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INTRODUCTION 
 

Viruses are obligate parasites that depend on their host organism for replication. To ensure genome 

replication and viral protein translation in the host organism, viruses need to reduce host protein 

expression and evade host anti-viral defense mechanisms. Therefore, the different regulatory 

mechanisms involved in host defense and protein translation present potential targets for 

manipulation by the virus to enable infection. Small noncoding RNA species have a key role in 

modulating regulatory networks with connections to many biological processes like viral infections 

(Magee & Rigoutsos, 2020). One emerging group of regulatory noncoding RNAs are tRNA-derived 

small RNAs (tsRNAs). The formation of tsRNAs has been observed in organisms belonging to all three 

domains of life (Keam & Hutvagner, 2015). Moreover, among the wide array of interconnected 

regulatory functions, it appears that their function in mRNA stability and cellular stress responses 

are highly conserved (Shen et al., 2018). 

TsRNAs consist of two groups of short RNAs − tRNA-derived fragments (tRFs) and tRNA halves, which 

are also referred to as tRNA-derived stress induced RNAs (tiRNAs) (Li et al., 2018). tRFs are 14-30 nt 

long and can be further divided into several classes, including tRF-1, tRF-2, tRF-3, and tRF-5 and i-

tRF (Yu et al., 2020). The two main classes of tRFs are tRF-5 and tRF-3 (Yu et al., 2020). tRFs are 

formed by enzymatic cleavage either from pre-tRNAs or mature-tRNAs (Kumar et al., 2016). tRF-5s 

begin from the 5’ end of the mature tRNA and reach until the D-loop or to the stem between the D-

loop and the anticodon stem loop (Figure 1). On the other hand, tRF-3s begin from the T-loop and 

reach till the trinucleotide ‘CCA’ sequence at the 3’ end of mature tRNA (Yu et al., 2020). tRF-1s, tRF-

2s and i-tRFs are significantly less abundant in cells (Yu et al., 2020). tRF-1s originate from the 3’ tails 

of the pre-tRNAs and contain the ‘poly-U’ sequence of the pre-tRNA in its 3’end. tRF-2 and i-tRFs on 

the other hand originate from the middle of the tRNA sequence excluding both terminal regions of 

the tRNA (Yu et al., 2020).  

The exact biogenesis of tRFs is not entirely known. Currently, multiple ribonucleases are found to 

be responsible for the cleavage of tRNA and pre-tRNA to form tRFs. The enzymes associated with 

the formation of different fragments are found to be connected to the function of the fragment (Li 

et al., 2018). tRF-5s and tRF-3s are formed by Dicer enzyme cleavage (Yu et al., 2020). Additionally, 

the generation of tRF-3s can occur through tRNA cleavage by Angiogenin (ANG) and possibly other 
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members of the ribonuclease A superfamily (Li et al., 2018). Since tRF-1s are derived from 3’ tails of 

pre-tRNAs, they are formed by enzymes involved in tRNA maturation, RNase Z or its cytoplasmic 

homologue ELAC2 (Yu et al., 2020). Furthermore, the enzymes responsible for the processing of tRF-

2s and i-tRFs are still unidentified (Yu et al., 2020). In addition to the nucleases, some tRNA 

modifying enzymes are found to affect the formation of tRFs. Chen et al. (2018) found that removal 

of 1-methyladenosine and 3-methylcytidine modifications by ALKBH3 demethylase makes tRNA 

more susceptible to ANG cleavage. Additionally, it was shown that depletion of cytosine-5 RNA 

methyltransferase NSun2 and further loss of 5-methylcytosine modification leads to increased 

production of ANG-dependent tRF-5s (Blanco et al., 2014).  

tRFs are known to have regulatory roles in protein translation by either activating or inhibiting 

protein synthesis (Shen et al., 2018; Yu et al., 2020). Translation activation can occur via promotion 

of ribosome biogenesis. Kim et al. (2017) demonstrated that a specific tRF-3 promoted ribosome 

Figure 1. Types of tRNA-derived fragments. Schematic representation of the different types of tsRNAs, which 
are labelled based on the part of the sequnce they are derived from. tRF-1s are derived from the 3’ trailer of 
the pre-mature tRNA, whereas all the other tsRNAs are derived from mature tRNAs. The figure is modified 
from Pliatsika et al. (2016). 
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biogenesis by enhancing the translation of ribosomal protein S28 (RPS28) in human cancer cells. 

tRF-3LeuCAG binds to the duplex secondary structure on RPS28 mRNA and unwinds the hairpin 

structure on the translation initiation site, leading to increased translation of the ribosomal protein 

needed for 18S ribosomal RNA biogenesis. On the other hand, translation inhibition is mediated by 

interfering with translation initiation (Guzzi et al., 2018) or function of the ribosomal subunits. 

Another example is tRF-5 derived from tRNAVal-GAC, which has been shown to repress global protein 

synthesis by binding to the small ribosomal subunit in the vicinity of the mRNA channel in Haloferax 

volcanii under alkaline stress and elevated magnesium conditions (Gebetsberger et al., 2017).  

Additionally, tRFs can regulate mRNA stability through microRNA-like actions or by binding to RNA-

binding proteins (RBPs). tRFs are hypothesized to hold similar functions as microRNAs (miRNAs) due 

to their comparable sizes (Li et al., 2018). Indeed, a tRF-3 derived from tRNAGly was found to arrest 

B cell lymphoma proliferation by promoting degradation of RPA1 mRNA through sequence 

complementarity and interaction with Argonaute-proteins (Ago) via the canonical miRNA pathway 

(Maute et al., 2013). Unsurprisingly, some previously identified miRNAs were later found to have a 

tRNA origin, suggesting that they were originally misidentified (Schopman et al., 2010). Moreover, 

other tRF-3s and tRF-1s were found to affect gene silencing efficiency of Ago family proteins by 

competitively binding these proteins, indicating the existence of a non-canonical miRNA pathway 

(Haussecker et al., 2010). Furthermore, mRNA stability can be regulated by interaction with RBPs 

(Yu et al., 2020). For instance, YBX1 is an RBP that, besides many other functions, increases cell 

proliferation by stabilizing endogenous oncogenic mRNA. tRFs are upregulated under hypoxic stress 

in breast cancer cells, which suppresses the stability of the oncogenic transcripts by competitively 

binding to YXB1 and displacing the 3’ untranslated region (UTR) of the transcripts (Goodarzi et al., 

2015). 

tiRNAs are longer (31-40 nt) than tRFs and they are formed by cleavage of the mature tRNA at the 

anticodon stem loop to produce 5’- and 3’-fragments (Figure 1). tiRNAs are especially connected to 

cellular stress responses like starvation, UV radiation and oxidative damage, where they participate 

in the regulation of cell survival (Magee & Rigoutsos, 2020). Upon stress, ribonuclease ANG cleaves 

tRNAs to initiate a stress-response program that inhibits protein synthesis and promotes assembly 

of stress granules (Shen et al., 2018). 5’-tiRNAs are found to promote phosphor-eIF2α-independent 

translational arrest in human U20S cells (Yamasaki et al., 2009). Moreover, 5’-tiRNAs enhance the 

formation of stress granules (SGs) to sequester mRNA and consequently inhibit translation during 
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starvation (Emara et al., 2010). It has been further demonstrated that 5’-tiRNAs derived from 

tRNACys and tRNAAla directly prevent translation initiation factors eIF4G/eIF4A from stabilizing 

capped mRNA (Ivanov et al., 2011). Therefore, the ribosomal recognition of capped transcripts and 

translation initiation are hindered. However, this does not inhibit the internal ribosome entry site 

(IRES)-mediated protein synthesis. Most proteins linked to cell survival and anti-apoptosis are 

translated via the IRES pathway, which indicates that the stress induced regulation through 5’-

tiRNAs selectively favors the translation of pro-survival genes (Ivanov et al., 2011). Alternatively, 3’-

tiRNAs are found to promote cell survival in response to stress by promoting the function of 

ribosomes. Fricker et al. (2019) showed that 3’-tiRNAs originating from tRNAThr associate with large 

subunit of active ribosomes to prime their function. Priming increases the affinity of the ribosomes 

towards mRNA and therefore, promotes the translation of genes essential after relief of stress. The 

regulatory effects of tiRNAs are strongly connected to the stress responses and translation 

regulation which makes their association to viral infections very natural. 

To date, only a few reports have been published on virus-induced tRNA-derived fragments and 

their biogenesis, virus specificity, as well as their regulatory effects during infection are still largely 

unknown (Nunes et al., 2020). Based on recent reports, it seems that some viruses use tsRNAs to 

suppress host translation in favor of viral protein production and to evade the immune responses 

of the host (Shen et al., 2018). For example, respiratory syncytial virus (RSV) utilizes ANG-derived 

tRF-5s from tRNAGlu to suppress the antiviral responses of the host and to enhance its own 

replication. These tRF-5s target apolipoprotein E receptor 2 to suppress its expression and to further 

favor RSV replication (Deng et al., 2015; Zhou et al., 2017). On the other hand, formation of tRF-3 

from tRNAPro has been linked to human T-cell leukemia virus type 1 (HTLV-1) infection. Ruggero et 

al. (2014) showed that tRF-3 has complementarity to the primer binding site (PBS) in retroviral RNA 

from HTLV-1, which the virus utilizes as a primer for reverse transcription initiation. Furthermore, 

deregulation of tsRNAs have been observed for a few other viral infections but the regulatory 

functions are still unknown. For instance, in bovine viral diarrhea virus infection, the analysis of 

cattle serum samples showed downregulation of two 5’-tiRNAs originating from tRNAGlyCCC and 

tRNAGlyGCC (Taxis et al., 2019). Additionally, 5’-tiRNAs were found to be more abundant in liver 

biopsies from patients with chronic hepatitis B or C virus (HBV and HCV) infection when compared 

to uninfected patients (Selitsky et al., 2015). Indeed, 5’-tiRNAs originating from tRNAGly were among 

the most upregulated in HBV and HCV infected samples. Therefore, tRNAGly could have a central 
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regulatory role during infection. The differences in the regulation of tRNAGly derived 5’-tiRNAs, 

namely up- or downregulation, could further correlate with the replication strategies of the 

different viruses (Nunes et al., 2020).    

Furthermore, the formation of tsRNAs during infection can also be host induced as part of the 

immune response against viral infection (Ivanov, 2015). The formation and differences in tRF pools 

has been recently connected to the regulation of normal immune responses (Magee & Rigoutsos, 

2020). Selected tRF-5s and i-tRFs were found to be actively secreted in extracellular vesicles (EVs) 

by active human T-cells (Chiou et al., 2018). The identities of the secreted tRFs differed between the 

active and resting T-cells, indicating that tRFs could potentially act as immune cell regulators. Cho 

et al. (2019) demonstrated that pre-tRNASer derived tRF-1 could negatively regulate viral protein 

translation through competitive interaction with La/SSB nuclear-cytoplasmic shuttling proteins in 

human hepatocellular carcinoma cell line Huh7. These abundantly expressed tRF-1s were found to 

deplete the limited number of La/SSB chaperones from cytoplasm and therefore, prevent their 

interaction with HCV IRES that otherwise would promote translation of viral transcripts. 

Additionally, poliovirus protein translation is IRES-mediated, which could indicate a similar negative 

regulation of viral protein translation in a La/SSB-dependent manner (Magee & Rigoutsos, 2020). 

Another host mechanism for inhibition of viral protein translation was found to occur through tsRNA 

cleavage by Schlafen III (SLNF III) family protein SLFN11. SLFN11 was demonstrated to restrict 

human immunodeficiency virus 1 (HIV-1) protein translation by cleaving tRNAs utilized by the virus 

in a codon usage-dependent manner (Li et al., 2012). Similarly, equine infectious anemia virus (EIAV) 

protein translation was found to be impaired by a codon usage-dependent mechanism of SFLN11 

(Lin et al., 2016). 

Research into the roles of tsRNAs in viral infections has vast potential to reveal novel regulatory 

functions and shed light on the mechanisms which viruses utilize to hijack the cellular translation 

machinery. In addition, novel insights into these mechanisms may be of interest for future antiviral 

applications. Wang et al. (2013) has reported that RSV replication could be blocked using an anti-

tRF oligonucleotide in combination with small interfering RNA to downregulate RSV-induced tRF-5s. 

Additionally, a significant research interest is directed towards utilizing tsRNAs as non-invasive 

biomarkers in biofluids (Magee & Rigoutsos, 2020). Consequently, a comprehensive study was done 

to profile small RNAs in different biofluids and tRFs were found to be among the most abundant 

RNA types especially in urine (Srinivasan et al., 2019).  The utilization of tsRNAs as biomarkers has 
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so far mostly been explored for cancer diagnostics (Yu et al., 2020). The changes of tsRNAs in serum 

samples has been used for example in the diagnosis of breast cancer and head and neck cancers 

(Dhahbi et al., 2014; Martinez et al., 2015). Additionally, the presence of tRFs in urine has been 

shown to alter in connection to chronic kidney disease (Khurana et al., 2017). Therefore, the 

implications of the clinical importance of tsRNAs as diagnostic biomarkers and therapeutics targets 

are promising, but before their full potential can be utilized, their regulatory roles need to be further 

explored (Magee & Rigoutsos, 2020).   

The aim of this Master’s thesis is to investigate the possible regulatory role of infection induced 

tRNA-fragments in Shewanella glacialimarina TZS-4T. This project builds upon an advanced research 

project, where I screened several different virus-host pairs for the formation of infection-induced 

tRNA fragments. As a result of the advanced research project, I found that infection of Shewanella 

glacialimarina TZS-4T with Shewanella phage isolate 1/4 induces strong infection-specific formation 

of three distinct tRNA fragments. Shewanella phage isolate 1/4 is a bacteriophage with myovirus 

morphology, meaning it consists of an icosahedral head and a contractile helical tail (Luhtanen et 

al., 2014). The genome of the virus is approx. 134 kb in size and consists of double-stranded DNA 

(dsDNA) (Senčilo et al., 2015). The genome encodes 26 structural proteins and harbors the 

sequences of two tRNA genes, namely viral tRNAGlyUCC and tRNAArgUCU (Senčilo et al., 2015). 

Intriguingly, the existence of the tRNA genes in the phage genome could be related to the observed 

tsRNAs. Because viruses have fairly small genomes, ‘junk’ sequences are usually not maintained in 

their genome, which supports the theory that these sequences may be actively involved in the 

infection cycle. Therefore, it is of great interest to determine the exact role of these virus-encoded 

tRNAs during infection. For instance, the observed fragments could originate from the virus instead 

of the host, which would be a novel discovery as previously reported tsRNAs stem from host tRNAs.  

Aims of the study 
The aim of this study was to investigate the possible regulatory role and dynamics of virus infection 

induced tRNA-fragments in the marine bacterium S. glacialimarina. To this end, my objectives were 

to i) characterize the Shewanella phage isolate 1/4 infection-induced fragment formation in S. 

glacialimarina and collect culture samples at different timepoints post infection, ii) isolate total RNA 

and tRNA-derived fragments to analyze the fragment formation and identify the fragment 

sequences, and iii) confirm the infection specificity of fragment formation. Taken together, this will 

provide a mechanistic understanding of the functions tsRNAs during viral infection in bacteria, 
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highlighting their importance in regulatory functions and enabling deeper understanding in virus-

host interactions. 

 

MATERIALS AND METHODS 
 

Bacterial Strains and Virus Material 
The bacterium Shewanella glacialimarina TZS-4T (NZ_CP041216.1) was used as the host organism. 

The bacterium was previously isolated from Baltic Sea ice by Luhtanen et al. (2014)  and 

characterized by Qasim et al. (2021). The bacteriophage Shewanella sp. phage 1/4 (NC_025436.1) 

was isolated from the same Baltic Sea ice sample as the host bacterium by Senčilo et al. (2014). 

Additionally, two other Shewanella strains, namely S. frigidimarina ACAM 591 and S. baltica LMG 

2250, were used in the cross-infection study. These Shewanella strains were purchased from the 

Leibniz Institute DSMZ-German collection of microorganisms. 

Cultivation and storage of Shewanella strains 

All Shewanella strains were grown on solid and liquid media containing 25% w/v rich Marine broth 

(25% rMB; containing 7.5 g peptone, 1.5 g yeast extract and 9.35 g Marine broth (BD Difco) in 1 L of 

ddH2O). All solid media contained 15 g/L agar. S. glacialimarina was grown at 15 °C and S. 

frigidimarina and S. baltica at 22 °C. Shewanella strains were stored in 20% v/v glycerol at -80 °C. 

For all the cultures, all Shewanella strains were first grown on solid 25% rMB media and a 

monocolony from solid medium was used to inoculate liquid starter culture that was further used 

for the inoculation of the main culture. All liquid cultures were grown with aeration at 200 rpm. The 

incubation times depended on the Shewanella strains. S. glacialimarina was always grown over two 

nights and S. frigidimarina and S. baltica over one night at their corresponding optimal growth 

temperatures.  

Preparation of virus material 
 

Agar stock 

The virus agar stock was prepared using 25% rMB solid and top-layer media plates, where the top-

layer media contained 7 g/L agar. The virus used for infections were propagated by standard plate 

lysate method. Briefly, dilutions series of the viral storage stock were prepared and 100 µL of each 

dilution was mixed with 100 µL of host grown over 2 nights and 3 ml of top-layer agar warmed to 

45 °C.  The mixture was poured on a plate containing solid 25% rMB media and spread evenly to 
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cover the whole plate. Plates were incubated at 15 °C until plaques were clearly visible. Based on 

this titration, the dilution resulting in semiconfluent plates was determined and used for agar stock 

preparation. The dilution producing semiconfluent plates is defined as the dilution at which half of 

the host lawn is lysed by the virus.     

An agar stock was prepared from 69 plates with virus dilution resulting in semi-confluent plates. 

Viruses were collected from plates by scraping the top-layer into a flask and incubating with 2.5 mL 

25% rMB per plate for 2 h at 200 rpm, at 15 °C. After the incubation, the cell debris was removed 

by centrifugation at 6 000 g for 10 min at 4 °C. The supernatant was further filtered through 0.2 µm 

filter to remove the cold-active host S. glacialimarina and then stored at 4 °C. The virus titer of the 

agar stock was determined by plaque assay. The plaque assay was performed the same way as the 

determination of the semi-confluent virus dilutions described above. Plates with plaques ranging 

from 10 to 400 were counted and used for the calculation of the agar stock titer according to the 

Equation 1. 

(1) 𝑡𝑖𝑡𝑒𝑟 =  
𝑠𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑝𝑙𝑎𝑡𝑒𝑠

𝑠𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑖𝑟𝑢𝑠 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛𝑠 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑙𝑎𝑡𝑒𝑠
∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (=

𝑝𝑓𝑢

𝑚𝐿
) 

 

Purification of Shewanella phage isolate 1/4  

For the purification of Shewanella phage isolate 1/4, S. glacialimarina was first grown to the 

exponential growth phase of OD600 = 0.6, which corresponds to viable cell count 3.08 x 108 cfu/mL. 

Once the cultures reached the desired OD600 value, the cells were infected with multiplicity of 

infection (MOI) value 10 and the culture was grown until the OD600 declined below 0.3. For the 

calculation of the MOI values, Equation 2 was used. The cell debris was removed from the cleared 

lysate by centrifugation at 8 300 g at 15 °C for 15 min. The phages were precipitated from the lysate 

using 10% (w/v) polyethylene glycol (PEG; 6000 MW, Acros Organics) in the presence of 0.5 M NaCl 

at 4 °C for 45 min and collected by centrifugation at 8 300 g at 4 °C for 40 min. Subsequently, the 

phage pellet was rinsed with ddH2O and let to dissolve in SM-buffer in 1/200 volume of the original 

lysate (50 mM Tris (pH 7.5), 100 mM NaCl, 8 mM MgSO4, 0.01% gelatin) overnight at 4 °C. The viral 

aggregates were removed by centrifugation at 17 000 g for 15 min, at 4 °C. Then, the non-

aggregated viruses were subjected to linear 10-30% rate zonal ultracentrifugation on a sucrose 

gradient (in SM-buffer) at 103 700 g for 25 min, at 10 °C. The light-scattering zone (approx. at the 

middle of tube) was collected and pelleted at 113 700 g, for 3 h, at 10 °C. The pelleted phages were 

resuspended in 1.2 mL SM-buffer and stored aliquoted at -80 °C. The virus titer in purified stock was 
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determined by plaque assay as described above. Additionally, the protein concentrations of the 

virus purification samples were measured using Bradford assay (Bradford, 1976). Bovine serum 

albumin, from 1 to 4 µg, was used to construct a standard curve. 

 

(2) 𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛  (𝑀𝑂𝐼) =  
𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 ×𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑙𝑡𝑢𝑟𝑒

𝑝ℎ𝑎𝑔𝑒 𝑠𝑡𝑜𝑐𝑘 𝑡𝑖𝑡𝑒𝑟
 

 

Infections and collection of the material 
For the phage infection, S. glacialimarina was grown to the exponential growth phase (OD600 = 0.6). 

At the desired OD600, the cells were infected with a MOI value of 10. Per each time point, two 

separate 100 mL cultures, infected and mock-infected, were grown. The mock-infected (25% rMB 

medium added instead of virus) culture served as a control. The virus infection was done with both 

agar stock and purified 1x virus. The host growth was monitored with OD600 measurements.  

For the sample collection, the time of infection was considered as t0. Samples were collected at 20, 

40 and 70 min post infection (p.i.). During the sample collection, each 100 mL culture was divided 

into two 50 mL aliquots and the cells were collected by centrifugation at 3 220 g for 10 min at 4 °C. 

The resulting pellets were directly resuspended into 10 mL TRIZOL reagent (prepared in-house; 

containing 38% acidic phenol (saturated, pH 4.3), 0.8 M guanidine thiocyanate, 0.4 M ammonium 

thiocyanate, 0.1 M sodium acetate (pH 5.0) and 5% glycerol in 1 L of ddH2O). One of the aliquots 

was further used in the total RNA isolation and the other stored for further processing. All samples 

were stored at -20°C until total RNA isolation.  

Cross-infections of Shewanella species 
Shewanella phage isolate 1/4 was used to infect two other Shewanella species, namely S. 

frigidimarina and S. baltica. For the infection, both bacteria were grown in 50 mL of 25% rMB until 

they reached OD600 = 0.6, which according to previous data obtained in the RNAcious laboratory 

corresponds to 1.12 x 108 and 1.55 x 108 cfu/mL for S. frigidimarina and S. baltica, respectively. At 

the desired OD600, the cells were infected with Shewanella phage isolate 1/4 agar stock with MOI 

value 10 (see Equation 2). After the infection, phages were let to adsorb for 15 min without aeration 

after which the cultures were grown as previously described. The cells were collected 120 min p.i. 

by centrifugation at 3 220 g for 10 min at 4 °C. The resulting pellets were directly resuspended into 

10 mL TRIZOL reagent and stored at -20 °C until total RNA isolation. 
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Transmission Electron Microscopy 
Purified Shewanella phage isolate 1/4 and its attachment on S. glacialimarina cell surface were 

visualized by transmission electron microscopy (TEM). For the visualization of phage attachment on 

the cell surface, S. glacialimarina was grown in 25% rMB at 15 °C with 200 rpm aeration until the 

culture reached OD600 = 0.6. 1 mL aliquot of the culture was infected with MOI value 50 followed by 

immediate collection of the sample. All samples were prepared by adding 3 µL of infected culture 

or virus stock on carbon-coated Cu mesh grids and incubated for 1 min. Negative staining was done 

using 2% uranyl acetate with 15 s incubation. TEM visualization was conducted using a JEOL JEM-

1400 microscope (Jeol Ltd., Tokyo, Japan) operating at 80 kV and equipped with Gatan Orius SC 

1000B bottom-mounted CCD camera (Gatan Inc., United States).  

Total RNA isolation 
Total RNA isolation was done using TRIZOL reagent and 1-bromo-3-chloropropane (BCP, Agros 

Organics), followed with one round of acidic phenol (Sigma) and BCP extraction. The harvested cells 

were directly resuspended in 10 mL of TRIZOL and 1/10 vol of BCP (for 1 vol of TRIZOL) was added 

to the samples. To break the cells, glass beads were added, and the suspension was vortexed for 10 

min at full speed. Phases were separated by centrifugation at 10 000 g for 15 min at 22 °C. The 

aqueous phase was re-extracted twice, once with 400 µL BCP /4 mL TRIZOL and then with 400 µL 

BCP /2 mL TRIZOL. The total RNA was precipitated from the aqueous phase overnight at -20 °C using 

2.5 volumes of 100% (v/v) ethanol, followed by centrifugation with 10 000 g for 60 min at 4°C. The 

total RNA pellets were washed twice using 80% ethanol and centrifuged at 10 000 g for 20 min at 

4°C. After the washes, the pellets were air-dried and dissolved in ddH2O. Total RNA concentrations 

were measured using NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific). 

DNase treatment of total RNA 
DNase treatment of total RNA was done using 7U of RQ1 RNase-free DNase enzyme (Promega) for 

30 µg of total RNA. The reaction was incubated at 37 °C for 30 min followed by two rounds of phenol 

/BCP extraction. The extraction was done once with 500 µL acidic phenol and 50 µL BCP and then 

with 300 µL acidic phenol and 30 µL BCP. The phases were separated by centrifugation at 12 000 g 

for 15 min at 4 °C. The total RNA was precipitated from the aqueous phase overnight at -20 °C using 

2.5 volumes 100% (v/v) ethanol, 1/10 volume 3M sodium acetate (pH 5.5) and 0.5 µL GlycoBlue 

coprecipitant (Invitrogen) followed by centrifugation at 17 000 g for 60 min at 4 °C. The total RNA 

pellets were washed twice using 80% ethanol and centrifuged at 17 000 g for 15 min at 4°C. After 
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the washes, the pellets were air-dried and dissolved in ddH2O. Total RNA concentrations were 

measured using NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific).  

Visualization of the fragments and total RNA quality 
To visualize the fragments formation and to ensure the quality of the isolated total RNA, samples 

were analyzed on denaturing 12% polyacrylamide (Urea-PAA) gels in 0.5x Tris-borate EDTA buffer 

(TBE). 2 µg of total RNA per sample was loaded on the gel in 2x loading buffer (90% deionized 

formamide, 0.5x TBE, 0.025% Bromphenol blue). Samples were denatured at 80 °C for 5 min prior 

loading on the gel. GenerulerTM Ultra Low Range DNA ladder (10-300 bp, Thermo Fisher Scientific, 

250 ng/gel) and microRNA marker (miRNA; 17,21 and 25 nt, New England Biolabs, 60 ng/gel) were 

used to compare the RNA sizes on the gel. Additionally, two RNA oligos, NI-800 (34 nt) and NI-801 

(26 nt) were used to estimate the fragment sizes (see oligo sequences in Supplementary Table 1). 

The gels were post-stained with SyBr Gold (Invitrogen) and visualized using ChemiDocTM Touch Gel 

Imaging System (Bio-Rad).  

Isolation of RNA-fragments 
The protocol used for the RNA-fragment isolation was inspired by the library construction method 

for ribosome profiling from (McGlincy & Ingolia, 2017). 

 

Gel extraction from polyacrylamide gel 

First, two times 10 µg of total RNA per sample were separated on 12% Urea-PAA gel in 0.5x TBE and 

the RNA fragments from two lanes were combined for subsequent extraction. Prior to loading the 

gel, samples were denatured at 80 °C for 5 min. To isolate the fragments, the corresponding gel 

pieces were excised, submerged in a sufficient amount of RNA gel extraction buffer (300 mM sodium 

acetate pH 5.5, 1.0 mM EDTA, and 0.25% (w/v) SDS) to completely immerse the gel, and frozen in 

liquid nitrogen for 30 min. The samples were let to thaw overnight at RT with slow rotation. RNA 

was isolated from the extraction buffer using equal volume of acidic phenol and 1/5 volume BCP. 

The phases were separated by centrifugation at 10 000 g for 15 min and RNA was precipitated by 

adding 1/10 volume of 3M sodium acetate (pH 5.5), 2 µL GlycoBlue (Invitrogen) and 2.5 volume of 

100% (v/v) ethanol at -80 °C for at least 30 min. After the precipitation, RNA was pelleted at 17 000 

g for 60 min at 4 °C, washed with 80% ethanol and pelleted again at 17 000 g for 20 min at 4 °C. Air-

dried RNA pellet was dissolved in 4.5 µL of ddH2O and concentration was measured using NanoDrop 

2000c Spectrophotometer.  
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Fragment dephosphorylation and linker Ligation 

Prior to the linker ligation reaction, the linker oligonucleotide (Supplementary Table 1) was 

adenylated with the 5’ DNA Adenylation kit (New England Biolabs) according to the manufacturer’s 

protocol using 120 pmol of the linker oligonucleotide. The adenylated linker was purified using the 

Monarch® PCR & DNA cleanup Kit (New England Biolabs) according to the manufacturer’s protocol 

and eluted into 6 µL of ddH2O.  

Next, the isolated RNA fragments were dephosphorylated for 60 min using 5U of T4 polynucleotide 

kinase (Thermo Fisher Scientific) at 37 °C followed by linker ligation. First 1.5 µL of pre-adenylated 

linker (Supplementary Table 1) was added to the dephosphorylation reaction and heated at 80 °C 

for 90 s followed by cooling on ice. Linker ligation was carried out using 200U of T4 RNA ligase 2 

(New England Biolabs) in the presence of 10% PEG8000 and incubating at 18 °C overnight. Linker-

ligated fragments were purified from the excess of non-ligated linker by gel extraction from 15% 

Urea-PAA gel in 0.5x TBE. Gel extraction was done identically as above except that the air-dried RNA 

pellet was dissolved into 8 µL of ddH2O.  

Reverse Transcription 

Linker-ligated fragments were converted to cDNA using SuperScript III reverse transcriptase 

(Invitrogen). First linker-ligated fragment and 0.1 µM linker-specific primer were denatured at 65 °C 

for 5 min and cooled on ice. The reverse transcription (RT) reaction consisted of 1 x First strand 

buffer, 0.5 mM dNTPs, 5 mM DTT, 5 mM MgCl2, 20U RNasin Plus (RNase inhibitor) and 200U 

SuperScript III and was carried out at 55 °C for 30 min and inactivated at 70 °C for 15 min. After RT 

the RNA template was degraded by adding 2.2 µL 1 M NaOH and incubated at 98 °C for 12 min. 

Fragment cDNA was purified from the excess of RT primer by gel extraction from 12% Urea-PAA gel 

in 0.5x TBE. Excised gel pieces were immersed into 500 µL DNA gel extraction buffer (10 mM Tris 

(pH 8), 300 mM NaCl, 1 mM EDTA) and frozen in liquid nitrogen for 30 min. The samples were 

thawed overnight at RT with slow rotation. Samples were centrifuged at 16 000 g for 2 min and DNA 

extraction buffer containing cDNA was transferred into new eppendorf tube avoiding transferring 

any gel pieces or slurry. cDNA from the buffer was precipitated using 2.5 volumes of 100 % ethanol, 

1/10 volume 3 M sodium acetate (pH 5.5) and 2 µL of GlycoBlue at -80 °C for at least 30 min. 

Precipitated cDNA was pelleted at 17 000 g for 45 min at 4 °C and washed twice using 80% ethanol 

with centrifugations at 17 000 g for 20 min at 4 °C. Air-dried cDNA pellet was dissolved in 11 µL of 

ddH2O. 
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Circularization 

The fragment cDNA was circularized using CircLigaseTM ssDNA Ligase (Lucigen) according to the 

manufacturer’s protocol, except for 1M Betaine being added and the incubation time at 60 °C being 

increased to 3 h. This improves the yield of circular DNA from the possibly difficult-to-ligate cDNA 

substrate.  

PCR amplification 

The circularized fragments were amplified for cloning by PCR. The PCR reactions consisted of 3 µL 

circularized fragment, 500 nM of both PCR-FWD and PCR-REV primers (Supplementary Table 1), 200 

µM dNTPs (each), 1x Phusion HF Buffer and 1U Phusion polymerase (Thermo Fisher Scientific). The 

PCR reaction conditions were 95 °C for 15 min followed by 30 cycles of 95 °C for 10 s, 62 °C for 20 s, 

72 °C for 30 s. The PCR products were purified using E.Z.N.A Cycle Pure kit (Omega Bio-Tek) 

according to manufacturer’s protocol and samples were eluted into 30 µL of ddH2O. Concentrations 

were measured using NanoDrop 2000c Spectrophotometer.  

Cloning of the fragments  
PCR amplified fragments were inserted into the pCRZeroT TA-cloning vector (Supplementary Figure 

S1) using Golden Gate reaction. The ligation reaction was prepared using 50 ng of both vector and 

purified PCR product, 10U of XcmI restriction enzyme (New England Biolabs) and 5U of T4 DNA ligase 

(Thermo Fisher Scientific). The ligation reaction was carried out by 30 cycles of 37 °C for 1 min and 

16 °C for 1 min followed by final inactivation at 80 °C for 5 min. The ligation reactions were 

transformed into competent Escherichia coli DH5α cloning strain using standard heat shock 

protocol.  

Clones were screened for the inserted fragment by colony PCR using 5x Firepol DNA mix 

(SolisBiodyne) and 250 nM of both M13-FWD and M13-REV primers (Supplementary Table 1). For 

the colony PCR, colonies were resuspended in 20 µL of sterile ddH2O and 2 µL of the suspension was 

used for the reaction. The PCR reaction conditions were as follows: initial activation of the enzyme 

and denaturation of the cells at 95 °C for 12 min followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 

s and 72 °C for 30 s, ending with final extension at 72 °C for 5 min. The colony PCR reactions were 

analyzed on 0.8% (w/v) agarose gel in 1x TBE. The gel was pre-stained with Midori Green Advanced 

DNA stain (1.5 µL/100 mL, Nippon Genetics) and visualized using ChemiDocTM Touch Gel Imaging 

System (Bio-Rad). 
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Plasmids from positive clones were purified using Plasmid purification kit (Omega Bio-Tek) 

according to manufacturer’s protocol. Plasmids were eluted in 50 µL of ddH2O and concentrations 

were measured using NanoDrop 2000c Spectrophotometer. 

Sequencing and sequence analysis 
In total, 12 positive clones per fragment and replicate were sequenced using Sanger sequencing 

service from Eurofins. M13-REV primer was used for sequencing. Sequencing results were analyzed 

using SnapGene® software (version 6.0.2, from Insightful Science; available at snapgene.com).  

 

RESULTS 
 

Production and purification of Shewanella phage isolate 1/4 viral material 
Two Shewanella phage isolate 1/4 preparates with different purity − an agar stock and a 1x virus − 

were produced to compare fragment formation during infection. An agar stock contains, in addition 

to the virus, a lot of host and growth media -derived impurities, like host surface structures. The 

agar stock was made from semiconfluent plates, and the titer of the stock was determined with 

plaque assay to be 7.8 x 1010 pfu/mL. The purity of Shewanella phage 1/4 preparate was further 

improved by purification of the phage from liquid culture lysate, yielding the 1x virus.  During the 

purification, phages were PEG6000 precipitated from 4 L of cleared culture lysate and separated 

from partially assembled viral particles and host derived impurities by rate-zonal ultracentrifugation 

on a sucrose gradient. For the 1x virus, the light-scattering zone from the middle of the gradient was 

collected (Supplementary Figure S2A). Additionally, the light-scattering zone immediately above 1x 

virus was collected and is from now on referred to as the empty capsids sample. The empty capsids 

sample was collected to determine whether it mainly contained empty viral capsids, assembly 

intermediates and detached tails of the virus, and not significant amounts of infective viruses.  

To determine the efficiency of the purification protocol, samples from the cleared lysate and PEG 

precipitation were collected during the virus purification. Samples from purification steps as well as 

1x virus and empty capsids sample were analyzed by determining their titers with plaque assay and 

protein amount with Bradford assay. The titer of the cleared lysate was determined to be 7.52 x 

1014 pfu/mL and 5.28 x 1013 pfu/mL for the PEG precipitated virus sample (Supplementary Table 2). 

Based on the titers, 7% of the phages in the cleared lysate were precipitated. 1x virus and empty 

capsids samples were determined to have titers of 3.23 x 1012 pfu/mL and 1.89 x 109 pfu/mL, 
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respectively (Supplementary Table 2). This means that from the PEG precipitated sample, 7.3% was 

purified into the 1x virus and 0.00093% remained in the empty capsids sample. Overall, only 0.5% 

of the viruses in the cleared lysate were recovered in the 1x virus. Although the yield of the purified 

1x virus was very low and could be further optimized, the virus amount obtained was sufficient for 

this project.  

The titer from the different purification steps were compared with measured protein amounts to 

determine the specific infectivity of the 1x virus and empty capsids samples. Specific infectivity is 

defined as the ratio between the number of infective viruses and the total amount of protein in the 

sample and therefore gives an estimation about the purity of the sample. The specific infectivity is 

reduced from 2.61 x 1012 pfu/mg to 9.36 x 1011 pfu/mg between the cleared lysate and the PEG 

precipitated sample (Supplementary Table 2). However, the reduction in the specific infectivity is 

withing the error margin of the applied methods due to the accuracy of plaque assay. Furthermore, 

the purified 1x virus stock has specific infectivity of 5.98 x 1011 pfu/mg and empty capsids as low as 

1.89 x 107 pfu/mg, which shows a clear difference in the purity between these samples.  

Visualization of Shewanella phage isolate 1/4 infection of S. glacialimarina  
Both the host S. glacialimarina and the virus Shewanella phage isolate 1/4 were visualized using 

transmission electron microscopy. S. glacialimarina is a rod-shaped bacterium that has a single polar 

flagellum and multiple pili on its surface (Figure 2A). 

The purified 1x virus was visualized to assess the purity and to examine the virus morphology. The 

1x virus contained mainly intact virus particles (Figure 2B). Additionally, it contained a small number 

of separate heads and tails of the virus, and a negligible number of host-derived structures, like 

flagella, were present in the purified stock. The empty capsid sample contained, as hypothesized, 

mainly empty capsid heads of the virus (Supplementary Figure S2B). Moreover, some virus tails and 

a significant number of impurities originating from the host were present in the empty capsid 

sample. Shewanella phage isolate 1/4 morphology was confirmed to be the same as reported by 

Senčilo et al. (2014). The phage has myovirus morphology with an icosahedral head approx. 100 nm 

in diameter and an approx. 150 nm long contractile helical tail (Figure 2C). When Shewanella phage 

1/4 infects the host S. glacialimarina, it attaches to the membrane of the bacteria with its tail and 

uses it to inject the viral genome into S. glacialimarina (Figure 2D). Additionally, phages with 

contracted tail and exposed inner tube structure were visible in the 1x virus preparate, illustrating 
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how the tail structure morphology changes to facilitate infection once the virus comes in contact 

with the host cell (Figure 2C). 

Infection of S. glacialimarina induces formation of infection specific tRNA-derived 

fragments 
S. glacialimarina was infected with both viral preparates, namely the agar stock and the 1x virus, to 

compare the fragment formation between viral preparates of different purities. Previously, the 

fragment formation was observed during infection using the agar stock. The formation of fragments 

Figure 2. Visualization of S. glacialimarina and Shewanella phage isolate 1/4 using transmission electron 
microscopy. (A) The rod-shaped host bacterium S. glacialimarina. (B) A general overview of the purified 1x 
virus of Shewanella phage isolate 1/4. A large number of intact bacteriophages are visible. Insert in the top 
right corner shows a close-up from the area indicated with the grey box. The arrow points to an intact phage. 
The triangle denotes the detached tail and the star indicates the detached head of the virus. (C) Shewanella 
phage isolate 1/4 has myovirus morphology with a contractile helical tail and an icosahedral head. The star 
denotes the icosahedral head and triangle the tail structure. The arrow points to the contracted form of the 
tail. (D) Shewanella phage isolate 1/4 attached on the host cell surface. Note the phage that has injected its 
genome into the host cell (visible as a color change of the head; the arrow points to the attacted phage with 
the empty capsid). 
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was also tested using 1x virus to better determine the specificity of the phenomena to the viral 

infection. 

Samples from infected and mock-infected S. glacialimarina cultures were collected 20, 40 and 70 

min p.i. to study the fragment formation. The sampling timepoints were selected to be within the 

intracellular replication phase of the viral infection cycle and therefore, collected before host cell 

lysis that occurs approximately 1.5-2 h p.i. (Figure 3A). Total RNA was isolated from the collected 

samples (Supplementary Table 3) and the formation of fragments was visualized in a denaturing 

polyacrylamide gel (Urea-PAA). The same pattern of formed fragments was observed from 

infections with both viral preparates and in all collected timepoints (Figure 3B, Supplementary 

Figure S3). No fragments were observed in any of the mock-infected control samples. Based on the 

results of the advanced research project, the number of fragments was previously thought to be 

three, since the samples were screened in a shorter Urea-PAA gel with shorter electrophoretic 

separation. The visualization of the samples in a longer Urea-PAA gel allowed a better separation of 

different length RNA species, revealing additional fragments with distinct lengths. As a result, five 

distinct infection induced fragments were observed and selected for further isolation. The 

fragments were numbered according to size from the biggest to the smallest I-V (Figure 3B, 

Supplementary Figure S3).  

The sizes of the fragments were estimated from the Urea-PAA gel in reference to the known sizes 

of the mature tRNAs (70-90 nt) and the two RNA oligos (26 and 34 nt) (Supplementary Table 1) 

available in the RNAcious laboratory. Fragment I is bigger than mature tRNAs, indicating that the 

length of the fragment must be longer than 90 nt (Figure 3B). The other four fragments II-V are 

shorter than mature tRNAs, but longer than the 34 nt RNA oligo, indicating that their lengths are 

between 34-70 nt. To determine the possible change in abundance of the fragments during 

infection, relative quantification by image densitometry analysis of the fragment bands in the Urea-

PAA gel was done using the 34 nt RNA oligo (5 pmol) as a reference (Figure 3B). The abundance of 

all the fragments increased as the infection proceeded.  

Next, I wanted to determine whether the observed fragments were RNA and not DNA artefacts from 

the total RNA isolation. Two sets of infected and mock infected samples were treated with DNase I 

to see if the treatment abolishes the fragments from the total RNA. As a result, the fragments were 

found to be present also after DNase treatment, confirming that they consist of RNA rather than of 

DNA (Figure 3C).   
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Figure 3. Fragment formation during Shewanella phage isolate 1/4 infection of S. glacialimarina. (Legend 
continues on the next page) 
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To assess that the fragments are formed specifically due to the Shewanella phage 1/4 replication, 

two other closely related Shewanella species, namely S. frigidimarina and S. baltica, were infected 

with Shewanella phage 1/4 agar stock. Upon total RNA isolation and Urea-PAA gel electrophoresis 

analysis, no fragments were observed in the infected or mock-infected samples for either species 

(Figure 3D).  

Adapted protocol for the tRNA-derived fragment isolation and identification 
To isolate and identify the RNA fragments, a previously published sequencing library preparation 

protocol (McGlincy & Ingolia, 2017) was adapted. In brief, the protocol consists of seven steps 

(Figure 4A). First, the fragments of interest are excised from a Urea-PAA gel and purified. Second, 

the purified fragments are ligated together with a known linker sequence (Supplementary Table 1). 

Third, upon reverse transcription the fragment-linker RNA-DNA hybrid is converted to cDNA. Fourth, 

the fragment product is enzymatically circularized utilizing the phosphorylated 5’ end of the RT-

primer. Fifth, the whole fragment product is further amplified by PCR. Sixth, the purified PCR 

product is ligated to a TA-cloning vector, followed by transformation into Escherichia coli DH5α. 

Transformants are screened by colony PCR to find the clones with inserted fragment sequences, 

from where the plasmids are further purified. Finally, purified plasmids were sent to sequencing to 

obtain the fragment sequences, which can be easily identified because they are flanked on both 

sides with known linker and RT-primer sequences. 

This protocol was executed once for each of the five fragments using two replicate samples. The 

initial isolation of the fragments was done from 5 µg of total RNA per sample. No sample 

concentrations were measured prior to PCR amplification, but faint products were observed in the 

Urea-PAA gels (Figure 4C and D, Before optimization). Between 200 – 400 ng of purified PCR 

products were obtained, which was lower than expected but sufficient for ligation and 

transformation. A total of 124 clones, with equal amount of each fragment, were screened with 

(A) Growth curve of infected S. glacialimarina showing growth retardation and lysis of cells when new viruses 
are released from the cells. The arrow indicates the time of the infection. Timepoints marked with 20’, 40’ 
and 70’ represents the sample collection timepoints 20, 40 and 70 min p.i., respectively. (B) Top panel: 
Fragment formation observed from total RNA of cells infected with 1x virus preparate. Arrows point to the 
numbered fragments observed during infection. Single-stranded RNA oligos serve as size controls. Bottom 
panel: The table shows the relative quantification (%) of the fragments compared to the RNA oligo band (R). 
(C) Infection induced tRNA-derived fragments are observed in total RNA also after DNase treatment. (D) 
Cross-infection of two other Shewanella species with Shewanella phage isolate 1/4 agar stock does not result 
in fragment formation, as seen for S. glacialimarina. (-) symbol represents the mock-infected cultures 
infected with growth media and (+) symbol infection with the virus. 
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colony PCR from three rounds of transformations. Based on the colony PCR results, the plasmid 

from 13 positive clones was isolated, with one failing the isolation and therefore, 12 samples were 

sequenced. Positive clones were found mostly from fragments IV (4 clones) and V (5 clones), but a 

few samples from fragments II (1 clone) and III (2 clones) were also included in the sequencing 

samples. However, none of the sequences from all the samples contained any insert sequences and 

aligned only to the vector. Therefore, the clones were false positives. 

Optimization of the fragment isolation protocol 
The unsuccessful sequencing result can most likely be attributed to loss of the fragment RNA and 

subsequent cDNA during the isolation protocol. Therefore, further optimization was needed to 

ensure the presence of the fragment material throughout the isolation process. First, the amount 

of total RNA used in the initial fragment isolation was up-scaled by 4-fold. To ensure a good 

separation of RNA and to avoid overloading the gel, two lanes were loaded with 5 µg each (10 

µg/sample) and the fragment material was pooled together during the gel extraction step (Figure 

4B). Based on the Urea-PAA gel visualization, up-scaling the amount of starting material increased 

the amount of fragment recovered during gel purification. To limit the loss of material throughout 

the protocol, concentrations were not measured after each gel purification and the amount of 

material was only assessed after circularization. The circularization reactions were found to contain 

very little or no cDNA, since no bands could be observed in the Urea-PAA gel after the reaction. As 

Urea-PAA gel detection is very sensitive (25 pg of DNA), this implies that there was presumably too 

little material in the samples for the subsequent steps to work. This suggests that most of the 

material was lost during the gel purification steps. 

To eliminate any carryover of the gel slurry, which might interfere with precipitation of nucleic acids, 

I filtered the fragment-containing extraction buffer prior to precipitation. Again, no sample 

concentrations were measured between the gel purification steps to limit the loss of material. 

Encouragingly, the intensities of the fragments on the gel significantly increased as compared to the 

first round of isolation (Figure 4C and D, After optimization). The amount of purified fragment cDNA 

was measured, and the remaining cDNA was visualized by Urea-PAA gel electrophoresis. The cDNA 

concentrations were around 500 ng, and the cDNA bands were faintly visible (Figure 4E). However, 

the cDNA sample contained a lot of impurities that are visible as a shadow in the top of the sample 

lanes and would significantly contribute to the concentration measurement. 
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Figure 4. Optimization of the tRNA-derived fragment isolation protocol. (Legend continues on the next 
page)  
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Finally, the efficiency of the initial fragment isolation from total RNA was compared from Urea-PAA 

gels of different thickness to determine the most efficient isolation combination. Using 2 mm thick 

gels instead of the original 1 mm thick gels allows a clear separation of a significantly bigger amount 

of total RNA in one lane and therefore, could enhance the yield of fragment RNA. The amount of 

RNA was compared between isolations with 2 times 10 and 40 µg per total RNA sample in 1 mm and 

2 mm thick gels respectively (Table 1). The isolation of the fragment RNA from the thinner 1 mm gel 

yielded 100-200 ng RNA except from fragment II, where the yield was almost 300 ng. The yields 

were increased to 200-400 ng when the total RNA amount was up-scaled 4-fold and the gel was 2 

mm thick (Table 1).  

 

Table 1. Comparison of the isolated RNA amount between isolations 

  

  Isolation 2 (2 x 10 µg, 1mm gel)  Isolation 3 (2 x 40 µg, 2mm gel) 

Replicate Fragment 
Conc. 

(ng/µL) 
Fragment 
RNA (ng) 

Amount in Linker 
Ligation reaction 

(ng in 3.5 µL) 

 Conc. 
(ng/µL) 

Fragment 
RNA (ng) 

Amount in Linker 
Ligation reaction 

(ng in 3.5 µL) 

2  
(agar 
stock) 

II 61.6 277.2 215.6  37.2 297.6 130.2 

III 24.5 110.3 85.8  35.7 285.6 125.0 

IV 43.2 194.4 151.2  37.1 296.8 129.9 

V 27.9 125.6 97.7  39.8 318.4 139.3 

3  
(agar 
stock) 

II 34.3 154.4 120.1  25.3 202.4 88.6 

III 38.4 172.8 134.4  32.6 260.8 114.1 

IV 38.4 172.8 134.4  45.2 361.6 158.2 

V 44.3 199.4 155.1  29.3 234.4 102.6 

(A) Workflow of the fragment isolation protocol. (B) Representative gel of fragment isolation from total RNA. 
Isolated fragments are indicated by the black boxes. Fragments from two lanes of the same sample were 
pooled together during the initial gel purification step. (C) Representative gels from the first and last round 
of gel purification of the linker ligated fragments. Brackets represent the successfully ligated products that 
were isolated from the gel. The star denotes the non-ligated linker. (D) Representative gel from the first and 
last round of gel purification of the reverse transcribed fragments. Brackets represent the desired RT products 
that were isolated from the gel. The diamond denotes the unused RT-primer. (E) Purified fragment cDNA 
after RT. Arrow demarks the fragment cDNA. 
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DISCUSSION 
 

In this Master’s thesis project, the formation of tRNA-derived fragments during Shewanella phage 

isolate 1/4 infection of S. glacialimarina was studied with the aim to identify their possible origin 

and further role in regulating the infection cycle. Indeed, fragment formation during infection was 

found to be dynamic and infection specific. Moreover, the fragment isolation protocol was tested 

and further optimized for the identification of the fragment sequences.    

The Shewanella phage isolate 1/4 infection induced the formation of five distinct RNA fragments, of 

which three were previously observed in my advanced research project. Fragment formation is very 

clear, and no similar fragments were found from the mock-infected cultures (Figure 3B). Based on 

the relative quantification of the fragments, their abundance increases as infection proceeds. This 

indicates that formation of the fragment is dynamic during infection. Similarly, a dynamic increase 

in the tRF-5 abundance was observed during RSV infection, which further supports the hypothesis 

that fragments are utilized by the virus to enhance its replication as infection progresses (Wang et 

al., 2013). For a deeper understanding of the fragment abundance dynamics, the sampling 

timepoints should be expanded towards both the early and the late phases of infection, together 

with the use of a more sensitive and accurate quantification method, like RT-qPCR (Chen et al., 

2005).  

The fragment formation was found to be specific for Shewanella phage isolate 1/4 infection only in 

S. glacialimarina. Indeed, this phenomenon was not observed for Shewanella phage isolate 1/4 

infection in other closely related Shewanella species, such as S. glacialimarina and S. baltica, 

suggesting that the virus does not complete its infection cycle in these Shewanella species. This 

result is in line with the typical narrow host range of viruses. To date, Shewanella phage isolate 1/4 

has only one known host bacterium. Another bacteriophage was isolated from the same 

environmental sample and was presumed to be closely related to Shewanella phage isolate 1/4. 

Both bacteriophages were found to infect host bacteria belonging to the Shewanella genus but 

could not cross-infect between the hosts (Luhtanen et al., 2014). Moreover, the specificity of the 

fragment formation during Shewanella phage isolate 1/4 infection indicates that the fragments are 

a result of virus replication in the host cell, rather than being products of general stress responses 

of the host when it encounters the virus. 
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The specificity of fragment formation is also supported by the observation that identical fragment 

formation occurs upon infection with the 1x virus as well as the agar stock (Figure 3B, 

Supplementary Figure S3). Purification of Shewanella phage 1/4 to produce 1x virus efficiently 

removes impurities from the preparate and therefore, the observed fragments are likely to be 

infection induced. In general, the production of tsRNAs during viral infection seems to be more virus 

than host specific. For instance, RSV infection of A549, human alveolar type II-like epithelial cells, 

was found to induce abundant formation of tRF-5s, but human metapneumovirus infection of the 

same cell line did not induce production of tRFs (Deng et al., 2014; Zhou et al., 2017). Furthermore, 

RSV induces abundant formation of fragments to specifically target APOER2 to suppress the antiviral 

response of the host (Deng et al., 2015; Zhou et al., 2017). On the other hand, T4 bacteriophage 

activates the RNA restriction system of the host during infection in certain Escherichia coli strains, 

which leads to cleavage and further depletion of phage utilized tRNALys. Consequently, the phage 

encoded polynucleotide kinase and RNA ligase restore the functional tRNALys to reverse the 

inhibitory effect on viral protein translation (Kaufmann & Amitsur, 1985). This self-destructive 

mechanism has been hypothesized to represents an evolutionary important RNA restriction system, 

which is used by the T4 bacteriophage to employ tRNA cleavage reactions to exclude the 

propagation of related viruses (Miller et al., 2003)  

To further study the specificity of fragment formation, it would be beneficial to test fragment 

formation in two settings. First, virus inactivation could be utilized to determine if the fragment 

formation is the result of a stress response, which is triggered by the interaction of the phage tail 

with the host membrane. Traditionally, heating, UV-radiation, and chemicals have been used either 

separately or in combination to inactivate viruses (Alper, 1954; Pollard & Solosko, 1971). The 

method for inactivation is dependent on the virus, since the susceptibility of the viruses to different 

inactivation strategies varies a lot. To assess if the interaction between phage tail proteins and cell 

surface receptors alone induces the fragment formation, the phage must be inactivated without 

denaturing the structural proteins, thereby enabling a native interaction. Therefore, the utilization 

of chelating agents together with mild heating could be a good approach to gently detach the tail 

from the head of the phage (Fernandes et al., 2016; Gutiérrez et al., 2018). However, the choice of 

chelating agent and the inactivation conditions would need to be optimized for Shewanella phage 

isolate 1/4, and the effect of the chelating agent should be also determined for the host. Second, it 

would be interesting to explore if replication of Shewanella phage isolate 1/4 causes the same kind 
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of fragment pattern in another host. However, finding another compatible host where the virus 

could successfully complete the infection cycle could be a formidable challenge given to the narrow 

host range of most viruses.   

The origin and the regulatory functions of the fragments still remain to be determined. However, it 

was possible to obtain some preliminary characterizations for the different fragments. Fragment I 

migrated slower than the tRNA cluster on a denaturing PAA gel, suggesting its length exceeds 90 nt. 

Therefore, it is conceivable that the fragment could be an unprocessed viral transcript that 

accumulates in the cell during replication. The accumulation of viral transcripts together with 

miRNAs have been observed during Hepres simplex virus infection, where they have been linked to 

the establishment of the latent state (Du et al., 2015).  The other four fragments are all shorter than 

mature tRNAs (<70 nt) (Jühling et al., 2009). Nevertheless, all four fragments are longer than 34 nt 

with fragments IV and V being very close to 34 nt. Since all the fragments are longer than 34 nt and 

tRFs are usually between 14-30 nt, even the shortest fragments are most likely not tRFs (Xie et al., 

2020). Then again, it is possible that at least some of the fragments, especially fragments IV and V, 

are tiRNAs since their length is within the typical range of tiRNAs (31-40 nt) (Xie et al., 2020). 

However, the sequences of the observed fragments must first be obtained to identify their origin 

and to design appropriate experiments to elucidate their roles. 

To characterize the fragments, a previously published sequencing library construction method was 

adapted to enable reverse transcription, cDNA amplification, and subsequent sequencing of the 

fragments. The complete protocol was performed once, but identification of the fragment 

sequences could not be obtained. Critically, a significant loss of material was observed at various 

steps of the protocol and, to mitigate this, further optimization is required. The most significant loss 

of material occurred in the gel purifications between the enzymatic reactions. These steps are 

essential since the excess of non-ligated linker and unused RT-primer must be removed as they 

would otherwise interfere with the subsequent steps of the protocol. Therefore, the first approach 

was to up-scale the total RNA amount for the initial fragment isolation. This was implemented in 

the protocol, and it significantly increased the amount of material available in subsequent steps. 

Moreover, further up-scaling is possible thanks to the high yields of the total RNA isolation 

(Supplementary Table 3). However, overloading of the gel should be avoided because it may cause 

significant problems for the efficient separation of the different RNA species. Additionally, carryover 

of polyacrylamide could lower the precipitation efficiency significantly and potentially, lead to the 
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loss of all the fragment material. Hence, optimization of the protocol was focused on the gel 

purification steps. As a result, the gel purification efficiency was successfully enhanced, and purified 

cDNA was detected on a Urea-PAA gel.  

However, the cDNA concentration measurement indicated a high yield of cDNA, which does not 

correspond to the intensities of the visualized cDNA products. This discrepancy in the results may 

be accounted for by the significant presence of unknown high molecular weight impurities, which 

are seen as shadows underneath the well in the corresponding lanes on the gel (Figure 4E). The 

cause of these impurities and their impact on the subsequent steps should be determined to ensure 

the efficiency of the isolation protocol. Unfortunately, due to the lengthiness of the protocol and 

time limitation of the project, the enhancements could not be implemented. Therefore, it is difficult 

to conclude if the optimizations done are sufficient to obtain a working protocol. Nevertheless, the 

recovery yields throughout the crucial gel purification steps were significantly improved. 

Furthermore, the isolation efficiency might differ between the fragments due to differences in their 

abundance. Already during the optimization, it appeared that the identification of fragments IV and 

V would be the easiest. On the other hand, the successful identification of fragments II and III might 

need even further optimization of the protocol due to their low abundance during the infection 

(Figure 3B).  

The fundamental question of the fragments’ function in infection remains to be answered. 

Intriguingly, their abundance in the total RNA is high enough to be readily detectable on Sybr Gold-

stained polyacrylamide gels. This is in stark contrast to previous studies on other host-pathogen 

models, where more sensitive methods, like northern blots or next generation sequencing, have 

been necessary (Xie et al., 2020). This implies that the formation of these fragments is very strong 

and therefore, could be assumed to have a significant importance for the cellular functions 

governing virus replication and/or host responses to infection.  

In previous studies, the fragments have been found to originate only from the host tRNAs, and no 

tsRNAs derived from virus encoded tRNAs have so far been reported. As Shewanella phage isolate 

1/4 has two tRNAs encoded in the genome, it is of great interest to determine whether these genes 

are contributing to fragment formation. If viral tRNA genes were proven to be expressed and serving 

as the origin for the tsRNA formation, completely novel insights into the infection mechanisms 

would be revealed. Discovery of regulatory tsRNA of viral origin would lead to a question about 

ubiquity of the phenomenon. Hence, the discovery of virus induced fragment formation could be 



30 

aided with bioinformatics approaches to search for the candidate viruses. The number of known 

viruses has increased dramatically due to the various environmental sequencing efforts, which 

presents a wealth of virus sequences to be mined for tRNA genes. Furthermore, an upcoming trend 

suggests, that this genomic DNA data could be combined with environmental RNA-seq data to 

understand the functional relevance of the environmental DNA (Marshall et al., 2021). This kind of 

combined data could be utilized to focus the search further towards tRNA-derived fragments 

resulting in candidate viruses with potential affiliation to fragment formation.  

In conclusion, research into fragment formation and its role in regulating cellular function in 

prokaryotes is in its infancy, as the focus has been on clinically relevant pathogens in eukaryotes. 

Interestingly, the formation of fragments was first found in E. coli where tRF derived from tRNAMet 

was shown to interact with the 30S ribosomal subunit (Rudland & Dube, 1969). Therefore, it is 

conceivable that broader research into fragment formation in prokaryotes could give us a more 

complete understanding about the regulatory roles of tRNA-derived fragments and their prevalence 

among different organisms. Furthermore, similarities in the role of fragment formation between 

Shewanella phage isolate 1/4 and RSV infection could indicate the existence of conserved 

mechanisms for regulation of infection. Thus, the results of this thesis constitute the basis for future 

work towards identification of the fragments induced by Shewanella phage isolate 1/4 infection. 

Furthermore, these results highlight the need for a holistic understanding of the mechanisms of 

RNA-mediated viral infection regulation, which offers promising new pathways towards the 

development of new antiviral therapies. 
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SUPPLEMENTARY FIGURES  

 

 

Figure S2. Light-scattering zones and TEM visualization of the empty capsids sample. (A) Light-scattering 
zones in the sucrose gradient after rate-zonal ultracentrifugation. Purified Shewanella phage isolate 1/4 was 
collected from the middle of the tube. (B) Transmission electron microscopy visualization of the empty 
capsids sample, which mainly consisted of empty viral capsids. The arrow points to the empty capsid of the 
virus. 

Figure S1. Plasmid map of the TA-cloning vector pCRZeroT used in the fragment isolation protocol. XcmI 
restriction sites are used in the ligation of the fragments products into the vector. M13 rev primer is used in 
the Sanger sequencing of the fragments. Additionally, the plasmid contains ampicillin resistance (AmpR) and 
ccdB kill gene that are utilized in the transformation. 
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Figure S3. Fragment formation in total RNA of agar stock infected S. glacialimarina. Arrows point to the 
numbered fragments observed 20, 40 and 70 min p.i. miRNA marker and single-stranded RNA oligos and 
serve as size controls. (-) symbol represents the control cultures infected with growth media and (+) symbol 
infection with the virus. 



38 

SUPPLEMENTARY TABLES 
 

Supplementary Table 1. Oligonucleotide sequences used in the RNA fragment identification 

Name  Sequence (5’ -> 3’) 
Length 

(nt) 

Linker /5Phos/NNNNNAGATCGGAAGAGCACACGTCTGAA/3ddC/ 30 

RT-
primer 

/5Phos/NNNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG/iSp18/GTGAC 
TGGAGTTCAGACGTGTGCTC 

58 

PCR-FWD CTCTTTCCCTACACGACGCTC 21 

PCR-REV GTGACTGGAGTTCAGACGTGTG 22 

M13-
FWD 

TGTAAAACGACGGCCAGT 18 

M13-REV CAGGAAACAGCTATGAC 17 

NI-800 
rArUrGrUrArCrArCrUrArGrGrGrArUrArArCrArGrGrGrUrArArU 
rCrArArCrGrCrGrA/3Phos/ 

34 

NI-801 rArUrGrUrUrArGrGrGrArUrArArCrArGrGrGrUrArArUrGrCrGrA/3Phos/  26 

 

 

 

Supplementary Table 2. Shewanella phage isolate 1/4 purification 

Sample Volume Titer 
Total 

amount of 
viruses 

Yield* 
Protein 

concentration 

Total 
amount of 

protein 

Specific 
Infectivity 

  (mL) (pfu/mL) (pfu) (%) (ug/µL) (mg) (pfu/mg) 

Cleared 
Lysate 

4 000 1.88 x 1011 7.52 x 1014 100 0.07 288.22 2.61 x 1012 

PEG 
Pellet 

33 1.6 x 1012 5.28 x 1013 7 1.71 56.43 9.36 x 1011 

1x virus 1.2 3.32 x 1012 3.98 x 1012 7.5 5.54 6.65 5.98 x 1011 

Empty 
capsids 

0.26 1.89 x 109 4.91 x 108 0.00093 29.01 7.54 6.51 x 107 

*Yield is calculated in comparison to the previous purification step 
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Supplementary Table 3. Total RNA isolation yields 

Replicate Sample 
Amount of 

isolated total 
RNA (µg) 

Agar stock 
infected 

CTRL 20 min p.i. 702.7 ± 145 

INF 20 min p.i. 846.5 ± 79 

CTRL 40 min p.i. 771.7 ± 134 

INF 40 min p.i. 852.1 ± 238 

CTRL 70 min p.i. 1025.2 ± 141 

INF 70 min p.i. 676.1 ± 137 

1x virus 
infected 

CTRL 20 min p.i. 754.1 ± 113 

INF 20 min p.i. 861.2 ± 102 

CTRL 40 min p.i. 874.1 ± 12 

INF 40 min p.i. 904.1 ± 187 

CTRL 70 min p.i. 881.6 ± 194 

INF 70 min p.i. 802.1 ± 105 

n=3, mean ± standard deviation 

 

 


