
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

농학석사학위논문 

 

Fusarium graminearum virus 1의 

기주 내 적응 및 진화적 현상의 분자 

생물학적 이해 
 

 

Detecting the signatures of natural 

selection and molecular evolution in 

Fusarium graminearum virus 1 
 

 

2020년 8월 

 

 

서울대학교 대학원 

농생명공학부 식물미생물학 전공 

허정인 



 

A THESIS FOR DEGREE OF MASTER OF SCIENCE 

 

Detecting the signatures of natural 

selection and molecular evolution in 

Fusarium graminearum virus 1 

 

 

 
 

BY 

JEONG-IN HEO 

 

 

 

 

Department of Agricultural Biotechnology 

The Graduate School of Seoul National University 

July 2020 



i 

ABSTRACT 

 

Detecting the signatures of natural 

selection and molecular evolution in 

Fusarium graminearum virus 1 

 

 

Jeong-In Heo 

Major in Plant Microbiology 

Department of Agricultural Biotechnology 

The Graduate school of Seoul National University 

 

Since RNA viruses have high evolutionary potential which features high 

mutation rates attributed by low replicative fidelity due to RNA-dependent RNA 

polymerase (RdRp) which lacks proofreading, spontaneous mutations are the 

ultimate source of genetic variation and a major evolutionary force affecting the 

properties of viral genomes. However, the role of genetic drift rather than positive 

selection on molecular changes has been widely emphasized, as postulated by the 

neutral theory. Therefore, to understand the processes of viral evolution, mutation 

accumulation (MA) experiments through serial passaging of the host fungus were 
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conducted in the virus-host system involving Fusarium graminearum virus 1-4 and 

Fusarium graminearum, with an assumption that the effects of positive selection 

might be highly limited in this experimental system due to repeated bottleneck events. 

In this regard, based on the results from serial passaging which enables the 

vertical transmission and consequent adaptation of FgV1-4, analyses on the sequence 

variation of FgV1 along with observation of its biological traits were conducted 

focusing on the signatures of natural selection on accumulated mutations. First, 

positive selection on beneficial mutations was inferred based on the calculation of 

the ratio of non-synonymous to synonymous substitutions (dN/dS) and that of radical 

to conservation amino acid replacements (pNR/pNC) and supported by changes in 

the predicted protein structures. However, except for a few cases of positive selection, 

deleterious mutations were found to be a major driving force in viral evolution 

throughout passaging. Therefore, the relationship between changes in viral fitness 

and the number of mutations in each MA line was analyzed to confirm whether 

mutational effects of deleterious mutations bring fitness decline which can be 

explained by the process known as Muller's ratchet. Moreover, other factors 

including mutational robustness which might explain differences between MA lines 

under different conditions were attempted to be inferred. 
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I. INTRODUCTION 

 

Due to small genomes and high mutation rates, RNA viruses usually form 

populations with high genetic variation known as quasispecies. Such viral 

populations maintain the balance between the continuous generation of mutations 

and natural selection acting on mutants in relation to their fitness (Domingo et al., 

1997). Therefore, it has been tried to understand various evolutionary processes 

which shape the structure and fitness of viral populations. In this regard, mutation 

accumulation (MA) experiments have been conducted in several host-virus systems 

to figure out the effects of spontaneous mutations on viral fitness. When viruses 

undergo consecutive transmission within their hosts, the effects of mutations arise in 

different ways depending on the size of a population. If large population sizes are 

maintained, deleterious mutations are purged by natural selection and beneficial 

mutations steadily increase in frequency over time to increase fitness. However, if a 

population experiences increased genetic drift under repeated bottleneck events 

during transmission, i.e. plaque-to-plaque transfer, fitness decreases gradually with 

the accumulation of deleterious mutations, which is termed Muller’s ratchet 

(Domingo et al., 1999; McCrone et al., 2017). 

The operation of Muller’s ratchet has been widely studied with many RNA 

viruses infecting bacteria, animals and plants based on MA experiments. A study on 

bacteriophage ф6, where this phenomenon was first demonstrated, revealed that the 

fitness of the virus was reduced by 22% in average after 40 bottleneck passages 
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through plaque-to-plaque transfers. Similarly, in other pathosystems with animal 

viruses including vesicular somatitis virus (VSV), foot and mouth disease virus 

(FMDV) and human immunodeficiency virus type 1 (HIV-1), the viruses showed 

38%, 35% and 82% fitness losses after 20, 30 and 15 bottleneck passages, 

respectively. Among plant RNA viruses, tobacco etch potyvirus (TEV) as well 

experienced 5% fitness decline per day up to 11 passages. Despite few lineages with 

fitness increase, fitness decline was the dominant phenomenon in various MA 

experiments with RNA viruses. Such sensitivity of RNA viruses to deleterious 

mutations caused by their highly unstable replication systems along with the 

compactness of genomes and overlapping functions of non-redundant genes poses a 

possibility that viral fitness will be dominated by purifying selection on deleterious 

mutations. 

The pathosystem in this study includes Fusarium graminearum and four 

mycoviruses (Fusarium graminearum virus 1-4, hereinafter referred to as FgV1-4) 

which have been discovered in South Korea so far. FgV1-4 were proposed to be 

assigned to different families and originally isolated from different host strains, 

FgV1 from F. graminearum strain DK21, FgV2 from strain 98-8-69 and FgV3 and 

FgV4 from strain DK3. Whether or not each of the four viruses causes hypovirulence 

in their host is the most important difference among them. FgV1 and 2 cause 

hypovirulence, while the others do not (Cho et al., 2013). Meanwhile, FgV1 has 

adapted successfully to its laboratory host, F. graminearum strain PH-1, after its 

discovery in its natural host, F. graminearum strain DK21. Considering that the two 

strains are classified into different lineages in Fusarium graminearum species 
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complex (FGSG) which encompasses eight and several additional phylogenetic 

lineages causing Fusarium head blight (FHB), the potential of adaptive evolution in 

FgV1 can be inferred (Chami et al., 2019). In this regard, the following question 

should be answered: which evolutionary processes dominate FgV1 populations and 

consequently shape the structure and fitness of the populations. In this regard, MA 

experiments were conducted in this pathosystem to detect and quantify natural 

selection on FgV1 at the molecular level and to understand changes in viral fitness 

under different environments caused by interactions between co-infecting viruses.   



4 

II. MATERIAL AND METHODS 

 

1. Fungal strains under single and co-infection 

All strains used in this study (Table 1) were stored in 25% (v/v) glycerol at -

80°C and were reactivated on potato dextrose agar (PDA; Difco) agar plates. Isolates 

multiply infected with FgV1 and FgV2, 3 or 4 were obtained through the dual culture 

of isolates infected singly with FgV1 and FgV2, 3 or 4, respectively, on PDA agar 

plates. On each dual culture plate, agar blocks taken from the interface of the mycelia 

of two colonies were subcultured on CM (complete medium) agar plates and 

incubated at 25°C. After confirming the infection of FgV1 based on phenotype, each 

subculture was cultured in 50 ml of liquid CM at 25°C, 150rpm for 5 days. Mycelia 

were harvested by filtration through Whatman 3MM filter paper (GE Healthcare, 

Uppsala, Sweden), washed with distilled water, pressed between paper towels to 

remove the excess water, and stored at -80°C (Lee et al., 2014). Stored mycelia were 

used to confirm the infection of FgV2, 3 and 4 according to the following methods 

including RNA extraction, dsRNA isolation and semi-quantitative RT-PCR.



5 

Table 1. Description of MA lines under serial passaging 

MA line Host strain Virus infection Generations selected for RNA-Seq 

1 DK21 FgV1 (Single infection) 1st, 5th, 10th and 15th 

2 PH-1 FgV1 (Single infection) 1st, 5th, 10th and 15th 

3 PH-1 FgV1 and FgV2 (Multiple infection) 2nd, 6th, 11th and 12th 

4 PH-1 FgV1 and FgV3 (Multiple infection) 2nd, 6th, 11th and 16th 

5 PH-1 FgV1 and FgV4 (Multiple infection) 2nd, 6th, 11th and 12th 
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2. Total RNA extraction, dsRNA isolation and RT-PCR 

Total RNA was extracted with the buffer according to a previously described 

method (Suzuki et al., 2002) and purified by DNase I (Takara Bio Inc) treatment 

eliminating genomic DNA completely. RNA was precipitated by ethanol with 3M 

NaOAc and suspended in DEPC-treated water. To detect FgV3 and 4, cDNAs were 

synthesized from 5ug of RNA with GoScript reverse transcriptase (Promega) and a 

virus-specific primer for FgV3 and random hexamer for FgV4. PCR reactions using 

synthesized cDNAs to detect the viruses were performed with the following 

conditions: for FgV3, one step at 94°C for 3 min; 30 cycles at 94°C for 20 sec, 58°C 

for 30 sec, and 72°C for 30 sec; and finally one step at 72°C for 10 min; for fgV4, 

one step at 94°C for 3 min; 35 cycles at 94°C for 25 sec, 58°C for 40 sec, and 72°C 

for 30 sec; and finally one step at 72°C for 10 min. PCR products were analyzed by 

1% agarose gel electrophoresis. To detect FgV2, dsRNA was isolated from total RNA 

through S1 nuclease and DNase I treatment and analyzed by 0.8% gel electrophoresis. 

Primers used in this study are listed in Table 2.
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Table 2. List of primers used in real-time PCR and semi-quantitative PCR 

Primer Sequence Target Purpose 

FgV1_1632F 

FgV1_1786R 

5’- ACTATCATTGGTACGCCGCTTGTT-3’ 

5’- CAGCGCGAATGCCTAAAATACAG-3’ 

Fusarium graminearum 

dsRNA mycovirus-1 

To estimate the accumulation of 

FgV1 via real-time PCR 

FgV3_7422F 

FgV3_7624R 

5’-CTTAGTTCACGGCGAGTATTTCAA-3’ 

5’-CTAATTCCGGTGGTACAGTGGTC-3’ 

Fusarium graminearum 

dsRNA mycovirus-3 

To confirm the infection of 

FgV3 in MA line 4 via semi-

quantitative PCR 

FgV3_RT_RV 5’-TTCTTCTTGGAGAATCTTAATCC-3’ 
Fusarium graminearum 

dsRNA mycovirus-3 

To reverse-transcribe mRNA of 

FgV3 for semi-quantitative PCR 

FgV4_R1_1311F 

FgV4_R1_1761R 

5’-ATGGGGTGGTTCAAAGGCAATGT-3’ 

5’-CCTGCTCCACGGAAATACCCTCTA-3’ 

RNA1 of Fusarium 

graminearum dsRNA 

mycovirus-4 

To confirm the infection of 

FgV4 in MA line 5 via semi-

quantitative PCR 

EF1_RT_F 

EF1_RT_R 

5’-ATGGGGTGGTTCAAAGGCAATGT-3’ 

5’-CCTGCTCCACGGAAATACCCTCTA-3’ 

Translation elongation factor 

1-alpha gene (EF1-α) of 

Fusarium graminearum 

To estimate the expression of a 

reference gene as an internal 

control in real-time PCR 

UBH_RT_F 

UBH_RT_R 

5’-ATGGGGTGGTTCAAAGGCAATGT-3’ 

5’-CCTGCTCCACGGAAATACCCTCTA-3’ 

Ubiquitin C-terminal 

hydrolase gene (UBH) of 

Fusarium graminearum 

To estimate the expression of a 

reference gene as an internal 

control in real-time PCR 
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3. Serial passaging of fungal hosts 

Experimental evolution of FgV1 was promoted by consecutive vertical 

transmission of each virus in two different hosts, F. graminearum strains DK21 and 

PH-1. Vertical transmission of viruses was conducted by serial passaging of the hosts 

including the following steps: (1) conidiation of the host in CMC (carboxymethyl 

cellulose) liquid medium; (2) isolation of single conidia infected by virus(es) in 

different MA lines (Table 1); and (3) confirmation of virus infection in each single 

conidial isolate. In the first step, mycelial blocks were inoculated in CMC and 

incubated at 150rpm, 37°C for 5 days. In the next step, properly diluted conidial 

suspensions were spread on CM (complete medium) agar plates, and the plates were 

incubated at 37°C for at least 24 hours until the germination of conidia. In each single 

conidial isolate, infection of FgV1 was confirmed by the phenotype of the host. As 

for FgV2, infection was confirmed by dsRNA profiles on 0.8% agarose gel after S1 

nuclease and DNase I treatment. As for FgV3 and 4, infection was confirmed by a 

semi-quantitative RT-PCR. Among isolates where single (MA line 1 and 2) or 

multiple (line 3, 4 and 5) infections were confirmed, three isolates were randomly 

chosen in each line and inoculated on CMC to obtain conidia of the next generation. 

Passaging was conducted up to 15th generation on each line, and three replicates from 

1st, 5th, 10th and 15th generations were selected for RNA-Sequencing. Passaging of 

line 3 and 5 was conducted up to 12th generation and replicates from 2nd, 6th, 11th and 

12th generations were selected, since the co-infection of two viruses was not 

maintained. 
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4. Extraction of total RNA and RNA-Seq analysis 

All fungal isolates where total RNA for RNA-Sequencing was extracted were 

grown, harvested and stored as described above. All cultures were replicated three 

times. Total RNA was extracted from ground mycelia using the easy-spin™ Total 

RNA Extraction Kit (iNtRON Biotechnology, Daejeon, Korea) according to the 

manufacturer’s instructions. Extracted total RNA was purified by DNase I (Takara 

Bio Inc) treatment eliminating genomic DNA completely. Pair-end mRNA libraries 

were generated using the TruSeq™ Stranded mRNA kit and sequenced using 

Illumina NovaSeq6000 platforms at Macrogen (Seoul, Korea). 

 

5. Statistical analyses 

Sequences of each ORF containing SNPs were aligned using MUSCLE 

program and phylogenetic trees were reconstructed with neighbor-joining method 

implemented in UNIPRO. Using multiple sequence alignments obtained as above, 

the site-specific models (Nielsen et al., 1998) which allow the dN/dS (hereinafter 

referred to as w) ratio to vary among sites but not among lineages were implemented 

by CodeML in PAML (Phylogenetic Analysis by Maximum Likelihood) program. 

Observed data were fit under models M1 (nearly neutral model), M2 (positive 

selection model), M7 (beta) and M8 (beta & omega>1), and log-likelihoods, which 

indicate the goodness-of-fit of each model, were calculated. Based on log-

likelihoods, M1 with two classes of codons (w=0 for conserved sites and w=1 for 
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neutral sites) was compared to M2 with an additional class of codons with w 

estimated from the data allowed to be greater than 1. Likewise, M7 with w ratios 

under a beta distribution was compared to M8 with an additional class of codons 

with w allowed to be greater than 1 (Swanson et al., 2001). Statistically significant 

evidence of positive selection was inferred by a likelihood ratio test (LRT) 

comparing twice the log-likelihood difference (2ΔlnL) between two models which 

is assumed to be under the χ2 distribution with df=2 (Wang et al., 2013). If the null 

hypothesis that a simpler model with no consideration on positive selection (M1 or 

M2) best fits the observed data is rejected in LRTs, it means M2 or M8 which 

assumes the possibility of positive selection fits the observed data significantly better 

than M1 or M7, which serves as the evidence for positive selection among compared 

sequences. 

To calculate pNR/pNC ratios, all the possible amino acid replacements were 

classified according to two widely used criteria, charge and polarity. The ratio of the 

number of radical amino acid replacements per radical nonsynonymous site, the 

proportion of radical non-synonymous substitutions (pNR) and the number of 

conservative amino acid replacement changes per conservative nonsynonymous site, 

the proportion of conservative non-synonymous substitutions (pNC) were calculated 

using HON-NEW program (http://igem.temple.edu/labs/nei/) which implements the 

method modified from the previous method (Hughes et al., 1990) by taking the 

transition bias into account. 
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6. Prediction of protein structures 

The structures of proteins from sequences with different combinations of 

mutations found in each replicate were predicted using I-TASSER Server 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and compared to the wildtype 

and to one another using PyMOL program. 
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III. RESULTS 

  

1. Changes in biological traits throughout passaging 

Due to hypovirulence conferred by FgV1 on both host strains, the phenotypes 

of the host fungi in the 1st generation of five MA lines were indistinguishable to one 

another. Throughout serial passaging up to 15th (12th for line 3 and 5; 16th for line 4) 

generations, the phenotypes of both host strains singly infected with FgV1 (MA line 

1 and 2) were generally maintained with slight decrease in mycelial growth and 

variation between replicates in each generation. When it comes to the PH-1 strain 

multiply infected with FgV1 and FgV2, 3 or 4 (MA line 3, 4 and 5), a few differences 

were found compared to the others. In case of line3, the differences came from 

greater variation between replicates compared to the others within the same 

generation and the unstable and irregular growth of the host in the latter, 11th and 

12th, generations. Next, while the phenotype of line 5 was maintained more regularly 

up to 12th generations compared to singly infected lines, the phenotype of some 

isolates in line 4 began to change from 7th generation and the changed phenotype 

which features faster mycelial growth was maintained until the last generation. 

As for the vertical transmission efficiency of viruses, FgV1 showed a vertical 

transmission rate of 100% except line 3, where the rate decreased to 71% in 11th and 

75% in 12th generation. However, there was no clear tendency in vertical 

transmission rates of any of 3 other co-infecting viruses, with fluctuations in the 
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transmission rate observed in FgV3.
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Fig. 1. Colony morphologies throughout passaging. DK21/FgV1 (A; line 1), PH-

1/FgV1 (B; line 2), PH-1/FgV1+V2 (C; line 3), PH-1/FgV1+V3 (D; line 4) and PH-

1/FgV1+V4 (E; line 5). All pictures were taken at 4 days after transfer of single 

conidia, except those of Gen 7 (D) are taken at 2 days after transfer to show the fast 

growth of isolates with changed phenotype. (A, B) Gen 5, 10 and 15 indicate 5th, 10th 

and 15th generations, respectively. (C) Gen 5a shows morphologies of isolates 

infected multiply with FgV1 and V2 in 5th generation of line 3, while 5b shows those 

of isolates infected singly with FgV1 with no FgV2 transmitted from the previous 

generation. Likewise, as for Gen 12, two images on the left are those of isolates 

infected singly with FgV1, while one on the right is that of an isolate infected 

multiply with FgV1 and V2. (D) All single conidial isolates of Gen 11 to 16 showed 

the changed phenotype shown in images of Gen 7 and 16. (E) All of 12 single conidia 

selected in Gen 13 were infected singly with FgV1, while their phenotypes 

maintained.  
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Table 3. Vertical transmission efficiency of FgV1-4 

Host strain DK21 PH-1 PH-1 

Virus infection Single infection FgV1+FgV2b FgV1+FgV3 FgV1+FgV4c 

Generationa FgV1 FgV1 FgV1 FgV2 FgV1 FgV3 FgV1 FgV4 

1 (2) 1.00 1.00 1.00 0.96 1.00 0.83 1.00 0.96 

5 (6) 1.00 1.00 1.00 0.96 1.00 0.75 1.00 0.71 

10 (11) 1.00 1.00 0.71 0.86 1.00 0.83 1.00 0.58 

15 (12 or 16) 1.00 1.00 0.75 1.00 1.00 0.21 1.00 0.46 

 

a Each rate indicates the vertical transmission rate of each virus from the generation listed above to the next generation. Generation 

numbers (1, 5, 10, 15) indicate those for line 1 and 2, whilc numbers in parenthesis (2, 6, 11, 12 or 16) are those for line 3, 4 and 

5. 

b Vertical transmission rates were calculated from 24 conidia (12 per repeat) per each generation, except line 2 (PH-1/FgV1+V2) 

where a large proportion of conidia were virus-free and therefore only 14 conidia (7 per repeat) were involved. 

c Since the accumulation of FgV4 indicated by band intensity in semi-quantitative RT-PCR was low, FgV4 was not considered  

to have been transmitted to the last (13th) generation of line 5 (PH-1/FgV1+V4) in the first repeat including 12 conidia.
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2. Overview of single nucleotide polymorphisms 

With SNPs in three replicates of each generation taken together for analyses, 

the altered sequences of each generation of each line used for the calculation of 

dN/dS and pNR/pNC ratios incorporated all the substitutions from each of three 

replicates. In Fig. 2, I first focused on the patterns of SNPs which varied with the 

host strains. There were several mutations in line 1 (DK21/FgV1) which were not 

shared with any of 4 other lines (PH-1/FgV1, PH-1/FgV1+V2, PH-1/FgV1+V3 and 

PH-1/FgV1+V4), which gives a possibility of different evolutionary pathways 

depending on the host. Next, when it comes to functional domains in each protein, 

there were few mutations at RNA-dependent RNA-polymerase (RdRp) and helicase 

domains, which are generally considered as playing a critical role in the survival of 

a virus. Since the function of each domain and each ORF has not been clearly 

identified, I tried to understand the patterns or tendency in spontaneous mutations 

based on statistical methods including the calculation of dN/dS and pNR/pNC ratios. 

  



18 

Fig. 2. Overview of single nucleotide polymorphismsa b c 

 

a Closed and open circles indicate non-synonymous and synonymous substitutions, respectively. 

b RdRp: reverse transcriptase (RT, RNA-dependent DNA polymerase)_like family; Hel: DEAD-like helicases superfamily; Hyd: P-loop 

containing nucleoside triphosphate hydrolases; Chr: chromosome segregation protein (provisional); based on the NCBI database. 

c In case of FgV1-ch, only non-synonymous substitutions are shown.
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3. Inference of positive selection based on dN/dS and LRTs 

The site models which assume dN/dS ratios to vary among sites (Nielsen et al., 

1998) were used to estimate dN/dS ratios and detect the signs of positive selection 

on each codon. First, dN/dS ratios for each MA line and each ORF were calculated 

using CodeML, which were used to infer overall selective pressures on each protein. 

Based on the assumption that dN/dS ratios of <1, =1 and >1 indicate negative 

selection, neutral evolution and positive selection, respectively, there was no clear 

sign of positive selection in any ORF of any line. Next, positive selection on 

individual codons within each ORF was inferred by comparing two pairs of models 

based on LRTs using log-likelihood values for each model. M1 (nearly neutral model) 

was compared with M2 (positive selection model) and M7 (beta) was compared with 

M8 (beta & omega>1) (Table 4). As a result of LRTs, the null hypothesis that a 

simpler model with no consideration on positive selection best fits the observed data 

was rejected only in ORF4 of line 1 with the LRT statistic exceeding a critical value 

in chi-square distribution (P=0.05, df=2). Therefore, determination on best-fitting 

models in each ORF and line indicates the signature of positive selection only in 

ORF4 of DK21. 
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Table 4. Calculation of dN/dS and determination of best-fitting models based on LRTa 

Regionb Number of 

amino acids 
MA line 

LRT statistic (-2ΔlnL) Best-fitting model 

based on LRT 

dN/dS under best-

fitting model M1 vs. M2 M7 vs. M8 

ORF1 1550 

1 6E-06 -0.05  M1 M7 0.23  0.23  

2 4.38  4.47  M1 M7 0.52  0.60  

3 -6E-06 0.00  M1 M7 0.39  0.39  

4 3.46  3.47  M1 M7 0.57  0.60  

5 0.00  8E-06 M1 M7 0.52  0.52  

ORF2 154 1-5 3.11  3.13  M1 M7 0.27  0.30  

ORF4 429 

1 2.11  2.11  M1 M7 1.00  1.00  

2 6.00  6.01  M2 M8 0.68  0.68  

3 1.39  -1.39  M1 M7 0.71  0.70  

4 0.00 0.00  M1 M7 0.96  0.96  

5 0.01  -0.01  M1 M7 0.59  0.58  

a -2ΔlnL = the negative of twice the log-likelihood difference between the two models; M1 = model 1, etc. 

b ORF3 was excluded in this analysis due to low frequency of substitutions which is not enough to run PAML program.
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4. Identification of positively selected sites 

Codons which have been subject to positive selection during serial passaging 

were identified using the Bayes empirical Bayes (BEB) method (Yang et al., 2005) 

in CodeML. In ORF4 of line 1 (DK21/FgV1) where positive selection was inferred 

based on LRTs, the sites predicted to be selected for under M2 and M8 and estimates 

of parameters for each model are shown in Table 5. 

The sites at ORF4 of line 1 which were predicted to be under positive selection 

with the highest posterior probabilities were amino acid sites 163A (p=0.808 and 

0.899 under M2 and M8, respectively) and 289H (p=0.806 and 0.897, respectively), 

which were not shared in any of 4 other MA lines. In line with this result, changes in 

the protein structure caused by replacements at 163A and 289H in the next section 

would serve as the evidence for positive selection as well. 
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Table 5. Positively selected sites in ORF4 inferred by CodeML 

Region 
Best-fitting 

model 
Parameter estimates under each model Positively selected sitesa 

ORF4 

M2 
p0=0.94507, p1=0.00000, p2=0.05493 

ω0=0.00000, (ω1=1.00000), ω2=12.3767 
163A (0.808), 289H (0.806) 

M8 
p0=0.94506, p=0.00500, q=2.86802 

(p1=0.05494) ω=12.36550 

59V (0.570), 104K (0.554), 152A (0.564), 

163A (0.899), 234E (0.554), 289H (0.897), 

356E (0.561), 362A (0.558), 390N (0.549) 

a Numbers in parenthesis indicate probabilities of predicting each site to be under positive selection. The sites with a probability 

> 0.8 are in boldface.
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5. Inference of natural selection based on the properties of 

amino acid replacements 

The second method to infer positive selection is to examine the overall tendency 

in the type of amino acid replacements caused by non-synonymous mutations. Such 

tendency is determined by pNR/pNC ratio, the ratio of the number of radical amino 

acid replacements per radical nonsynonymous site, that is, the proportion of radical 

non-synonymous substitutions (pNR) to the number of conservative amino acid 

replacement changes per conservative nonsynonymous site, that is, the proportion of 

conservative non-synonymous substitutions (pNC). When pNR=pNC, we can infer 

that amino acid replacements take place at random with respect to the property of 

amino acids and there is no selection under neutral evolution. When pNR<pNC, the 

replacements conserve the property under purifying selection. However, when 

pNR>pNC, the replacements promote radical changes in the property under positive 

selection (Swanson et al., 2001). 

First, among various properties used to classify amino acids, I selected the two 

most widely used criteia, charge and polarity. After determining the criteria for 

classification, pNR/pNC was calculated for ORF1 and 4 of each line using the 

methods of Hughes et al. (1990) with the wild type sequence set as reference. I found 

that, with respect to charge changes, no ORF in any of the 5 MA lines showed pNR 

greater than pNC. However, with respect to polarity, pNR came close to or even 

exceeded pNC in ORF4 of some generations all MA lines except one, line 4 (PH-

1/V1+3) (Table 6). Therefore, natural selection seems to favor polarity changes, 

while conserving the overall charge of amino acids. That is, with respect to polarity, 
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there was a signature of positive selection in ORF4, which had more frequent 

mutations than ORF1. 
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Table 6. pNR/pNC ratio with respect to charge and polaritya 

Property Charge Polarity 

Region ORF1 (n=1550) ORF4 (n=429) ORF1 (n=1550) ORF4 (n=429) 

Line Gen r c r/c r c r/c r c r/c r c r/c 

1 

1 0.001  0.001  0.901  0.002  0.004  0.631  0.000  0.001  0.000  0.000  0.005 0.000  

5 0.001  0.001  0.601  0.002  0.005  0.422  0.000  0.002  0.000  0.003  0.005 0.600  

10 0.001  0.002  0.450  0.007  0.009  0.772  0.000  0.002  0.000  0.011  0.006 1.833  

15 0.001  0.001  0.601  0.002  0.005  0.425  0.000  0.002  0.000  0.003  0.005 0.600  

2 

1 0.000  0.003  0.000  0.000  0.002  0.000  0.001  0.002  0.500  0.000  0.002 0.000  

5 0.000  0.003  0.000  0.002  0.007  0.317  0.001  0.002  0.500  0.003  0.006 0.500  

10 0.001  0.003  0.257  0.002  0.009  0.254  0.001  0.003  0.333  0.006  0.006 1.000  

15 0.001  0.002  0.360  0.002  0.004  0.636  0.001  0.002  0.500  0.003  0.003 1.000  

3 

2 0.000  0.002  0.000  0.000  0.007  0.000  0.000  0.002  0.000  0.006  0.003 2.000  

6 0.001  0.003  0.258  0.000  0.005  0.000  0.001  0.003  0.333  0.003  0.003 1.000  

11 0.000  0.003  0.000  0.000  0.005  0.000  0.000  0.003  0.000  0.003  0.003 1.000  

12 0.000  0.003  0.000  0.000  0.005  0.000  0.000  0.003  0.000  0.003  0.003 1.000  

4 

2 0.001  0.002  0.328  0.002  0.004  0.631  0.000  0.003  0.000  0.000  0.005 0.000  

6 0.001  0.002  0.328  0.000  0.004  0.000  0.000  0.003  0.000  0.000  0.005 0.000  

11 0.001  0.003  0.241  0.000  0.004  0.000  0.001  0.003  0.333  0.000  0.005 0.000  

16 0.001  0.003  0.240  0.000  0.004  0.000  0.001  0.003  0.333  0.000  0.005 0.000  

5 

2 0.000  0.003  0.000  0.000  0.004  0.000  0.000  0.003  0.000  0.000  0.003 0.000  

6 0.000  0.003  0.000  0.000  0.004  0.000  0.000  0.003  0.000  0.000  0.003 0.000  

11 0.000  0.003  0.000  0.002  0.004  0.628  0.000  0.003  0.000  0.003  0.003 1.000  

12 0.000  0.004  0.000  0.002  0.004  0.628  0.000  0.004  0.000  0.003  0.003 1.000  

a Line: MA line; Gen: generation; n: number of amino acids; r: pNR; c: pNC. 
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6. Comparison of predicted protein structures 

Protein structures predicted from 18, 4, 3 and 17 amino acid sequences, each of 

which contain different sets of mutations, for ORF1, 2, 3 and 4, respectively, were 

compared. Each amino acid replacement was categorized into 3 groups based on the 

degree of changes in protein structures (Table 7). In case of ORF1, all the 

replacements caused minor changes in the protein structure with no changes in its 

ligand or enzyme binding sites. In case of ORF2, though some replacements 

(41G→S, 41G→V) brought changes in the entire structure of the protein, they were 

only found in one of three replicates in a generation, which may represent a low 

possibility of fixation in the population. In case of ORF4, replacements in four amino 

acid sites including 163A and 289H which were predicted to be under positive 

selection seemed to bring changes in the entire protein structure. When there were 

replacements at 163A and 289H in ORF4 of line 1, alpha helix structures covering 

around half of the protein at the N-terminal part were modified into coil structures 

(Fig. 3). Such modification accompanied a new active site for enzyme binding, with 

slight alterations in ligand binding sites, which seems to indicate the putative 

addition of a function to the protein with the original functions maintained. There 

were replacements at 12P in line 2 and at 225I in line 3 which brought changes in 

the entire structure of the protein. However, unlike those found in line 1, these 

replacements caused critical omission in ligand binding sites without no active site 

added. Besides, they were not found in subsequent generations in each line, which 

might indicate that they had negative effects on the fitness of the virus and thus 

purged by purifying selection. 
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Table 7. Properties of amino-acid replacements based on changes in protein structures 

Region ORF1 ORF2 ORF4 

Degreea 1 2 3 1 2 3 1 2 3 

Sites 

251E→G 

266V→A 

314G→A 

382T→S 

392H→N 

731P→S 

782N→S 

883M→L 

948A→V 

978S→P 

1020L→F 

1246A→

D 

1316V→I 

616D→A 

865A→V 

975A→T 

1005I→V 

1490I→M 

None None 31L→S 

80E→G 

41G→S 

41G→V 

24F→L 

57A→D 

59V→L 

101D→V 

104K→R 

152A→S 

234E→K 

362A→T 

390N→D 

108T→A 

227D→G 

323E→D 

356E→V 

12P→S 

163A→T 

225I→T 

289H→Y 

a Degree of change: Amino acid replacements cause no change (1); replacements cause transition between alpha helix and coil which 

does not change the entire structure of a protein (2); and replacements cause changes in the entire structure of a protein (3). 
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Fig. 3. Variants of the ORF4 protein with critical changes in the entire structure 

Sample DK21/FgV1 DK21/FgV1 (Line 1) 

Generation 0 (Wildtype) 15 

Replacement N/A 163A→T, 289H→Y 

Predicted 

structure 

  

Ligand binding 

sites 
173, 183, 204, 207, 247 173, 183, 204, 207, 247 

Active sites 

(enzyme binding) 
None 340 (Y) 
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Sample PH-1/FgV1 (Line 2) PH-1/FgV1+V2 (Line 3) 

Generation 10 2 

Replacement 12P→S 225I→T 

Predicted 

structure 

  

Ligand binding 

sites 
251, 255 239, 243 

Active sites 

(enzyme binding) 
None None 
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7. Relationship between viral fitness and the number of 

mutations 

Taking into account the prediction on selective pressures based on dN/dS ratios 

and positively selected sites inferred above, I assumed that most of the mutations are 

neutral or deleterious. Based on this assumption, it is expected that the fitness of 

FgV1 will gradually reduce throughout passaging. The fitness of the virus has been 

estimated using two different methods explained above, real-time qRT-PCR and 

counting of the number of viral RNA reads. 

Fig. 4 shows the fitness of FgV1 in each of 4 generations of 5 MA lines. The 

results obtained by two methods did not exactly correspond to one another, but a 

similar pattern was found in some MA lines. In MA lines 1, 2 and 5, the fitness 

declined at least up to 10th generation despite sudden increase in 15th generation. To 

confirm whether such decline is related to the accumulation of deleterious mutations, 

the relationship between the fitness and the number of total or non-synonymous 

mutations was analyzed. First, whether the relationship between the fitness and the 

number of total mutations is explained by linear regression was verified. I found that 

there was a negative linear relationship between the above two variables only in MA 

line 2 (PH-1/FgV1), with R2 (coefficient of determination) values of 0.603 and 0.857, 

for fitness values measured by the above two methods, respectively. When the 

number of non-synonymous mutations were used instead of total mutations, I 

obtained the same result with slightly higher R2 values of 0.628 and 0.924. Next, 

correlation analyses were conducted to quantify the strength of the negative linear 
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relationship, which confirmed the negative correlation between the fitness and the 

number of total mutations (correlation coefficient, r=-0.78 and -0.93, respectively 

for the above two methods) and non-synonymous mutations (r=-0.76 and -0.96, 

respectively). 

Therefore, I concluded that other factors affect the viral fitness more critically 

than mutations in other MA lines except line 2 (PH-1/FgV1) where a negative 

correlation was confirmed between the above two variables. 
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Fig. 4. Fitness of FgV1 estimated by real-time PCR and counting viral reads 
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Fig. 5. Relationship between viral fitness and the number of total or non-synonymous mutations 
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IV. DISCUSSION 

 

I have demonstrated the signs of positive selection on a few sites within ORF4 

of FgV1 based on maximum-likelihood methods and predicted protein structures, 

despite dominant effects of neutral or deleterious mutations on its fitness under the 

environment where FgV1 is unaffected by other co-infecting viruses. Based on the 

above results, the function of ORF4 and other factors affecting the transmission and 

fitness of FgV1 have been examined further. 

 

1. Prediction of the function of ORF4 protein 

Since the function of ORF4 has not been elucidated, it was inferred based on 

putative homologues of ORF4 on the NCBI database. Including ORF2 of Penicillium 

roqueforti ssRNA mycovirus 1 (PrRV1) which showed the highest amino acid 

identity (27.15%), ORF4 shared the same conserved sequence, a bacterial SMC-like 

(structural maintenance of chromosomes) domain (GenBank conserved domain 

TIGR02168), with homologous proteins of other putative fusariviruses (Hrabakova 

et al., 2017). Fusariviruses, classified into a recently proposed family Fusariviridae, 

are mycoviruses with a positive polyadenylated ssRNA genome of 6-7.7kb with two 

large ORFs and one or two small ORFs on the coding strand. The SMC domain was 

detected in similar positions on the ORF2 (ORF4 in case of FgV1) protein in most 

fusariviruses. The significance of this domain can also be inferred from the function 
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of bacterial SMC domain. In prokaryotes, members of the SMC protein family are 

proposed to be involved in the repair of DNA double-strand breaks (DSBs) which is 

essential for the maintenance of genome integrity (Pellegrino et al., 2012). Regarding 

the evolution of proteins in Fusariviruses, a study on Sodiomyces alkalinus 

partitivirus 1 (SaPV1) found that dN/dS ratio analyses indicated a sign of strong 

purifying selection on both ORFs of the virus. Therefore, the signs of positive 

selection on ORF4 of FgV1 in this study might be a consequence of pathosystem-

specific conditions which impose strong bottlenecks in the transmission of viruses. 

 

2. Factors affecting evolution - mutational robustness 

One of the factors which might affect the evolution of a virus is the ability of 

the virus to deal with accumulated deleterious mutations, which account for a large 

proportion of mutations in a small population under severe bottlenecks. Such ability, 

termed mutational robustness, is defined as constancy of phenotype in the face of 

mutational perturbation and plays a critical role in the adaptation of viruses to 

changing environments. In one MA experiment using an RNA virus phage ф6, 

whether evolution of mutational robustness occurs differently for viruses evolved at 

low and high levels of co-infection has been examined. By comparing variance in 

fitness values between two groups of lineages evolved under different conditions 

described above, they confirmed that the variance among the lineages evolved under 

low co-infection was significantly lower (Montville et al., 2005). One possible 

explanation for this phenomenon is that, at a high multiplicity of infection (MOI), 
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complementation was frequent and purifying selection against mutated genomes was 

reduced (Lauring et al., 2013). Therefore, decreased robustness of viruses evolved 

under high levels of co-infection might explain larger variation and unstableness in 

the phenotypes of the host among replicates in 11th and 12th generations of line 3 

(PH-1/FgV1+2) with accumulated mutations. This seems more convincing when 

considering that FgV1 and 2 both show relatively higher levels of accumulation in 

their hosts compared to FgV3 and 4. 

 

3. Factors affecting evolution - interaction between viruses 

Within-host interactions between viruses infecting a single host have been 

widely studied in plant viruses. When two or more viruses infect the same host at the 

same time or with short intervals, the fitness of each virus depends not only on its 

own ability to adapt to the environment, but also on the activity of other co-infecting 

virus(es). It has been demonstrated that unrelated viruses generally interact with each 

other in a synergistic manner, resulting in higher accumulation of the viruses and 

more severe symptoms in their host. On the contrary, related viruses are usually 

antagonistic, as in the case of cross-protection (Syller et al., 2015). A synergistic 

interaction between mycoviruses has been observed in a pathosystem involving 

Sclerotinia sclerotiorum and a hypovirulence-associated mycoreovirus, Sclerotinia 

sclerotiorum mycoreovirus 4 (SsMYRV4). In this case, SsMYRV4 was found to 

suppress non-self recognition of its host by suppressing G-proteins signaling 

pathways and facilitate horizontal transmission of heterologous viruses between two 
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different strains under vegetative incompatibility (Wu et al., 2017). In case of the 

pathosystem in this study as well, interactions between co-infecting viruses might 

have resulted in the unstable phenotypes of the host, decreased transmission 

efficiency of FgV1, and so forth. 

 

4. Effects of host species on the evolution of viruses 

One of the concepts widely adopted in examining evolutionary processes in a 

population is the distribution of fitness effects (DFE) which explains the proportion 

of advantageous, neutral and deleterious mutations among new mutations and how 

they affect the total fitness of the population. The shape of the DFE varies depending 

on species or factors such as population size (Eyre-Walker et al., 2007). In a study 

on tobacco etch potyvirus (TEV) infecting a total of eight susceptible host species, 

the fitness effects of mutations showed different characteristics between the natural 

host, along with its close relative, and the alternative hosts. As such, DFE determines 

the likelihood that a pathogen crosses the species barrier and successfully infects a 

new host (Lalic et al., 2011). This may give the evidence for different evolutionary 

trajectories occurring across the lineages of FGSG. Both strains used in this study, 

DK21 (F. boothii; lineage 3) and PH-1 (F. graminearum sensu stricto; lineage 7), are 

included not only in 3 closest lineages of FGSG, F. graminearum, F. boothii and F. 

asiaticum, but also in 4 lineages found so far in South Korea, F. graminearum (75%), 

F. boothii (12%), F. asiaticum (12%) and F. meridionale (1%). However, in terms of 

their origin related to plant hosts, F. graminearum mostly infecting maize is 
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suggested to have been introduced from the United States, while F. boothii seems to 

have originated from local populations infecting rice (Lee et al., 2012). Thus, 

different host preference of both strains despite the close phylogenetic distance 

between them seems to support the reason for different patterns in the generation of 

spontaneous mutations as well as successful adaptation of FgV1 to the laboratory 

environment. 

Recently, a new asymptomatic strain of FgV1 (hereinafter referred to as FgV1-

ch) has been isolated and characterized in China. There was no difference in the 

virulence of the host (PH-1) between FgV1-ch-infected and virus-free strains, 

despite mild differences in the colony morphology of virus-infected and virus-free 

strains and decrease in the growth rate and the production of conidia by 15% and 

10%, respectively (Zhang et al., 2020). Regarding its sequence, FgV1-ch showed 

95.91% nucleotide identities (6350/6621) compared to the wildtype FgV1 on the 

NCBI database, with 26 amino acid replacements (Fig. 2). There was huge variation 

between the numbers of synonymous and non-synonymous substitutions in FgV1-

ch as well as huge differences in the numbers of substitutions between FgV1-ch and 

the samples of MA lines in this study. With respect to the number of substitutions, 

one study with RNA and DNA viruses found a decline in the ratio of transitions to 

transversions (Ts/Tv) over time with an explanation that the Ts/Tv ratio might be 

underestimated due to the nature of RNA viruses which attain mutational saturation 

rapidly. Likewise, variable genes might attain saturation more rapidly and thus 

display a stronger decline in Ts/Tv than conserved genes (Duchêne et al., 2015). In 

this context, lower Ts/Tv ratio in ORF1 (6.9) than ORF4 (11.0) along with the 
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relatively higher concentration of substitutions in ORF1 (212 substitutions out of 

4653nt) than ORF4 (36 out of 1290nt) in FgV1-ch might infer rapid mutational 

saturation in ORF1 in the course of the evolution of the asymptomatic strain FgV1-

ch in a different host strain. 

Furthermore, in a previous study, FgV1 has been artificially transmitted to two 

non-host fungal species, Cryphonectria parasitica and Fusarium oxysporum, via 

protoplast fusion due to barriers imposed by vegetative incompatibility and was 

found to maintain its ability to induce hypovirulence in those species (Lee et al., 

2014). Whether FgV1 can adapt to the more stringent environments in non-host 

species is the primary concern in this experiment. Therefore, further observation on 

the patterns of genetic variation in non-host species compared with those observed 

in the natural hosts as well as modifications in the gene expressions of those species 

may support the results of this study and give a clue for understanding the defense 

and counter-defense mechanisms between the pathogen and its host.  
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Fusarium graminearum virus 1의 

기주 내 적응 및 진화적 현상의 분자 

생물학적 이해 

 

허정인 

 

초록 

 

RNA 바이러스는 교정 기능이 없는 RNA 중합효소로 인해 유전자 

복제의 정확도가 낮고, 그로 인해 돌연변이율이 높아 진화적 잠재력이 

크다. 따라서 우발적 돌연변이는 바이러스 유전체의 특성을 결정하는 유

전적 변이의 궁극적인 원천이자 주된 진화적 요인이다. 하지만 중립진화

론에서 주장되는 바와 같이, 진화 과정에서 유전적 변이에 대한 양성 선

택보다는 유전적 부동의 역할이 강조되어 왔다. 본 연구에서는 바이러스

의 진화 과정을 이해하기 위해 Fusarium graminearum virus 1-4와 Fusarium 

graminearum을 포함하는 바이러스-기주 시스템을 대상으로 기주의 연속

적인 세대 교체를 통한 돌연변이 축적(MA) 실험을 진행하였고, 반복적

인 병목 현상으로 인해 위 시스템에서 양성 선택의 효과가 제한적일 것

이라고 가정하였다. 

따라서, 기주 내 FgV1-4의 수직적 전이와 그에 따른 바이러스의 적

응을 야기하는 기주 세대 교체 실험 결과를 바탕으로, 축적된 돌연변이



45 

에 대한 자연 선택의 증거를 찾는 데 초점을 맞추어 FgV1의 서열 변이

를 분석하고 기주의 생물학적 특성을 관찰하였다. 먼저, 염기의 동의

(synonymous) 치환에 대한 비동의(non-synonymous) 치환의 비율(dN/dS)과 

아미노산의 보존적(conservative) 치환에 대한 급진적(radical) 치환의 비율

(pNR/pNC)을 계산하여 유익한 돌연변이에 대한 양성 선택의 가능성을 

추론하고, 변이가 있는 서열로부터 단백질 구조를 예측하여 위 추론을 

뒷받침하였다. 하지만 일부 변이에 대한 양성 선택의 가능성을 제외하면, 

세대 교체 과정에서 바이러스 진화의 주된 동력은 해로운 돌연변이의 영

향인 것으로 나타났다. 따라서, 해로운 돌연변이의 영향으로 인한 바이러

스의 적합도 감소, 즉 뮐러의 톱니바퀴(Muller’s ratchet) 현상을 확인하기 

위해 각 돌연변이 축적(MA) 라인에서 바이러스의 적합도 변화와 돌연변

이의 수 사이의 관계를 분석하였다. 마지막으로는, 축적된 돌연변이의 작

용에 대한 바이러스의 완충 능력을 포함하는 다양한 측면에서 서로 다른 

조건의 돌연변이 축적 라인 간 차이의 근거가 되는 여러 요인들을 추론

하였다. 

 

주요어: 자연 선택, 해로운 돌연변이, 바이러스의 적합도 

학번: 2018-22873 
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