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Current aquaculture 

A major industry to contribute to food security

FAO. 2022. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. Rome, FAO. 
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Common carp

Several strains of Common carp from Indonesia. a)

Cangkringan; b) Mustika; c) Sinyonya; d) Punten; e)

Rajadanu; f) Koi

FAO. 2022. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. Rome, FAO. 

ü Freshwaterfish cultivated for human consumption

andrecreation(koi)

üCommoncarpreproduceprolifically and thrive in

variousaquaticenvironments

ü Common carp listed as the top five species

contributing to the aquacultureglobal production

(8.6% in 2020) (FAO 2022)
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Main failure in common carp 

production

FAO. 2022. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. Rome, FAO. 

Increasing number of disease outbreaks

5

Intensification

(FAO 2022)
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To date, there is no effective treatment against KHVD

Koi Herpesvirus Disease (KHVD)

6

KHVD often leadsto up to 95% mortality

KHVD is a seasonal disease, occurring when water temperature 

is between 18 ÁC and 28 ÁC

Rakus et al., (2013). Cyprinid herpesvirus3: An interesting virus for applied and fundamental research. Veterinary Research, 44(1), 85. 

Rakuset al., 2013 

Michel et al., 2010. Cyprinid herpesvirus3. EmergInfect Dis. 2010 

Michel et al., 2010
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Source: Viral zone, Swiss Institute Bioinformatic

Alloherpesvirus morphology and structure

ü CyHV-3 has a dsDNA genome of 295 kbp, the largest genome among herpesviruses

ü Koi herpesvirus(KHV)

ü Cyviruscyprinidallo3 (2022)

Order : Herpesvirales

Family : Alloherpesviridae

Species : Cyprinid herpesvirus3

Cyprinid herpesvirus 3  (CyHV-3) 

7
Mettenleiter et al., 2009. Herpesvirus assembly: an update. Virus Res. 143: 222-234.

Mettenleiter et al., 2009

Capsid EnvelopeTegument
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Phylogeny of  herpesviruses 

Waltzeket al,. (2009). Phylogenetic relationships in the family Alloherpesviridae. Dis Aquat Organ 84, 179ï194.

Orthoherpesviridae

8
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Phylogeny of  herpesviruses 

Waltzeket al,. (2009). Phylogenetic relationships in the family Alloherpesviridae. Dis Aquat Organ 84, 179ï194.

Orthoherpesviridae
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Phylogeny of alloherpesviruses

Partial DNA polymerases of Alloherpesviridae

10
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1996-2002 2002-2005

Israel 

United States

Germany, UK

Southeast Asia (Indonesia, Thailand) 

China, Taiwan

(Hedrick, et al. 2000)

KHVD outbreakswerefirst observedin 1996andCyHV-3 first describeasetiological agentin 1998

Hedrick et al,. (2000). A Herpesvirus Associated with Mass Mortality of Juvenile and Adult Koi, a Strain of Common Carp. J Aquat Anim Health 12, 44ï57

Emergence of CyHV-3

11
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1996-2002 2002-2005
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United States

Germany, UK

Southeast Asia (Indonesia, Thailand) 

China, Taiwan

(Hedrick, et al. 2000)

KHVD outbreakswerefirst observedin 1996andCyHV-3 first describeasetiological agentin 1998

Hedrick et al,. (2000). A Herpesvirus Associated with Mass Mortality of Juvenile and Adult Koi, a Strain of Common Carp. J Aquat Anim Health 12, 44ï57

Emergence of CyHV-3
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This lethal virus has spread rapidly around the world 

Perspectives and

recommendations

Positive CyHV-3
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Susceptible hosts for CyHV-3

13
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The vast majority of ORF has no available

functional annotation

CyHV-3 genome map

üCyHV-3 contains 156 open reading frames 

(ORFs) predicted to encode proteins 

ü Genomeconsistsof a uniquesequence

flankedby a direct repeat(22kb) (Aoki

etal., 2007)

14
Aoki et al,. (2007). Genome sequences of three koi herpesvirus isolates 

representing the expanding distribution of an emerging disease threatening 

koi and common carp worldwide. J Virol 81

ORF25 

family

TNFR 

family

Conserved 

ORFs

ORF22 

family

Other non-

onservedORFs

RING 

family

ORF25 

family
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Lytic cycle of CyHV-3

1: Attachment and penetration

2: Decapsidation

3: Transcription of IE genes,

4: Transcription of E gene, 

5: Transcription of late (L) viral gene

6: Viral replication in a rolling circle mode

7: Assembly of capsid proteins and 

encapsidation

8: Budding into the nuclear envelope, 

9: Acquisition of the integument and budding 

into the Golgi apparatus

10: Release of virions by exocytosis

15
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üCyHV-3 regularly create new 

variants during replication :

ÁMutation

ÁRecombination events 

General introduction ConclusionsResearch objectivesChapter 1 Chapter 2 Chapter 3
Perspectives and

recommendations

Lytic cycle of CyHV-3

Floris Schatt



Single nucleotide 

polymorphism (SNP)
Recombination Fluctuations in 

tandem repeats 

Sequence gain or loss through insertions, 

deletionsand duplications

The molecular mechanisms of viral evolution

17

üSVs play a crucial role in the evolutionof DNA viruses,allowing them

to adaptto different environments

üGenomic rearrangements, or structural variations (SVs)
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ü CyHV-3 infections are the result of haplotype assemblies, both in vivo and in vitro 

(Hammoumiet al., 2016; Klafack et al., 2019)

18

A haplotype is defined as a set of DNA variations that are located 

on the same chromosome
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Hammoumiet al,. (2016). Targetedgenomicenrichmentandsequencingof CyHV-3 from carp

tissuesconfirms low nucleotidediversityandmixed genotypeinfections. PeerJ, e2516.

ü CyHV-3 infections are the result of haplotype assemblies, both in vivo and in vitro (Hammoumiet al., 2016; Klafack et al., 2019)

Passage 0 (P0)

19Klafack et al., 2019. Cyprinid herpesvirus3 evolves in vitro through an assemblageof

haplotypesthat alternativelybecomedominantor under-represented. Viruses11, 0ï12.

Propagation in 

Common carp brain cells 

(CCB)

CyHV-3 isolate 

from Taiwan

Passage 78 (P78)
Passage 99 (P99)
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Hammoumiet al,. (2016). Targetedgenomicenrichmentandsequencingof CyHV-3 from carp

tissuesconfirms low nucleotidediversityandmixed genotypeinfections. PeerJ, e2516.

ü CyHV-3 infections are the result of haplotype assemblies, both in vivo and in vitro (Hammoumiet al., 2016; Klafack et al., 2019)

Passage 0 (P0)

20

The molecular basis of this reduced virulence is unclear basis of my study

Klafack et al., 2019. Cyprinid herpesvirus3 evolves in vitro through an assemblageof

haplotypesthat alternativelybecomedominantor under-represented. Viruses11, 0ï12.

Propagation in 

Common carp brain cells 

(CCB)

CyHV-3 isolate 

from Taiwan

Passage 78 (P78)
Passage 99 (P99)

Mortality (90%) Mortality (18%) Mortality (30%)
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ORF150 containsa RING (Really Interesting New Gene) domainthat might play a role in interactions 

between the host and the virus, virus latency, replication, and breaking down host proteins.

21

CyHV-3 genome (P78)

CyHV-3 genome (P0 and P99)

Short-read sequencing 

Virulent

Avirulent
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haplotypesthat alternativelybecomedominantor under-represented. Viruses11, 0ï12.
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üThe primary goal of my doctoral researchwas to understand the molecular mechanisms

and factors that influence the evolution of haplotype assembliesin CyHV-3 throughout

its replication cyclesin cell culture and natural populations

Understandingthe evolutionary mechanismsof CyHV-3 may help for designingeffective

preventionstrategiesagainstinfections, including advancingvaccinedevelopmentefforts
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1. What are the evolutionary mechanismsunderlying

haplotype assembliesin cell culture ?

2. What is the prevalence of the CyHV-3 and

structural variations in carp populations in Indonesia?

3. What are the accumulation patterns of SVs and

SNPs in CyHV-3 genome under replicate cell

cultures and after application of a thermal stress?

23
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1. What are the evolutionary mechanismsunderlying

haplotype assembliesin cell culture ?

2. What is the prevalence of the CyHV-3 and

structural variations in carp populations in Indonesia?

3. What are the accumulation patterns of SVs and

SNPs in CyHV-3 genome under replicate cell

cultures and after application of a thermal stress?
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CyHV-3 isolate from 

Taiwan
Propagation in Common carp 

brain cells (CCB)

P99P78

Characterization of haplotype assemblies and changes during serial cell culture passages

This first chapter is a follow-up to a previous study (Klafack et al., 2019). 
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Haplotypes in intermediates passage ?

Klafack et al., 2019. Cyprinid herpesvirus3 evolves in vitro through an assemblageof

haplotypesthat alternativelybecomedominantor under-represented. Viruses11, 0ï12.
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CyHV-3 isolate from 

Taiwan
Propagation in Common carp 

brain cells (CCB)

P99P78

Characterization of haplotype assemblies and changes during serial cell culture passages

This first chapter is a follow-up to a previous study (Klafack et al., 2019). 
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P1

Collect supernatant by centrifugation

Long read sequencing

Intermediates passages 

P10, P20, P30, P40, P50, P70             P80
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Insertion

Deletion

Duplication

Inversion

Detection of structural variations

Fuandila,et al. 2022. StructuralVariationTurnoversandDefectiveGenomes: Key Drivers for the in Vitro Evolutionof the LargeDouble-StrandedDNA

Koi Herpesvirus(KHV) . PeerCommunity Journal:44.
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The distribution of SVs detected in P78 and P99 genomes

Insertion

Deletion

Duplication

Inversion

28
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ü A deletion in P78 is evident within the region spanning positions 258154 to 259617, corresponding to ORF150

Sequencing coverage for P78 and P99 genomes

29
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Impact of structural variations on the ORF150in P78

30

Deleted haplotype (P78)  

Position (kb)  

Reference
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Frequencyof deleted 

(99.7%)



Impact of structural variations on the ORF150in P78

31

Deleted haplotype (P78)  

Position (kb)  

Reference

Inverted haplotype (P78)  
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Frequencyof deleted 

(99.7%)

Frequencyof deleted 

(0.33%)



Percentage of ORF150-del haplotype in ten intermediate passages
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ü Accumulation of structural variations in CyHV-3 provide advantages in in vitro environments and represents 

an underestimated source of diversification (Gao et al., 2018).

ü The proportions of specific haplotypes in cell culture can rapidly change from one infection cycle to the next

ü After extensive in vitro serial passages, herpesviruses undergo genome alterations that might modify their 

phenotype (Kuny et al., 2020) 

Perspectives and

recommendations

Kuny et al., (2020). In vitro evolution of herpes simplex virus 1 (HSV-1) reveals selection for syncytia and other minor variants in cell culture. Virus Evol, 

Gao et al., (2018). Genomic and biologic comparisons of cyprinid herpesvirus 3 strains. Veterinary research 



üTheexistenceof mixed haplotypesin thepopulationof CyHV-3 could bea way to regulatevirulence

üOur findings confirm that CyHV-3 can evolverapidly during infectious cyclesin cell culture

34

Propagation in 

Common carp brain cells 

(CCB)

CyHV-3 isolate 

from Taiwan

Passage 78 (P78)
Passage 99 (P99)

Mortality (90%) Mortality (18%) Mortality (30%)

Passage 0 (P0)
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1. What are the evolutionary mechanismsunderlying

haplotype assembliesin cell culture ?

2. What is the prevalence of the CyHV-3 and

structural variations in carp populations in Indonesia?

3. What are the accumulation patterns of SVs and

SNPs in CyHV-3 genome under replicate cell

cultures and after application of a thermal stress?

36
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Sampling sites of commoncarp in Indonesia

üSampling farms were located in enzootic and non-enzootic areas of Indonesia (January-May 2022) 

üSampling occurred during both epidemic and non-epidemic periods

37
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üFrequent water temperatures in common carp farming exceeded the permissive temperature range, around 30°C

Floating net cage Earthen pond farming Running water pond

Farming systems of commoncarp in Indonesia

38
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üCollection of bothsymptomaticandasymptomaticcommoncarp

Severe clinical signs Intermediate clinical signs Absence of clinical signs

üFish wereclassifiedinto threegroupsbasedon the level of observedclinical signs(Monaghanetal., 2015):

Clinical signs

Monaghan et al. (2015). Sensitivity of seven PCRs for early detection of koi herpesvirus in experimentally infected carp, Cyprinus carpioL., 

by lethal and non-lethal sampling methods. J Fish Dis 38, 303ï319
39
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DNA extracted from the gills

Amplicon-based sequencing(Oxford Nanopore)

5 samplesweresequencedto detectother 

structural variations in ORF150

All sampleswereanalyzedby 

qPCRto detectthe presenceof 

CyHV-3 and ORF150-del

Laboratory diagnostic

40
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ü Of the 236 fish samples examined, 165 (70%) were infected by CyHV-3

ü Only 66 of these infected fish (40%) displayed apparent and severe symptoms

25 (+) out of 40 samples

8 (+) out of

10 samples

9 (+) out of 34 samples

9 (+) out of 15 samples
84 (+) out of 

99 samples

16 (+) out of 23 samples

14 (+) out of 15 samples

Absence of clinical signs

Intermediate clinical signs

Severe clinical signs

Fuandila et al., 2023.

Prevalence of CyHV-3 in one of the largest carp-breeding countries, Indonesia

41
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Variations in ORF150 

üa limited number of SNPs with very low allelic frequencies 

Analysis of a 3.3 kb region around ORF150 revealed: 

üno ORF150-del

üno SV

42
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üORF150 is not prone to frequent structural variations in natural populations

ÁThe evolution of CyHV-3 in its host is very slow (Hammoumiet al., 2016)

43

Objective 2: prevalence of the CyHV-3 and structural variations in carp populations in Indonesia 

üMany CyHV-3-positive fish appeared to be in good health

ÁFish surviving an initial virus exposure may harbor CyHV-3 in a latent state (Uchii et al., 2009)

Uchii et al., (2014). Seasonal reactivation enables Cyprinid herpesvirus 3 to persist in a wild host population. FEMS Microbiol Ecol.

Hammoumi et al,. (2016). Targeted genomic enrichment and sequencing of CyHV-3 from carp tissues confirms low nucleotide diversity and mixed genotype infections. PeerJ.
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Many fish that tested positive for CyHV-3 from 

semi-intensive systems appeared to be in good 

health, unlike those from intensive farms

Chronic and latent infection

44

The natural immune responseacts as a selective pressureto

eliminateanySV thatcould beharmfulor reducefitnessin vivo

Dynamics and evolution of viral infections in vivo

Perspectives and

recommendations

The finding showed a connection between fish density and the symptoms
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1. What are the evolutionary mechanisms underlying

haplotype assembliesin cell culture, particular ?

2. What is the prevalence of the CyHV-3 and structural

variations in carp populations in Indonesia?

3. What are the accumulationpatterns of SVsand SNPsin

CyHV-3 genome under replicate cell cultures and after

application of a thermal stress?

46
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CyHV-3 propagation onto commoncarp brain (CCB) cells

A thermal stress was applied at passage 26 (P26): 

ü five subcultures were exposed to 15°C (1 to 5) for 24 h 

ü five others were exposed to 28°C (6 to 10) for 24 h

P15

47

Propagation in CCB

CyHV-3 isolate 

from Italy

Perspectives and

recommendations
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for 24 honly

P1
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Propagation in CCB

Perspectives and

recommendations
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for 24 honly

CyHV-3 propagation onto commoncarp brain (CCB) cells

CyHV-3 isolate 

from Italy

Long read sequencing 

(Oxford Nanopore)

P15
P1



CPE observed at P38(5 dpi)CPE observed at P8(5 dpi )

49
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Cytopathic effects(CPE)
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Number and position of Singlenucleotide polymorphisms (SNPs)



Accumulation of SNPalong serial passagesand effectof thermal stress

Average number of SNPs 

between the three passages 

51
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Accumulation of SNPalong serial passagesand effectof thermal stress

Average number of SNPs 

between the three passages 

52
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Average number of SNPs 

the two series of subcultures (1-5 and 6-10)



Number and position of structural variations (SVs)

53
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Accumulation of structural variations (SVs)along serial passagesand effectof thermal stress

54

Average number of SVs 

between the three passages 
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Accumulation of structural variations (SVs)along serial passagesand effectof thermal stress

ü The lack of distinction betweenthe two setsof subculturessuggeststhat both thermal

stresseshada comparablereducingimpacton theaccumulationof SVs

55

Average number of SVs 

between the three passages 
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Average number of SVs 

the two series of subcultures (1-5 and 6-10)



üThe majority of SVs: insertions and deletions, with a small proportion of duplications

üSmall insertionsor deletionslocatedwithin variablenumbersof tandemrepeats(VNTR)

üTheinsertedsequencesvaried:

Á somecloselyresembledCyprinuscarpio DNA, otherswereduplicationsof differentpartsof

CyHV-3 genomes

üPresence of very large insertions, up to 16 kb, which correspondence to unknown sequence

Structural variations in openreading frames

56

üSNP in the ORF131, leading to 183A or 183T

Perspectives and

recommendations
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.

üThermal stress seems to reduce the number of SVs but not the number ofSNPs.

üThe lower number of SVsobserved at P30 implies that the thermal stress interruptedthe 

accumulation dynamics of SV

57

There is no observed deletions in ORF150, which contradicts with the previous findings

Perspectives and

recommendations
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Factors influencing virus evolution:
ü Environment

ü Cellular conditions

ü Viral genome stability

Implication of genetic changes
ü Manipulating host immunity

ü Pathogenesis

ü Drug resistance

Dynamics and evolution of viral infections in heterogeneous environments

58
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Factors influencing virus evolution:
ü Environment

ü Cellular conditions

ü Viral genome stability

Implication of genetic changes
ü Manipulating host immunity

ü Pathogenesis

ü Drug resistance

Dynamics and evolution of viral infections in heterogeneous environments

59
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Host

Host immunity

Transmission route

Co-infection 

Genome modifications of the virus

Natural selection

Random genetic drift 

Biotic and abiotic factors

Virus

Environment



The instability in the ORF150 region after in vitro successive serial passages in KHV-T might be unique to 

this isolate

ÁAsian andEuropeanlineagesexhibit geneticdifferences(Li etal., 2015)

60

A SNP at position 226228(on the reference KHV -U genome)was found in all P30 and P50 subcultures as a

homozygousvariant

The evolution of CyHV-3 in vitro does not reflect its evolution in vivo

ÁSome mutations originated in vivo rather than in cell culture propagation (Davison et al., 2013) 

Á This SNP contributes tothe in vitro fitness of CyHV-3 (Gao et al., 2023)

Davison et al,. 2013. ñComparative Genomics of Carp Herpesviruses. Journal of Virology.

87 (5): 2908ï22

Gao et al., (2023). Virus-induced interference as a means for accelerating fitness-based selection of 

cyprinid herpesvirus 3 single-nucleotide variants in vitro and in vivo. Virus Evol 9

Li et al., (2015). Whole-genome sequence of a novel Chinese cyprinid herpesvirus 3 isolate 

reveals the existence of a distinct European genotype in East Asia. Vet Microbiol

Perspectives and

recommendations
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Perspectives and
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üStructural variations play a substantial role in the rapid 

evolution of CyHV-3 in vitro and represent a probably 

underestimated source of diversification

üThis study is the first one to apply long read-sequencing 

to study the diversity of CyHV-3

üStructural variations need now to be studied in vivo, 

in order to understand their role in evolution

Perspectives and

recommendations
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üTheabsenceof ORF150-del both in vivo andin anotherKHV

isolate in vitro indicatesthat this deletionis not sufficient to

regulateCyHV-3 virulence

Perspectives and

recommendations
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üA bigger sampling effort should be madeto definitively

confirm theabsenceof ORF150-del



Mid term:

It is important to note that this study solely exploredvariationsin the ORF150 region and may not provide

insightsinto the broadergenomicdiversity of CyHV-3. Therefore,additionalresearchis necessaryto assess

CyHV-3 evolution throughextensivefield sampling

Short  term: 

Continue passaging CyHV-3 from Italy is necessary to observe the accumulation dynamics of SV the genome in a 

high number of passages

Long term: 

64

Perspectives and
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Theabsenceof theORF150-deletedhaplotypein carppopulationswill help thevaccinationstrategy



üAffordable prophylactic effort is urgently required to control disease by improving the host's immune 

response and also inhibiting viral replication in the host

üKHVD outbreaks in Indonesia are no longer limited by temperature, and the severity of the disease is strongly 

related to density. Hence, optimal density  and good aquaculture practices  have to be considered to control 

disease outbreaks

üThere is no CyHV-3-free area at the sampling sites, indicating a high prevalence of the disease in persistence 

condition. Enhancing the health of the host can help to reduce the losses caused by the disease

65
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Markersthat focuson specificvariable

regionsmight not provide insightsinto

the comprehensivediversity of the

entiregenome.

Jeong,Y et al. (2023). Genetic characterizationof Alloherpesvirus(Cyprinid herpesvirus-2 and Koi herpesvirus) and

poxvirus(carpedemavirus) identified from domesticandimportedcyprinidsin Korea. FishAquat Sci 26, 437ï446.

General introduction General discussionResearch objectivesChapter 1 Chapter 1 Chapter 1
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Molecular phylogeny based on the partial nucleotide sequence of thymidine kinase gene
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High molecular 

weight DNA 

extraction

(P78 and P99)

1

Quality check

2

DNA library 

preparation

3

Long read 
sequencing using 
Oxford nanopore 

MinIon

4

Bioinformatic 

analysis

5

Long read sequencing

Bioinformatic analysis

Base calling

Mapping 
(Minimap2/NGMLR)

Filtering BAM files

Samtools view

SV detection

SVs Cross-validation

Minimap2+Sniffles NGMLR+Sniffles

fastq

Read length filtering Ó 2 Kb
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Sample and Library preparation

Characterization of haplotype assemblies and changes during serial cell culture 
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ü 18th ecology& evolution of infectious diseasesmeeting, Montpellier 2021. Posterpresentation

ü 21st Journée des doctorants Indonesie, Paris 2023. Oral presentation

ü EAFP International Conference on Diseases of Fish and Shellfish, Aberdeen 2023. Oral presentation

Participation in the conferences

ü Journée des doctorants Indonesie, Montpellier  2021. Oral presentation
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