then rinsed with Milli-Q water and soaked in cathode buffer (0.025M Tris, 0.04M 

glycine, and 10% methanol, pH 9.4) for 15 min. PVDF transfer membranes (0.45 µm, 

MilliporeSigma) were activated in methanol for 3 min and soaked in anode II buffer (0.025M 

Tris and 10% methanol, pH 10.4). Three filter papers (extra thick, Pierce™, Thermo Fisher 

Scientific) were soaked in anode I (0.3M Tris and 10% methanol, pH 10.4) anode II and cathode 

buffer each separately for 15 min. The sequence of transfer sandwich from anode to cathode 

plate was filter paper with anode I buffer, filter paper with anode II buffer, membrane, gel and 
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finally filter paper with cathode buffer. Transfer was performed with a semi-dry blotter 

(Pierce™, Thermo Fisher Scientific) system. 

After transfer, the membranes were rinsed in Milli-Q water and agitated in blocking 

solution [0.05% PBST (PBS with 0.05% TWEEN 20; Thermo Fisher Scientific) with 5% skim 

milk (Carnation®, NESTLÉ®, Vevey, Switzerland)], for 10 min. Membranes with protein MW 

less than 25 kDa were incubated with rabbit anti-LC3B (LC3) antibody (New England Biolabs, 

Ipswich, MA, USA), while the membranes with protein MW more than 25 kDa were incubated 

with rabbit anti-β-tubulin antibody (New England Biolabs, Ipswich, MA, USA) or mouse anti-

VHSV monoclonal antibody (Aquatic Diagnostics Ltd, Stirling, UK) for VHSV N protein. 

Primary antibodies were diluted in blocking solution at 1:10,000 (LC3-B), 1:20,000 (β-tubulin), 

and 1:8,000 (VHSV) respectively, and incubated overnight (ON) at 4°C with agitation. The 

membranes were then washed with PBST (3x, 5 min/time) and incubated at RT for 1 h with 

agitation with horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG Fc (Novex™, 

Thermo Fisher Scientific) or goat anti-muse IgG (H+L) (Novex™, Thermo Fisher Scientific) 

diluted in blocking solution. The secondary antibody was diluted 1:10,000 for LC3B blots, 

1:20,000 for β-tubulin blots and 1:10,000 for VHSV N protein blots. The membranes were then 

washed with 0.05% PBST again (5x, 5 min/time) followed by application of ECL™ Prime 

Western Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA) and ChemiDoc™ 

XRS+ system (Bio-Rad) to detect the blots. Image Lab™ software (Bio-Rad) was used for 

quantification of signal, represented as volume of photo-density. The ratio of LC3II to β-tubulin 

was used to represent the relative abundance of autophagy activity for each treatment.  

 

3.3.6 Double immunofluorescence staining assay  

Cells were detached using trypsin and suspended as described and added to Shandon 
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Cytospin 2 centrifuge slides (Marshall Scientific, Hampton, NH, USA) (600 rpm, 4 minutes). 

Attached cells were fixed using acetone at -20°C for 20 min followed by air drying. The LC3II 

antibody was diluted in PBS to 1:75 and incubated at 4°C ON. After the LC3II primary antibody 

was incubated for 6 h, the mouse monoclonal antibody for VHSV N protein (Aquatic 

Diagnostics Ltd, Stirling, UK) was added to make the final working concentration equal to a 

1:100 dilution. After rinsing the slide with PBS, goat anti-rabbit IgG (Dylight 488, Novus 

Biologicals, Littleton, CO, USA) at 1:1,000 was incubated at RT for 1 h. After rinsing the slide 

with PBS again, a donkey anti-mouse IgG secondary antibody (Dylight 594, Novus Biologicals) 

for VHSV N protein diluted 1:1,000 was incubated at RT for 1 h. Nuclei were counterstained 

with 20uM DAPI Nucleic Acid Stain (Invitrogen, Carlsbad, CA, USA) and finally the slides 

were covered with mounting solution (PBS with 10% glycerol). The immunofluorescence was 

examined using a Zeiss Observer.A1 microscope (Carl Zeiss, Oberkochen, Germany) under 

1,000 times magnification with AxioVision Rel.4.8 software.  

 

3.3.7 RNA extraction  

The RNeasy Mini Kit (QIAGEN, Hilden, Germany) was used following the manufacturer’s 

instructions with a few exceptions. The 700l of RW1 buffer was split into two 350l buffer 

rinses and a DNase digestion step was added between the rinse steps by using RNase-Free 

DNase Set (QIAGEN, Hilden, Germany) with incubation of the membrane at RT for 15 min. The 

RNA concentrations were measured using a NanoDrop One (Thermo Fisher Scientific, Waltham, 

MA, USA) spectrophotometer and the RNA yields were diluted to 100ng/l in nuclease free 

water (Invitrogen) before samples were preserved at -80°C until use. 

 

3.3.8 Reverse transcription  
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Extracted RNA was reverse transcribed to cDNA by using a High-Capacity cDNA Reverse 

Transcription Kit with RNase Inhibitor (Thermo Fisher Scientific) following the manufacturer’s 

instructions. The mixture was composed of 1.25l nuclease free water, RT buffer 2.5l, 1.25l 

dNTP, 2.5l random primers, 1.25l reverse transcriptase, and 1.25l RNase Inhibitor plus 15l 

100ng/l RNA to make a 25l final reaction volume. Reverse transcription was performed in a 

thermal cycler (Techne, Staffordshire, UK) as follows: preheat to 105°C; one cycle of primer 

annealing at 25°C for 10 min; DNA polymerization at 37°C for 2 h; enzyme deactivation at 85°C 

for 5 min; and finally chilling to 10°C. The cDNA was then diluted with 125l nuclease-free 

water to a final 150l volume with 10ng RNA reverse transcription product/l and preserved at -

20°C until used.  

 

3.3.9 Quantitative polymerase chain reaction (qPCR) 

    Quantitative PCR (qPCR) was performed using the LightCycler® 480 SYBR Green I 

Master kit (Roche, Basel, Switzerland) and the LightCycler® 480 Instrument II system (Roche). 

The reaction volume was composed of 10l Master mix, 1l 10M forward primer, 1l 10M 

reverse primer, 6l nuclease free water plus 2l cDNA sample to make a 20l final volume in 

each well. The primers used were designed for a previous study in Rtgill-W1 [Appendix 2; 

(Balmori-Cedeno et al. 2019)]. The qPCR was run with the following program: 95°C pre-

incubation for 5 min followed by 40 cycles of amplification composed of 95°C for 10 s, 60°C for 

20 s and 72°C for 15 s. Melting at 95°C for 5 s, 65°C for 1 min and a final cool down to 40 °C 

for 10 s. Three technical replicates were performed and the mean of the Ct values were used for 

gene expression. If a single technical replicate caused the standard deviation larger than 1 it was 

removed.  

Gene expression was expressed as fold of the ΔCt value (target gene to internal control 
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gene) in cells after treated for 1 d to the ΔCt value (target gene to internal control gene) in cells 

before treatment (Day 0). The housekeeping gene ef1 was the best internal control in a previous 

study in RTgill-W1 (Balmori-Cedeno et al. 2019) and was used here as well. The formula to 

determine gene expression was applied as in the previous research with a minor modification that 

the efficiency of all the primer sets were presumed to be 2: 

2-ΔΔCt =2-[Ct treatment (target gene−ref gene) / Ct control (target gene−ref gene)] 

 

3.3.10 Reverse transcription quantitative PCR (RT-qPCR) assay 

    A one-step RT-qPCR previously developed in this laboratory with minor modifications was 

used to detect the VHSV IVb viral RNA copy number in the cellular RNA extraction (Al-

Hussinee et al. 2016). The LightCycler® 480 RNA Master Hydrolysis Probes (Roche) kit was 

applied in the LightCycler® 480 Instrument II system (Roche) according to the instruction of the 

manufacturer to perform the one-step RT-qPCR. Primer and probes used target a conserved 

region of VHSV IVb N gene (Hope et al. 2010). The forward primer: 5’-

ACCTCATGGACATCGTCAAGG-3’, the reverse primer: 5’-CTCCCCAAGCTTCTTGGTGA-

3’ and the probe: 5’-(6-FAM)-CCCTGATGACGTGTTCCCTTCTGACC-(BHQ-1)-3’. The 

standard curve for VHSV was produced with a VHSV gBlocks® Gene Fragments (IDT, 

Coralville, IA, USA) composed of 480 bp of the N gene (GenBank Accession Number: 

KY359354.2). The gBlock was reconstructed to 33.72 fmol/l and convert the unit to copies/l. 

The gBlock was serially diluted 10 fold from 1X 108 to 1X 101 copies/l and these 

concentrations were used to produce the standard curve. RT-qPCR program as follow was 

conducted: reverse transcription at 63°C for 3 min followed by denaturation at 95°C for 30 s. 

The amplification was at 95°C for 12 s, 60°C for 45 s, and 72°C for 1 s for 40 cycles and a final 
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cooling step at 40°C for 10 s. Each reaction contained 7.4l LightCycler 480 RNA Master 

Hydrolysis Probes, 5.3l nuclease free water, 1l of 10uM forward primer, 1l of 10uM reverse 

primer, 1l of 0.25uM probe, 1.3l of activator and 3l of gBlock standard or RNA products 

(300ng RNA) to make a 20l final volume. Three technical replicates of all samples were 

performed. If the average Ct value of an individual sample had standard deviation larger than 1, 

the outlying technical replicate was removed. 

 

3.3.11 Statistical Analysis 

    Stata 14 (StataCorp, College Station, TX, USA) software was used for statistical analyses. A 

Shapiro-Wilk was used to determine normal distribution and a Bartlett's test was used to 

determine variance. A one-way analysis of variance (ANOVA) followed by the post hoc analysis 

was used to compare the results of LC3II to β-tubulin signal ratios, gene expression and viral 

genome copy number between the treatments if the data had a normal distribution and was of 

equal variance. If this was not the case a Kruskal-Wallis test was followed by a Wilcoxon–

Mann–Whitney test. Depending on the distribution and variance of the data, a Student’s t-test or 

a Kruskal-Wallis test was applied to examine target gene RNA expression for each treatment 

compared to the expression of the same gene at day 0. Unless otherwise mentioned, p < 0.05 was 

considered statistically significant. 
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3.4 Results 

 

3.4.1 Effect of VHSV IVb infection on LC3II  

    After 1 d the RTgill-W1 cells exposed to virus (0.1 MOI inactivated, and 0.1 and 0.3 MOI 

viable) had decreased LC3II detected by western blot. A significant difference from controls was 

only seen in the 0.1 and 0.3 MOI viable virus infection groups (Fig 3.1a,b). The decreased LC3II 

signal was also be seen in cells after infection with VHSV IVb for 2 d although a significant 

decrease was only seen in the cells infected with 0.3 MOI (Fig 3.1b). There was no significant 

difference in LC3II signal in all treatments 3 d after infection.  
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a) 

 

       

b) 

 

Fig 3.1 LC3II signal in RTgill-W1 after exposure to 0.3 and 0.1 MOI VHSV IVb or 0.1 MOI of 

inactivated virus from Day 1 to 3. a. Representative western blot of the internal control (β-

tubulin) and LC3II from cells 1 d after treatment with 0.1 MOI inactivated virus, 0.1 MOI and 

0.3 MOI viable VHSV IVb for 1 h and controls (Ctrl) with 50M CQ. b. The photo-density 

volume ratio of LC3II to β-tubulin of different treatments from Day 1 - 3. The results are 

presented as means ± SD. (n=4). Different letters represent statistical significance between 

treatments (p < 0.05)  
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3.4.2 Effect of VHSV IVb infection on LC3II in autophagosomes  

There were numerous scattered punctate green immunofluorescent spots (autophagosomes 

or autophagolysosomes) seen in the cytoplasm of RTgill-W1 cells 1 d after incubation with basal 

L-15 medium for 1 h (control, Fig 3.2). In comparison, cells treated with 1.0 MOI VHSV IVb for 

1 h had very few faint immunofluorescent spots. Uninfected cells had no viral antigen while a 

strong signal was detected in viral-infected cells. 
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Fig 3.2 Immunofluorescent detection of LC3II, nuclei (DAPI) and VHSV IVb in RTgill-W1. The 

cells were treated with basal L-15 medium (control), or VHSV IVb 1.0 MOI for 1 h followed by 

incubation in their original media for 1 d. Green fluorescence represents LC3II with puncta 

representing autophagosomes or autophagolysosomes, blue fluorescence represents nuclei and 

red fluorescence represents VHSV IVb N protein. Images were taken at 1,000 times 

magnification.  
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3.4.3 Effect of autophagy modulation on the VHSV IVb N-protein semi-quantification in 

RTgill-W1 by western blot  

All five treatments (2% FBS, rapamycin 50nM for 4 h, 5mM 3-MA, 1M DON, 50M CQ) 

tended to decrease the viral protein detected in VHSV IVb infected cells after 3 d no matter their 

capability to activate or inhibit autophagy (Fig 3.3a, b). However, the decrease was not 

statistically significant in cells treated with modulators that activated autophagy (2% FBS and 

rapamycin). The decrease in VHSV N-protein was statistically significant in the cells treated 

with autophagy inhibiting/blocking modulators including 3-MA, DON and CQ. 
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a) 
 

 

b) 

 

Fig 3.3 Effect of autophagy modulating chemicals on VHSV IVb viral N protein in RTgill-W1. a. 

A representative western blot of β-tubulin and VHSV N protein in RTgill-W1 cells infected with 

VHSV IVb for 1 h and followed by incubation with autophagy modulating chemicals [10% fetal 

bovine serum (FBS) (Ctrl), 2% FBS,10% FBS with rapamycin (rapa) 50nM for 4 h, 5mM 3-MA, 

1M DON or 50M CQ] for 3 d. Neg Ctrl (cells not infected with VHSV IVb), Ctrl (cells 

infected with 0.3 MOI VHSV IVb). b. The photo-density volume ratio (mean ± SD, n=4) of 

VHSV IVb N protein to β-tubulin after 3 d of different treatments. Different letters represent 

statistical significance between treatments (p < 0.05) 
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3.4.4 Effect of autophagy modulating chemicals on the VHSV IVb genome copy number 

in RTgill-W1 using RT-qPCR  

 

All five treatments (2% FBS, rapamycin 50nM for 4 h, 5mM 3-MA, 1M DON, 50M CQ) 

significantly decreased the viral genome copy number in VHSV IVb-infected RTgill-W1 cells 

after 3 d (Fig 3.4). There was a significant reduction in genome copy number compared with the 

control treatment, in the following order: CQ had the highest reduction followed by DON, 3-

MA, 2% FBS and rapamycin. Although all of these treatments significantly decreased the viral 

genome copy number compared with control cells, the treatments that blocked/inhibited 

autophagy including CQ, DON and 3-MA had the highest potential to decrease viral replication. 
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Fig 3.4 Effect of autophagy modulating chemicals [10% fetal bovine serum (FBS), 2% FBS, 

10% FBS with rapamycin (rapa) 50nM for 4 h, 5mM 3-MA, 1M DON or 50M CQ] on the 

VHSV IVb genome copy number in RTgill-W1 cell 3 days after infection with 0.3MOI VHSV 

IVb for 1 h. The viral genome copy number per 300ng RNA extract from the cell lysates of 

different treatments. The results are presented as means ± SD. (n=4). Different letters represent 

statistical significance between treatments (p < 0.05) 
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3.4.5 Effect of autophagy modulating chemicals on antiviral cytokine gene expression in 

RTgill-W1 using qPCR  

 

The expression of type I interferon (IFN1) mRNA in cells treated with 2% FBS and CQ was 

significantly lower than in controls (10% FBS) while it was significantly but minimally higher in 

cells treated with DON (Fig 3.5). There was no significant difference in IFN1 gene expression in 

rapamycin and 3-MA treated cells compared with controls. The Mx-1 gene expression levels 

were too low to make a comparison between the treatments although the result did suggest that 

all the treatments tended to decrease the expression of Mx-1 gene when compared to the control 

treatment (Supplement data 3.1). 
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Fig 3.5 Type I interferon gene expression in RTgill-W1 cells after treatment with autophagy 

modulating chemicals [10 or 2% fetal bovine serum (FBS), 10% FBS with rapamycin 50nM for 

4 h, 5mM 3-MA, 1M DON or 50M CQ] for 3 d. Gene expression on Day 3 for each treatment 

is compared to the gene expression before treatment (dashed line). The results are presented as 

means ± SD (n=5). Different letters represent statistical significance between treatments (p < 

0.05) and an asterix (*) represents a significant difference in gene expression in the treatment 

compared with to Day 0.  
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3.4.6 Expression of Atg in RTgill-W1 after VHSV IVb infection using qPCR 

The Ct of the internal control gene, elongation factor 1-α (ef1), for 1 MOI of VHSV IVb at 

day 1 was significantly higher than the Ct value of the day 1 control treatment and day 0 

pretreatment (Figure 3.6). However, the largest Ct value difference between the treatments was 

within 0.32. 

    Most of the 10 Atg genes had a similar pattern of response 1 d after exposure of the cells to 

VHSV IVb 0.3 and 1 MOI or to poly IC 50 ug/ml (Figure 3.7a-j). In the cells infected with 0.3 

and 1.0 MOI VHSV IVb, there were one (atg13) and three (becn1, atg4 and atg12) genes, 

respectively, that had a significant reduction in expression while none of the 10 Atg had 

significantly increased expression. The trend in half of the genes (atg4, atg12, atg13, becn1, lc3), 

not always statistically significant, was a decrease in Atg expression, particularly when infected 

with the higher MOI.  

    In the cells treated with poly IC, the only statistically significant change in gene expression 

was an increase in atg12 compared with controls at day 1. 
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Figure 3.6 Expression of ef1 in RTgill-W1 before treatment (Day 0) and after exposure to 

different MOI of VHSV IVb or 50g/ml poly IC treatment for 1 d (Ctrl: 10% fetal bovine serum 

control treatment). The results are presented as means ± SD. (n=5). Different letters represent 

statistical significance between treatments (p < 0.05) 
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Figure 3.7 Expression of atg13 (a) and becn1 (b) in RTgill-W1 after infection with 0.3 or 1.0 

MOI of VHSV IVb for 1 h or exposure to 50g/ml poly IC for 1 d compared with unexposed 

controls (Ctrl). Gene expression on Day 1 for each treatment is expressed as fold change to the 

gene expression level before treatment (dashed line). The results are presented as means ± SD. 

(n=5). Different letters represent statistical significance between treatments (p < 0.05). 
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Figure 3.7 Expression of lc3 (c) and gabarap (d) in RTgill-W1 after infection with 0.3 or 1.0 

MOI of VHSV IVb for 1 h or exposure to 50g/ml poly IC for 1 d compared with unexposed 

controls (Ctrl). Gene expression on Day 1 for each treatment is expressed as fold change to the 

gene expression level before treatment (dashed line). The results are presented as means ± SD. 

(n=5). Different letters represent statistical significance between treatments (p < 0.05). 
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Figure 3.7 Expression of atg9 (e) and atg4 (f) in RTgill-W1 after infection with 0.3 or 1.0 MOI 

of VHSV IVb for 1 h or exposure to 50g/ml poly IC for 1 d compared with unexposed controls 

(Ctrl). Gene expression on Day 1 for each treatment is expressed as fold change to the gene 

expression level before treatment (dashed line). The results are presented as means ± SD. (n=5). 

Different letters represent statistical significance between treatments (p < 0.05). 
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Figure 3.7 Expression of atg7 (g) and atg12 (h) in RTgill-W1 after infection with 0.3 or 1.0 MOI 

of VHSV IVb for 1 h or exposure to 50g/ml poly IC for 1 d compared with unexposed controls 

(Ctrl). Gene expression on Day 1 for each treatment is expressed as fold change to the gene 

expression level before treatment (dashed line). The results are presented as means ± SD. (n=5). 

Different letters represent statistical significance between treatments (p < 0.05). 
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Figure 3.7 Expression of atg5 (i) and atg16 (j) in RTgill-W1 after infection with 0.3 or 1.0 MOI 

of VHSV IVb for 1 h or exposure to 50g/ml poly IC for 1 d compared with unexposed controls 

(Ctrl). Gene expression on Day 1 for each treatment is expressed as fold change to the gene 

expression level before treatment (dashed line). The results are presented as means ± SD. (n=5). 

Different letters represent statistical significance between treatments (p < 0.05). 
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3.5 Discussion 

 

    Cellular response via autophagy to intracellular pathogens and their antigens is an emerging 

research area. The central role of autophagy in antigen processing and presentation make 

autophagy a potential route to influence immunity and disease development especially for 

intracellular pathogens (Paludan et al. 2005; Schmid et al. 2007; English et al. 2009). However, 

the complexity of the interaction between host and pathogen has led to the demonstration that 

variable outcomes occur even when similar research models are employed (Garcia-Valtanen et 

al. 2014; Liu et al. 2015). Previously the rainbow trout epithelial cell line RTgill-W1 was shown 

to be susceptible to VHSV IVb infection (Pham et al. 2013) but pretreatment of the cells with 

heat-inactivated VHSV IVb reduced virus replication without increased expression of antiviral 

cytokines (Al-Hussinee et al. 2016). In the present research, we aimed to explore the role of 

autophagy in the RTgill-W1 during infection with VHSV IVb. 

In the present study, the LC3II signal in RTgill-W1 was significantly reduced after VHSV 

IVb infection for two days but this effect was lost by the third day. In the cells exposed to 

inactivated VHSV IVb there was also a decrease in the LC3II signal but this change was not as 

consistently statistically significant. At the same time, the expression of atg13, becn1, atg4 and 

atg12 was significantly decreased one day after VHSV IVb infection while lc3 had a similar but 

less significant trend. Infection with higher viral MOI, however, was required to observe the Atg 

gene down-regulation and the reduction seen in biological terms seems relatively small even if 

five of ten genes examined were affected. Inhibition of autophagy in RTgill-W1 therefore occurs 

early in VHSV IVb infection and less dramatically with inactivated virus. This phenomenon 

could partly explain the subtle but consistent action of inactivated virus protecting RTgill-W1 

from VHSV IVb infection without activation of anti-viral cytokines (Al-Hussinee et al. 2016).  
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The results of the present study however, are not in agreement with two previous 

publications examining the interaction of rhabdovirus and fish cell lines. Viral subunits, such as 

the G-protein, activated autophagy and reduced the replication of both VHSV Ia and SVCV in 

zebrafish embryonic fibroblast cells (Garcia-Valtanen et al. 2014). In addition, inhibition of 

autophagy using 3-MA promoted virus replication (Garcia-Valtanen et al. 2014). On the other 

hand, in EPC cells infected with SVCV, which is also a piscine rhabdovirus, viral subunits also 

activated autophagy but in contrast viral replication was increased (Liu et al. 2015). Inhibition of 

autophagy using siRNA and 3-MA also decreased the viral titre (Liu et al. 2015). There are 

numerous technical differences between these studies that might explain the differences noted 

including the cell line used, genotype of the virus and different pathogens even though they are 

all rhabdoviruses. Our lab has demonstrated that Atg gene response to reduced nutrition, as an 

example, even in different rainbow trout cell lines, varies significantly (Chapter 2, Balmori-

Cedeno 2019, J. Pham pers. comm.). These results further indicate that the interaction of 

autophagy in host cells and intracellular pathogens is very complex and reaching a consensus on 

the relevance of autophagy will require substantially more research. 

   In the present study, no clear conclusion can be reached regarding the effect of autophagy 

activation (2% FBS and rapamycin) on viral copy number in RTgill-W1 cells. Although both 

applied treatments significantly decreased the VHSV IVb genome copy number in the cells when 

comparing to controls, the difference was minimal and more importantly, less dramatic than the 

effect of autophagy-inhibiting (DON and 3-MA) and blocking (CQ) agents. Furthermore, the 

viral N-protein abundance in RTgill-W1 was not significantly different when the autophagy-

activating treatments were used but was when autophagy inhibiting/blocking treatments were 

used. Although these result are in conflict with studies that showed that activation and inhibition 

of autophagy would cause different results on viral replication (Lee et al. 2008; O'Donnell et al. 
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2011; Liu et al. 2015). The results of the present research indicate that autophagy activation 

doesn’t seem to play an important role in VHSV IVb replication in this cell line. This was also 

the case in chicken fibroblast cells infected with Newcastle disease virus (NDV) (Sun et al. 

2014). Autophagy inhibition (using wortmannin) and blockage (CQ) both inhibited the 

replication of NDV while rapamycin was unable to activate autophagy and the effect of 

autophagy activation on viral replication was not clear. The author speculated that the 

underwhelming response to viral replication influenced by rapamycin was because the cells were 

not sensitive to this chemical. This observation is in agreement with our results in RTgill-W1. 

We showed in the previous chapter that rapamycin could only induce autophagy in RTgill-W1 

for a very short period and inconsistently significant. Considering that rapamycin could not 

reliably activate autophagy and that application of a low FBS concentration was inconsistent in 

its’ effect (inhibited autophagy at Day 1; activated autophagy at Day 3; Chapter 2), use of a 

stronger activator of autophagy is needed.  

Treatment of RTgill-W1 with 3-MA mildly suppressed autophagy activity accompanied 

with an up-regulation of most Atg genes examined (Chapter 2). In the present chapter, 3-MA 

treatment significantly, but less dramatically than either DON or CQ, inhibited both the genome 

copy number and N-protein production of VHSV IVb in RTgill-W1. Although the inhibition of 

VHSV by 3-MA was not dramatic in the present in vitro model, the results agree with the 

majority of publications demonstrating that inhibition of autophagy by 3-MA decreased viral 

propagation (Lee et al. 2008; Zhou et al. 2009; Schiøtz et al. 2010; O'Donnell et al. 2011; Liu et 

al. 2015). On the other hand in human keratinocytes infected with human papillomavirus 

autophagy activation inhibited viral infection, while inhibition of autophagy by 3-MA delayed 

degradation of viral protein and increased viral infectivity (Griffin et al. 2013). In zebrafish 

fibroblasts infected with SVCV or VHSV autophagy inhibition by 3-MA also increased viral 
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yield (Garcia-Valtanen et al. 2014). 

Treatment of RTgill-W1 with DON significantly inhibited VHSV IVb gene copy number 

and very significantly reduced viral N-protein, in keeping with its’ demonstrated impairment of 

protein production (Ehrlich and Daigle 1987). It also significantly inhibited autophagy (Chapter 

2), however, to our knowledge there is no other research examining the role of DON in 

autophagy and infectious disease at the same time. DON did up-regulate type I interferons, 

including IFN-α and IFN-β, in newborn pig trachea cells (NPTr cells) (Savard et al. 2015). 

Considering that DON is also widely involved in immune modulation (Rotter 1996) and it was 

the only treatment that significantly up-regulated the expression of type I interferon gene in the 

present study (albeit not dramatically), this likely contributed to some degree to inhibit VHSV 

IVb replication in RTgill-W1. There is evidence that DON can exacerbate the development of 

virus disease in vivo, such as reovirus in mice (Li et al. 2005; Li et al. 2007) and infectious 

bursal disease virus in chickens (Dänicke et al. 2011). On the other hand, Savard demonstrated 

that DON inhibited porcine reproductive and respiratory syndrome virus replication in vitro but 

exacerbated the severity of viral-associated histopathological lesions in pigs without a significant 

change in the viral titer after DON ingestion (Savard et al. 2014a; Savard et al. 2014b). The 

influence of DON in vivo is more complex than in in vitro, potentially because immune 

modulation, for example, is also impacted by DON. Although DON seems to have some 

capability to inhibit virus replication in in vitro research to date, more research on the influence 

of DON on viral infection in vivo should be conducted including further examination of the 

impact of autophagy. 

    Chloroquine is a chemical that is widely applied to block the maturation of autophagic flux. 

In Chapter 2, CQ successfully blocked the degradation of the autophagosome that resulted in 

accumulation of LC3II signal and up-regulated Atg gene expression more potently than the 
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autophagy activating treatments (2% FBS medium). In the present study, CQ-induced blockage 

of autophagy and decreased VHSV IVb gene copy number and N protein, which implies that a 

suppression of viral replication occurred. This phenomenon was also seen in research that 

applied different types of virus, including hepatitis C virus (positive-sense single-stranded RNA 

virus) (Mizui et al. 2010), Newcastle disease virus (negative-sense single-stranded RNA virus) 

(Sun et al. 2014), avian reovirus (double-stranded RNA virus) (Meng et al. 2012), porcine 

circovirus type 2 (single-stranded DNA virus) (Zhu et al. 2012), and infectious kidney and spleen 

necrosis virus (double-stranded DNA virus) (Li et al. 2017). However, there are also a few 

reports that chloroquine promotes viral replication. Maheshwari reported that CQ enhanced 

Semliki Forest virus and encephalomyocarditis virus titers in mice brain (Maheshwari et al. 

1991), although the inhibition of autophagy by knocking out atg5 did not affect Semliki Forest 

Virus gene expression in fibroblasts (Eng et al. 2012). Considering CQ might also influence viral 

propagation through other cellular responses such as inhibition of cell fusion (Dille and Johnson 

1982) and inhibition of disassembly of virus-containing endosomes (Zhang et al. 2019), the 

application of CQ for its’ potential anti-virus capability especially through autopahgy is worth 

further exploration including in fish viral disease.  

    In the present study we demonstrated that autophagy suppression in a rainbow trout gill 

epithelial cell line also modulated or suppressed the VHSV IVb life cycle. The absolute role of 

autophagy within the viral inhibition phenomenon and the impact on virus replication later in the 

cell cycle (e.g. Day4-7) needs to be examined to better determine its biological relevance. 

Different rainbow trout cell lines and different viral pathogens should be examined to see if the 

phenomena identified are more widely applicable. More importantly and potentially more 

relevant is the need to examine the protection afforded by modulating autophagy to intracellular 

pathogens causing disease in rainbow trout or other fish in vivo. 
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CHAPTER 4: Autophagy Modulation in Rainbow Trout (Oncorhynchus mykiss) and 

Resistance to Experimental Infection with Flavobacterium psychrophilum 

 

This chapter is formatted according to guidelines of the Journal of Fish Diseases 
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4.1 Abstract 

    Previously, rainbow trout fed deoxynivalenol (DON) or partially fed (pair-fed) for 4 weeks 

before and during experimental infection with Flavobacterium psychrophilum had significantly 

decreased mortality rates. Similar results were obtained in the present study after 12, but not after 

six, days feeding 5ppm DON or pair-fed before infection. Furthermore feeding 250ppm 

chloroquine (CQ) also reduced mortality (p=0.052) compared with controls and may have 

promise for treatment of fish. Similar groups of fish were maintained on the respective 

treatments for 15 d, with an additional group that was fasted, but were not infected to monitor 

autophagy. Fish that were fasted or fed DON had significantly increased LC3II in the liver and 

fasted fish had significantly decreased LC3II in muscle compared with controls using western 

blot. There was no difference in LC3II signal in the spleen of any treatment group. Fish that were 

fasted or pair-fed had significantly up-regulation of the Atg genes lc3, gabarap, atg4, atg7 and 

atg12 in muscle using quantitative PCR. Less alteration of Atg gene expression was seen in liver. 

Fish treated with CQ had significantly increased expression of becn1, lc3, atg4 and atg12 in the 

liver. Fish fed DON for 15 d had few alterations of Atg genes in either the liver or muscle. It is 

still not clear if the autophagy is responsible for the resistance of rainbow trout fed DON, CQ or 

pair-fed before F. psychrophilum infection.  
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4.2 Introduction 

  

   Deprivation or reduction of feed during a mortality event due to infectious disease is one 

option for impact reduction traditionally applied in aquacultured fish (Damsga˚rd et al. 2004; 

Wise et al. 2008). The implementation of this practice is haphazard, i.e. length of time for feed 

restriction, and it doesn’t seem to work for some pathogens. There are however some good 

examples for a beneficial effect from this practice. Atlantic salmon (Salmo salar) that were 

totally deprived of feed had a higher survival rate than normally fed fish after experimental 

infection with Vibrio salmonicida, the cause of cold water vibriosis, although partially starved 

fish had the highest mortality in the same trial (Damsga˚rd et al. 2004). Channel catfish 

(Ictalurus punctatus) fingerlings experimentally infected with Edwardsiella ictaluri, the cause of 

catfish enteric septicemia, but that were feed-restricted or not fed had lower mortality than 

normally fed fish (Wise et al. 2008). A similar result was also seen when rainbow trout were 

infected with Flavobacterium branchiophilum, the cause of bacterial gill disease (MacPhee et al. 

1995). Rainbow trout (Oncorhynchus mykiss) that were partially fed or received feed containing 

deoxynivalenol (DON) had higher resistance to experimental infection with Flavobacterium 

psychrophilum, the cause of bacterial coldwater disease (Ryerse et al. 2016) and DON did not 

impact growth of the bacterium (Ryerse et al. 2015). Since rainbow trout fed DON have a lower 

appetite than control fish (Hooft et al. 2011) both DON-fed and pair-fed groups were included 

and while the pair-fed fish had a significant reduction in mortality the DON-fed groups’ survival 

was still higher (Ryerse et al. 2015; Ryerse et al. 2016).  

    In contrast, other research has revealed that feed restriction may not be beneficial. Feed 

restriction of channel catfish experimentally infected with Edwardsiella ictaluri was only 

effective in market size fish; feed deprivation in first-year catfish resulted in higher mortality 
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(Okwoche and Lovell 1997; Lim and Klesius 2003). In addition, channel catfish that were not 

fed before and after experimental infection with Flavobacterium columnare had significantly 

higher mortality than the fish that were partially- or fully-fed (Shoemaker et al. 2003). 

    Although the practice to stop or reduce feeding to alleviate fish mortality during an 

infectious event is widely known (Wise et al. 2008), the mechanism for any beneficial (or 

negative) effect is not well understood. There are several potential points that might contribute to 

explain this phenomenon. Feeding degrades water quality (MacPhee et al. 1995), fed fish have 

higher oxygen demands (MacPhee et al. 1995) and deprivation of feed could cause a limitation 

of a specific nutrient like iron, which might impact the pathogen (Damsga˚rd et al. 2004). Since 

many of the experimental infections have monitored water quality and provided fish with well 

oxygenated water these factors are not likely responsible. The phenomenon has also been seen 

with multiple different, albeit exclusively bacterial pathogens, and a single feed nutrient is also 

therefore less likely.  

    Autophagy is a mechanism that eukaryotic cells use to degrade and remove sequestered 

intracellular components in autophagosome by applying lytic enzymes from the lysosome 

(Yorimitsu and Klionsky 2005; Yang and Klionsky 2010). It is a highly conserved mechanism in 

all eukaryotic cells that is critical for normal metabolism and can be activated in response to 

some negative conditions such as starvation (Yorimitsu and Klionsky 2005; Cuervo and Macian 

2012; Rubinsztein et al. 2012). Autophagy also substantially impacts immune modulation and 

plays a role in the development of numerous infectious diseases (Schmid and Munz 2007; 

Mizushima et al. 2008; Williams et al. 2008; Orvedahl and Levine 2009). The majority of 

research on autophagy has taken place in humans, laboratory animals and livestock. Autophagy 

research in fish is relatively sparse and has focused on a few fish species including zebrafish and 

rainbow trout (Seiliez et al. 2010; Varga et al. 2015; Xia et al. 2019). The research to date has 
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been limited to the influence of autophagy on fish rhabdovirus infection in cell lines. These 

studies support a role for autophagy influencing infection however the exact role, i.e. activation 

or inhibition remains to be determined (Garcia-Valtanen et al. 2014; Liu et al. 2015). To our 

knowledge, there is no research indicating that autophagy can influence the outcome of an 

infectious disease in fish in vivo.  

    The purpose of this research therefore was to explore the connection between autophagy 

and susceptibility of rainbow trout to F. psychrophilum. Reduced nutrition and DON both 

significantly lowered the mortality rate, with DON having a greater effect, in rainbow trout 

experimentally infected with F. psychrophilum (Ryerse et al. 2016; Ryerse et al. 2015). Research 

from Chapter 2 has demonstrated that reduced nutrition activates autophagy while DON inhibits 

it in rainbow trout cells in vitro. We will therefore examine autophagy in muscle, liver and spleen 

of rainbow trout infected with F. psychrophilum after treatment with DON or provided a 

restricted ration. In addition chloroquine (CQ), which blocked autophagy and caused increased 

expression of autophagy genes in Chapter 2 of this thesis was also used.  
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4.3 Materials and Methods 

 

4.3.1 Experimental animals 

The rainbow trout (Oncorhynchus mykiss) were purchased from a commercial fish farm, 

Trillium Springs Fish Farms, Holland Centre, Ontario. They were treated with 40 ppm 

formaldehyde for 1 h upon arrival and kept in a single environmentally controlled aquatic 

recirculating system (ECARS) in Hagen Aqualab in University of Guelph. The water temperature 

was maintained in 11°C and the photoperiod was 12 h light and 12 h dark daily. The fish were 

fed with a commercial diet (Martin Mills, Elmira, ON, Canada) at 2% of their average biomass 

daily during the acclimation period.  

To provide the different feed treatments, the fish were divided into 5 ECARS tanks with 600 

gallons of water each, and the fish in each tank were then fed either: commercial diet as above as 

control feed (2% biomass/day maximum); or the commercial diet containing 250 ppm CQ (2% 

biomass/day maximum); 5 ppm DON (2% biomass/day maximum); or pair-fed (fed equal to the 

lowest rate measured in the previous three groups); and fish that were fasted (fasted for 7 d 

followed by feeding the commercial diet at 0.5% biomass daily). Each tank contained 250 fish 

except the fasted tank that had 134 fish. Nine fish from each tank were haphazardly selected and 

euthanized and gill, liver, heart, spleen, head kidney, muscle and intestine were sampled at 1 day 

before, 1, 3, 7, 15 and 24 d after feeding treatment diets (Fig 4.1). Tissue samples from 3 of the 9 

fish were fixed in 10% neutral formalin for histology examination and tissues of the other 6 fish 

were split in two; for protein and RNA. Samples for protein preservation were flash frozen in 

liquid nitrogen and then preserved in -80°C, while samples for RNA were preserved in RNAlater 

(0.5M EDTA 40ml, 1M Sodium citrate 25ml, ammonium sulfate 700g and ultrapure water 

935ml, pH 5.2) and stored at -20°C. 
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Two batches of fish from each treatment except the fasted fish were subjected to 

experimental infection with strain FPG10 of Flavobacterium psychrophilum (Jarau et al. 2018) 

on the 7th (1st infection) and 13th (2nd infection) d of the diet regimen. Eighty fish were 

haphazardly chosen from each treatment group in the ECARS and they were moved to duplicate 

200 L tanks of 40 fish each in the experimental infection room. Fish were intraperitoneally (IP) 

injected with 3.9X108 colony/ fish for the 1st infection and with 1.1X109 colony/ fish for the 2nd 

infection. For each infection, 20 control fish fed the unaltered commercial diet were injected with 

same volume of sterile PBS as sham-infected controls. Feeding of all diets was withheld on the 

infection day and the fish were sedated with 50ppm benzocaine (MilliporeSigma, St. Louis, MO, 

USA) for injection. All fish, including those during pre-infection and post-infection were fed 

twice daily at around 9am and 5pm. Fish mortality was recorded three times per day while 

moribund, fish without a righting reflex, with severe exophthalmia and with open lesions were 

removed and counted as a mortality. At the 3rd, 7th and 16th day after infection, 4 fish from each 

infected tank were haphazardly euthanized for protein and RNA and 2 fish from each tank were 

sampled for histology using the procedures described above. The daily feed intake was converted 

to a ratio with biomass and 10 fish were haphazardly chosen to determine the average weight 

every week during pre- and post-infection. This trial was conducted following the animal care 

guidelines of the University of Guelph. 
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Fig 4.1 Experimental timeline. Black represents the timeline before treatment, blue represents the 

timeline after different treatment regimens had begun, and green represents the timeline for the 

1st infection while red represents timeline of 2nd infection. Each triangle represents a sampling 

time point. (D: days after treatment; P: days post infection) 
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  4.3.2 Bacterial culture and suspension preparation 

    An isolate of Flavobacterium psychrophilum (FPG10) was originally cultured from the 

kidney of rainbow trout with necrotic myositis (Lumsden et al. 1996; Jarau et al. 2018). This 

isolate was chosen for the present trial based on its virulence for rainbow trout in preliminary 

trials (data not shown). The bacteria was maintained at -80°C and when needed was grown on 

cytophaga agar (CA) containing 0.05% (w/v) tryptone (Bacto™, ON, Canada), 0.05% (w/v) 

yeast extract (Difco Laboratories, MI, USA), 0.02% (w/v) sodium acetate (Fisher Scientific, MA, 

USA), 0.02% (w/v) beef extract (Difco Laboratories, Detroit, MI, USA), 0.005% (w/v) 

potassium chloride (Fisher Scientific), 0.005% (w/v) magnesium chloride hexahydrate (Fisher 

Scientific) and 0.005% (w/v) calcium chloride dihydrate (Fisher Scientific) in pH 7.5 plus 1.5% 

(w/v) agar (Bacto™, ON, Canada) and 0.2% (w/v) gelatin (Difco). 

Flavobacterium psychrophilum were cultured on the CA at 11°C. The bacterial lawn on agar 

were harvested and suspended in PBS immediately before preparation of the inoculum. The 

bacteria were quantified using a spectrophotometer (GeneQuant pro, GE Healthcare, IL, USA) 

by adjusting the optical density to 0.6 at 600nm (~2.24x109 colony-forming unit (CFU)/ ml). The 

estimated bacterial concentration was confirmed by plating 10x serial dilutions from 101 to 109 in 

triplicate. After incubation at 11°C for 10 d, the agar plates that had 25~250 colonies were 

counted and the CFU/ml in the stock inoculum was calculated (Jarau et al. 2018).  

 

4.3.3 Extraction and quantification of protein form tissue 

The tissues preserved at -80°C were used for protein extraction. Tissues (0.1g) were thawed 

in RIPA buffer [50mM Tris HCl (Thermo Fisher Scientific) pH 7.4, 150mM NaCl (Thermo 

Fisher Scientific), 1% Triton X100 (MilliporeSigma), 1% deoxycholic acid sodium salt (Thermo 

Fisher Scientific), 0.1% SDS (Thermo Fisher Scientific) and 2mM EDTA (Thermo Fisher 
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Scientific), pH 7.4] at a 1:4 ratio. Four Kunitz units of Deoxyribonuclease I (from bovine 

pancreas, MilliporeSigma) and 2l of Protease Inhibitor cocktail (MilliporeSigma) were added to 

each sample. The mixtures were placed in a polypropylene microvials (Biospec, Bartlesville, 

OK, USA) with 1.0mm glass beads (Biospec, Bartlesville, OK, USA) and homogenized 

(Precellys 24, Bertin, Montigny-le-Bretonneux, France) for 3 min, after which 350l of 

homogeneous liquid was withdrawn and incubated in an ice bath with agitation for 30 min. The 

tissue lysates were then centrifuged (14,000 g, 4°C, 10 min) and the supernatants were removed 

to a new eppendorf and preserved at -20°C for further quantification and examination. Protein 

concentration was determined by using a BCA Protein Assay Kit (Pierce™, Thermo Fisher 

Scientific) according to the manufacturer’s instructions. Due to the abundance of protein in 

different tissues and the high yield of protein in the lysate, a 10 to 20x dilution of the tissue 

lysates was required before the BCA assay. 

 

4.3.4 SDS-PAGE and western blot assay 

    SDS-PAGE and western blot assay previously described in Chapter 2 were applied to detect 

the target protein abundance in the tissues with some modifications. Electrophoresis (EC-200XL, 

Thermo Scientific™) was performed with 15% resolving and 4% stacking gels (Appendix 1) in 

electrophoresis buffer (NEXT GEL®, Radnor, PA, USA). Cell lysates (60g protein/ sample) 

were mixed with 3X Reducing Blue Loading Buffer (New England Biolabs, Ipswich, MA, USA) 

and supplemented with 100mM DTT (Acros Organics, Thermo Fisher Scientific). Gel 

electrophoresis and membrane transfer were performed as described in Chapter 2. 

Membranes with protein less than 25 kDa were incubated with rabbit anti-LC3B antibody 

(New England Biolabs, Ipswich, MA, USA), while the membranes with protein more than 25 

kDa were incubated with mouse anti-β-actin antibody (Santa Cruz Biotechnology, Dallas, TX, 
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USA) or rabbit anti-β-tubulin antibody (New England Biolabs, Ipswich, MA, USA). Primary 

antibodies were diluted in blocking solution at 1:2,000 (LC3B), 1:10,000 (β-actin) and 1:10,000 

(β-tubulin), respectively, and incubated overnight (ON) at 4°C with agitation. The secondary 

antibodies were incubated at RT for 1 h with agitation with horseradish peroxidase (HRP) 

conjugated goat anti-rabbit IgG Fc antibody (Novex™, Thermo Fisher Scientific) for LC3B and 

β-tubulin blots and HRP conjugated goat anti-mouse IgG (H+L) antibody (Novex™, Thermo 

Fisher Scientific) for β-actin blots. The secondary antibody was diluted in blocking solution at 

1:4,000 for LC3B blots and 1: 10,000 for β-actin and β-tubulin blots. The blots were developed 

using ECL™ Prime Western Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA) and 

ChemiDoc™ XRS+ system (Bio-Rad, Hercules, CA, USA). Image Lab™ software (Bio-Rad, 

Hercules, CA, USA) was used for quantification of signal, represented as volume of photo-

density. The ratio of LC3 to internal control (β-actin or β-tubulin) was used to represent the 

relative abundance of autophagy activity for each treatment. 

 

4.3.5 Extraction and quantification of RNA from tissue 

The tissues preserved in RNAlater and stored at -20°C were used for RNA extraction by 

applying the RNeasy Mini Kit (QIAGEN, Hilden, Germany) following the manufacturers’ 

instructions. Briefly, ~30mg of tissue was combined with 450l β-mercaptoethanol (Acros 

Organics, Thermo Fisher Scientific) enriched RLT buffer in polypropylene microvials (Biospec, 

Bartlesville, OK, USA) with 1.0mm glass beads (Biospec, Bartlesville, OK, USA) and are 

homogenized (Precellys 24, Bertin, Montigny-le-Bretonneux, France) for 1 to 3 min depending 

on the hardness of the tissue. Between the RW1 buffer washing steps, the RNA was treated with 

80l RNase-Free DNase Set (QIAGEN, Hilden, Germany) at room temperature for 15 min. The 

final product was eluted with 50l RNase free water and the RNA concentration was measured 
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by NanoDrop One (Thermo Fisher Scientific, Waltham, MA, USA) spectrophotometer. The 

extracted RNA samples were diluted to 100ng/ul in nuclease-free water and preserved in -80°C.  

 

  4.3.6 Reverse transcription and quantitative polymerase chain reaction (qPCR) 

Extracted RNA was reverse transcribed to cDNA by using a High-Capacity cDNA Reverse 

Transcription Kit with RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA) 

following the manufacturer’s instruction. The mixture was composed of 1.25l nuclease free 

water, 2.5l RT buffer, 1.25l dNTP, 2.5l random primers, 1.25l reverse transcriptase and 

1.25l RNase Inhibitor plus 15l 100ng/l RNA to make a 25l final reaction volume. Reverse 

transcription was performed in a thermal cycler (Techne, Staffordshire, UK) as follows: preheat 

to 105°C; one cycle of primer annealing at 25°C for 10 min; DNA polymerization at 37°C for 2 

h; enzyme deactivation at 85°C for 5 min; and finally chilling to 10°C. The cDNA was then 

diluted with 125l nuclease-free water to a final 150l volume with 10ng RNA reverse 

transcription product/l and preserved at -20°C until used.  

Quantitative PCR (qPCR) was performed using the LightCycler® 480 SYBR Green I 

Master kit (Roche, Basel, Switzerland) and the LightCycler® 480 Instrument II system (Roche, 

Basel, Switzerland). The reaction volume was composed of 7.5l Master mix, 0.75ul 10M 

forward primer, 0.75l 10uM reverse primer, 4.5l nuclease free water plus 1.5l cDNA sample 

to make a 15l final volume in each well. The primers used were designed for a previous study 

in the rainbow trout gill epithelial cell line (RTgill-W1) (Appendix 2) (Balmori-Cedeno et al. 

2019). Three technical replicates were performed and the mean of the Ct values were used for 

gene expression. Rarely, if a single replicate had standard deviation larger than 1 it was removed. 

Gene expression was expressed as fold change of the target gene in tissue of treated fish after 15 

d to the fold change in tissue before treatment (Day 0). The housekeeping gene ef1 was the best 
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internal control in a previous study in RTgill-W1 (Balmori-Cedeno et al. 2019) and was applied 

in this research. Gene expression was determined by using the formula applied in the cited 

research (Balmori-Cedeno et al. 2019) with a small modification in that the efficiency of all the 

primer sets were presumed to be 2:  

2-ΔΔCt =2-[Ct treatment (target gene−ref gene) / Ct control (target gene−ref gene)] 

 

4.3.7 Statistical Analysis 

    Mortality rates were analyzed first using Proc GLIMMIX (SAS 9.4, Cary, NC, USA) to 

conduct a generalized linear mixed model (logistic regression) for the binary outcome death 

versus alive. Entered into the model were the interaction of fixed effects including treatment, 

tank and time. Tank nested in treatment was treated as the experimental unit repeated in time. 

After collapsing down to treatment effects, simple chi-square test using exact method to compute 

p values were employed to test for treatment effects. This includes Fisher’s Exact Test for 

pairwise comparison tests and odds ratio estimates and confidence limits. 

Atg gene expression data was transformed to log2 (i.e. -ΔΔCT) for the statistical analysis 

and the highest and lowest gene expression samples from each treatment and time point were 

removed. Stata 14 (StataCorp, College Station, TX, USA) software was used for statistical 

analyses. A Shapiro-Wilk was used to determine normal distribution and a Bartlett's test was used 

to determine variance. A one-way analysis of variance (ANOVA) followed by post hoc analysis 

was used to compare the results of western blot assay and gene expression between the 

treatments within the same day. A Student’s t-test was then applied to examine the change in 

gene expression level between Day 0 and the Day 15 within the same treatment. If the data was 

not normally distributed and with equal variance, the ANOVA was replaced with a Kruskal-
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Wallis test followed by a Wilcoxon–Mann–Whitney test to replace the post hoc analysis. Unless 

otherwise mentioned, p < 0.05 was considered statistically significant. 
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4.4 Results 

 

4.4.1 The feed intake rate and average fish weight 

Daily feed intake as a percentage of biomass of uninfected fish was recorded daily from 4 d 

before until 29 d after feeding the different diet regimens (Fig 4.2a). Fish were not fed on the day 

of infection. The control fish received 2% of biomass daily except for a slight decrease intake (< 

0.5%) at day 4, 5, 11 and 12. The fish fed 250 ppm CQ received 2% biomass daily except for a 

slight decrease in intake (< 0.5%) on Day 3, 4 and 5. The fish fed 5 ppm DON received 2% 

biomass daily and had decreased intake from Day 4-6, 11 and 12 and 15-25. The decrease in 

intake was about 0.5% body weight. The pair-fed group received the same amount of feed as the 

DON-treated group except on Day 3 and 26, when they received same amount of feed as CQ 

treatment group. The fasted group of fish consumed all the feed offered. In all cases, feeding was 

monitored to ensure that all the feed was consumed, with the exceptions noted above. 

Overall feed intake rates for fish during the first and second infection trials considered 

together were decreased for about 2 weeks (Day 8-day 23 and Day 14-day 29) (Fig 4.2b, c). The 

decreased appetite was clearer in fish during the second infection trial (as low as approximately 

0.5% biomass for several days) than fish from the first infection batch (around 1% biomass most 

days). During these trials, fish that consumed CQ had a better appetite on most days while the 

fish consuming DON most commonly ate the least. Rarely the control fish had the least appetite. 

The average weight of uninfected groups of fish (n=10) was 30 g at the start of the trial and 

increased to 69 g (controls), 63 g (CQ), 62 g (pair-fed), 52 g (DON) and 47 g (fasted), at the end 

of the 5 week trial (Fig 4.3). The CQ and DON treated fish showed a similar growth trend 

compared with control fish but the growth rate of DON treated fish slowed down after the 3rd 

week. Pair-fed fish had an irregular growth trend and the fasted fish had the most dramatic 
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decrease in weight (10 g; > 30% average body weight) during the first week and then started to 

gain weight in the following weeks. 

To discuss the weight change of fish from the two infection batches together; infected fish 

had a lower average weight (n=10) at all time points during the trial when compared with their 

uninfected counterparts (Fig 4.3b, c). Although there was no consistent pattern in weight change 

in groups of fish given the respective treatments, similar to their uninfected counterparts, control 

fish had highest average weight while DON-treated fish had the lowest. This change was 

especially clear in fish of the first infected batch. 
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b) 
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c) 

 

 

Fig 4.2 Mean daily feed intake as percentage of biomass in fish treated with 250 ppm CQ, 5ppm DON, pair-fed or controls. a. 
Uninfected fish before and after initiation of diet treatments, including fasted fish. b. First batch of infected fish (6 days after 
treatment), c. Second batch of infected fish (12 days after treatment). There were two tanks for each treatment in both infection 
batches.  
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Fig 4.3 Average weight (g, n=10) of fish fed 250ppm CQ, 5ppm DON, pair-fed or controls. a. 

Uninfected fish before and after initiation of diet treatments, including fasted fish. b. First batch 

of infected fish (6 days after treatment), c. Second batch of infected fish (12 days after 

treatment). There were two tanks for each treatment in both infection batches.  
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4.4.2 Fish survival after infection with F. psychrophilum  

In the first trial, in which fish were infected on the 7th day after different diet treatments 

were initiated, the mean survival was pair-fed (92.6%), DON (88.7%), CQ (86.5%) and control 

(81.9%) (Fig 4.4a). There was no significant difference in the mortality rates between the 

different dietary treatments. In the second infection trial, in which fish were infected on the 13th 

day after initiation of diet treatments, the mean survival was DON (94.9%), pair-fed (91.1%), CQ 

(85.7%) and control (70.3%). The mortality rates of the DON (p < 0.001) and pair-fed (p < 0.05) 

tanks of fish were significantly lower than in the control tanks of fish while there was no 

significant difference in mortality between CQ treated (p = 0.052) and control tanks of fish. 

There were no significant difference in mortality rate between the DON, pair-fed and CQ treated 

tanks of fish. Importantly, there was also no significant difference in mortality between the tanks 

(n=2) within the same treatments for both infection trials. F. psychrophilum was retrieved from 

the spleen of haphazardly selected fish that had died (data not shown). 
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a) 

 

b) 

 

Fig 4.4. Survival probability of tanks of fish (n=2) fed 250ppm CQ, 5ppm DON, pair-fed or 

controls and then experimentally infected with Flavobacterium psychrophilum. a. Survival after 

feeding diets for 6 d, and b. after feeding diets for 12 d. Different letters represent statistical 

significance (p < 0.05) between treatments. 
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4.4.3 Western blot for detection of LC3II in liver, muscle and spleen of fish receiving 

different diets but that were not infected  

 

    All the treatments tended to increase the LC3II signal in the liver when compared to control 

fish, although the difference was only significant in the fasted and DON-treated fish (Fig 4.5). 

Moreover, the LC3II signal in liver of the fasted fish was also significantly higher than in fish 

that were pair-fed or treated with CQ. The order of the mean LC3II signal strength in liver from 

high to low was: fasted> DON> pair-fed> CQ> control treatment. 

    A reverse of this pattern was seen in the muscle of the same rainbow trout. All the 

treatments tended to decrease the LC3II signal when compared with controls. The LC3II signal 

in fasted fish was significantly lower than the controls and all other treatments including pair-fed 

fish (p < 0.01) (Fig 4.6). The LC3II signal in fasted fish was almost undetectable. The order of 

the mean LC3II signal strength in muscle from high to low was: control> CQ≥ DON> pair-fed> 

fasted treatment. 

    There was no significant difference in the LC3II signal in the spleen of fish receiving any of 

the treatments (Fig 4.7). There was a slight decrease noted in fasted and pair-fed fish.  
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a)  

 

n            

  

 

b) 

  
Fig 4.5. Western blot LC3II in rainbow trout liver 15 days after initiation of dietary treatments; 

CQ (250ppm), DON (5ppm), pair-fed, fasted or controls (Ctrl). a. Representative western blot of 

β-actin (internal control) and LC3II from livers of fish (n=2). b. LC3II western blot expressed as 

the mean (± SD, n=6) ratios of LC3II to β-actin band volume. Different letters represent 

statistical significance between treatments (p < 0.05).  
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a)  

 

 

 

 

b) 

 
Fig 4.6. Western blot LC3II in rainbow trout muscle 15 days after initiation of dietary treatments; 

CQ (250ppm), DON (5ppm), pair-fed, fasted or controls (Ctrl). a. Representative western blot of 

β-actin (internal control) and LC3II from muscle of fish (n=2). b. LC3II western blot expressed 

as the mean (± SD, n=6) ratios of LC3II to β-actin band volume. Different letters represent 

statistical significance between treatments (p < 0.05). 
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a) 

 

 

 

 

b) 

 
Fig 4.7. Western blot LC3II in rainbow trout spleen 15 days after initiation of dietary treatments; 

CQ (250ppm), DON (5ppm), pair-fed, fasted or controls (Ctrl). a. Representative western blot of 

β-actin (internal control) and LC3II from spleens of fish (n=2). b. LC3II western blot expressed 

as the mean (± SD, n=6) ratios of LC3II to β-actin band volume. Different letters represent 

statistical significance between treatments (p < 0.05). 
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4.4.4 Quantitative PCR of autophagy-related gene expression in fish liver and muscle 

 

    In the liver, there were some small but significant differences in gene expression in becn1 

and gabarap genes on Day 0, otherwise basal expression levels were fairly uniform in fish from 

different treatments (Fig 4.8). In fish fed the control diet, variability in gene expression between 

individual fish was very high resulting in a large standard error, particularly at 15 d. This was 

also true for fish from some other treatment groups. Overall, gene expression in control fish was 

up-regulated with significantly increased expression seen in lc3 and atg12 genes between Day 0 

and 15. In the liver of CQ-treated fish, Atg genes examined were up-regulated except gabarap 

and significant up-regulation was seen for becl1, lc3, atg4 and atg12. In the liver of DON-treated 

fish, the results were less consistent as lc3 and atg12 were significantly up-regulated and atg7 

was significantly down-regulated. In the liver of pair-fed and fasted fish, gene expression was 

also not consistent although lc3 was significantly up-regulated in both treatments and atg7 and 

atg4 were significantly down-regulated in pair-fed and fast treated fish, respectively. Notably lc3 

expression was up-regulated in the liver of fish from all five groups, including controls. 

As was noted for the muscle, there were some small but significant differences in gene 

expression in becn1, gabarap and atg7 genes at Day 0, otherwise basal expression levels were 

fairly uniform in fish from different treatments (Fig 4.9). In the muscle of control fish at Day 15, 

lc3 and atg4 gene expression were significantly up-regulated compared to Day 0. In CQ and 

DON treatments, there were few significant changes in gene regulation. In the muscle of CQ-

treated fish, atg12 was significantly up-regulated and in the muscle of DON-treated fish, atg4 

was significantly up-regulated. In the muscle of pair-fed and fasted fish, the expression of all Atg 

genes examined tended to be up-regulated by Day 15; lc3, gabarap, atg4, atg7 and atg12 were 

significantly up-regulated in the muscle of pair-fed fish and all six genes (becn1, lc3, gabarap, 
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atg4, atg7 and atg12) were significantly up-regulated in the muscle of fasted fish.  

Gene expression was not performed for the spleen as the LC3II signal was not different for 

any treatment. 
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Fig 4.8. Mean (± SD, n=4) expression of becn1 (a) and atg4 (b) in the liver of rainbow trout 

before (Day 0) and after (Day 15) treatment with CQ (250ppm), DON (5ppm), pair-fed, fasted or 

controls (Ctrl). Uppercase and lowercase letters represent significant differences (p < 0.05) 

between treatments on Day 0 and 15, respectively, and an asterix (*) represents a significant 

difference in gene expression for the same treatment between Day 0 and 15.  
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Fig 4.8. Mean (± SD, n=4) expression of lc3 (c) and gabarap (d) in the liver of rainbow trout 

before (Day 0) and after (Day 15) treatment with CQ (250ppm), DON (5ppm), pair-fed, fasted or 

controls (Ctrl). Uppercase and lowercase letters represent significant differences (p < 0.05) 

between treatments on Day 0 and 15, respectively, and an asterix (*) represents a significant 

difference in gene expression for the same treatment between Day 0 and 15. 
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Fig 4.8. Mean (± SD, n=4) expression of atg7 (e) and atg12 (f) in the liver of rainbow trout 

before (Day 0) and after (Day 15) treatment with CQ (250ppm), DON (5ppm), pair-fed, fasted or 

controls (Ctrl). Uppercase and lowercase letters represent significant differences (p < 0.05) 

between treatments on Day 0 and 15, respectively, and an asterix (*) represents a significant 

difference in gene expression for the same treatment between Day 0 and 15. 
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Fig 4.9. Mean (± SD, n=4) expression of becn1 (a) and atg4 (b) in the muscle of rainbow trout 

before (Day 0) and after (Day 15) treatment with CQ (250ppm), DON (5ppm), pair-fed, fasted or 

controls (Ctrl). Uppercase and lowercase letters represent significant differences (p < 0.05) 

between treatments on Day 0 and 15, respectively, and an asterix (*) represents a significant 

difference in gene expression for the same treatment between Day 0 and 15. 
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Fig 4.9. Mean (± SD, n=4) expression of lc3 (c) and gabarap (d) in the muscle of rainbow trout 

before (Day 0) and after (Day 15) treatment with CQ (250ppm), DON (5ppm), pair-fed, fasted or 

controls (Ctrl). Uppercase and lowercase letters represent significant differences (p < 0.05) 

between treatments on Day 0 and 15, respectively, and an asterix (*) represents a significant 

difference in gene expression for the same treatment between Day 0 and 15. 
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Fig 4.9. Mean (± SD, n=4) expression of atg7 (e) and atg12 (f) in the muscle of rainbow trout 

before (Day 0) and after (Day 15) treatment with CQ (250ppm), DON (5ppm), pair-fed, fasted or 

controls (Ctrl). Uppercase and lowercase letters represent significant differences (p < 0.05) 

between treatments on Day 0 and 15, respectively, and an asterix (*) represents a significant 

difference in gene expression for the same treatment between Day 0 and 15. 
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4.5 Discussion 

 

    The use of DON and pair-feeding (partial starvation) have previously proven to decrease the 

mortality of rainbow trout in F. psychrophilum infection (Ryerse et al. 2016); however, the 

mechanism responsible for this phenomenon is unknown. Survival of F. psychrophilum in splenic 

macrophages seems to be critical for the pathogenesis of disease in rainbow trout (Nematollahi et 

al. 2005). Deoxynivalenol, reduced nutrition as well as CQ influenced autophagy activity 

differently in RTgill-W1 but all reduced the gene copy number and quantity of N-protein of 

VHSV IVb in rainbow trout gill epithelial cells (Chapter 2 and 3). The purpose of the present 

research was to identify the potential role of autophagy modulation in the susceptibility of 

rainbow trout to experimental infection with F. psychrophilum.  

The cumulative mortality in both of the two experimental infections performed in the 

present study were not as high as seen for previous experimental infections in our laboratory, 

even though the same bacterial isolate was used (Jarau et al. 2018). The cause of the lower 

mortality might be the decreased susceptibility of relatively older fish to experimental infection 

with F. psychrophilum (Decostere et al. 2001). Fish of sufficient size were required to obtain 

enough tissue to perform western blot and gene expression studies, particularly for the spleen. 

Resistance of rainbow trout to F. psychrophilum is moderately heritable (Silverstein et al. 2009) 

and the fish used, which were from a different source than for Jarau et al. (2018), may have been 

inherently resistant. Even though the fish mortality was not as high as expected, the results still 

indicated that 12 d pre-treatment with DON or pair-fed is enough to elicit the protective effects 

that result in a significant decrease in mortality, rather than 4 weeks that was applied previously 

(Ryerse et al. 2016). Although feeding CQ for 12 d before experimental infection in the present 

study did not statistically significantly improve survival compared with controls (p=0.052), the 
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decrease in mortality still shows potential for application in similar research in the future. CQ is 

widely used in fish health, particularly in aquariums where food fish are not raised, however 

efficacy studies are lacking. Pharmacokinetic studies in humans have indicated that the active 

forms of CQ have a long half-life (Ducharme and Farinotti 1996), however CQ is highly water 

soluble and since the drug was not permanently incorporated into the feed the proportion of CQ 

that was ingested may not have been as high as intended. In addition, there are no dosages 

established for treatment of fish. These are critical considerations when conducting similar 

research in the future. 

Although there was no significant difference in survival between treatments for the first 

infection trial after pre-treatment with the different diets for 6 d, the trend of the mortality 

between different treatments was quite similar to that in the second infection trial here and that 

seen previously for DON and pair-fed treatments when fish were pre-treated for 4 weeks (Ryerse 

et al. 2016). It seems to be necessary to pre-treat the fish for a sufficient duration to elicit the 

protective effect, at least for rainbow trout infected with F. psychrophilum. The period of time 

that is necessary to starve or pre-treat fish before infection to reduce the fish mortality likely 

varies with the infection model. Atlantic salmon infected with Vibrio salmonicida (Damsga˚rd et 

al. 2004) and rainbow trout infected with F. branchiophilum (MacPhee et al. 1995) both showed 

that starved fish had better survivability after infection than normally fed fish but the period of 

time required for feed restriction before infection was not discussed. Wise however, 

demonstrated that various time periods from 14 to 0 days of feed deprivation before infection of 

channel catfish fingerlings with E. ictaluri did not affect fish mortality while the restriction of 

fish access to feed after infection for 0 to more than 4 d did (Wise et al. 2008). In contrast, in a 

similar research model using channel catfish infected with E. ictaluri, pretreatment for 4 weeks 

before infection either: with no feed; fed on alternate days; no feed for 3 weeks followed by feed 
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for 1 week; or fed daily still positively affected fingerling survival (Lim and Klesius 2003). 

Considering the variable results demonstrated regarding the length of pre-infection treatments in 

different research models and that the mechanism of resistance is likely multifactorial, the length 

of time or the necessity for a pre-infection treatment is a critical aspect of any future research 

since starvation or reduced nutrition affects weight gain, immunity and profitability (Okwoche 

and Lovell 1997; Lim and Klesius 2003; Wise et al. 2008). Furthermore, since the studies 

mentioned above treated fish with different regimens both before and after infection, the 

proportion that pre-infection vs. post-infection treatments contributed to the altered disease status 

would also need further research (Okwoche and Lovell 1997; Ryerse et al. 2016). 

In this present study, the results from western blot to detect LC3II protein and qPCR to 

measure Atg gene expression seemed to be contradictive. In the liver, western blot for LC3II 

indicated that control and fasted fish had the lowest and highest autophagy signal levels, 

respectively, however this pattern was not seen for Atg gene expression. The treatments that 

resulted in the greatest Atg gene up-regulation in the liver were control and CQ-treated fish while 

these two treatments had lowest LC3II signals using western blot. Similarly, this trend was even 

more dramatic when comparing the results of western blot and quantitative PCR in rainbow trout 

muscle. The muscle of fasted and pair-fed trout had the lowest LC3II signals however their Atg 

gene expression was the most significantly up-regulated. The different results from western blot 

and qPCR might in some cases be caused by some degradation of LC3II/autophagosomes during 

the trial since the digestion of the autophagolysosome was not blocked, i.e. by CQ, in all groups 

(Tanida et al. 2005). To our knowledge, the present study is the first research in vivo examining 

the expression of multiple Atg genes and LC3II protein signal in fish at the same time. We 

propose that Atg gene expression levels are representative of the dynamics of autophagy activity 

in response to a given treatment at the time of sampling while the LC3II protein signal only 
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reflects the amount of the autophagosomes/autophagolysosomes at the sampling time point 

(Mizushima and Yoshimori 2007) although more evidence are needed to support this point of 

view. What is now required is application of an assay to measure autophagy flux, e.g. with 

labeled protein to assay degradation (Pankiv et al. 2007; Liu et al. 2015). Regardless of the 

seemingly contradictive responses between the LC3II signal and Atg gene expression, the very 

different LC3II protein signals resulting from the same treatments in different organs, which was 

also found in mice (Mizushima et al. 2004) and chickens (Sun et al. 2014) that were starved for 2 

d, suggests that organs respond very differently to autophagy modulating treatments, especially 

during starvation. 

The six Atg genes examined in this research were chosen based on the results from of 

Chapter 2 in which lc3, gabarap, ag4, atg7 and atg12 in RTgill-W1 reflected ongoing autophagy 

modulation. An additional gene, becn1, was also used in the present study to because it acts 

upstream in the autophagosome pathway in addition to being involved in autophagy and 

apoptosis modulation (Wei et al. 2008; Morais et al. 2012). Despite the contradiction noted 

between Atg gene expression levels and LC3II protein signal, the RNA expression profile in the 

muscle of starved fish in the present research was highly consistent with a study in which 

rainbow trout were starved for 14 d resulting in significant up-regulation of lc3, gabarap, atg4 

and atg12 gene expression (Seiliez et al. 2010). Notably, atg4 was the most dramatically up-

regulated gene in both studies. This might indicate that there is a central role for atg4 in 

autophagy induced by restricted nutrition in rainbow trout muscle. Increased Atg gene expression 

or up-regulation was not clearly seen in the liver of starved fish after 15 days in the present 

research. This might reflect the role of the liver to apply autophagy to metabolize various stored 

nutrients at different time points after starvation (Guderley et al. 2003; Balmori-Cedeno 2017). 

Guderley indicated that Atlantic cod (Gadus morhua) mobilized hepatic lipids first, then muscle 
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and hepatic glycogen before muscle proteins during starvation (Guderley et al. 2003).  

CQ is pharmacokinetically cleared by both the kidney and liver and has a long half-life in 

humans (Ducharme and Farinotti 1996), while DON is eliminated rapidly in the urine of swine 

(Prelusky et al. 1988). This may potentially explain why most of the examined Atg genes were 

significantly up-regulated in liver of CQ-treated fish while DON-treated fish had few changes in 

Atg gene expression in either liver or muscle. Significant up-regulation of most Atg genes in CQ-

treated RTgill-W1 cells was also demonstrated in Chapter 2. This evidence further supports our 

proposal that cellular autophagy in fish blocked by CQ treatment would elicit negative feedback 

to up-regulate Atg genes.  

The expression of several genes had large standard deviation in control fish especially in the 

liver at 15th day after treatment. A large degree of individual variation is a common issue in fish 

research, particularly when outbred populations are used. Additionally, fish are terminally 

sampled at each time-point and in many studies it is impossible to sequentially sample individual 

fish, a practice that might reduce variability of a given parameter. Every effort was made to 

uniformly treat all tanks and the fish within the tanks the same. Some environmental stress 

factors (Jung et al. 2010) might still differentially affect either individuals in a tank or different 

tanks in the experiment.  Also, large inter-individual variation of numerous different 

parameters, such as lysosome activity (Grinde et al. 1988), food intake/growth (Jobling and 

Baardvik 1994) and microbiota (Boutin et al. 2014) in fish have been potentially caused by tank 

environment, host genotype, stocking density etc. 

This research was initiated to explore the role of autophagy in fish that became significantly 

resistant to experimental infection after pre-treatment with reduced nutrition, DON or CQ. There 

are several outstanding unexplained issues raised by the results of the present in vivo research. 

Since the available literature from in vitro research in pigs before this research was initiated, 
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indicated that DON activated autophagy (Han et al. 2016), similar to reduced nutrition, we 

hypothesized that activation of autophagy was responsible for decreased susceptibility. DON 

significantly suppressed the LC3II signal in RTgill-W1 (Chapter 2) but did not show obvious 

suppression of LC3II in muscle, spleen or liver in the present study. In fact, DON treatment 

statistically increased LC3II in liver compared to control fish in vivo. Fish treated with CQ and 

reduced nutrition also had increased, but not statistically significantly increased, LC3II in the 

liver as well. All three treatments examined, including reduced nutrition, DON and CQ decreased 

susceptibility to F. psychrophilum. Although autophagy was modulated to a degree in the liver 

and muscle of fish exposed to these treatments, it was not differentially altered in the spleen, 

which is the target organ of F. psychrophilum (Rangdale et al. 1999; Decostere et al. 2001). The 

results obtained in vitro using RTgill-W1 regarding autophagy modulation in Chapter 2 did not 

translate well to the whole fish model. While a wider range of tissues could be analyzed it 

appears as though increased LC3II in the liver correlated best with the survival data. The 

mechanism for this relationship, which may not be causal, remains unknown. 

Thus, in order to answer the role of autophagy in resistance to F. psychrophilum in rainbow 

trout fry, research that is specifically targeted to examine autophagy in the spleen and splenic 

macrophage in rainbow trout (Decostere et al. 2001; Nematollahi et al. 2005) should be 

conducted. Future research using F. psychrophilum should perhaps concentrate on using primary 

cultures of splenic macrophages derived from treated and control fish or a method to increase the 

relative content of the macrophages for assay. Failing this, the use of RTS11, a rainbow trout 

macrophage cell line (Ganassin and Bols 1998) could be used. 
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CHAPTER 5: General Discussion and Conclusions 

 

    In hypothesis 1 (Chapter 2) of this thesis, we predicted that autophagy would be modulated 

by restricted nutrition, or by applying rapamycin, 3-MA, DON and CQ, and this modulation 

would be detected by changes in LC3II protein abundance and in selected Atg gene expression in 

the RTgill-W1 cell line. From the present research, restricted nutrition, DON and CQ can reliably 

influence and modulate autophagy activity in the RTgill-W1 cell line while the effect of 

rapamycin and 3-MA was inconsistent. Alteration of LC3II protein could reliably represent the 

autophagy signal in this cell line however an autophagy blocker i.e. CQ that targets the late stage 

of autophagy flux is required to allow detection of the autophagy signal. Furthermore, some 

selected Atg genes, especially lc3 and gabarap, to a lesser degree atg7, atg12 and atg4 had a 

consistent response (common pattern) in comparison to LC3II protein after treatment. This 

pattern of response was characterized by increased expression of the Atg genes after treatment 

with 2% FBS, 3-MA and CQ, especially with 3-MA and CQ and decreased expression with 

rapamycin and DON treatment of RTgill-W1 for 3 days. Four additional Atg genes, including 

atg13, becn1, atg9 and atg5 often had minimal expression to the autophagy modulators but in 

general followed the common pattern. For these last four genes, DON was usually the treatment 

that had a unique response. The Atg gene atg16 had a completely different pattern of response 

from the other genes examined in the present research. This consistent expression profile of 

several of the Atg genes (lc3, gabarap, atg4, atg7 and atg12) produces some confidence in their 

reliability to reflect altered autophagy activity, although the changes were not always significant 

for every treatment.  

The most surprising part of the results of Chapter 2 was that the majority of the chosen Atg 

genes showed significant up-regulation after treating RTgill-W1 with the autophagy inhibitor (3-
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MA) and blocker (CQ), especially since 3-MA did not demonstrate a very strong capability to 

inhibit autophagy (LC3II) in RTgill-W1. Negative feedback is a reasonable explanation to 

explain how decreased LC3II protein as determined semi-quantitatively by western blot occurs 

with increased Atg gene expression detected by qPCR. However there is a lack of literature 

documenting this phenomenon in any model that would provide support for this speculation 

except in some personal communications (Klionsky et al. 2016). However Atg gene regulation is 

therefore a promising, albeit likely very complex, research topic for future.  

Current research has found that there is negative feedback between autophagy and the 

PI3K/AKT/mTOR pathway (Heras-Sandoval et al. 2014; Nemazanyy et al. 2015; Sun et al. 

2018) and AMP-activated protein kinase (AMPK) (Loffler et al. 2011) by protein 

phosphorylation or dephosphorylation. But neither of these explain the suspected feedback 

regulation demonstrated in the present research. Both the PI3K/AKT/mTOR pathway and AMPK 

affect signal transduction much higher upstream in the signal pathway well before any genes 

whose expression would be directly involved in production of the autophagosome. If there is a 

negative feedback route between the autophagosome production and Atg gene regulation this 

should also explain why reduced nutrition increased LC3II but did not result in Atg gene 

inhibition.  

In conclusion the first hypothesis was not rejected, however not all of the treatments 

employed were reliably able to modulate autophagy in RTgill-W1. This research provides some 

novel insights regarding the subtle details of autophagy regulation in RTgill-W1 cells. Research 

in other fish/rainbow trout cell lines is needed. Unpublished research in RTL, a rainbow trout 

liver cell line, has demonstrated that CQ blocks LC3II and also produces marked upregulation of 

many Atg genes (J. Pham, personal communication). The results from Chapter 2 indicated that 

supplementing RTgill-W1 cells with new media (replete nutrition) would suppress autophagy for 
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a period of time and that it takes days for autophagy activity to return to basal levels. This is 

relevant to research that has examined autophagy only a few hours after a given treatment (Lee et 

al. 2007; Donohue et al. 2011). The measurements may be partly influenced by a full nutritional 

state rather than solely influenced by the targeted treatment. Finally, whether to choose a cell line 

transfected with a LC3-fluorescent protein plasmid to provide a strong and quick autophagy 

signal or to use a native cell to get a more realistic autophagy response should also be a 

consideration before conducting in vitro autophagy research.  

    Hypothesis 2 (Chapter 3) was an extension of research based on the results from hypothesis 

1. For hypothesis 2, we predicted that VHSV IVb infection will cause autophagy activation in 

RTgill-W1 and this effect and viral replication could be enhanced or suppressed by applying the 

chemicals that also influence autophagy. The results from Chapter 3 showed the opposite and 

RTgill-W1 had decreased autophagy activity after VHSV IVb infection. We also originally 

predicted that VHSV IVb would benefit from autophagy inhibition however autophagy inhibition 

(DON) or blockage (CQ) inhibited viral N-protein expression and reduced viral genome copy 

number. Autophagy activation (reduced nutrition, rapamycin), however, did not show a 

consistent influence on the virus. The blunt effect of autophagy activation on VHSV IVb 

replication in RTgill-W1 perhaps makes sense given the relatively minor degree of autophagy 

activation demonstrated by restricted nutrition (2% FBS medium) and rapamycin.  

In Chapter 3, the treatments that inhibited or blocked autophagy exhibited higher capability 

to inhibit VHSV IVb. This result is not in agreement with those of a study performed with fish 

rhabdovirus (VHSV) in zebrafish embryonic fibroblast (Garcia-Valtanen et al. 2014), but is in 

agreement with the activity of another rhabdovirus (SVCV) in EPC (Liu et al. 2015). Our results 

are also in agreement with most other research that has indicated autophagy inhibition obstructed 

the replication of virus (O'Donnell et al. 2011; Meng et al. 2012; Sun et al. 2014) in question. 
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This raises the question as to why autophagy, a process that degrades cellular compartments, 

benefits the replication of intracellular pathogens i.e. viruses, and inhibition of autophagy 

obstructs viral replication. Prentice demonstrated that double membrane vesicles within the cells 

are required for replication of some viruses and this might be part of the reason (Prentice et al. 

2004). Further investigation is necessary to understand more about the mechanism and develop 

the new strategies or treatments to deal with viral infection. 

In conclusion, the first part of our hypothesis 3 was rejected as infection of RTgill-W1 with 

VHSV IVb resulted in inhibition of autophagy, not activation. Chemical modulation of 

autophagy negatively influenced the replication of VHSV IVb in RTgill-W1 however, inhibition 

of autophagy rather than activation, had the greatest impact, contrary to our expectations. 

A few insights can be derived from the present research. Two similar studies have also 

applied rhabdovirus infection in a piscine cell line (Garcia-Valtanen et al. 2014; Liu et al. 2015) 

to study autophagy/virus interaction. Combined with the results from the present study, we are 

left to conclude that even when infection is with similar viruses, autophagy responds very 

differently in different piscine cell lines. In many ways this makes sense since a given virus itself 

will preferentially replicate in some cells lines compared with others. In addition, since 

autophagosome production is inhibited by DON, and autophagosome degradation is blocked by 

CQ and both treatments strongly inhibited VHSV IVb replication, we might speculate that fusion 

of the autophagosome to the lysosome is a stage of autophagy that is critical for replication of 

VHSV IVb. Further evidence is obviously required. Lastly, previous research indicated that heat-

killed VHSV IVb only inhibited viral propagation for first few days after infection (Al-Hussinee 

et al. 2016) and VHSV IVb only caused inhibition of autophagy activity shortly after infection in 

this research. To successfully suppress the viral infection in similar conditions, a given treatment 

should persistently inhibit autophagy to have a substantial impact.  
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Hypothesis 3 (Chapter 4) was an attempt to apply, in an in vivo application, some of the 

conclusions obtained from Chapter 2 and 3. In hypothesis 3, we predicted that autophagy 

induced by feed restriction or DON will decrease the mortality of fish infected with F. 

psychrophilum and treatment with CQ will impair this effect. All of the treatments applied that 

activated autophagy (reduced nutrition/pair-fed), blocking autophagy (CQ) and inhibited 

autophagy (DON) in vitro all tend to decrease the mortality although a statistically significant 

decrease was only seen with DON and pair-fed treatments. This result makes it very difficult to 

arrive at a readily apparent conclusion regarding how autophagy influences mortality in F. 

psychrophilum infection in rainbow trout. Since the results of the in vivo part of this trial 

repeated the results of previous research (Ryerse et al. 2016); that both DON and pair-fed 

treatments significantly decrease the mortality, the result should be considered to be reliable. The 

only issue is how to explain this result from the information we have about autophagy 

modulation in fish.  

The most obvious point is that the pathogen used in the in vivo trial, F. psychrophilum, 

differed from the pathogen applied in vitro, VHSV IVb. The different pathogens were chosen 

because both have been successfully used previously in similar research models in our laboratory 

(Al-Hussinee et al. 2016; Ryerse et al. 2016) and rainbow trout are insensitive to VHSV IVb 

infection (Al-Hussinee et al. 2010). Pursuit of a suitable viral model in rainbow trout would 

entail using something like infectious hematopoietic necrosis virus and performing the research 

either in British Columbia, where it is endemic, or in a level III laboratory. Even though there is 

evidence supporting the theory that autophagy influences the pathogenesis of some intracellular 

pathogens, especially virus in vitro, the mechanism for this is largely unknown. Considering that 

VHSV IVb and F. psychrophilum are completely different pathogens, e.g. how they replicate, it 

is not surprising that the results of in vitro (Chapter 2) in vivo (Chapter 3) and research did not 
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reach similar conclusions regarding the influence of autophagy and infection. Furthermore, as we 

have discussed in the introduction of Chapter 4, there might be multiple factors that lead to 

decreased fish mortality after feed restriction and even feed restriction may lead to different 

outcomes in an infection event depending on the age of the fish (Okwoche and Lovell 1997). 

Therefore, it is too early to dismiss a role for autophagy in defense to fish disease.  

Growth of the organism in vivo during an experimental infection should be one of the next 

research steps. Of course monitoring the growth of an infectious agent relative to autophagy 

activation requires that the correct tissue be used. Specifically the tissue that is critical for 

growth/disease pathogenesis for the infectious agent but also where autophagy might play a role 

in modifying said growth. Spleen, not muscle or liver, is the target organ of F. psychrophilum in 

young rainbow trout (Rangdale et al. 1999). Western blot showed that the different treatment 

regimens at Day 15 did not significantly change autophagy activity in the spleen but did in liver 

and muscle. In addition, F. psychrophilum is a facultative intracellular pathogen of the splenic 

macrophage and this cell, which is theoretically where control of the bacterium would occur, 

forms a relatively small portion of the total splenic tissue mass. The spleen compared to liver or 

muscle is a very heterogenous tissue and so the lack of confirmation of treatment effect in the 

spleen is perhaps not surprising.  

The contrasting trends in autophagy activity using western blot detection of LC3II in liver, 

compared with muscle was unexpected and difficult to explain. An autophagy blocker (CQ) was 

not supplemented (except in CQ treated fish of course) in direct contrast to our in vitro research 

and detection of LC3II from tissues was technically more challenging that from RTgill-W1. It is 

possible that any increase in LC3II/autophagosomes generated might be degraded quickly after 

lysosome fusion (Tanida et al. 2005) and that this process differs between liver and muscle. 

However, since we examined the tissues 15 days after the treatments were initiated, if this 
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phenomenon had an effect it occurs persistently. It may be that increased autophagy relative to 

controls is prioritized in the liver, a tissue with a high metabolic rate, relative to muscle, since 

muscle mass would likely be preferentially spared for as long as possible.  

We proposed that western blot detection of LC3II is representative of the quantity of 

autophagosome/autophagolysosomes and that qPCR for Atg genes reflects the dynamics of 

autophagy regulation in the organs at that snapshot in time, however this phenomenon was not 

seen in the only other study in rainbow trout muscle, which was examined within 1 day after 

treatment (Belghit et al. 2013). Thus this proposed theory requires further examination. 

Interestingly, in other in vivo research in rainbow trout conducted in our lab using a very similar 

protocol (Balmori-Cedeno 2017), the 10 Atg genes examined in muscle from pair-fed fish 15 

days after treatment were up-regulated in a similar fashion to the present research. 

In conclusion treatment of rainbow trout with DON, reduced nutrition (pair-fed) and CQ 

reduced mortality after F. psychrophilum infection and altered autophagy activity in liver and 

muscle. However we cannot confirm the degree to which modulation of autophagy was 

responsible for the decrease in mortality. This research did demonstrate that the period of pre-

infection treatment required for DON and reduced nutrition to significantly decrease mortality 

was 12 days, much less that the 4 weeks previously used (Ryerse et al. 2015). This period, in a 

farmer’s perspective, may still be quite long, potentially limiting practical application. CQ also 

has potential to reduce mortality due to F. psychrophilum and a better result might be achieved 

by changing how it is formulated or by dosage.  

 

    The following conclusions were generated from the indicated chapters. 

Chapter 2 

a) Low percentage (2% and 0%) FBS media significantly activated autophagy (increased 
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detection of LC3II) in RTgill-W1 and the 3rd day after treatment was most suitable to detect 

this up-regulation. 

b) 1M DON significantly inhibited autophagy and 50M CQ blocked autophagic flux in 

RTgill-W1. Furthermore, CQ is critical in this cell line to assist observation of the LC3II 

signal. 

c) Autophagy activation by 50nM rapamycin for 4 h and inhibition by 5mM 3-MA was not 

consistently significant in RTgill-W1. 

d) A change to new culture medium, even if the new medium has a low serum percentage, will 

significantly but temporarily inhibit autophagy activity. 

e) Although CQ and 3-MA blocked or inhibited autophagy (LC3II), respectively, in RTgill-W1 

most of the examined Atg genes were up-regulated 3 days following treatment. 

f) Among the 10 tested Atg genes, lc3, gabarap, atg4, atg7 and atg12 had a similar pattern of 

expression after treatment of RTgill-W1 with 2% serum medium, rapamycin, 3-MA, DON, 

or CQ and together or individually these genes should be appropriate to indicate the RTgill-

W1 autophagy response to these stimulants.  

 

Chapter 3 

a) Infection of RTgill-W1 with 0.3 MOI VHSV IVb significantly decreased autophagy activity 

for 2 days. 

b) Infection of RTgill-W1 with 1 MOI VHSV IVb significantly decreased expression of atg13 

(0.3 MOI), becn1, atg4 and atg12 on Day 1. 

c) Blocking/inhibiting autophagy by applying CQ, DON and 3-MA significantly inhibited 

VHSV IVb N-protein and gene copy number in RTgill-W1  

d) Activation of autophagy using rapamycin or 2% FBS did not consistently inhibit VHSV IVb 
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in RTgill-W1 

 

Chapter 4 

a) Five ppm DON and pair-fed (partial starvation) pre-treatment for 12 days significantly 

increased the resistance of rainbow trout to experimental intraperitoneal infection with F. 

psychrophilum while pre-treatment with the same methods for 6 days did not. 

b) Pre-treatment with 250ppm CQ for 12 days resulted in a moderate but insignificant (p=0.052) 

decrease in mortality in rainbow trout after experimental intraperitoneal infection with F. 

psychrophilum. 

c) Fasting and partial starvation significantly up-regulated Atg gene expression in muscle (atg4, 

lc3, gabarap, atg7 and atg12) and CQ ingestion significantly up-regulated Atg genes (becn1, 

atg4, lc3 and atg12) in the liver.  

d) Fasted fish had significantly reduced LC3II signal in muscle, while fasted and DON-treated 

fish had significantly increased LC3II signals in liver compared with controls. 

e) Because all the treatments used, including DON, partial starvation and CQ decreased the 

mortality of rainbow trout following F. psychrophilum intraperitoneal infection compared 

with controls, autophagy cannot solely have elicited the protective effect. 
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Appendix 1: Formulas for SDS-PAGE resolving gel and stacking gel 

 15% stocking gel 4% resolving gel 

Milli-Q water 6.9ml 6.5ml 

30% acrylamide/bis-acrylamide 15ml 1.2ml 

1.5M Tris solution, pH:8.8 7.5ml  

1M Tris solution, pH:6.8  1.125ml 

10% SDS 0.3ml 90ul 

10% APS 0.3ml 90ul 

TEMED 12ul 9ul 

Total: 30ml 9ml 

The 30% acrylamide (MilliporeSigma) and bis-acrylamide (Bio-Rad) was pre-made with a 29:1 

ratio and preserved in the dark. 10% ammonium persulphate (APS) (MilliporeSigma) was 

premade and preserved at -20°C. TEMED (Bio-Rad) was added into the mixture immediately 

before casting the gel. The above volumes were sufficient for making 6, 1.0mm thick gels. 
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Appendix 2: Primer sequences applied in this research (Balmori-Cedeno et al. 2019) 

 

 Internal control gene primer 

Gene Forward primer sequence: 5’-3’ Reverse primer sequence: 3’-5’ 

ef1 TTGAGGATGCCCCCAAGTTC AGCGAAACGACCAAGAGGAG 

   

 Autophagy related gene primers 

atg4 GCTGCGATGTGGACAGATGAT AAGGAAGGCGTTGAGGATACC

atg5 ATTTCCCAGAGCGTGACCTG TGTCGTTGATGACCTGGCTC 

atg7 TTCTGTTCCCTCAGCGTGTC GCCAGTCTCTTTGGGTCCAT 

atg9 TGGGCAATCTGGTGTTCCTC TGCACGTTTGTACTTGGGGT 

atg12 CTTCAACCCCACAACAGCCTA TCCTCCCTTTCTCTACCGACC 

atg13 GGACTTTAAGCCTGCGTTCT GCCATGGACTGAGAACTGAC 

atg16 GAAGGATGAGTACGACGCCC TTCCGCATTGAGCTTGTTGG 

lc3 CAGCACCCCAACAAGATTCC GCGCCTCCTGATGATTTTGA 

gabarap AGCCCCCAAAGCAAGGATAG CGCAGGTGGATTCGTTTTCG 

becn1 TGGATGTCGAGAAGGGCAA ATGAACTTGAGCGCCTTGG 

 

 Immune related gene primers 

IFN1 AAAACTGTTTGATGGGAATATGAAAT CGTTTCAGTCTCCTCTCAGGTT

Mx1 AGCTCAAACGCCTGATGAAG ACCCCACTGAAACACACCTG 
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Appendix 3: Summary of Atg gene expression in RTgill-W1 by different autophagy modulators after 1 and 3 days.  

Genes in red indicate significant expression change after exposure to 10 or 2% fetal bovine serum (FBS), 50nm rapamycin, 5mM 3-
Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ). 

Treatment Day <0.5 time 0.5 ≤~<1 time 1 ≤~<2 times ≥2 times 

10% FBS 

1 lc3, gabarap, atg5, 7,  becn1, atg4, 9,  atg12, 13, 16  

3  gabarap,  becn1, lc3, atg4, 5, 7, 9, 12, 
13, 16   

 

2% FBS 

1 atg5 becn1, lc3, gabarap, atg4, 7, 
9, 13 

atg12 atg16 

3  atg16 becn1, lc3, gabarap, atg4, 5, 
9, 12, 13  

atg7  

Rapamycin

1 atg7  atg4, 5 lc3, gabarap, atg13, 16 becn1, atg9, 12  

3  becn1, lc3, gabarap, atg4, 5, 
12, 13, 16  

atg7, 9,   

3-MA 

1 atg5 gabarap, atg4, 7, 16 becn1, atg9, 13 lc3, atg12  

3   becn1, gabarap, atg4, 5, 12, 
13, 16 

lc3, atg7, 9  

DON 
1 atg7  becn1, gabarap, atg5, 12 lc3, atg9, 13  atg4, 16 

3 gabarap, becn1, lc3, atg4, 12  atg5, 7, 9, 13  atg16 

CQ 
1  becn1, atg5, 7 lc3, gabarap, atg9 atg4, 12, 13, 16 

3  ag16 becn1, atg5, 9, 12, 13  lc3, gabarap, atg4, 7  
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Supplemental data 2.1 Expression (Ct) of ef1 in RTgill-W1 on Day 0 and after exposure to 10 or 

2% fetal bovine serum (FBS), 10% FBS medium with 50nM rapamycin for 4 h, 5mM 3-

Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 1 d. The 

results are presented as means ± SD. (n=5). Different letters represent statistical significance (p < 

0.05) between treatments.  
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Supplemental data 2.2 Mean (± SD, n=5) expression of atg13 (a) and becn1 (b) in RTgill-W1 

after exposure to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 

5mM 3-Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 1 d. 

Gene expression on Day 1 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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Supplemental data 2.2 Mean (± SD, n=5) expression of lc3 (c) and gabarap (d) in RTgill-W1 

after exposure to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 

5mM 3-Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 1 d. 

Gene expression on Day 1 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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Supplemental data 2.2 Mean (± SD, n=5) expression of atg9 (e) and atg4 (f) in RTgill-W1 after 

exposure to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 

3-Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 1 d. Gene 

expression on Day 1 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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Supplemental data 2.2 Mean (± SD, n=5) expression of atg7 (g) and atg12 (h) in RTgill-W1 after 

exposure to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 

3-Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 1 d. Gene 

expression on Day 1 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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Supplemental data 2.2 Mean (± SD, n=5) expression of atg5 (i) and atg16 (j) in RTgill-W1 after 

exposure to 10 or 2% fetal bovine serum (FBS), 10% FBS with 50nM rapamycin for 4 h, 5mM 

3-Methyladenine (3-MA), 1M deoxynivalenol (DON) or 50M chloroquine (CQ) for 1 d. Gene 

expression on Day 1 for each treatment is compared to that of cells in 10% FBS on Day 0 

(dashed line). Different letters represent statistical significance (p < 0.05) between treatments and 

an asterix (*) represents a significant change in gene expression compared with Day 0. 
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Supplemental data 3.1 The Mx-1 gene expression in RTgill-W1 cells after treatment with 

autophagy modulating chemicals [10 or 2% fetal bovine serum (FBS), 10% FBS with rapamycin 

50nM for 4 h, 5mM 3-MA, 1M DON or 50M CQ] for 3 d. Gene expression on Day 3 for each 

treatment is compared to the gene expression before treatment (dashed line). The results are 

presented as means ± SD (n=5). Different letters represent statistical significance between 

treatments (p < 0.05) and an asterix (*) represents a significant difference in gene expression in 

the treatment compared with to Day 0.  

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

10% FBS 2% FBS Rapamycin 3-MA DON CQ

E
xp

re
ss

io
n 

fo
ld

 c
ha

ng
e 

ab 

a 

bc 

c 

c 

c 

* 

* 

* 


