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Introduction

The Carp

The common carp (Cyprinus carpio L.) is one of the most important fresh water �shes world-

wide. It is taxonomically grouped into the order of Cypriniformes as well as into the family

of Cyprinidae. Moreover, it is the type species of genus Cyprinus, to which it belongs. The

name Cyprinus was given by Aristoteles, coming from the Greek word �Kyprinos� (κυπρινoς),

which derives from �Kypris� (κυπρις) a byname of Aphrodite, also known as Cytherea (Lady

of Cyprus) [1]. In Greek mythology Aphrodite was born on the coast of Cyprus, from sea-

foam. Because she is the goddess of love, beauty and reproduction, this name is connected

to high productivity of carp [2]. The word carpio has its origin in the Celt language, which

originates in the Danube area (today: eastern Austria, Slovakia, Hungary). In this language

the carp was called karpo or karfo. During Roman occupation, the Romans started to call

this �sh carpio [2].

The carp has a completely scaled body of olive-green colour. The pectoral, ventral and

caudal �n might be slightly red colored. In nature the carp reaches 30 to 40 cm in size.

However, some �sh were recorded with sizes reaching up to 120 cm [3]. The jaw of the carp

are toothless, instead they have three rows of pharyngeal teeth - comparable to the mammalian

molar. On the top lip it has two pairs of barbels, the �rst pair being shorter than the second

pair. It has chromosome set of 100 chromosomes (2n), without a heteromorphic chromosome

[4]. Due to this high number in comparison to other cyprinid �sh such as tench (Tinca tinca),

dace (Leuciscus leuciscus) or rudd (Scardinius erythrophthalmus), which have only 48 to 50

chromosomes, it was suggested that carp are tetraploid [5].

The common carp has an omnivorous diet. Younger carp prefer zooplankton, while older

�sh use insect larvae, worms, snails and bivalves as a nutritional source. Nevertheless, in

dense populations like in aquaculture, it has been reported, that bigger carp start to become

cannibalistic.

Carp are common to lakes, ponds and slowly streaming rivers, which are rich in plants and

medium-warm in temperature, at least in summer time. In fast streaming rivers with a sandy

or rocky bottom, they need �ooding areas for spawning in spring. All these habitats should

be freshwater. However, brackish water with salinity up to 10h are accepted. Thus, one can

�nd carp in the Black Sea, Caspian Sea or Sea of Azov and even in the Aral Sea. Despite

this, for breeding the salt content should not exceed 2h.
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Origin

The carp has its origin in warm areas of Europe and Asia, between the Black Sea and China

[6]. Other sources specify the origin on the area between 35° and 50° N and 30° and 135° E [7].

During the Upper Tertiary period (23 - 2,5 mya), carp inhabited a continuous area in Eurasia

[8]. Because of the ice age, the habitable area shrunk and after the Pleistocene period , carp

spread from the Caspian Sea in Eurasia up to the Black Sea / Danube area [9]. It is highly

likely, that the present situation began in the region of the Danube River [10]. Before Christ,

middle and Western Europe, most likely did not contain carp. Gaius Secundus Plinius (24 to

79 AD), reported the Romans encountered carp during their invasions and distributed this

�sh to their occupied areas. Additionally, Theodoric the Great (475 to 526 AD) imported

carp from Danube to Ravenna. The timeline regarding the appearance of carp in Asia remains

unclear. Potentially the carp was divided into to two groups before [11] or after [9] the last

ice age. Today, the genus Cyprinus carpio consist of two sub-species, the European Cyprinus

carpio carpio and the Asian Cyprinus carpio haematopterus. The Asian sub-species might be

separate species itself [12], but this is still under debate.

Carp are not only popular as a food source. A highly colorful breed, the so called koi,

gain a lot of attention. The name koi is not the original name for this breed, it was initially

called Nishikigoi - brocaded carp. In Japanese the word koi used to encompass all carp

species. Originally carp were kept for food production in rice patties. Because of their natural

occurring color mutation, koi became popular for use in garden ponds of the nobility during

19th century. Niigata prefecture especially was, and still is, the source of koi breeding. The

international breakthrough was achieved during Taish	o exhibition in T	oky	o in 1914. During

this exhibition prince Hirohito, later Sh	owa Tenn	o, received some as gift. Sh	owa Tenn	o is

still recognized today for his interest and research in marine science.

Today, German mirror carp have been crossbred with Nishikigoi. Thus �sh without or with

only a few scales can be achieved. One can recognize this �sh by their name. Usually they

having the word doitsu in their name, meaning German.

Importance

As mentioned before, the carp was already known during the time of the Roman Empire.

The Romans had small ponds for keeping �sh, called piscinae. These were probably used

for short term storage of live �sh, and regarded as a luxury. With further occupation of

Europe, especially of territories north of the Alps and near the Danube, the Romans came

into contact with carp, which was then distributed to other provinces. Carp bones have been

found among �sh debris during historical excavations [2]. Carp aquaculture probably started

in the Middle Age, between 12th and 14th centuries. Building ponds were more e�cient on

swampy or sandy ground than agriculture. Additionally this was enhanced by temporal and

spiritual landowner, e.g. monasteries. Monks in particular were interested in �sh, because

of Lent. During this time consumption of meat (beef, pork, etc.), milk and eggs was not

allowed, but �sh was. Moreover, the �sh is a symbol of Christianity, probably dating back to

the beginning of this religion. This is emphasized in the Bible (in John 6 1-15, Jesus Feeds the

Five Thousand), where Jesus made enough food for 5000 people out of �ve bread loaves and
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Figure 1.1: Koi-nobori on Okinawa, Okinawa Prefecture, Japan ©Paula Klafack

two �sh. Besides this, in the Middle Age people believed that the tools for torturing Jesus

were hidden in the head of a carp. Additionally, one can make a pigeon-like �gure out of

the bones of a carp skull, which symbolizes the Holy Spirit and is believed to give protection

against witches. There is a tradition in Silesia, that to place leftover bones the morning after

the Christmas carp dinner under fruit trees will lead to good growth in the spring. Another

common practice is to keep a scale from the New Year carp meal in one's purse for prosperity.

But not only in European culture does carp play a role. For example in Japan, the Japanese

word koi (carp) has a homophonous word which means �love in a romantic manner�. The 5th

of May is Japanese Children's Day, and carp shaped �ags are visible at every house and in

public. The so-called koi-nobori represents family. The big black carp represents the father,

the big red one the mother, and every small blue carp is for a son.

The common carp is produced worldwide for human consumption (Figure1.2a). The only

exception is Australia. The carp is recognized there as pest, and cultivation is forbidden.

Moreover, Australia even has plans to control the carp population by use of infectious diseases.

Europe and Asia are the main regions of carp production. In particular, the P. R. of China

has the largest production. Nearly 75% of the produced carp in 2016 came from China [13].

In comparison, Germany had produced only 0,12% of the world's production.

However, in Germany, carp is the 2nd most produced �sh species. Yearly production of carp

in Germany is typically around 5,000 tonnes. Production occurs mainly in Bavaria and Saxony

(Figure 1.2b) by 2300 individual companies (2017), from a mean pond area of 100,000 m².

Pond area can deviate greatly. While in Bavaria ponds with approximately 1,000 m² are

common, are ponds with several hundred thousand m², and up to 1,000,000 m² are usual in

Brandenburg and Mecklenburg-Western Pomerania [14].
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(a) Carp production worldwide. Gray countries did not submitted data to FAO or did not
produced carp in 2016. Color scale represent log10 of produced carp in tonnes.

(b) Carp production in Germany 2017 by federal states, based on data from Federal Statistical
O�ce 2018.

Figure 1.2
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Aquaculture

As di�erent as carp appear all over the world, as di�erent are production methods in the

world. It starts with a di�erence in naming of carp of di�erent age. In the German language

there are special terms for distinct developmental stages and even distinct ponds. It begins

with freshly hatched carp - so called K0. Spawning and hatching is done in small, calm

and grassy ponds - only used for spawning. The 3 to 5 days old, freely swimming carp are

transferred to a fry pre-stretching pond (German: Brutvorstreckteiche). This is a special small

pond usually only used for this purpose. Carp in that age are called Kv (v from German:

vorgestreckt, meaning pre-stretched). After nearly six weeks, carp will be transferred to a fry

stretching pond (German: Brutstreckteiche). Here the young carp will remain until autumn,

in a regular size pond. Because the carp have passed their �rst summer, the carp are named

K1. To withstand the freezing winter, carp are then transferred to roughly 2 m deep ponds,

usually supplied with streaming water to keep it free of ice. In spring the carp are moved back

to a stretching pond (German: Streckteiche). In their second summer, carp are called K2.

The pond for growing in the third year is called �nal growing pond (German: Abwachsteich).

Now the carp, called K3, are of a size and weight to be sold. Important for ponds used in

summer is their shallow depth of 0.8 to 1.5 m. With this depth it is assured, that the water

temperature will raise to 20°C, which is important for good growth.

The usage of this method in Germany and Central Europe has some advantages. One

advantage is the co-cultivation of other species, like grass (Ctenopharyngodon idella) and

silver carp (Hypophthalmichthys molitrix ). Predatory �sh can also be farmed, e.g. pike

(Esox lucius), pikeperch (Sander lucioperca) or sheat�sh (Silurus glanis), without reduction

of yields. The other species can be raised to merchantable size and predators such as, pike

keep the pond clean. They consume weak or sick carp, which prevents disease outbreaks.

Rice (Oryza glaberrima - African rice, Oryza sativa - Asian rice) is one of the most important

crops in the world. Especially in Asia it is cultivated in wet paddy �elds. The paddy �elds

cannot only be used to produce rice - �sh can also be kept in the �ooded areas. The dual

use of rice production and �sh production is done with Tilapia (Oreochromis spec.), common

carp and many more. Beside the additional production of a high value protein source, the �sh

production has a fertilizing e�ect on the paddy �eld. The yield can be increased between 8

and 47% [2]. By loosening the ground, removing algae and weeds and eating insects the rice

has an improved growth. Moreover, the risk of malaria and schistosomiasis is reduced by the

consumption of snails and mosquito larvae [2]. Fish and rice production can be done in two

di�erent ways: �rst, by changing �sh and rice periodically, depending on climate, one paddy

�eld can produce once in a year �sh and rice or three times in two years. and secondly by

co-cultivation of rice and �sh.

Immune System of Carp

The immune system is a biological defense system of vertebrates and some invertebrates. The

word immune is based on the Latin word immunis, which means to be free of something.

The system can recognize pathogens like bacteria, parasites or viruses and eliminate them.

Moreover it distinguishes between self and foreign cells. There are two parts of immune system
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in all vertebrates. The innate immune system with an unspeci�c reaction towards di�erent

pathogens. Anatomical barriers like skin or mucosa and the complement system are part of

it. The adaptive or speci�c immune system induces a speci�c reaction to a single pathogen.

It is able to adapt to a certain pathogens. Furthermore it can build an immune memory to

repeat the adapted immunity against an once exposed pathogen. The immune system of �sh,

in this case of Actinopterygii (ray-�nned �sh) - especially carp, is less complex than the one

found in birds or mammals.

Lympoid organs like bone marrow or lymph nodes are not present in �sh, these functions

are done by other organs. Carp have clearly segregated kidneys, which consist of an anterior

part, the so called head kidney, and the posterior part, called trunk kidney. The head kidney

has more hemopoietic capacity than the trunk kidney, whereas the trunk kidney has no renal

function [15, 16, 17, 18]. Along the intestine are di�use accumulations of lymphoid tissue in all

teleosts, so called GALT - gut-associated lymphoid tissue [19]. The GALT is an important part

for the mucosal immune system, it is one contact surface, where carp meets the environment

and possible pathogens. Hence intestinal macrophages express antigen determinants on their

outer surface [20, 21]. Antigen presenting cells are important for T cell activation and for the

�ne tuning of adaptive immunity by activated T cells [22, 23]. Moreover, after activation,

macrophages assist to clear the organism from infectious agents [24].

In response to viral infection, �sh are able to secret interferon (IFN) to inhibit viral repli-

cation. Even in �sh there are three types of IFN present namely IFN-α, IFN-β and IFN-γ

[25, 26, 27, 28, 29]. After activation of IFN-α/β an anti-viral, proin�ammatory and anti-

proliferativ response starts [30]. This is mainly done by activation of the JAK/STAT-pathway

(Janus k inase, S ignal T ransducer and Activator of T ranscription proteins) [31]. JAKs are

cytoplasmic tyrosin kinases, which are associated with cytokine receptors. Cytokine receptors

do not possess their own kinase domain, that is the function of JAK. If the receptor binds its

ligand, JAKs phosphorylate themselves to their active form. Once active, JAK phosphory-

lates STATs, which are translocated to the nucleus and act as a transcription factor. The type

of STAT de�nes the activated process, e.g. STAT1 and STAT2 are responsible for antiviral

response [32].

Another very important molecule or group of molecules are the antibodies. Compared to

mammals or birds, the Y-shape structure with heavy and light chain, joined by disul�d bonds

is very similar. However, in �sh there is mainly one type of immunoglobulin (Ig) present,

the IgM. Recently a new type of Ig was found and called, IgT or IgZ (zebra�sh) [33], but

the function remains uncertain. IgM is probably the most ancient antibody in all jawed

vertebrates [34]. Unlike mammals, IgM in �sh is a tetrameric protein with eight antigen

binding sites [35] (Figure 1.3). For a long time IgM was the only known antibody in �sh,

because there is no class shift after B-cell activation. Moreover, immunological memory can

be established after infection or vaccination [36]. Vaccination probably can be the most

powerful tool to prevent an infection or a disease. Particularly in aquaculture, vaccination

helps to avoid high losses due to infectious diseases. Since �sh are poikilothermic animals,

their physiology, and by this their immune system, depends on water temperature. If �sh

are in lower physiological temperature, the onset of immunity is decreased [37]. But most
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Figure 1.3: Immunoglobulin structure in bony �sh, like carp.

important is the route of immunization. Because injections are not practical for aquaculture,

it is too laborious and expensive to immunize millions of �sh in a pond. Other techniques have

been established like immersion in variations, e.g. hyperosmotic in�ltration and bath, as well

as spray immunization or oral application [38]. An osmotic shock is good for antigen uptake,

even with killed bacterin preparations [39]. The osmotic shock was achieved by treating the

�sh was saline of 2 to 8% NaCl for 1 to 3 minutes [40, 41, 42]. Even treatment without

saline leads to su�cient antigen uptake and protection [39]. The only limiting factor is the

number of �sh per volume of vaccine solution. Another immersion variation is to bath the

�sh. It is similar to immersion, but immunization time is elongated, usually from 30 minutes

to several hours, even days. In this case an oxygen supply is essential. Spray vaccination

was done �rst with a mixture of clay particles and vaccine formulation, later with vaccine

formulations only [39]. The most promising technique is the oral vaccination (per os). Its

biggest advantage is its easy delivery, which enables mass immunization of all sizes of �sh,

without handling and no stress for the animals [43, 44]. First vaccines were coated onto or

milled into feed. However, the vaccine was exposed to the acidic environment of stomach,

the biggest drawback of this type of oral vaccine [45, 46]. New methods protect the antigen

from gastric pH [47], which leads to appropriate results. An additional advantage of oral

administration is the stimulation of mucosal immunity. Mucosal protection is very important

for �sh [47, 48, 49, 50]. The mucosa is the outer barrier for �sh, in the gastrointestinal tract

as well as on skin. Unfortunately, carp, as all other cyprinid �sh, do not possess a stomach

[2]. This leads to a missing acidic barrier.

Not only the vaccination route is important. Same importance has a suitable vaccine type.

Against viruses usually attenuated viruses are used. They cannot be replicated properly in

its host. Thus they fail to cause a disease [51]. Attenuation can be achieved by di�erent

procedures. Conventionally attenuation is achieved by serial cell passages, mostly with non-

target cells. Unfortunately this method cannot be used for all viruses, e.g carp edema virus

(CEV) does not infect any known tissue culture. Another virus, Cyprinid Herpesvirus 3 infects

only cells derived from carp. Genetic engineering is a more recent method. By the introduction
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of deletions, the virus can be weakened in its replication cycle [52]. Nevertheless, attenuated

viruses mimic a natural infection. As a consequence both humoral and cellular ranches of

immune system are stimulated. However, one needs to prove the safety of attenuated viruses.

It is always possible to get reversions (wild type like viruses) and the safety towards other

species needs to be proven [43].

Contrary to attenuated viruses are subunit or recombinant vaccines. This type utilizes only

parts of viruses, usually generated by means of genetic engineering [53, 54]. Although, they

might stimulate protective immunity, no cellular immune response is established, because no

infection takes place.

Important Diseases

Spring Viraemia of Carp (SVC)

Spring viraemia of carp is an infectious disease, which is caused by a rhabdovirus - Spring

Viraemia of Carp Virus, also known as Rhabdovirus carpio. The virus infects a wide range of

hosts, mainly of cyprinids, but also some other �sh. Beside carp other �sh can be infected,

like crucian carp (Carassius carassius), silver carp (Hypophthalmichthys molitrix ), bighead

carp (Aristichthys nobilis), grass carp (Ctenopharyngodon idella), gold�sh (Carassius aura-

tus), orfe (Leuciscus idus) tench (Tinca tinca) and bream (Abramis brama)[55]. All ages of

are susceptible, but younger �sh under one year are more susceptible. As the name suggests,

the virus causes outbreaks usually in spring, during the rise of the water temperature. Tem-

peratures between 11 - 17 °C are common for moralities but rarely under 10 °C or above 22

°C [?]. Symptoms of the disease are indicated by hemorrhages, pale gills and ascites [56]. In

some cases fatalities can occur without symptoms.

Carp Pox

Carp pox are whitish, waxy growing epithelial cells, which mainly develop on the tail �n,

head and dorsal site. Contrary to their name, the causative agent is not a pox virus, it

is a herpesvirus, belonging to the Alloherpesviridae, and is called Cyprinid Herpesvirus 1

(CyHV-1 ). Little is known about the virus and how it causes disease. Luckily, the disease

usually induces no moralities, except in young carp. The only dilemma is the appearance

of the carp pox on food animals, mainly in winter time, when they are sold for Christmas.

Ornamental �sh, like Koi, are reduced in price, while common carp become less appealing

and thus unsellable.

Koi Sleepy Disease (KSD)

The most recent threat for carp and koi all over the globe is the carp edema virus (CEV),

which was �rst described by Takeshi Oyamatsu [57]. It is the etiological agent of KSD (highly

likely to be an aquatic pox virus) and identi�ed by electron microscopy and by PCR. Frequent

symptoms are enophthalmus, gill necrosis, white patches, hemorrhages, increased mucus and

lethargy. Lethargy in a diseased �sh is signi�cant. Fish remain at one spot, as if they have
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fallen asleep. Except for the sleeping behavior, all symptoms are similar to another potent

carp killer, the koi herpesvirus [58].
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The Koi Herpesvirus

Phylogeny

The Koi Herpesvirus (KHV) is the third virus of the genus Cyprinivirus in the family of

Alloherpesviridae, moreover it is the type species [59]. Its scienti�c name is Cyprinid Her-

pesvirus 3 (CyHV -3). The family of Alloherpesviridae consists of viruses only infecting lower

vertebrates, like �sh and frogs. Included in this family are four genera; Batrachovirus (frogs),

Ictalurivirus (sheat�sh, cat�sh), Salmonivirus (salmonids) and Cyprinivirus (cyprinids and

eel). Alloherpesviridae is one of three families in the order Herpesvirales. The other fami-

lies are Malacoherpesviridae, infecting bivalves, and Herpesviridae, causing diseases mainly in

birds and mammals.

In the genus Cyprinivirus there are 3 closely related viruses, CyHV-1 (carp pox virus),

CyHV-2 (gold�sh herpesvirus) and CyHV-3 and the loosly related AngHV-1 / HVA (eel

herpesvirus - anguillid herpesvirus 1 or herpesvirus anguillae). The genomes of the three

cypriniviruses belong to the biggest known herpesviruses. With a genome size of 205 to 295

kbp [60] and 150 to 156 open reading frames [61]. Moreover their genome structure and

sequence are highly conserved [61]. Especially CyHV-2 and CyHV-3 are highly related, with

40.4% sequence identity.

Within KHV, less is known about the phylogeny of the virus. One of the biggest problems of

the lacking knowledge are only view available full genome sequences [60, 62, 63, 64]. Because

of this lack in knowledge, other methods were established to circumvent this drawback and

especially the costs of whole genome sequencing with next-generation sequencing (NGS). First

analysis was done with a newly established duplex PCR [65]. Here, two genetic regions were

ampli�ed by PCR, called marker, and assigned to be one of �ve genotypes [65, 66]. Marker

I is between ORF29 and 31 and marker II near the start of ORF133 of the KHV genome.

Using this method it was possible for the �rst time to di�erentiate KHV into two lineages:

an Asian lineage and an European lineage [65]. Nevertheless, this opportunity is the biggest

disadvantage of this method. The duplex PCR and its �ve genotypes lead to only two genetic

groups. Even phylogeny is hardly possible, because the �ve genotypes results in a phylogenetic

tree with only �ve phyla. As a consequence, every tested virus would belong to one of �ve

genotypes. Di�erentiation between outbreaks or geographical closely connected areas would

be impossible.

In a next step, a new method was established to improve the phylogeny of KHV. A newly

designed method based on VNTR, variable number of tandem repeats, also known as satellite

or short tandem repeat (STR). Here eight VNTR were used to do the genotyping of KHV.

According to their corresponding size variation by capillary electrophoresis, the VNTR were

clustered to phylogenetic trees [67]. The resulting trees are more complex in structure and

easier to use for a phylogenetic analysis. Moreover, a clear separation into an Asian and an

European lineage was possible, which agreed with the results obtained from the duplex PCR.

Nevertheless, more e�orts are needed to achieve more precise insights into phylogeny pf KHV

and to use these methods for epidemiology. Unfortunately, until now, no method has been

tested to be used for epidemiology.
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Structure and life cycle

KHV is the biggest known herpesvirus by genome size. Its DNA based genome has a size of

295kbp and codes for 156 ORFs [60]. At its termini are direct repeats, which encodes for 8

ORFs (ORF 1-8) [60]. Repeats are common for herpesviruses. One posses terminal repeats,

others internal ones. Moreover they can have direct or inverted repeats [68]. According to the

number and position of repeats, herpesviruses can be assigned to one of six groups (A-F). Using

this grouping, KHV belongs to group A [60]. Furthermore, it was shown that KHV possesses a

circular genomic structure during replication [69]. This episomal structure protects the DNA

termini from nucleases. Several other herpesviruses form circular genomes, after entering

the cell, e.g. Epstein-Barr-virus (EBV), Kaposi's sarcoma-associated Herpesvirus (KSHV),

Varicella-zoster virus (VZV) or Herpes-Simplex-virus 1 (HSV-1) [70, 71]. It is known that

during latency, EBV, VZV and even CCV (Channel Cat�sh Virus) are present as circular

episomal DNA [71, 72]. Moreover, a concatenated or circular genome is necessary for DNA

replication in HSV-1 and PrV (Pseudorabies virus). Both using a rolling-circle replication

for their genomes, which are cleaved into genome length during virus assembly [73, 74, 75].

The ampli�ed genomes, still connected head to tail, are cleaved by terminase complex [76,

77]. For terminase it is necessary to recognize the cleavage site. If this does not happen,

multiple numbers or uneven numbers of genomes will be packed into the capsid. Therefore

herpesviruses have pac sequences, located at the terminal repeat regions [78, 77]. After

cleavage, the genome is packed into the capsid and the capsid is exported out of the nucleus.

The virion itself is made out of an icosahedral capsid, which covers the DNA. The capsid

is surrounded by the tegument. A lipid bilayer shapes the outer boundary, the envelope. An-

chored in the envelope are glycoproteins [60, 61]. In a proteomic approach, it was possible to

identify 18 structural proteins or proteins with known functions and 22 unclassi�ed or unas-

signed proteins. Three of the unclassi�ed proteins belonged to the most abundant proteins in

the virion[79]. In a subsequent analysis of the secretome of KHV, �ve proteins were identi�ed.

Three are with an unknown function, one with an immune modulating purpose - a viral IL-10

homologue (ORF134), and a TNF receptor (ORF12) [80].

ORF134 codes for a viral IL-10 orthologue [80]. First analysis indicated its importance

during acute or reactivated infection. During these phases a high expression level of ORF134

was documented [81]. The immune system is modulated by vIL-10. Thus a productive

infection is established more easily. Moreover, a low level of ORF134 mRNA were found

during persistence. During persistence, no productive infection is necessary. In contrast the

virus hides from hosts immune system [81]. In another study, it was revealed, that ORF134

is not crucial for virulence nor replication [80]. Moreover it does not in�uence the hosts

innate immune response signi�cantly. Recently it was concluded that vIL-10 has the same

biological function as carp or mammalian IL-10, although its structure di�ers from IL-10

[82]. In mammals IL-10 is a homodimer, which is produced by CD4+ and CD8+cells, by B

cells, macrophages and mast cells. It limits the in�ammatory immune response. Moreover it

suppresses the synthesis of TNF-α, IL-1α, IL-6 and IL-8. Proliferation of activated B cells

and T cells is stimulated by IL-10.

The other most abundant protein in KHV secretom is pORF12. By bioinformatic analysis
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it was predicted to be a tumor necrosis factor receptor (TNFR) [61]. Because no membrane

anchor was found, pORF12 is a soluble TNFR, which probably works as decoy TNFR [83].

TNF-α is a master regulator in the pro-in�ammatory pathway, which may lead to fever in

mammals [84]. Moreover, TNF-α induces the expression of NF-κB, responsible for in�am-

mation, proliferation and cell death [85]. In fact it was shown that pORF12 binds TNF-α

and inhibits NF-κB expression [83]. Moreover ORF12 is involved in behavioral fever of KHV

infected carp. Behavioral fever is a special reaction against a pathogen usually found in poik-

ilothermic animals, like insects, amphibians, �sh or reptiles [86]. This behavior drives the

�sh to warm water to increase their body temperature and boost innate immune response

[86]. Thus, ORF12 prolongs the onset of behavioral fever, by decreasing TNF-α in carp. In

contrast, if ORF12 is deleted, carp migrate immediately towards a warmer environment [83].

Additionally the viral load is increased, due to the presence of ORF12, by an elongated stay

in colder water and it increases the probability to infect uninfected �sh [83].

Water temperature is a very important aspect in the life cycle of KHV. Its replication is

limited to temperatures between 10°C and 30°C [87, 88, 89, 90]. At temperatures over 30°C

carp become so-called �naturally resistant� [87]. Starting from 30°C, the viral replication

becomes ine�cient, maybe stopped, as it is adapted to lower temperatures and the immune

system function of the �sh is increased. Below 10°C �sh and virus also do not have comfortable

environmental temperature, because of thermodynamics - the reaction time is increased by

decreased temperature (van 't Ho� equation).

If the host survives a KHV infection, it will be a live-long carrier of KHV. As with all

herpesviruses, KHV has a persistent or latent phase. During this phase the virus is usually

hardly detectable and will not be replicated. However, it was found that KHV can persist in

leukocytes [91, 92], probably in IgM+-B-cells [93]. As previously mentioned, ORF6 is respon-

sible for latency of KHV, due to increased mRNA levels during latency [93]. Unfortunately,

conclusive results have not been obtained and more work still needs to be done. On the other

hand, KHV was found to persist in polymorphic granulocytes [94].

Pathogenesis

A wide variety of �sh are susceptible to infection with KHV, but it only induces the disease in

carp and koi, so far. Typical exterior clinical signs of diseased carp are enophthalmus (eyeballs

sunken into the head), increased mucus production (at later stages a total loss of mucus),

white patches, hemorrhages in skin, gill necrosis, lethargy and gasping on the water surface

[95]. Subsidiary internal signs can be an enlarged kidney and spleen [95]. The enopthalmus is

caused by starvation caused by illness. The �sh consumes its adipose tissue for energy and this

causes the eyeballs to sink into the head. One of the most severe reactions of the viral infection

is a compromised skin barrier. Carp mRNA correlated to pathogen defense is down-regulated

on a large scale [96]. Mucus is the outer protective barrier of carp. Due to infection, mucus

production is increased to protect the skin. A thicker mucus layer protects more e�ciently

against pathogens. Down-regulation of mucin genes, such as mucin 5B, the protective layer

gets lost and so-called �sand paper skin� develops (rough surface) [96]. β-defensin 1 and 2

are also down-regulated [96]. They possess antimicrobial properties and can protect against a
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Figure 1.4: Clinical signs of Koi Herpesvirus Disease. Left - Increased Mucus on the skin and
gill necrosis. Middle - Hemorrhages. Right - Hemorrhages can appear as black
patches in case of scale carp. c,Sven M. Bergmann

secondary infection. Two other down-regulated genes are claudin23 and claudin30 [96]. Both

resulting proteins occur in tight junctions, which are necessary for close cell contact. The

decrease of tight junction proteins leads to the disintegration of skin which causes skin or

epithelium loss and the appearance of white patches. This weakening of endothelium might

be one cause of hemorrhages. Consequently, blood vessel tend to rupture. The second severe

clinical sign is gill necrosis. Gills are important for �sh for gas exchange between blood and

water, CO2 from blood into water, and O2 from water into blood. Moreover, osmoregulation is

done via the gills. Osmoregulation is the regulation of osmotic pressure within an organism.

In case of carp it is the regulation of water and ion in�ux and e�ux. Additionally, NH+
4

is excreted via the branchial route. Ammonia is a product of amino acid metabolism. In

high concentrations it can lead to intoxication, therefore it needs to be excreted. Due to koi

herpesvirus disease gill lesions are visible, in all layers: gills, lamellae, and rakes [89, 97].

Later on the gill architecture deteriorates due to cell in�ltration, which can lead to necrosis,

erosion and fusion of the primary lamellae [89]. The gill necrosis provoke gasping of �sh in a

last-ditch attempt to obtain oxygen.

The main locations of viral replication are the gastrointestinal tract, liver, gill and kidney.

Virus replication and disease cause damage to the intestinal mucosa as well, leading to pseud-

ofeces of mucus and virus. Enlargement of the kidney is induced by interstitial in�ammation

and in�ltration [89]. Not only is the kidney enlarged, but also the spleen. Both are important

for immune responses and the development of the immune system. Due to viral infection, the

immune response is provoked, compounded with the development secondary infections.

Viral entry is the �rst step of infection. In the case of KHV the route of entry is still con-

troversial. However, two main routes have emerged - gills and the skin. First studies found

histopathological changes in intestine [98, 99] and infection of the gill [95, 99, 97]. Early de-

tection of DNA and the fact that gills are an important entry point for pathogens strengthen

this theory [95, 89, 90]. Later studies found the skin is the main portal for KHV [52]. Twelve

hours after immersing carp in water with a KHV mutant bearing luciferase, the �rst lumi-

nescence signals were detected in skin. Additionally, RNA expression was detectable after 12

hours in skin [96]. Viral DNA was found after two days in �ns by in-situ hybridization [100].

This has led to the theory, that KHV enters its host via skin. In contrast, a study performed

by Monaghan and colleagues (2014) revealed viral DNA as early as 2 hours after infection in
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gill and gut [101]. This was quite surprising, because earlier studies found viral replication to

start between four and eight hours after infection [102]. Furthermore, pharyngeal periodontal

mucosa is an additional entry point for KHV [103].

Distribution and host range

The �rst cases of KHVD was documented in Germany in 1997 and in the U.S.A and Israel in

1998 [104, 95, 88]. Trade of koi is held responsible for the worldwide distribution of KHV. KHV

can be found on all continents inhabited by carp, except Australia (Figure 1.5). Interestingly,

Australia currently plans to eradicate carp (seen as an invasive species), by infection with

KHV (www.carp.gov.au). One of the �rst outbreaks with mass mortality was documented in

1998 in Israel. Three years later, 90% of all carp farms in Israel were infected [88]. In 2003,

KHV was �rst detected in Japan, Ibaraki prefecture [105]. Within the last few years KHV

has been detected in 90% of all Japanese class A rivers, and in 45 of 47 prefectures [106, 107].

The �rst outbreaks in the U.S.A. were found in koi samples from a dealer in 1998[108, 95].

Six years later, the virus was found in wild carp causing mass mortality in South Carolina

and New York state [109, 110].

Figure 1.5: KHV Distribution. OIE 2018

Another important factor for contributing to the rapid and widespread distribution of KHV

is its broad host range. Not only carp and its hybrids (gold�sh Ö carp, crucian carp Ö carp,

crucian carp Ö koi and gold�sh Ö koi ) are capable of being infected and diseased [111],

but other Cyprinidae and other �sh are also susceptible [112, 113, 114]. Some exotic species

are likely to be susceptible as well, such as freshwater stingray (Potamotrygon spec. - pers.

comm. S. M. Bergmann). Crucian carp (Carassius carassius), grass carp (Ctenopharyngodon

idella) or sheat�sh (Silurus glanis) in particular are signi�cant problems for carp farms. These

�sh are co-cultivated with carp and can distribute the disease between ponds and di�erent

age cohorts. Not only �sh used in aquaculture are of consequence for the spread of KHV. It

became common to release ornamental �sh from aquarium or hobby ponds into the wild.Due

to their unknown health status, ornamental �sh can transfer KHV to wild �sh in particular

to carp 1.

1Further Information (in German): www.laves.niedersachsen.de/tiere/tiergesundheit/�schgesundheit/aktuell/aussetzen-
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Furthermore, KHV can persist outside the host in the environment. However, this is de-

pendent on water temperature and quality. In Israel, studies have shown, that KHV remains

active for at least 4 hours (but not longer than 21 hours), at 23°C to 25°C [88]. Studies in

Japan have shown a reduction of infectious virus in environmental water and sediment at

15°C. If the water was sterilized before, KHV remains active for more than seven days [115].

Diagnosis

One classical method for virus diagnostics is the use of cell cultures. For KHV it is possible

to use the cell lines KF-1 [95] and CCB [116] for virus detection [117]. However, OIE does

not recommend these cell lines, as they are less sensitive for virus detection than PCR [117].

Moreover, after a successful virus isolation onto cell cultures, the detected pathogen needs

to be identi�ed. This is usually done by PCR and followed by sequencing. The necessity of

pathogen identi�cation must be done, because a cytopathic e�ect (CPE) can be caused by

several sources. Bacterial contamination, toxic substances from samples or cell cultures of

bad quality are some examples.

The method of choice for KHV diagnostics is based on detection of its DNA. There many

PCR methods published, but OIE recommends PCRs by Yuasa [118]and Bercovier [119].

Probably the most used method world-wide for KHV diagnostic is the real time PCR es-

tablished by Gilad [90]. This method is also recommended by OIE because of its analytic

sensitivity. Nevertheless, conventional PCRs can have similar sensitivity as real time PCR, if

the PCR is combined with a second round of ampli�cation, a so-called �nested PCR� [120].

A further molecular technique is the loop-mediated isothermal ampli�cation (LAMP) of the

thymidine kinase gene (TK) [121]. It is equally sensitive as conventional PCRs [121, 122], but

more suitable for diagnostics in the �eld as an onsite assay.

Diagnostics can also be done with serological methods. Fluorescence antibody test can

detect virus is imprints of liver, kidney and brain [89]. By use of immuno�uorescence it

is possible to visualize KHV in leukocytes [113]. Another useful method to detect a previ-

ously acquired KHV infection indirectly is the antibody enzyme-linked immunosorbent essay

(ELISA). This ELISA is capable of detecting KHV-speci�c antibodies in carp serum [98, 123].

Moreover, DNA detection of KHV can be achieved by in-situ hybridization in histological

specimens[113, 94].

Vaccines

Vaccination is still the best method and actually the only to protect animals and humans

from disease caused by viruses. The term vaccination comes from the Latin word for cow

- vacca. It goes back to the late 18th century and beginning 19th century. In that time,

the physician Edward Jenner used material from cow pox (cow pox virus) for inoculation

of people to protect them against smallpox (variola virus). Because of the use of immune

stimulating substances , e.g attenuated virus or viral proteins, the immune system learns

how to deal with the infectious agents. The build up of immunity should protect the vaccine

recipient for a certain amount of time or provide life-long immunity against the infection or

von-gartenteich�schen-73538.html
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disease. Even in �sh vaccination is possible. Against pathogens with high economic impact

vaccines are available, e.g. viral hemorrhagic septicemia (viral hemorrhagic septicemia virus

- VHSV) [124] or enteric redmouth disease (Yersinia ruckeri) [125]. Unfortunately, there is

no approved vaccine available against KHV in Germany and the EU. There is an available

vaccine from Israel [87]. It is an attenuated virus, produced by serial cell passages, with a �nal

UV treatment. However, it has been recently reported that this virus is not fully attenuated

and will revert back to its virulent type [52]. Because of this, the vaccine was withdrawn one

year after its release in the U.S.A. [126].

A Japanese group developed another vaccination strategy based on liposomes. Liposome

spherical vesicle with a lipid bilayer. Thus, the bilayer is structural similar with the membrane

of cells. This Japanese group used concentrated and formalin inactivated KHV and fused it

with the liposome [127]. The preparation was sprayed onto food particle and fed to �sh. After

challenging with virulent KHV, the majority of �sh were protected, indicated by raised serum

antibodies. Moreover no viral DNA was detectable. Sadly, no commercial vaccine based on

liposomes, is available at present. This vaccine might be useful for purpose of economical,

protective and safety reasons.

Recombinant vaccines are quite a modern approach. Using molecular techniques, the genetic

structure of a virus is manipulated in a manner in which its virulence is diminished. This

mechanism was used to design KHV variants lacking one or more genes. Especially enzymes

employed in the nucleotide metabolism were deleted, like viral thymidine kinase (TK) or

deoxyuridine-triphosphatase (dUTPase) [52, 128]. Not only the nucleotide metabolism is a

good target, but also are viral immune modulators. In fact, all tested immune modulators

had no advantage on possible vaccine candidates [52, 126]. Moreover it was shown, that the

deletion of the predicted viral IL-10 homologue (ORF134) in addition to a deletion of ORF56

and ORF57 is drawback [80, 126]. Indeed the virulence was increased after ORF134 deletion.

Additionally to delete KHV genes, one should keep German legislation in mind. According

to �3 section 3a genetic engineering law (GenTG) all mention molecular techniques leading

to genetically modi�ed organisms (GMO), because their DNA was modi�ed ex situ and will

not occur naturally. Thus leading to the point, that a GMO needs a permission to be set

free (used outside a lab), according to �14 GenTG. Moreover, since all known piscine viruses

persist in their host after infection. To put it in a nutshell, genetically engineered vaccine

viruses are a suitable method to protect �sh, but there might be some obstacle with German

legislation.
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Aim

The aim of this presented dissertation was a stable, live attenuated and protective KHV usable

as vaccine. Moreover this vaccine should by cost e�ective and easy to apply. Di�erentiation

of infected and vaccinated animals was preferred by genetic and / or serological means. After

achieving an attenuated virus, whole genome sequencing should be done to examine the genetic

structure of the vaccine as one feature of biosafety. Besides biosafety additional knowledge

on the virulence of Alloherpesviruses, especially of KHV was anticipated. Additionally the

diagnostics of KHV and KHVD should be improved to increase reliability and to gain more

insights into the relationship of di�erent KHVs and hopefully to detect the source of an

outbreak.
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A Natural Event?
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Worldwide koi herpesvirus (KHV) causes high mortalities in Cyprinus carpio L.

aquaculture. So far, it is unknown how the different variants of KHV have developed

and how they spread in the fish, but also in the environmental water bodies. Therefore, a

phylogenetic method based on variable number of tandem repeats (VNTR) was improved

to gain deeper insights into the phylogeny of KHV and its possible worldwide distribution.

Moreover, a VNTR-3 qPCR was designed which allows fast virus typing. This study

presents a useful method for molecular tracing of diverse KHV types, variants, and

lineages.

Keywords: KHV, VNTR, Cyprinus carpio, molecular tracing, CyHV3

INTRODUCTION

With a production of four million tons worldwide (http://www.fao.org) common carp (Cyprinus
carpio L.) is one of the most important fish for aquaculture. Moreover, its ornamental variety, the
koi, is one of the most expensive ornamental fish in the world. A severe infection that leads to
high mortalities of Cyprinus carpio stocks has been reported repeatedly since 1997. This disease
is associated with skin lesions and gill necrosis (Bretzinger et al., 1999). The causative agent was
first described as an aquatic herpesvirus in Hedrick et al. (2000) and was named koi herpes virus
(KHV) after its host. Later, it was given the scientific name Cyprinid herpesvirus 3 (CyHV-3) and
was classified as a member of the family Alloherpesviridae (Waltzek et al., 2005). With a genome
size of 295 kbp, KHV is the largest known herpesvirus. The 11 complete genomes published so far
show a very high sequence identity (>99.9%; Aoki et al., 2007; Li et al., 2015; Hammoumi et al.,
2016).

To gain more knowledge on the diversity of this virus, a duplex PCR was established (Bigarre
et al., 2009) to discriminate between the different virus introductions into Europe. This PCR uses
two marker regions to determine the relationship between different KHV variants. Unfortunately,
the temporal and spatial resolution of this assay is too low to permit phylogeographical analyses or
molecular tracing for origin detection. Subsequently, eight DNA regions with variable number of
tandem repeats (VNTRs) were selected and tested as a tool for KHV discrimination (Avarre et al.,
2011). Using the fluctuating copy number combined with hierarchical clustering, it was possible
to obtain information on the phylogeographical background of some investigated KHV specimens
(Avarre et al., 2012).

The present study aimed at designing a new qPCR assay able to distinguish between different
variants of the Asian and European lineages. A second goal was to improve the previously described
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TABLE 1 | Samples used for characterization and discrimination.

Isolate or specimen Origin Country of origin

KHV-T This study Taiwan

KHV-I Aoki et al., 2007 Israel

KHV-G1 This study Germany

KHV-P, F02/05 This study Poland

KHV-Ch (GZ) This study China

F16/12 This study Germany

F35/13 This study Germany

F34/13-2 This study Germany

F34/13-3 This study Germany

F49/13-2 This study Germany

KHV-E This study England

Ak129 This study

KHV-V This study Vietnam

Italy 197/1 This study Italy

Italy 197/2 This study Italy

Italy 197/3 This study Italy

Italy 204/1 This study Italy

F11/16 This study Germany

KHV-GZ11 Dong et al., 2013; Li et al., 2015 China

FL_BAC Costes et al., 2008 Belgium

CyHV-1 Gilad et al., 2002 Poland

CyHV-2 (specimen) Gilad et al., 2002 Spain

HVA Rijsewijk et al., 2005 Germany

MLVA using different primer pairs covering the eight complete
VNTR sequences. Finally, these two methods were applied
to trace the variability of four KHV isolates passaged in
vitro multiple times. With this additional information, a more
confident clustering of KHV isolates as well as molecular tracing
now seem to be possible.

MATERIALS AND METHODS

Cells and Replication of KHV Isolates
Common carp brain cells (CCB, Neukirch et al., 1999) were
grown at 26◦C in minimal essential medium with Earls’ salts
(Invitrogen) supplemented with 10% FBS, 10mM HEPES, 2.2
g/l NaHCO3 (Roth), 1% non-essential amino acids (Biochrom),
and 0.12 g/l pyruvic acids sodium salt (Merck). Different
KHV isolates (Table 1) were replicated after absorption of virus
containing cell culture suspension for 1 h at 26◦C onto 24 h-old
CCB cells followed by the addition of the necessary volume of cell
culture medium.

DNA Extraction
Extractions of total DNA were done using QIAamp DNA
Mini Kit (Qiagen) according to the manufacturer’s instructions.
Samples were obtained either from cell cultures (500µl each) or
from gill swabs of infected fish. They were incubated overnight
at 56◦C with 180µl ATL buffer containing 20 µl proteinase K.
Afterwards 200µl Buffer AL were added and incubated at 70◦C
for 10 min, followed by addition of 200µl ethanol. This mixture

TABLE 2 | Primers used in this study.

Name Sequence 5′
→ 3′ References

VNTR1_for ACACATCATCAAGAACTTCAGCAAG This study

VNTR1_rev CCGTCTTCAGCGTCTCAGT This study

VNTR2_for GGCTCACTGCGGAGAACC This study

VNTR2_rev GACATGCTGGTCTGGTCCAG This study

VNTR3_for GAATACTTCAATCGCATTGTGCC This study

VNTR3_rev GCTTGCCACGGTTCCATTAGC This study

VNTR4_for CTTGCGCAATGCACTCCG This study

VNTR4_rev GCTACTACTGCTGCTGCTGAG This study

VNTR5_for GTATAACAGCCGCCACGAATC This study

VNTR5_rev CAATCAGCAGCGACGCTAAG This study

VNTR6_for CAAATGGCGCAGCGCTG This study

VNTR6_rev CGATGTCCGACGCCTTTCT This study

VNTR7_for CTCTGGTTCTGGTTCTGGCTC This study

VNTR7_rev ACATGATGGTCAGGCCAGTC This study

VNTR8_for CAGAGCGGTTCTGCCTTTG This study

VNTR8_rev CCAACCAGACCCAAGAAGCAG This study

oPVP53 CTACTCAGGAGCCATCATCG Bigarre et al., 2009

oPVP54 AGGACTTGGTAGGTGCCTCC Bigarre et al., 2009

oPVP55 GCTCATTTTAGCGCTTCTGTG Bigarre et al., 2009

oPVP56 CGCTGCCTACCCAATTCGCT Bigarre et al., 2009

120160 for CAACAGTACAACCACAACATCGA Avarre et al., 2011

120160 rev GGTAACATTGGCGGTAGAACTA Avarre et al., 2011

TABLE 3 | Probes for the TaqMan PCR.

Probe Sequence Lineage type

a (Asia) ....CAATACCACCAGCGCATCCAAC.... Asia

e (European) ....CCGGTCAGGTGCGCGCTCACTCAGC

GCATCCA...

Europe

was applied to the spin columns and centrifuged for 1 min at
800 × g. The flow-through was discarded and the column was
washed with 500 µl buffer AW1. After centrifugation for 1 min,
the columnwas washed with 500µl buffer AW2. The columnwas
spun down and placed in a new tube. DNA was eluted in 50µl
DEPC treated water.

Primer Pairs
Beside the published primer pairs (Bigarre et al., 2009; Avarre
et al., 2011), new primer pairs were designed to cover the
entire VNTR fragments used for sequence analysis (Table 2) and
comparison. For reasons of simplification the VNTRwere named
according their order in KHV genome.

PCRs for Identification and
Characterization of the KHV Isolates and
Specimens
Initially, all KHV isolates and specimens obtained from carp or
koi were examined by qPCR as previously described (Gilad et al.,
2004, modified according to Bergmann et al., 2010). Additionally,
duplex PCR (Bigarre et al., 2009) was performed for primary
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TABLE 4 | Real-time PCR results from different KHV samples and controls.

Sample Probe Asia (a) Probe Europe (e) Probe KHV (Gilad

et al., 2002)

mean Cq sd* Cq mean Cq sd Cq mean Cq sd Cq

CyHV-1 − − − − − –

CyHV-2 40.11 1.19 − − − –

HVA − − − − − –

CEV − − − − − –

carp − − − − − –

KHV-E − − 26.00 0.20 25.32 0.17

KHV-G1 − − 10.96 0.08 10.61 0.46

KHV-Ch 31.71 4.87 34.56 − 39.59 –

KHV-V − − 22.43 0.02 21.98 0.03

Ak129 − − 10.08 0.11 10.16 0.43

KHV-T 17.72 0.14 − − 13.48 0.25

F16/12 − − − − − –

F35/13 − − − − 39.82 -

F34/13-2 40.62 – 37.02 − − –

F34/13-3 − − − − − –

F49/12-2 − − − − − –

Italy 197/1 − − 25.79 0.34 25.51 0.02

Italy 197/2 − − 25.07 0.18 24.79 0.16

Italy 197/3 − − 24.63 0.06 24.41 0.21

Italy 204/1 − − 25.75 0.08 25.15 0.03

F02/05 32.93 0.04 27.83 0.14 20.95 0.08

F11/16 32.39 0.27 37.81 − − –

*sd, standard deviation.

Gray values were above detection threshold (Cq = 39). Missing values were indicated

by –, absent values were caused by no amplification in PCR or by less values for

calculating standard deviation.

characterization and classification into the Asian or European
KHV lineage. All PCR products were separated in 1.5% agarose
gels.

VNTR Amplification
The eight VNTRs described by Avarre et al. (2011) were amplified
using the Phusion Green High-Fidelity DNA Polymerase
(Thermo Scientific) according to the manufacturer’s instructions.
The different VNTRs were separated in agarose gels and the
resulting bands were clipped. DNAs from gel blocks were
extracted using the QIAquick Gel Extraction Kit (Qiagen), and
12.5µg of each VNTRs were sequenced with either the forward
or reverse primer using the BigDye Terminator v1.1 Cycle
Sequencing Kit (Thermo Scientific) following the manufacturer’s
instructions.

Sequence Data Analysis
Sequence information was imported into Geneious (Geneious
9.0.5, Kearse et al., 2012) and all eight VNTRs of each KHV
sample were combined into one sequence. These concatenated
sequences were aligned using ClustalW (Larkin et al., 2007;
Supplementary Data Sheet 1). Phylogenetic trees were
constructed with IQtree and ultrafast bootstrap (B = 1000;

TABLE 5 | Results for different KHV properties.

Name Origin Duplex PCR Lineage

Marker I Marker II qPCR

KHV-T Asia + + + Asia

KHV-T Passage 1 Laboratory + + + Asia

KHV-T Passage 25 Laboratory + + + Asia

KHV-T Passage 51 Laboratory + + + Asia

KHV-T Passage 78 Laboratory + + + Asia

KHV-T Passage 99 Laboratory + + + Asia

KHV-E Europe − − − Europe

KHV-E Passage 4 Laboratory − − − Europe

KHV-E Passage 25 Laboratory − − − Europe

KHV-E Passage 51 Laboratory − − − Europe

KHV-E Passage 51 Laboratory − − − Europe

KHV-E Passage 78 Laboratory + + + Asia/Europe

KHV-E Passage 99 Laboratory + + + Asia

KHV-Israel Passage 4 Laboratory − − − Europe

KHV-Israel Passage 25 Laboratory − − − Europe

KHV-Israel Passage 51 Laboratory − − − Europe

KHV-Israel Passage 78 Laboratory + + + Asia/Europe

KHV-Israel Passage 99 Laboratory − − − Europe

KHV-G1 Europe − − − Europe

KHV-G1 Passage 4 Laboratory − − − Europe

KHV-G1 Passage 25 Laboratory + + + Asia

KHV-G1 Passage 51 Laboratory + + + Asia

KHV-G1 Passage 78 Laboratory + + + Asia

KHV-G1 Passage 99 Laboratory + + + Asia

Minh et al., 2013; Nguyen et al., 2015; Chernomor et al., 2016).
Nod supporting values are approximately unbiased (au) p-values.
IQtree chose best fitting model for genomic data, Jukes-Cantor.
Same model was used for VNTR data. Hierarchical clustering
of duplex PCR data was done with RStudio (R Development
Core Team, 2010; Rstudio Team, 2015). As comparison for
phylogenetic analysis, the full genome sequences of KHV-I
(GenBank: DQ177346.1), AK129 (unpublished), KHV-GZ11
(GenBank: KJ627438.1), KHV-U (GenBank: DQ657948.1),
NC_009127 (NCBI: NC_009127.1), FL_BAC (GenBank:
KP343683.1), KHV-J (GenBank: AP008984.1), and KHV-T
(unpublished) were used.

Establishment of a New TaqMan qPCR
Based on VNTR 3 Sequence
Based on VNTR 3, a TaqMan qPCR was established using two
different probes. One probe covered the sequences shown in
the VNTR 3 of the European KHV lineage and the other probe
covered sequences of the same VNTR, but only the Asian KHV
lineage was selected (Table 3). This was combined with sequence
data obtained with forward and reverse primers (Table 2). For
TaqMan qPCR, the QuantiTect Multiplex PCR Kit (Qiagen)
was used following the manufacturer’s instructions. Initially a
denaturation step at 95◦C for 15 min was started followed by
42 cycles with thermal profile: 95◦C for 1min, 60◦C for 30 s and
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FIGURE 1 | Partial alignment of VNTR 3 presenting binding sites of qPCR probes used for lineage determination and discrimination. Asterisk indicating identical

nucleotides.

72◦C for 30 s. All samples were tested in the presence of three
negative controls (water). The threshold was set to Cq = 39 (∼1–
5 particles/ml, Bergmann et al., 2010) for discrimination between
positive and false positive samples.

RESULTS

VNTR-3 qPCR for KHV Discrimination
Identification and characterization of the isolates and specimens
(Table 4) were carried out with the newly designed qPCR based
on VNTR 3 sequences (Table 3) and were compared to the results
obtained with the diagnostic qPCR (Gilad et al., 2004) as well
as to the results from the duplex PCR (Bigarre et al., 2009;
Table 5). The third VNTR possesses an eye-catching genetic
feature to roughly discriminate between Asian and European
variants of KHV. Therefore, a qPCR was designed based on
this sequence (Figure 1 and Table 3). A control DNA from CCB
cells was used to exclude a cross-reaction of the PCR with carp
DNA. Specificity was also tested with other herpesviruses, in
particular CyHV-1, CyHV-2, and herpesvirus anguillae (HVA),
as well as with the virus causing koi sleepy disease, the carp
edema virus (CEV). None of the tested controls became positive
by qPCRs, in spite of a faint signal for CyHV-2 with a
mean Cq-value of 40.1 which was considered negative, as the
detection limit was set at a Cq-value of 39. All tested KHV
samples were considered to be positive. Unexpected results were
obtained for a Chinese isolate (KHV-Ch, Dr. Wang Qing), for
a sample from Poland and one diagnostic sample from koi in
Germany (F11/16). These three samples showed positive signals
for both, the Asian and the European lineage. Most interestingly,
diagnostic sample F34/13-2, identified as a so-called atypically
reacting KHV, did not react positive with the diagnostic qPCR
(Gilad et al., 2004) but was positive with the newly designed
VNTR-3 qPCR. Finally, according to the VNTR-3 qPCR results

KHV-V that was identified in Vietnam belongs to the European
lineage.

Comparison of Results from Duplex PCR
vs. the Improved VNTR Analysis
Specificity of the eight new VNTR primer pairs was tested
with DNA obtained from other members of the genus
Cyprinivirus: CyHV-1, CyHV-2, and herpesvirus anguillae
(HVA). Only with the primers of VNTR 2 a signal was
detected from CyHV-1 and CyHV-2 DNA (Supplementary
Image 1). No signal at all was detected using DNA from
HVA.

By sequence analysis of VNTRs, different types of KHV
(Asian and European lineages) were found in the same isolate
or specimen. Moreover, the results obtained from VNTR
sequences are comparable and confirmed the results from
genome sequences or the results obtained with the duplex PCR
(Supplementary Table 1).

KHV isolates or specimens from Japan and Taiwan formed
one cluster, known as the Asian lineage of KHV. This cluster
can be distinguished using all three methods (Figures 2A–C).
In contrast, the other six viruses cluster differently with each
method.

The topology of the phylogenetic tree based on genome
sequences (Figure 2A) and the tree based on VNTR sequencing
(Figure 2C) were comparable. Additionally, the genomic data
from GZ11 suggest an intermediate mode of the virus between
the two known lineages.

Due to increasing sample sizes and much more complete
genomic data, the phylogenetic diversity can be investigated
in greater detail. Analysis with sequences obtained from
MLVA and/or VNTR sequencing additionally shows different
(sub)groups within the two major lineages which cannot be
identified by duplex PCR.
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FIGURE 2 | Phylogenetic trees based on different methods. (A) Presents

phylogeny based on whole genome sequences, while (B) shows information

gained by duplex PCR. Genotypes according to Bigarre et al. (2009) were

added at each branch. VNTR sequencing was used to generate the

phylogenetic tree in (C). Because of 100% identity of NC_009127 and KHV-U,

NC_009127 was included as internal control.

Monitoring of KHV Isolates from Taiwan to
England after In vitro Passages
In order to investigate possiblemutations of the virus over time in
cell cultures, two samples of different origin (KHV-T and KHV-
E) were monitored over 100 passages onto CCB cells at 20◦C. For
this purpose, samples were analyzed periodically with the three.
The results revealed a constant evolutionary pressure even within
a consistent environment. Plotting the VNTR frequencies over

time (Figure 3) reveals the evolutionary pressure. KHV-T only
showed changes in sequences of VNTRs 6, 7, and 8. While in the
KHV-T VNTRs 6 and 7 one or two repeats were not detectable,
in VNTR 8 a repeat was added. Comparing these findings with
the VNTR frequencies of KHV-E it was shown that changes were
visible in VNTRs 3–6 and in VNTR 8. Generally, the European
KHV from England (KHV-E) showed more variations than the
Asian type KHV-T.

DISCUSSION

For KHV, 11 complete sequenced genomes are now available
in the databases. While full length genomes are compulsory
for phylogeographical investigations, the costs for next-
generation sequencing, and the lack of handiness for the
analysis of raw sequence data still hamper wide genome-based
phylogeographical studies. To reduce these drawbacks, the
duplex PCR was designed to distinguish between different types,
variations or possible introductions of KHV to Europe (Bigarre
et al., 2009). Unfortunately, this method was able to detect
four different variations or types of KHV only. To overcome
this possible gap, an MLVA-based method was established and
included in this study. Based on eight different VNTR sequences,
it was possible to distinguish more precisely the phylogeny of
KHV. It was decided to use and sequence the VNTRs further
on, even though they represent only 0.56% of the entire KHV
genome. Additionally, by increasing the numbers of tested
virus isolates and/or specimens by duplex PCR and VNTR-3
qPCR analyses, the informative value of the VNTRs will become
strikingly more precise. In the case of the complete genome
of the Chinese KHV isolate GZ11, an intermediate status
appears in comparison to the European and Asian lineages.
Complete genome analysis indicated that this Chinese virus had
a phylogenetic position between European viruses like KHV-U
or KHV-I and Asian types like KHV-J or KHV-T Considering
the information obtained by duplex PCR, the isolate GZ 11
shares the same genotype as the attenuated AK-129. However,
the phylogenies obtained from whole genome sequences and
VNTR data indicate that GZ11 does not cluster together with
AK-129. This shows that the markers used in the duplex PCR are
not informative enough and may lead to incorrect conclusions.
Detecting different variants of KHV in a single isolate or
specimen is a major challenge for diagnostics. Combating the
spread of KHV depends on these efforts. Moreover, different
types of KHV may possess different pathogenic features which
determine the viability of a population. Tracking Asian and
European lineages by qPCR, the first cut was done for applied
diagnostics. The importance is shown by the data (Figure 4)
obtained with samples from KHVD outbreaks and with
experimental samples. The most interesting samples are those
which include both, the European and the Asian lineage, e.g.,
F02/05 from Poland (KHV-P), “atypically reacting” samples
F34/13-2 and F11/16 from Germany and the KHV isolate
from China (KHV-Ch, named also GZ for Guangzhou). These
samples seem to have both features. This can either be the result
of mixed infections with different KHV lineages in one isolate
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FIGURE 3 | Differences in VNTR frequency over long-term virus passages of KHV-T and KHV-E.

or of in vivo replication of the infecting agent that generates
different variations or types, thereby increasing the likeliness
of infection of a fish or a population at the same time. Mixed
infections with differential KHV have already been reported,
although further investigations are required to elucidate their
ecological significance (Sunarto et al., 2011; Avarre et al.,
2012; Li et al., 2015). However, a more important point is that
this VNTR-3 qPCR neither detected CyHV-1, CyHV-2 nor
HVA or CEV. Especially, discrimination of CEV from KHV
is important because of the very similar symptoms in carp
they cause and their cumulated emergence (Miyazaki et al.,
2005; Jung-Schroers et al., 2015). The fact that CyHV-1 and
CyHV-2 could only be detected with VNTR-2 primers indicates
that the improved MLVA method does not recognize DNAs of
other Cypriniviruses. This is especially important because of
the high similarity of the three cyprinid viruses to each other
as well as to the other species member HVA. By reducing the
low specificity of the primer pair for VNTR-2 PCR, it should
be possible to perform phylogenetic studies even with samples
comprising more than one Cyprinivirus like KHV, carp pox

virus, goldfish herpesvirus and/or HVA as a PAN-Cyprinivirus
PCR.

The improved VNTR analysis was suitable to monitor the
effects of KHV passages. During the 100 passages of KHV-T and
KHV-E as well as KHV-Israel and KHV-G1 onto CCB cells at
20◦C, it was possible to observe different changes in the VNTR
sequences. Moreover, it was possible to detect a shift in lineage
affiliation of KHV-E. After passage 78, the virus showed features
of Asian KHV variants by both VNTR-3 qPCR and duplex PCR.

It is known from bacteria that VNTRs play an important role
in adaptation, especially in relation to pathogenesis and virulence
(van Belkum et al., 1997). Here, since the VNTRs are located
in putative open reading frames, varying number of repeats
may be a way to adapt to changing conditions by modifying
the structural properties (i.e., transmembrane domains) of the
corresponding proteins. Furthermore, it was found that changes
in lineage affiliation of European KHV may occur. By both
duplex PCR and VNTR-3 qPCR, shifts were visible. All three
European-typed viruses shifted into the Asian lineage at different
time points. Surprisingly, KHV-I was able to shift back, which
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FIGURE 4 | Results of KHV typing by real-time PCR using specific probes either Asian types or European KHV variants. No detection of CyHV1, CEV, HVA, or carp

DNA was recognized.

was confirmed by duplex PCR. While with duplex PCR it was
only possible to detect the lineage shift, only the VNTR-3 qPCR
made it possible to see that in some cases, both Asian and
European types were present. This indicated that these genetic
variations were most likely due to the presence of several virus
variations in the sample with one overcoming the other(s),
of course the most virulent and fastest growing isolate. It is
striking that only the European samples shifted into the other
lineage but not the used Asian isolate KHV-T. In this case it
must be clarified using other Asian type isolates that they are
more stable in passaging. Nevertheless, most genetic variations
were observed in European viruses. This may indicate that the
Asian type is better adapted than the European types which may
underline the fact that KHV was introduced to Europe from
Asia. Since its introduction to Europe it needs to struggle with
new ecological conditions like water temperature, seasonal cycles
and changes, and different fish populations, which leads to an
ongoing adaptation process. Moreover the phylogenic position
of KHV GZ11 supports this possibility (Figure 2A). Because
of its intermediate status, KHV GZ11 seems to be on the half
way between the Asian cluster and the other European samples
like KHV-U or KHV-I. But it still belongs to the European
lineage.

Now it should be possible to detect different types of KHV
more rapidly as well as to find possible subtypes or mixtures
of KHV variants in a sample. However, this method is not yet
an alternative for KHV diagnostics. It may however serve as an
additional tool for deeper insights into KHV, its adaptation, its
changes, and its distribution in these variations.

Beyond the phylogenetic analyses it might be possible to
predict the virulence of a KHV with this method, if the
appropriate marker genes are used. However, studies need to be

performed to gain deeper insights into the virulence of KHV,
especially which genes or modifications are important for high
or low virulent virus variants.

Finally, this method does not only permit to monitor KHV in
the wild and in carp or koi pond cultures but also to use it in
cases of KHVD in these fish. Moreover, this technique has the
potential to trace back introduced KHV inducing KHVD to their
source. This might become useful, if Australia realizes its plan to
eradicate or control the common carp population by using KHV
(http://www.csiro.au).
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Abstract 1 
 2 
Viruses are able to evolve in vitro by mutation after serial passages on cell cultures, which can 3 

lead to either a loss or an increase of virulence. Cyprinid herpesvirus 3 (CyHV-3), a 295-kb 4 

double stranded DNA virus, is the etiological agent of the koi herpesvirus disease (KHVD). 5 

To assess the influence of serial passages, an isolate of CyHV-3 (KHV-T) was passaged 99 6 

times onto common carp brain (CCB) cells, and virus virulence was evaluated during 7 

passages through experimental infections of common carp. After 78 CCB passages, the isolate 8 

was much less virulent than the original form; however, it partially recovered its virulence 9 

after 99 passages. A comparative genomic analysis of these three forms of KHV-T (P0, P78 10 

and P99) revealed a limited number of variations. The largest one was a deletion of 1 363 bp 11 

in the predicted ORF150, which was detected in P78 but not in P99. This unexpected finding 12 

was confirmed by PCR. ORF150 thus appears as a potential key player for the virulence of 13 

CyHV-3. The results presented here primarily suggest that CyHV-3 evolves, at least in vitro, 14 

through an assemblage of haplotypes that alternatively become dominant or under-15 

represented.  16 

  17 
 18 
Key words: Cyprinid herpesvirus 3, cell culture passages, genome evolution, haplotype 19 
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Introduction 20 
 21 
Common carp (Cyprinus carpio L.) is the most produced fish in the world. With its 22 

ornamental breed, the koi, it is also one of the most expensive fish. This fish is highly 23 

threatened by the Cyprinid herpesvirus 3 (CyHV-3), also called Koi Herpesvirus (KHV). 24 

Since its first report in the late 1990s 1, KHV disease (KHVD) has spread to many countries 25 

worldwide 2, and is recognized as a significant problem for the common carp and koi 26 

aquaculture industries 3,4. Together with carp pox virus (Cyprinid herpesvirus 1), goldfish 27 

herpesvirus (Cyprinid herpesvirus 2) and eel herpesvirus (Anguillid herpesvirus 1), CyHV-3 28 

clusters as a member of the genus Cyprinivirus in the family Alloherpesviridae 5. It causes 29 

mass mortality in carp aquaculture, often with more than 80% losses and severe symptoms. 30 

Most common symptoms are gill necrosis, skin haemorrhage, a massive mucus production, 31 

later on sandpaper skin and / or sunken eyes 1,6. Once infected with KHV, carps bear the virus 32 

lifelong and will therefore act as carriers 7-9. Moreover, persistent infected carp can shed the 33 

virus for the rest of their life. Then those carp or koi can infect naive fish and spread the virus.  34 

The genome of CyHV-3 was sequenced multiple times 10-13. With 156 open reading frames 35 

(ORF) and a length of 295 kb, KHV has the biggest genome known in herpesviruses 14. 36 

Unfortunately, little is known about the function of the 156 ORFs or their importance for the 37 

virulence. Because of this knowledge gap, it is difficult to target a particular ORF for vaccine 38 

production 15,16. Thus, classical methods, like attenuation along cell culture passages 17, were 39 

used to generate vaccine strains. Although virus attenuation by successive passages on cell 40 

culture has proven efficient 18, no genomic and/or transcriptomic comparisons between 41 

original and attenuated viral strains have been carried out so far in view of understanding the 42 

molecular mechanisms of virus attenuation. It was recently shown that mutations occurring in 43 

the genome of CyHV-3 during cell culture passages could be reverted after additional 44 

passages 19. The occurrence of multiple haplotypes within a same viral specimen is now well 45 

documented 12,20,21, and these genetic reversions could be the result of a switching dominance 46 

of one or several haplotypes over the others. The present study aimed at testing this 47 

hypothesis, by the phenotypic and genomic comparison of a same specimen before passage on 48 

cell cultures (P0) and after 78 passages (P78) and 99 passages (P99). The results presented 49 

below prove, for the first time, that CyHV-3 evolves, at least in vitro, through an assemblage 50 

of haplotypes that alternatively become dominant and under-represented. This finding may 51 

have important consequences for the understanding of the evolution of this virus, as well as 52 

for the development of a vaccine virus.  53 

 54 
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Results and discussion 55 

In view of obtaining a natural attenuated live vaccine, KHV-T was serially passaged on CCB 56 

cells over 100 times at 20°C, and selected passages were tested for attenuation with common 57 

carp. Among the selected passages, P78 and P99 exhibited the most interesting features. 58 

Firstly, P78 elicited lower mortality and morbidity rates than the P0 (wild-type) or P99 viruses 59 

(Figure 1). Indeed, the mortality induced by P78 during an experimental infection dropped 60 

from 90% (P0) to 18% with an infection dose of 105 TCID50/ml and to 0 with 104 TCID50/ml 61 

infection dose (Fig. 1A & 1C). Likewise, symptoms were completely absent in the P78 group 62 

at 105 TCID50/ml, while the morbidity induced by P0 at the same dose reached 90% and was 63 

mostly associated with severe symptoms (Fig. 1B & 1D), consistent with what is usually 64 

observed for naturally occurring CyHV-3 isolates 22. The mortality induced by P99 (28%) was 65 

higher than that obtained with P78. Likewise, morbidity was also much higher than that 66 

recorded for P78, with a peak of 100% at 9 dpi; however, the symptoms caused by P99 did 67 

not last long and essentially consisted of increased mucus (Fig. 1F). Even though in the 68 

absence of replicates, it is not possible to infer whether these differences are significant, it 69 

seems that P99 has partially recovered its virulence ability. 70 

Sequencing of the six passaged samples led to a number of reads comprised between 1 297 71 

956 and 3 315 745, resulting in a mean depth of coverage ranging between 262x and 568x 72 

(Table 1). These values were much higher for P0 (60 049 308 reads and 7802x of mean depth 73 

coverage) because it had been subjected to specific target enrichment prior to sequencing on a 74 

HiSeq platform. KHV-J was used as mapping reference because KHV-T had previously been 75 

shown to belong to the Asian lineage 19. As one could expect, the number of variations 76 

identified at the genome scale between the three forms of KHV-T and KHV-J was very low 77 

(Table 1). Variations were conserved among replicates, and the slight discrepancies observed 78 

between the four P78 replicates (46-54, Table 1) mostly concerned tandem repeated regions. 79 

Comparison of P78 and P99 with P0 revealed a limited number of variations, which increased 80 

with the passages (Table 1). The majority of these variations consisted of single nucleotide 81 

substitutions or short insertions/deletions of repeated motifs within variable numbers of 82 

tandem repeats, without any incidence on the reading frame. Only three of these mutations 83 

elicited a frameshift in a predicted ORF of P78 (Supplementary Table 1) and of P99 84 

(Supplementary Table 2). With a few exceptions, most of these variations had a frequency 85 

lower than 1, indicating the presence of more than one variant. The only large variation (>100 86 

bp) observed between the 3 KHV-T forms corresponded to a 1 363-bp deletion located in 87 

KHVJ160 (corresponding to ORF150) of P78. This deletion was observed in the 4 replicates 88 
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of P78. Most notably, the read depth that was comprised between ~200x and ~450x at 89 

positions 258 153 and 259 517 (depending on the replicate), suddenly dropped to 0x between 90 

these positions, indicating that no reads were recovered from this region during sequencing, in 91 

none of the four replicates. Most surprisingly, this deletion was totally absent in the two 92 

replicates of P99, as indicated by an even read depth upstream, along and downstream of the 1 93 

363-bp deleted region (Figure 2). Though it is acknowledged that the rate of read 94 

missassignments in multiplexed sequencing runs may account for 0.06 to 0.29% of the total 95 

number of reads 23-25, this cannot explain the complete absence of reads in the deleted region 96 

of P78. Since the possibility of a ‘reverse mutation’ of the same length and at the same 97 

location can be ruled out, it is likely that P78 and P99 both contained the two variants 98 

(ORF150 and ORF150-del). The presence of mixed genotypes has been demonstrated to be a 99 

common feature of CyHV-3 infections in vivo 12,20,21, but also in vitro 19. One can therefore 100 

assume that the haplotype carrying the full ORF150 was present in P78, but in a too low 101 

proportion for being detected through the sequencing and/or analysis protocol we used. Errors 102 

accumulate during every step of a sequencing protocol, including library preparation, 103 

sequencing, and read alignment. For illustration, it was shown that a variant present at a 104 

frequency of 2.5% in the initial sample will not be accurately detected at a read depth lower 105 

than 1000x 26,27.  106 

To verify these sequencing results, two PCR assays designed to target the full ORF150 and its 107 

deleted region were applied on the three KHV-T samples. Using the first set of primers 108 

targeting the full ORF150, a unique band was observed around 1200 bp for P78, whereas for 109 

P0 and P99, the PCR product had the expected length around 2593 bp (Fig. 3). Additionally, 110 

the second set of primers did not yield any amplification in P78 while a 500-bp fragment was 111 

amplified in P0 and P99, as was expected with this primer set (Figure 3). Sanger sequencing 112 

of all the obtained amplicons showed 100% identity with P0 sequence. These PCR results 113 

clearly confirmed that this deletion did not result from a sequencing artefact. Though often 114 

overlooked, the extent of information available in a sample is limited by the quantity of 115 

biological material the sample contains prior to its amplification 28. Moreover, it is also 116 

known that amplification by PCR may distort the content of a sample through different 117 

sources of errors such as efficiency biases, stochasticity, template switches or polymerase 118 

errors 29. These errors may have a significant impact on sequence representation, especially 119 

for sequences that are present at very low copy numbers 29,30. As reflected by the weak 120 

percent of mapped reads, the amount of viral sequences in the input DNA (ratio of CyHV-3 / 121 

host reads) was relatively low. Taking all these elements together, the results obtained here 122 
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indicate that the deleted variant was very abundant in P78 but under the detection threshold in 123 

P99. In other words, the main haplotype of P78 carried the deletion of 1 363 bp whereas the 124 

dominant haplotype in P99 was the same as in P0, the wild-type KHV-T. However, whether 125 

this deleted variant was already present in P0 or arose by mutation during the successive 126 

passages needs to be further investigated. 127 

The 1 363-bp deletion starts between genes KHVJ159 (ORF149) and KHVJ160 (ORF150), 128 

and spans more than half of ORF150 (see Figure 2). As a result, the original initiation codon 129 

is missing, and an alternative ORF150 could potentially begin at position 259570, providing 130 

this resulting truncated ORF is transcribed. As already identified by Aoki et al 10, and 131 

confirmed by a new search against the conserved domains database, ORF150 contains a 132 

RING-HC (Really Interesting New Gene) finger domain in its N-terminal region (e-value = 133 

1.23x10-7; https://www.ncbi.nlm.nih.gov/protein/129560669). RING fingers, and especially 134 

of HC (C3HC4) types, bind two zinc cations and are involved in ubiquitination, a potent 135 

regulator of cellular protein functions such as oncogenesis, viral replication or apoptosis 31-33. 136 

As this RING motif is missing in the truncated form of ORF150, and since this deletion is the 137 

major difference between P78 and P99, it is tempting to associate this absence to the drop of 138 

virulence, or partial attenuation, observed for P78. Further studies need to be done to evaluate 139 

the potential role of ORF150 in CyHV-3 virulence.  140 

To conclude, our results demonstrate that an in vitro infection by CyHV-3 is the result of a 141 

mixture of haplotypes that co-occur, and that the ratio between these latter may dramatically 142 

vary along infection cycles. To study what drives the haplotype composition during an 143 

infection will imply to use other computational and/or sequencing approaches, as for instance 144 

those developed for haplotype reconstruction in RNA viruses 34-36. This study lays the basis 145 

for better understanding the mechanisms of in vitro and in vivo evolution of this very 146 

successful virus. 147 

 148 

Methods 149 

 150 

CyHV-3 propagation onto CCB cells and virus harvest and storage 151 

Common carp brain (CCB) cells 37 were grown at 20°C in minimal essential medium with 152 

Earls’ salts (Invitrogen) supplemented with 10% FBS, 10mM HEPES, 2.2 g/l NaHCO (Roth), 153 

1% non-essential amino acids (Biochrom) and 0.12 g/l pyruvic acid sodium salt (Merck). 154 

Twenty four-hour old CCB cell monolayers were adsorbed for 1 hour at 20°C with an isolate 155 

of CyHV-3 collected from an infected koi in Taiwan (KHV-T) 19. Culture medium was then 156 
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added to the KHV-T inoculated cells, which were subsequently incubated at 20°C. Viral 157 

suspensions were collected after consecutive passages when 90% of cells showed cytopathic 158 

effects (CPE), usually after 7 days. For virus harvest, flasks were frozen at -80°C and thawed 159 

once at room temperature. One hundred µL of virus suspension were used directly for new 160 

inoculation and adsorption of a new flask (25 cm²). The remaining suspensions were stored at 161 

-80°C. KHV-T was serially passaged over 100 times. 162 

 163 

Experimental infections of carp 164 

The wild-type KHV-T (P0) and the resulting viruses after 78 (P78) and 99 (P99) passages 165 

were examined for their ability to elicit both mortality and morbidity in common carp. For 166 

this purpose, groups of forty 6-month old carp were placed in 250-L aquaria. All groups were 167 

kept in independent aquaria. Prior to challenge, fish were adapted to the re-circulating systems 168 

for 14 days at 20°C (+/- 1°C). First, samples consisting of gill swab and blood for serum 169 

preparation were collected before infection. Carp were then immersed for 1 hour in 10-L 170 

tanks containing the respective virus at a dose of 105 TCID50/ml. After that, they were 171 

transferred back to their original aquaria. Gill swaps and sera were collected every 14 days 172 

from five fish per aquarium. Mortality and morbidity was recorded daily by counting dead 173 

fish and carp with symptoms, mainly increased mucus production and local necrosis on the 174 

skin and the gill, respectively. Dead fish were immediately examined for the presence of 175 

KHV by PCR, using the protocol described in Bergmann et al. 38. All experiments on animals 176 

were proceeded under the strict German rules for animal welfare and legally authorized by the 177 

animal protection commission of Mecklenburg, Western Pomerania, with the allowance no. 178 

7221.3-1-008/18 (TV 02/18 KHV-att 4).  179 

 180 

Extraction of viral DNA, library preparation and genome sequencing of P78 and P99 181 

Genomic DNA was extracted from both the cell pellets and cell supernatants, using the 182 

Nucleospin virus extraction kit (Macherey Nagel). Cell cultures were thawed on ice, aliquoted 183 

in volumes of 450 µL and centrifuged at 3000 g for 1 min. Supernatants were transferred into 184 

new tubes and mixed with 400 µL of lysis buffer supplemented with 10 µL of proteinase K 185 

provided in the kit, whereas cell pellets were resuspended in 400 µL of lysis buffer 186 

supplemented with 10 µL of proteinase K. Viral lysis was obtained by a 15-min incubation at 187 

70°C. DNA was then purified following the manufacturer's instructions, and eluted in 30 µL 188 

of PCR-grade H2O. Purity of the obtained DNAs was checked by spectrophotometry 189 

(Nanodrop 2100) while their quantity was measured using a Qubit (ThermoFisher Scientific).  190 
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DNA libraries were prepared with the Nextera XT DNA Library Prep kit (Illumina), using 1 191 

ng of input DNA. DNA tagmentation, amplification and purification were carried out exactly 192 

as specified by the provider. The average size distribution of DNA fragments was verified 193 

with a BioAnalyzer 2100 (Agilent Technologies), and the concentration of each DNA library 194 

was measured by qPCR, according to Illumina’s recommendations. Six replicates of samples 195 

P78 and P99 were prepared by the IMHE Master students, in the frame of a practical training 196 

session. Among these replicates, two from P78 cell pellets (P78-1c and P78-2c), two from 197 

P78 cell supernatants (P78-1s and P78-2s) and two from P99 cell pellets (P99-1c and P99-2c), 198 

chosen according to their comparable final concentration (comprised between 11.3 and 33.7 199 

nM), were sequenced at Montpellier Genomix platform (Montpellier, France) on a single lane 200 

of a MiSeq instrument with MiSeq Reagent Kit v2 (Illumina), using 500 cycles (2 x 250 201 

bases, paired-ends).  202 

 203 

Preparation and genome sequencing of KHV-T (P0) 204 

The wild-type form of KHV-T had already been sequenced in a previous project (unpublished 205 

data), and was used here for genome comparisons. After extraction with the Wizard Genomic 206 

DNA purification kit (Promega), DNA was subjected to a specific target enrichment, as 207 

described by Hammoumi et al. 12, and sequenced on a HiSeq2000 platform (Illumina) 208 

together with 7 other specimens in a paired-end (2x100 bases) format, at Montpellier 209 

Genomix platform (Montpellier, France).  210 

 211 

Genomic sequence analysis 212 

The seven sequence datasets (P78-1c, P78-2c, P78-1s, P78-2s, P99-1c, P99-2c and P0) were 213 

first analysed by the BKD Master students, with the help of the authors, in the frame of a 214 

practical training session. Quality of the raw sequencing data was evaluated using fastQC 215 

(version 0.11.8; https://github.com/s-andrews/FastQC). Potential adaptor sequences were 216 

removed with Trimmomatic (version 0.35) 39 and bases with a quality score > 30 were 217 

selected using SeqTk (version 1.3-r106; -q 0.001; https://github.com/lh3/seqtk). The reads 218 

were then mapped to the KHV-J strain reference genome (accession number AP008984) with 219 

BWA-mem (version bwa V0.7.9a) 40, using the default parameters. Reads aligning with a 220 

quality lower than 30 (except those aligning twice in the terminal repeats of the reference 221 

genome) were filtered out. Since the mapping quality of P78 and P99 replicates was 222 

comparable, replicate data were merged to end up with three unique sets: P78, P99 and P0. To 223 

search for differences between the 3 genomes, calling of variants was performed for the three 224 
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datasets. Single nucleotide polymorphisms (SNPs) and short indels (< 100 bp were called 225 

combining Picard (version 1.61) and GATK (version 3.5), with a minimum quality filter at 226 

Q20. The effect of each variant was then assessed using the "bedtools intersect" (v2.27.0) and 227 

"SnpEff" (v4.3) tools. For both tools, the annotation version 1 from the reference genome 228 

(AP008984), downloaded from https://www.ncbi.nlm.nih.gov/nuccore/AP008984.1/, was 229 

used. For large variant calling (> 100 bp), read depth along the reference genome was first 230 

computed using Samtools with the command “depth” (version 1.9) 41 and then compared 231 

between P78, P99 and P0. Detected large variations were confirmed by visualization of the 232 

read mapping with the Integrative Genomics Viewer (IGV, V2.4.7) 42, and manual curation 233 

allowed to precise their boundaries. Regions of interest were finally annotated using KHV-J 234 

reference genome (annotation release 1), and putative protein motives within predicted open 235 

reading frames (ORFs) were searched with the NCBI Conserved Domains (CD) search tool 236 

(https://www.ncbi.nlm.nih.gov/cdd/) 43. Raw sequences (fastq files) were stored in the public 237 

Sequence Read Archive (SRA) repository and can be accessed under the accession 238 

PRJNA511566.  239 

 240 

PCR assays 241 

Two PCR assays targeting the regions comprised between nt 258055-260647 (encompassing 242 

the whole ORF150) and between nt 258428-258927 (inside the deletion) were carried out 243 

using the following primer pairs designed from P0 sequence: 5’-GCGTCGACGGAGCATG-244 

3’ / 5’-CGAAAGAGTAAGCCGTTGCC-3’ and 5´-CACAAGAGATGGACGCTCAG-3´ / 245 

5´-GTTCTCGCCCAGCACCA-3´. DNA extracted from P0, P78 and P99 was amplified using 246 

the GoTaq G2 kit (Promega), under the following conditions: 95°C for 5 minutes, 30 cycles 247 

of 95°C for 30 seconds, 60°C for 30 seconds and 75°C for 3 minutes, followed by a final 248 

extension at 75°C for 5 minutes. PCR products were run onto agarose gels, visualized with 249 

ethidium bromide under a UV transilluminator and recovered from the gel for further Sanger 250 

sequencing.  251 

 252 

Data availability 253 

Raw sequences (fastq files) were stored in the public Sequence Read Archive (SRA) 254 

repository and can be accessed under the accession PRJNA511566.  255 
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Figure legends 416 

 417 

Figure 1: Mortality and morbidity elicited by the three forms of KHV-T. Carp were 418 

experimentally infected with P0 and P99 at a dose of 105 TCID50/ml, and with P78 at doses of 419 

104 TCID50/ml, 105 TCID50/ml and 106 TCID50/ml. Mortality (A, B, C) and morbidity (D, E, 420 

F) were recorded during 28 days post-infection (dpi) and plotted at scale.  421 

 422 

Figure 2: IGV screenshot of the region containing the large deletion for the seven sequenced 423 

samples. Each horizontal track corresponds to the reads mapped on the KHV-J reference 424 

genome (AP008984). White areas correspond to an absence of reads and dashed lines indicate 425 

the boundaries of the deletion. Gene annotation of KHV-J is shown at the bottom. KHVJ159 426 

corresponds to ORF149 and KHVJ160 to ORF150, according to Aoki et al 10.  427 

 428 

Figure 3: PCR results using the primer set covering the whole ORF150 (1) and the primer set 429 

designed inside the deletion (2). The expected amplicon sizes according to P0 are 2593 bp and 430 

500 bp using the two primer set, respectively. The two external lanes were loaded with a 100-431 

bp molecular weight marker, and the corresponding sizes are indicated on the left.   432 

 433 

Table S1: Nature and position of variants between P78 and P0. All variations located in the 434 

terminal repeats appear only once. Predicted ORFs were deduced from the genome annotation 435 

of KHV-J (AP008984). Missense variant indicates a nucleotide substitution that modifies the 436 

amino acid; synonymous variant denotes a nucleotide substitution that does not modify the 437 

amino acid; frameshift variant indicates an insertion or a deletion that changes the reading 438 

frame; intergenic variant points to a mutation located between two predicted open reading 439 

frames. When more than two variants co-occur at a single position, only the frequency of the 440 

most abundant alternate (from all replicates) is indicated. Only variations <100 bp were listed.  441 

 442 

Table S2: Nature and position of variants between P99 and P0. All variations located in the 443 

terminal repeats appear only once. Predicted ORFs were deduced from the genome annotation 444 

of KHV-J (AP008984). Missense variant indicates a nucleotide substitution that modifies the 445 

amino acid; synonymous variant denotes a nucleotide substitution that does not modify the 446 

amino acid; frameshift variant indicates an insertion or a deletion that changes the reading 447 

frame; intergenic variant points to a mutation located between two predicted open reading 448 

frames. Only variations <100 bp were listed. 449 
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Table 1 Main features of genome comparisons 450 

Sample # readsa 
% mapped 
reads  

Mean coverage 
[1st-3rd quartile] 

# variants 
against KHV-Jb 

 # variants 
against P0b 

P0 60 049 308 9862 7802 [7868-7932] 80  - 
P78-1c 1 297 956 3786 262 [202-292] 46  21 
P78-2c 2 179 255 3707 418 [301-466] 54  26 
P78-1s 3 002 298 2708 356 [248-398] 50  25 
P78-2s 3 315 745 3228 568 [448-634] 49  23 
P99-1c 3 280 716 3030 559 [404-633] 103  58 
P99-2c 2 227 886 3194 395 [302-451] 103  57 
a All reads with a quality < Q30 were removed  451 
b Only variations < 100 bp were considered here 452 
 453 
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454 
Figure 1. Mortality and morbidity elicited by the three forms of KHV-T. Carp were experimentally infected with P0 and P99 at a dose of 105 455 

TCID50/ml, and with P78 at doses of 104 TCID50/ml, 105 TCID50/ml and 106 TCID50/ml. Mortality (A, B, C) and morbidity (D, E, F) were recorded 456 

during 28 days post-infection (dpi) and plotted at scale. 457 
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 459 

Figure 2: IGV screenshot of the region containing the large deletion for the seven sequenced samples. Each horizontal track corresponds to the 460 

reads mapped on the KHV-J reference genome (AP008984). White areas correspond to an absence of reads and dashed lines indicate the boundaries 461 
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of the deletion. Gene annotation of KHV-J is shown at the bottom. KHVJ159 corresponds to ORF149 and KHVJ160 to ORF150, according to Aoki 462 

et al 10.  463 

46



20 
 

 464 

Figure 3: PCR results using the primer set covering the whole ORF150 (1) and the primer set 465 

designed inside the deletion (2). The expected amplicon sizes according to P0 are 2593 bp and 466 

500 bp using the two primer set, respectively. The two external lanes were loaded with a 100-467 

bp molecular weight marker, and the corresponding sizes are indicated on the left.   468 
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Abstract 22 

Since the end of the 1990s, Cyprinid Herpesvirus 3 has induced mass mortalities all over the 23 
globe. This has a strong economic impact. The induced Koi Herpesvirus disease cannot be 24 
cured. Vaccination is the only prevention measure to protect aquaculture. Unfortunately, 25 
there is only one commercial vaccine available, which however is not and will not be 26 
approved in most countries. Therefore, there is an urgent need for a new, safe and available 27 
vaccine. In this study, we generated a live attenuated vaccine virus by cell culture passages, 28 
which protects carp after wild type challenge. Moreover, it induces no or only mild clinical 29 
signs, and protective antibodies were detected. Additionally, the vaccine can be used to 30 
differentiate infected from vaccinated animals (DIVA). The influence of a naturally acquired 31 
deletion was further investigated for its significance as vaccine.  32 

 33 

Introduction 34 

Common carp (Cyprinus carpio L.) is one of most important freshwater fishes in Germany 35 
and worldwide. In 2016, common carp was the second most produced freshwater fish in 36 
Germany, with 27.2% of the produced biomass in aquaculture [1]. Carp production is an 37 
important economic factor, especially for the German federal states of Bavaria and Saxony. 38 
Both federal states together produced 74.7% of common carp in Germany [1]. Beside 39 
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common carp, the importance of its ornamental breed from Japan, the koi, is growing with 40 
enormous financial values for hobbyists. Since 2000, common carp and koi have been 41 
endangered by an Alloherpesvirus, genus Cyprinivirus, named Cyprinid Herpesvirus 3 42 
(CyHV-3) or Koi Herpesvirus (KHV) [2, 3]. The virus causes severe losses of up to 100% [2] 43 
in both varieties. Beside the high mortality, lifelong persistence or latency and a wide host 44 
range for the infection are a dramatic problem for carp production and for import and 45 
breeding of koi worldwide. Once the host is infected, KHV, like all other herpesviruses [4], 46 
persists for the entire life span. If carp become latently infected, the virus can be re-activated 47 
by stress, for example induced by netting as part of the normal procedures in fish handling. 48 
This can lead to virus production and renewed shedding of infectious virus [5]. In Germany, it 49 
is common practice to transfer carp before winter to deeper ponds for wintering and in spring 50 
back to shallow ponds for growing and fattening. At the end of the production cycle, carp are 51 
captured by netting and kept in concrete basins for fastening until they are sold. These 52 
procedures can lead to re-activation of a persistent infection which can cause tremendous 53 
losses in the carp population. Moreover, carp are usually held together with other species 54 
like tench (Tinca tinca), crucian carp (Carassius carassius) or even pike (Esox lucius). 55 
Although all these species can become infected by KHV without showing any clinical 56 
symptoms [6] they can transmit infectious KHV to the only known susceptible species for 57 
KHV disease (KHVD), the common carp or its ornamental breed, the koi [2, 6-8]. 58 

KHV possesses the biggest known herpesviral genome with 295 kbp and 156 predicted open 59 
reading frames [9]. It has a high similarity to two other viruses of its genus, 36.6% to CyHV-1 60 
(carp pox virus) and 40.37% to CyHV-2 (goldfish herpesvirus). 61 

Due to the strong economic impact of KHV and to protect animal welfare and aquaculture a 62 
vaccine against KHV for prevention of the disease is mandatory and is urgently needed. 63 
Unfortunately, so far, no commercial vaccine is available in Europe. However, one 64 
commercial vaccine used for carp is produced by the company KoVax in Israel. 65 
Unfortunately, it seems to be virulent to small carp weighing less than 50g [10, 11]. This 66 
vaccine is a live attenuated virus. Attenuation was achieved by 26 serial cell passages, 67 
followed by UV treatment [12]. Additionally, it still cannot be excluded that this vaccine 68 
cannot undergo reversion or even recombination to its virulent wild type species, because 69 
the mode of action is still unclear [10, 13]. In aquaculture of carp the best choice seems to be 70 
to use live attenuated vaccines. Until now, several vaccines have been developed, but none 71 
of them has been approved in the EU or is commercially available, except the one in Israel. 72 
Most of these vaccines are live recombinant vaccines with a deletion of one or more KHV 73 
genes [14-16]. One promising subunit vaccine was developed in Japan using liposomes. 74 
KHV was lysed and its proteins were incorporated into a liposome, achieving 70% surviving 75 
carp after challenge [10]. Unfortunately, this vaccine is not available. 76 

The biggest problem in designing vaccines against KHV is the missing knowledge on its 77 
major antigens and virulence factors. The proteome and secretome [17, 18] and immune 78 
response [18-24] were investigated. However, the function of most of its 156 ORF is still 79 
unclear. In this study we wanted to establish a live attenuated virus as vaccine which can be 80 
used safely in carp production. 81 

 82 

Material and Methods 83 

Cell cultivation and virus replication 84 

Common carp brain (CCB) cells [25] were replicated at 26°C in minimal essential medium 85 
with Earls’ salts (Invitrogen) supplemented with 10% FBS, 10mM HEPES, 2.2g/l NaHCO3 86 
(Roth), 1% non-essential amino acids (Biochrom) and 0.12g/l pyruvic acids sodium salt 87 
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(Merck). KHV isolates were added without absorption to a 24-hour-old CCB cell monolayer in 88 
the necessary volume of cell culture medium. 89 

Determination of virus titres 90 

The titres were determined by the TCID50 assay. CCB cells were seeded into new 96well 91 
plates (Costar) and were incubated for 24 hours at 26°C with 2.5% CO2. Cell culture medium 92 
was removed and cells were covered with a ten-fold diluted virus dilution (KHV-T passages 93 
51, 78, 99 or wild type) in cell culture medium, respectively. After 7 days of incubation, the 94 
final virus titres were assessed. The TCID50/ml values were calculated using the Spearman 95 
and Kärber method [26, 27]. 96 

Initial Vaccination experiments 97 

For vaccination, one group consisting of 40 six-month-old carp and five one-year-old carp 98 
were used per aquarium. All carp were kept at 20°C in a re-circulating system with a daily 99 
water exchange of 10% of the entire volume. Health checks of fish were done daily. After 100 
transferring the fish into the aquaria, they were adapted to the conditions for 14 days. Initial 101 
sampling was done after adaption. Gill swabs were taken from 5 small carp, and gill swabs 102 
and blood were taken from five big carp per aquarium. Gill swab samples were taken from 103 
the smaller carp randomly. 24h before sampling, fish were stressed by netting. Vaccination 104 
was performed by placing the fish in a 20 litre vessel, containing 10 litres of water, with the 105 
given amount of one vaccine candidate (KHV-T P51 or P78 or P99) with 105TCID50/ml. 106 
Oxygen supply was included. After one hour of vaccination by immersion, all fish were taken 107 
back to the respective aquarium by netting. The same procedure was applied for KHV-T wild 108 
type virus infection, which was used as a positive non-vaccinated control. Gill swabs and 109 
blood were sampled every two weeks from five carp per group. At day 28 post vaccination all 110 
carp were challenged with 105TCID50/ml of wild type KHV-T. After challenge, carp were kept 111 
for further 28 days. Samples were taken again every two weeks. At 56 d.p.i., final samples 112 
were taken and the experiment was terminated.  113 

Dosage effect of KHV-T P78 114 

Animal experiments were conducted as mentioned before for initial vaccination experiments. 115 
The only exception is the use of only KHV-T P78 in 104TCID50/ml and 106TCID50/ml. 116 

Anti-KHV antibody ELISA 117 

Serum was prepared by taking blood from the caudal vein, which coagulated in Microtainer 118 
(Becton Dickinson) overnight or at least for four hours. Serum separation was done following 119 
the manufacturer’s instructions. Readily prepared serum was stored at -20°C until use. 120 
Antigen was purified and the ELISA was performed as reported earlier [28]. Briefly, ELISA 121 
plates (Medisorp, Nunc) were coated with 0.3 µg of purified KHV per well in sodium 122 
bicarbonate buffer (3.5 g/l, pH 8.6) overnight. Afterwards the plates were blocked with Roti®-123 
Block (Carl Roth) and incubated at room temperature for 1 hour. Plates were washed three 124 
times with PBS-T (0.05% Tween20), remaining fluids were removed carefully. Carp serum 125 
was diluted in PBS-T and incubated on the plates for 1 hour at room temperature. Then, 126 
plates were washed again three times with PBS-T and covered with 100 µl mouse anti-carp-127 
IgM per well, diluted 1:128 (Aquatic Diagnostic) in PBS-T. After incubation for 1 hour at room 128 
temperature, the plates were washed and covered with 100 µl 1:50,000 diluted anti-mouse-129 
HRP conjugate (Sigma-Aldrich) per well and incubated for 1 hour again. The plates were 130 
washed three times before 100 µl per well of the substrate, TMB/E (Merck), were added. The 131 
reaction was performed at room temperature and was stopped after 10 minutes with 100 µl 132 
per well of 1mol/l sulfuric acid. Then, the optical density was measured at 450nm with iMark 133 
Microplate Absorbance Reader (Bio-Rad), values above 0.2 were regarded as positive.  134 
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DNA extraction 135 

Gill swabs were incubated in Buffer K (100mM NaCl, 10mM Tris-HCl, 50mM EDTA, 0.2% 136 
SDS, pH adjusted to 8.0) and then incubated overnight at 56°C with 10U Proteinase K 137 
(NEB). Then, 200µl 5M Guanidinium thiocyanate were added and centrifuged for 1 minute at 138 
12.000 xg. Supernatant was mixed with 200µl Isopropanol and applied to silica columns 139 
(Epoche Life Science). After centrifuging for an additional minute at 12.000 xg, the spin 140 
column was washed with 75% ethanol in TE (10mM Tris, 1mM EDTA, pH 8.0). The dried 141 
column was placed in a new collection tube (2.0 ml, Eppendorf) and 50 µl of DEPC-treated 142 
water was added and incubated for 15 minutes. The spin column was finally centrifuged and 143 
the remaining DNA was stored at -20°C until use. 144 

Detection of KHV –DNA by KHV qPCR 145 

KHV DNA was detected as described previously [29, 30]. Briefly, 12 µl reaction mix was 146 
prepared using GoTaq qPCR Master Mix (Promega). The mix included 2 µl of prepared DNA. 147 
For quantitation we used standard dilutions of a plasmid bearing a short KHV sequence [30]. 148 
All reactions were run at CFX96 Real-Time PCR Detection System (Bio-Rad). 149 

 150 

Results 151 

Before the present study was performed, serial virus passages of KHV-T onto CCB cells 152 
were done with the goal to attenuate the virus. Usually, attenuation by cell culture adaptation 153 
is done by using cell cultures from a different origin than the target animal. Unfortunately, 154 
KHV only infects and is replicated in cells obtained from Cyprinus carpio in the necessary 155 
concentration. In addition, it is restricted to temperatures below 30°C – commonly it is 156 
cultivated between 20°C and 26°C. Furthermore, it was necessary to test different virus 157 
passages for virulence and suitability as vaccine. In order to reduce animal experiments, a 158 
recently published phylogenetic method [31] was used to find out which viruses are suitable. 159 
Based on the results, it was decided to use KHV-T from passages 51, 78 and 99. 160 

For in vivo testing, five groups were established, each consisting of 40 juvenile carp (age 161 
between six and nine month) and five one-year-old carp. Three groups were infected / 162 
vaccinated by immersion with 105 TCID50 / ml of KHV-T passages 51, 78 or 99, respectively. 163 
One positive control group, infected with wild-type KHV-T and one negative untreated control 164 
group were included. As expected, no mortality or morbidity was found in the untreated 165 
control (Fig. 1A). Between day seven and 22 after KHV-T wild-type infection, 36 juvenile carp 166 
died from the positive control group, representing a 90% mortality rate (Fig. 1B). Moreover, 167 
morbidity rates of more than 90% were observed. This was indicated by symptoms like 168 
increased mucus production or a total loss of mucus (sandpaper skin) and hemorrhages and 169 
white patches on the skin. 28 days post infection, carp were infected again with wild type 170 
KHV-T. No further fatalities were documented in the positive control group until the end of the 171 
experiment. 172 

Similar results were achieved with KHV from passage 51 (KHV-T P51). Here, only 9 juvenile 173 
carp survived until 12 days post infection (d.p.i.), resulting in a mortality rate of 77.5% (Fig 174 
1C). All fish expressed typical symptoms, as did the positive control fish. Morbidity stopped at 175 
15 d.p.i, shortly after mortality.  The surviving carp infected with KHV-T P51 survived the 176 
challenge without any clinical signs (Fig. 1C). 177 

KHV from passage 99 (KHV-T P99) was less pathogenic. It led to a mortality of 27.5% 178 
between 9 and 20 d.p.i. (Fig.1D).  Moreover, 100 % of the carp expressed symptoms 179 
(increased mucus, skin lesions and hemorrhages) from 10 d.p.i. However, six days after 180 
symptoms had occurred, they disappeared. After challenging the fish with wild-type KHV-T, 181 
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symptoms occurred twice with 4 (33 d.p.i.) and 2 (43 d.p.i.) affected carp (Fig. 1D). 182 
Moreover, no mortality was observable until day 49 post vaccination. From this day on four 183 
additional carp died, leading to an overall mortality of 37.5% (15 of 40 carp). 184 

In contrast, the mortality induced by passage 78 (KHV-T P78) was reduced to 17.5% until 28 185 
d.p.i. (Fig. 2). Amazingly, carp were always without any clinical symptoms. This reduced 186 
mortality kept on after wild type KHV-T challenge. Here, only one additional fish died on 37 187 
d.p.i. Thus the total mortality reached 20%. Symptoms appeared between 32 and 39 d.p.i., 188 
causing a morbidity of 10% or in total four carp. 189 

Dosage effect of KHV-T P78 190 

Hence we focused on KHV-T P78 for the further work. In the next experiments, two different 191 
concentrations of the selected virus were tested for immunization. One to prove its safety in 192 
case of overdosage, 106 TCID50 / ml, the other one to investigate, if a lower virus 193 
concentration of 104 TCID50 / ml can be still effective as a vaccine. 194 

The higher virus amount, KHV-T P78 106 TCID50 / ml, did not increase mortality much before 195 
challenge. It was only raised to 20% which corresponds to one additional dead carp. Minor 196 
symptoms, like increased mucus, were detectable in eight carp (20%) at the highest 197 
concentration. Whereas the lower virus amount, KHV-T P78 104 TCID50 / ml, decreased 198 
mortality to 0, with no clinical signs of disease detectable at all. After challenge with wild type 199 
KHV-T, an immunization dosage of 104TCID50/ml of KHV-T P78 results in 22.5% mortality, 200 
similar to the dosage of 105TCID50/ml. Even the morbidity of 10% from day 33 to 46 post 201 
vaccination was comparable. 202 

During infection with 106TCID50/ml KHV-T P78, mortality was clearly increased. Only 62.5% 203 
of vaccinated and then challenged fish survived. Symptoms and their duration were 204 
comparable as well. 10% of the fish expressed symptoms from day 33 to 46 post 205 
vaccination. 206 

Detection of KHV –DNA by KHV qPCR 207 

To evaluate the presence of KHV, gill swabs were taken for DNA preparation and analysed 208 
by KHV qPCR [30]. Prior to infection, all fish were sampled and tested negative for KHV by 209 
KHV qPCR. Additionally, no contamination or infection by KHV was detected in the non-210 
infected negative control group over the entire period of the experiment. In the KHV-T wild-211 
type control in contrast, KHV was detected at any time point of sampling. Especially after 14 212 
days, a high concentration of KHV was detected in these fish. Over the time of the 213 
experiment, the measured KHV concentration decreased and was less divergent. 214 
Nevertheless, all sampled fish from this group (KHV-T wildt-type) were always KHV DNA 215 
positive.  216 

Compared to the standard curve, the fish infected with KHV-T P51 had low titres of KHV  in 217 
their respective gill swabs at 14 and 28 d.p.i. This was slightly increased after challenge 218 
infection by KHV-T wild-type, visible in samples from 42 and 56 d.p.i. Again, all samples from 219 
fish of the KHV-T P51 group were positive for KHV, except for one fish on 28 d.p.i., which 220 
was negative by KHV qPCR. 221 

The animals treated with KHV-T P99 were always positive, except at 56 d.p.i., where only 222 
one out of five was positive by KHV qPCR. 223 

The group KHV-T P78 infected with 105 TCID50/ml had only three out of five positive fish on 224 
14 d.p.i. This virus concentration had increased in these fish up to four out of five positive fish 225 
until 28 d.p.i. After challenge, all tested carp were positive at the last two sampling points. 226 
Only one tested carp out of five, infected with KHV-T P78 104 TCID50/ml, was tested positive 227 
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for KHV DNA on 14 d.p.i. From 28 d.p.i. until the end of experiment, all tested fish were 228 
positive. A comparable situation was found in the group infected with 106 TCID50/ml KHV-T 229 
P78. Except for 14 d.p.i., where only four out of five were tested positive, all fish samples 230 
were positive at each time point. 231 

Anti-KHV antibody ELISA 232 

Additionally to molecular virus detection, serological data were collected to test the humoral 233 
immune response from each sampled fish. Therefore, KHV specific carp IgM were 234 
determined using an antibody ELISA [28]. Before infection, all fish were tested for presence 235 
of antibodies against KHV by ELISA. All fish were considered to have no KHV-specific 236 
antibodies, because none reached the threshold OD450nm0.2. Mock infected fish were 237 
negative as well for the entire duration of the experiment. After infection or immunization with 238 
the respective viruses, all groups showed an increase of antibodies directed against KHV by 239 
ELISA.  240 

Wild-type KHV-T treated carp became positive from 14 d.p.i. After recovering from the 241 
disease, on 28 d.p.i., absorbance went below the cutoff value. Two weeks after challenge, at 242 
42 d.p.i., the fish became positive again for KHV antibodies, but reverted back to negative on 243 
56 dpi. 244 

Carp infected with virus from passage 51 were not considered to be positive until 28 d.p.i. 245 
After wild-type challenge carp presented KHV specific antibodies until the end of the 246 
experiment. 247 

Immunization with KHV-T P78 (105 TCID50/ml) caused positive results for KHV antibodies by 248 
ELISA. In contrast, both other concentrations, 104 TCID50/ml and 106 TCID50/ml, needed 14 249 
days longer to become positive. From 28 d.p.i. on all tested concentrations of KHV-T P78 250 
were positive. 251 

After infecting carp with KHV-T P99, they were positive for KHV specific antibodies by ELISA 252 
at all time points, regardless if challenged with wild-type KHV or not. 253 

All tested passages exposed the highest values, conferring with the highest antibody titers, 254 
after wild-type challenge at 42 d.p.i. decreasing until 56 d.p.i. Nevertheless, values at 56 255 
d.p.i. were higher than before challenge. 256 

 257 

 258 

Discussion 259 

KHV poses a massive and serious threat to carp and koi production worldwide. Even if the 260 
fish survives the disease, it will carry the virus lifelong. Moreover, once infected, fish will 261 
transmit the virus to other susceptible animals and may cause outbreaks of KHVD. Thus, it is 262 
important to generate an efficient vaccine leading to a stable and safe immunity, even if it 263 
cannot prevent that immunized fish will be super-infected by wild-type KHV from the 264 
environment. Keeping this in mind, it is obvious that the virus originating from passage 51 is 265 
not a suitable vaccine. In contrast, it is a potent killer with wild-type virus characteristics. It 266 
induced mortality in the groups of infected fish faster than the wild-type virus. In less than 14 267 
dpi, more than 75% of the carp in this group died. Particularly the fast beginning symptoms 268 
with high impact, e.g. severe skin bleedings, loss of mucus and skin lesions, indicate a 269 
shortened, perhaps completely missing incubation time and induce a peracute outbreak, 270 
comparable to wild-type virus infection. This is more striking with regard to the low virus 271 
concentration of P51 found by KHV qPCR (Fig. 3). Severe symptoms were caused by a 272 
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lower amount of viruses (P51), which underlines the fatal capability of this virus. Even the 273 
immune system was not able to respond properly during the first 14 days when KHV-T P51 274 
was used for infection. One of the first reactions against a pathogen is the generation of 275 
antibodies. In fish sera it is mainly the terameric IgM [32]. Neutralisation is a very important 276 
function of antibodies; the viral surface is blocked by antibodies. By doing so, viral 277 
attachment to cell surface is not possible anymore. The virus is not able to infect the next 278 
cell. Opsonisation is another important function. Antibodies tag infected cells for the innate 279 
immune response [33, 34], e.g. phagocytes, to cope with the infection and stop its spread. 280 
Due to the missing KHV-specific IgM before 28 d.p.i. (Fig. 4), neutralisation or opsonisation 281 
couldn’t take place, the immune system was inhibited. Moreover, it is known that KHV 282 
suppresses the immune system to establish infection [20],  thus leading to the rapidly 283 
occurring mortality of KHV-T P51. 284 

 285 

Passage 99 might show features suitable for a vaccine. Compared to wild–type KHV, the 286 
mortality is drastically reduced. Only 25% losses after primary infection, combined with a 287 
short peaked morbidity around 10 d.p.i. The biggest drawback for this vaccine candidate was 288 
the missing immune protection. After challenging the fish with wild-type KHV-T, mortality re-289 
occurred. ELISA data indicated the fastest drop in antibody titre after challenge (56 d.p.i.) of 290 
the three tested passages. This might be caused by consumption of KHV specific antibodies 291 
or by suppression of the immune system [20]. Based on previously published data, mortality 292 
and missing humoral immune response are caused by mutation or its reversion, respectively 293 
[46]. Especially pORF150 contains a RING finger domain which seems to play an important 294 
role for the virulence of KHV. Theoretically, pORF150 seems to be an Ubiquitin-E3-ligase. 295 
The E3 ligase is the last enzyme responsible for ubiquitinylation [35]. Ubiquitin is a small 296 
protein which can be ligated to proteins [36] and can have an influence on protein stability 297 
[37, 38], on the tolerance of DNA damage, inflammatory immunity, endocytosis and 298 
ribosomal protein synthesis [39]. Moreover, it was shown that ubiquitinylation is involved in 299 
immune evasion or the establishment of a viral infection. In case of HIV, the viral protein Vif 300 
influences ubiquitinylation, which leads to degradation on Vif and the anti-viral protein 301 
APOBEC3G [40]. Thus, HIV infection is more efficient. ICP0, an E3 ligase of HSV-1, 302 
prevents the activation of TNF-α by ubiquitinylation [41]. Since the sequence of ORF150 is 303 
restored, the probable Ubiquitin-E3-ligase might influence the immune response of carp, 304 
leading to increased fatalities. 305 

Compared to the other viruses, KHV-T P78 is the promising vaccine virus tested for virulence 306 
and immunogenicity in this experiment. Infectious doses of 104 TCID50/ml and 105 TCID50/ml 307 
cause fewer damages than the other tested viruses. Protective immunity was achieved, 308 
when carp were immunized with 105 TCID50/ml of KHV-T P78. However, carp became sick 309 
and died after application of this virus. In contrast, with 104 TCID50/ml of same virus, no fish 310 
died until challenge, albeit weak fatalities were observable after challenge. As a result, this 311 
virus might be useful as a vaccine, if the immunization dose is small enough to cause no 312 
mortality, like 104 TCID50/ml, and the immunity is safe enough, as induced with 105 313 
TCID50/ml. This can be achieved by a boost immunization after 28 days post vaccination. In 314 
association with previously published data [46] the deletion in ORF150 of KHV-T P 78 has an 315 
influence on the virulence of this KHV variant. Thus, KHV-T P78 is attenuated. Since 316 
ORF150 might code for an ubiquitin E3 ligase, a dysfunctional protein doesn’t work as 317 
desired. As mentioned above, pORF150 seems to interfere with the anti-viral response of the 318 
carp immune system. As published earlier, KHV downregulates the interferon (IFN) response 319 
of carp [20]. IFNs are known to work against viral infection by inhibition of viral mRNA 320 
synthesis [42, 43]. This is supported by the received antibody ELISA data after KHV P78 321 
infection. With regard to highly positive values of passage 51 at 42 d.p.i., compared to P78, 322 
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P51 has a complete ORF150, the cellular immunity might be suppressed by pORF150 and 323 
as compensation, the humoral immune response is fortified, leading to increased ELISA 324 
values. In comparison, the humoral response of P78 is diminished, because pORF150 is not 325 
present / not working and cannot suppress cellular immune response.  Thus, cellular 326 
immunity seems to work properly and humoral response does not need to compensate, 327 
leading to decreased or negative ELISA values. Moreover, it is known that herpesviruses 328 
established many ways to work against the host IFN response [44]. In this case pORF150 of 329 
KHV might be involved in the downregulation of carp IFN. By deleting the ubiquitin E3 ligase, 330 
regardless whether naturally or engineered, the anti-viral response can tackle KHV more 331 
efficiently. In case of the presented vaccine virus, the immune system works against the 332 
virus, builds up a protective immunity and implements immunity.  333 

Earlier vaccination studies presented promising data. One of these studies was based on a 334 
purified and formalin inactivated KHV [10]. After purification, KHV was fused with liposomes. 335 
Carp were vaccinated orally. The results were promising; unfortunately, no commercial 336 
vaccine was established. Moreover, the liposome based vaccine is safe. In contrast to life 337 
attenuated viruses, inactivated vaccines are not replicated in the host and cannot undergo 338 
mutation and reversion. In contrast to other vaccines, especially KV3 (KoVax, Israel), 339 
reversion is possible and dangerous [45]. Since mutation cannot be excluded in live 340 
vaccines, careful control of every vaccine batch is necessary, as well as investigation of the 341 
genetic stability of the vaccine. The same will be done for the vaccine virus presented in this 342 
work.  343 

 344 

Conclusion 345 

In conclusion, our data show a clear attenuation of KHV-T by serial cell passages onto CCB 346 
cells in passage 78. Suitability of this passage as vaccine was demonstrated in vivo by 347 
reduction of mortality and morbidity as well as by ELISA. Additionally, the deletion present in 348 
ORF150 is a suitable tool to differentiate between infected and vaccinated animals (DIVA) by 349 
PCR. The influence of ORF150 on the establishment of a protective immunity was presented 350 
as well. A deletion in ORF150 (P78) leads to a protective vaccine, whereas KHV with 351 
complete ORF150 (P51 and P99) is neither protective nor attenuated. 352 
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Fig. 1 

A B 

C D 

Mortality (solid line) and morbidity (dashed line) data of different KHV. A presents data for 
mock infection, B for KHV-T wild type infection. Passage 51 is shown in C and passage 99 in 
D. 

Figure
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Fig. 2 

Mortality (solid line) and morbidity (dashed line) of carp infected with different 
concentrations of KHV-T originating from passage 78 are presented. Colours code for 
different virus concentrations.  Fish infected with 104 TCID50/ml in black, with 105 
TCID50/ml in orange and fish infected with 106 TCID50/ml. 
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Fig. 3 

Genetic detection of KHV in gill swabs. Viral DNA was detected by real time PCR (A) during 
animal study. Cq-values higher than 39 are regarded as negative.  Not all sampled fish were 
detected as KHV positive (B). 

A B 
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Fig. 4 

Collected serum samples were tested for KHV-specific antibodies by ELISA. Black line 
indicates threshold (OD = 0.2). 

64



Publication 4: Generation of a potential koi herpesvirus live

vaccine by simultaneous deletion of the viral thymidine kinase

and dUTPase genes

65



Generation of a potential koi herpesvirus live vaccine by
simultaneous deletion of the viral thymidine kinase and
dUTPase genes
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Thomas C. Mettenleiter1 and Walter Fuchs1,*

Abstract

Koiherpesvirus (KHV, Cyprinidherpesvirus 3) causes a fatal disease of koi and common carp. To obtain safe and efficacious

live vaccines, we generated deletion mutants of KHV lacking the nonessential genes encoding two enzymes of nucleotide

metabolism, thymidinekinase (TK, ORF55) and deoxyuridine-triphosphatase (DUT, ORF123). Since single-deletion mutants

based on a KHV isolate from Israel (KHV-I) only exhibited partial attenuation (Fuchs W, Fichtner D, Bergmann SM,

Mettenleiter TC. Arch Virol 2011;156 : 1059–1063), a corresponding double mutant was generated and tested in vivo, and

shown to be almost avirulent but still protective To overcome the low in vitro virus titres of KHV-I (�105 p.f.u. ml�1), single

and double TK and DUT deletions were also introduced into a cell culture-adapted KHV strain from Taiwan (KHV-T). The

deletions did not affect in vitro virus replication, and all KHV-T mutants exhibited wild-type-like plaque sizes and titres

exceeding 107 p.f.u. ml�1, as a prerequisite for economic vaccine production. Compared to wild-type and revertant viruses,

the single-deletion mutants of KHV-T were significantly attenuated in vivo, and immersion of juvenile carp in water containing

high doses of the double mutant caused almost no fatalities. Nevertheless, the deletion mutants induced similar levels of

KHV-specific serum antibodies to the parental wild-type virus, and conferred solid protection against disease after challenge

with wild-type KHV. For the convenient differentiation of DNA samples prepared from gill swabs of carp infected with wild-

type and TK-deleted KHV we developed a triplex real-time PCR. Thus, KHV-TDDUT/TK might be suitable as a genetic DIVA

vaccine in the field.

INTRODUCTION

In the late 20th century a previously unknown virus infec-
tion led to mass mortality of koi and common carp (Cypri-
nus carpio) in Israel and Europe. The causative agent was
identified as a herpesvirus and designated as carp nephritis
and gill necrosis virus (CNGNV) or koi herpesvirus (KHV)
[1–4]. During the following years this virus spread across
major parts of the world and caused considerable losses in
food and ornamental fish [5]. DNA sequencing of three
virus isolates from the United States, Israel and Japan
revealed an approximately 295 kbp type A herpesvirus
genome containing 22 kbp direct repeat sequences at both
termini and 156 different open reading frames (ORFs) [6].
Sequence analyses further demonstrated a close relationship
to carp pox virus (Cyprinid herpesvirus 1) and goldfish

haematopoietic necrosis virus (Cyprinid herpesvirus 2), and,
therefore, KHV was classified as Cyprinid herpesvirus 3
(CyHV-3) within the genus Cyprinivirus in the family Allo-
herpesviridae and the order Herpesvirales [7] (https://talk.
ictvonline.org/taxonomy/).

Because of the economic relevance of KHV disease, safe,
efficacious and, at least for common carp, affordable vac-
cines are urgently needed. In the first attempts, inactivated
KHV preparations and attenuated live virus vaccines
obtained after cell culture passage and/or UV irradiation of
virulent KHV were evaluated [4, 8]. Although the latter
proved to be useful, the molecular basis for their attenuation
remained unclear, which meant that there was a risk of
reversion to a more virulent phenotype. Furthermore, these
vaccines did not support the differentiation of naturally
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infected from vaccinated animals (the DIVA principle [9]).
Therefore, candidate subunit or DNA vaccines containing
or encoding single-envelope glycoproteins of KHV, such as
pORF25 or pORF81, have been developed, and have been
shown to induce protective immune responses [10–12]. On
the other hand, defined gene deletions have been introduced
by targeted mutagenesis of the KHV genome cloned as a
bacterial artificial chromosome in Escherichia coli [13], or
by homologous recombination in permissive carp cell cul-
tures [14], to obtain engineered live vaccines. Interestingly,
the deletion of several genes encoding nonessential envelope
glycoprotein of KHV did not lead to sufficient attenuation
of the virus in carp, while in the case of pORF25 it signifi-
cantly reduced its protective efficacy against wild-type chal-
lenge [15]. In contrast, the deletion of two nonessential
KHV genes of unknown function, ORF56 and ORF57, or of
ORF57 alone, led to complete attenuation and efficient pro-
tection against challenge [16, 17].

In many mammalian and avian herpesviruses homologues
of cellular enzymes involved in nucleotide metabolism such
as thymidine kinase (TK) and deoxyuridine triphosphatase
(DUT) have been shown to be dispensable for virus replica-
tion in vitro, but identified as important virulence factors in
vivo [18–22]. Attenuation was also demonstrated for a TK
gene-deleted mutant of channel catfish virus, which is a
member of the Alloherpesviridae [23]. TK (ORF55) and
DUT (ORF123) gene-deleted KHV recombinants were also
shown to be unaffected in cell culture and attenuated in
vivo. However, attenuation was incomplete, and single-
deletion mutants still caused significant mortality in juvenile
carp [13, 14]. We therefore generated a TK and DUT gene
double-deletion mutant of a virulent KHV isolate from
Israel (KHV-I) [2], which retained wild-type-like in vitro
replication [14]. However, the parental virus and its deriva-
tives, like most field isolates of KHV, only reached titres of
less than 105 p.f.u. ml�1 in cell culture, and the stability of
the infectious virus at 25

�
C, as well as after freeze-thawing,

was very limited [14].

Since these properties would not permit economical vaccine
production, we introduced the same TK and DUT gene
deletions into the genome of a cell culture-adapted, but still
considerably virulent, KHV strain from Taiwan (KHV-T)
[24]. The in vitro replication properties of the new single-
and double-deletion mutants of KHV-T were analysed, and
animal experiments were performed to determine virulence
and protective efficacy of the KHV-T-derived viruses, as
well as of the KHV-I-derived double-deletion mutant in
common carp. Sera collected after vaccination and challenge
infection were investigated for KHV-specific antibodies
using a recently developed KHV antibody enzyme-linked
immunosorbent assay (ELISA) [25]. We further developed a
new TK gene-specific quantitative real-time PCR (qPCR)
that could be combined with the described ORF89-specific
[26] and control qPCRs [27]. Using this triplex qPCR the
suitability of TK plus DUT gene-deleted KHV recombinants
as genetic DIVA vaccines was evaluated.

RESULTS AND DISCUSSION

Generation and genomic characterization of KHV
TK and DUT gene mutants

We have previously generated and characterized TK

(ORF55) and DUT (ORF123) single- and double-gene dele-

tion mutants of one of the first described KHV isolates from

Israel (KHV-I) [14, 28]. In the present study, we introduced

identical deletions into the genome of the cell culture-

adapted strain KHV-T [24]. To this end, a non-neuronal

common carp brain (CCB) cell line [3] was cotransfected

with genomic KHV-T DNA and transfer plasmids contain-

ing PCR-amplified and subsequently mutagenized genome

fragments of the same virus strain (Fig. 1a–c). To facilitate

the selection of virus mutants resulting from homologous

recombination, a GFP reporter gene cassette was inserted

instead of the deleted viral sequences, and fluorescent foci

of cells infected with the transfection progenies virus were

isolated. To allow additional gene deletions using the same

reporter gene and to avoid possible adverse effects of the

transgene, DNA of the plaque-purified GFP-expressing

KHV mutants was prepared and used for cotransfections of

CCB cells together with TK and DUT gene deletion plas-

mids lacking foreign sequences (Fig. 1b, c), and non-

fluorescent progeny virus plaques were selected. In a similar

manner, TK and DUT rescuants were generated from the

GFP-expressing single-gene deletion mutants. To obtain the

TK and DUT double-deletion mutants of KHV-T and

KHV-I, the GFP cassette was consecutively inserted and

removed at both loci. All of the desired virus recombinants

could be purified to homogeneity after a few (�4) rounds of

plaque isolation. To verify the desired mutations of the TK

and/or DUT genes, the affected genome regions were ampli-

fied from viral DNA by PCR and sequenced using the

primer pairs KTK-PSF/PSR and KDUT-PSF/PSR (Table 1)

[14]. The obtained PCR products of all KHV mutants

exhibited the expected sizes (Fig. 1d, e) and sequences.

These studies confirmed that all of the respective deletion

mutants lacked codons 36 to 270 of the DUT gene (Fig. 1c),

encoding major parts of the conserved functional domain of

trimeric dUTPases (amino acids 30 to 119) [29]. The dele-

tion from the TK gene included codons 43 to 187 and, thus,

the predicted (https://prosite.expasy.org) ATP-binding site

(amino acids 9 to 16) was retained, but the highly conserved

C-terminal TK signature domain (amino acids 162 to 175)

was missing (Fig. 1b). Furthermore, after removal of the

GFP-cassette, the short retained 3¢ parts of both ORFs were

fused out of frame to the 5¢ parts. Therefore, no functional

thymidine kinase and/or dUTPase could be expressed by

any of the generated KHV mutants. The presence of the

desired mutations and the genetic homogeneity of the KHV

recombinants was further confirmed by restriction endonu-

clease digestions of genomic DNA and Southern blot

hybridization with TK and DUT gene-specific probes

(results not shown).
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Genome sequence of KHV-TDDUT/TK

Next-generation sequencing of the genome of KHV-

TDDUT/TK confirmed that it is a derivative KHV-T, whose

complete genome sequence has been published recently

(GenBank accession # MG925491) [30]. Whereas the

terminal direct repeat sequences of both viruses proved to

be identical, few alterations or ambiguities were found

within the central unique region (Table 2). Two of them

affected the length of presumably noncoding homopoly-

meric G stretches (positions 102598 and 124177), and seven

Fig. 1. Construction and genetic characterization of KHV-T recombinants. (a) Map of the KHV genome, with arrows indicating the local-

izations of direct terminal repeat sequences, and of the TK (ORF55) and DUT (ORF123) genes. Enlarged maps of the (b) TK and (c) DUT

gene regions illustrate plasmid cloning and mutagenesis. Viral ORFs (pointed rectangles) and predicted transcripts (dotted arrows), as

well as relevant restriction sites. are shown. Major parts of the TK (red) or DUT (blue) ORFs were either deleted or replaced by an

EGFP (green) expression cassette containing the human cytomegalovirus immediate early promoter (P-CMV) and bidirectional polyade-

nylation signal of simian virus 40 (A+). The precise extensions of the deletions and the codon ranges of conserved functional thymidine

kinase and dUTPase domains (see text) are indicated. Designations of plasmids and resulting virus recombinants (in Italics) are given

at the right. The (d) TK and (e) DUT genes of relevant KHV-T recombinants were amplified from genomic DNA by PCR using the pri-

mers KTK-PSF and -PSR, or KDUT-PSF and -PSR (Table 1), and separated on a 1.5% agarose gel. The sizes of the 1 kb Plus DNA lad-

der (Thermo Fisher Scientific) and the calculated sizes of the expected products are indicated.
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others represented altered copy numbers of perfect or

imperfect tandem repetitions of short sequence elements

(Table 2, highlighted in grey). Three of these alterations

were located within the viral ORFs 45, 52 and 149, and

therefore enlarged or shortened the deduced proteins. How-

ever, since the length of the inserted or deleted repeat ele-

ments was always a multiple of three, no frameshifts

occurred. It has long been known that variable numbers of

tandem repeats (VNTRs) are present in many herpesvirus

genomes and they have also been found by the comparison

of different KHV strains and isolates [6, 30]. The analysis of

individual sequence reads from the KHV-TDDUT/TK

genome strongly indicated that the used template DNA pre-

pared from a plaque-purified virus recombinant already

contained different variants of most of these repetitive

sequences. Thus, the suitability of such polymorphisms for

the differentiation of KHV isolates might be limited,

although the predominant repeat copy numbers appear to

be stable over several in vitro or in vivo virus passages [31,

32]. In contrast to the ambiguities regarding tandem

Table 1. PCR and sequencing primers and TaqMan probes used in this study

Sequences refer to the sequences of the KHV TUMST1 genome [6] (GenBank accession no. AP008984) or of pEGFP-1 [43] (GenBank accession no.

U55761). Reverse strand primers (r) and modifications are indicated.

Name Sequence Genome position Modifications

KTKR-F 5¢-TAGCCGTACAGGGGACAC-3¢ 94 386–94 403 –

KTK-PSF 5¢-TGGAGCGTCTGTCCTACAGC-3¢ 96 073–96 092 –

KTKR-R 5¢-AGGTGATTTCGGTCATGAGC-3¢ 98 473–98 492 (r) –

KTK-PSR 5¢-ACAAGAACGAGGTGGAGCG-3¢ 96 620–96 638 (r) –

KDUTR-F 5¢-CCTACACCGCTCTGTTCG-3¢ 214 403–214 420 –

KDUT-PSF 5¢-AGTTTTCAATGTGGCAGGC-3¢ 216 565–216 583 –

KDUTR-R 5¢-AGAAACTGAGATCATCGCGG-3¢ 219 310–219 329 (r) –

KDUT-PSR 5¢-AATACAGCTACAATTGCGGG-3¢ 217 402–217 421 (r) –

KHV-86F 5¢-GACGCCGGAGACCTTGTG-3¢ 165 351–165 368 –

KHV-163R 5¢-CGGGTTCTTATTTTTGTCCTTGTT-3¢ 165 405–165 428 (r) –

KHV-109P 5¢-CTTCCTCTGCTCGGCGAGCACG-3¢ 165 374–165 395 (r) 5¢ : FAM, 3¢ : TAMRA

KHVTKQ-F 5¢-ACTTTATGCAGCAGCCCTTC-3¢ 96 340–96 359 –

KHVTKQ-R 5¢-CACTTCATGCACACCGCC-3¢ 96 410–96 427 (r) –

KHVTKQ-S 5¢-CCCATGGCGGACAAGCTGGACAAG-3¢ 96 381–96 404 5¢ : Cy 5, 3 : BHQ-2

EGFP15-F 5¢-GAGCAAGGGCGAGGAGC-3¢ 102–118 –

EGFP10-R 5¢-CTTGTACAGCTCGTCCATGC-3¢ 794–813 (r) –

EGFP-HEX 5¢-AGCACCCAGTCCGCCCTGAGCA-3¢ 703–724 5¢ : HEX, 3¢ : BHQ-1

Table 2. Sequence analysis KHV-TDDUT/TK compared to KHV-T

Nucleotide positions of alterations in KHV-TDDUT/TK refer to the sequence of the KHV-T genome (GenBank accession no. MG925491) [30]. The

deleted nucleotide rages are indicated, and the two flanking nucleotides are provided at insertion sites. The designations of affected ORFs, nucleotide

sequences of insertions (+) or deletions (D) and consequences for deduced amino acid sequences, including codon positions, are given. Targeted

mutations that are unique to KHV-TDDUT/TK are in bold.

Position in KHV-T ORF Alteration

37986–38 007 – D GTGTGTGTGTGTGTGTGTGTGT

75907–75 915 45 D AGGAGGTGG (DGGG at codon 336)

91247/91248 52 +AACCACCGAGGA (+TTEE at codon 158)

96099–96 532 55 D TK gene (from codon 43)

102598 – +G

124177 – +G

138261 72 A fi C (K fi N at codon 103)

177575–177594 – D AGAGAGAGAGAGAGAGAGAG

216478/216479 – +CTCAGCACCTTCAGCACCTTCAGCACCTTCAGCACCTTCAGCAC

216585–217288 123 D DUT gene (from codon 36)

256452/256453 149 +TGTCGTGCTTGGTGTGGTTGGGGTCGAAGTCGTACTTGG (+PSTTSTPTTPSTT at codon 513)

257991 – T fi C

270671–270685 – D CGACACAGACTACAG
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repeats, two single base substitutions were unambiguously
found in KHV-TDDUT/TK when compared to the pub-
lished KHV-T sequence (positions 1238261 and 257991),
with one of them leading to an amino acid substitution in
the ORF72 product (Table 2). Remarkably, the same bases
that had been found in KHV-TDDUT/TK were also found
in other KHV-T derivatives in our laboratory, and in the
closely related Japanese isolate KHV-J or TUMST1 (Gen-
Bank accession no. AP008984) [6]. Thus, the base substitu-
tions obviously occurred during propagation of KHV-T by
Guo and coworkers. Nevertheless, the only significant dif-
ferences between KHV-TDDUT/TK and the published
sequence of KHV-T were the expected deletions of ORFs 55
and 123, encoding TK or DUT, respectively (Table 2).
Taken together, our sequence analyses did not provide any
evidence for unwanted mutations affecting the in vitro or in
vivo phenotype of KHV-TDDUT/TK compared to KHV-T.
Furthermore, we were able to confirm most of the gene
alterations in KHV-T acquired during cell culture adapta-
tion, including the frameshift in ORF27, which is considered
to be relevant for its lower virulence compared to e.g. KHV-
I [30]. However, since several other KHV strains and iso-
lates possess similar mutations, the precise reason for the
exceptional replication of KHV-T in cell culture remains to
be elucidated.

In vitro replication properties of KHV TK and DUT
gene mutants

To investigate the cell-to-cell spread of the KHV-T derived
mutants compared to the parental strain, CCB cells were
grown to monolayers in 24-well plates, infected in parallel
with serial dilutions of all viruses and incubated for 4 days
under plaque assay conditions at 25

�
C. The infected cells

were identified by indirect immunofluorescence (IIF) tests
and the plaque areas were determined microscopically,
revealing that all TK and/or DUT deletion mutants, irre-
spective of the presence or absence of the GFP reporter
gene, as well as the rescuants, formed plaques ranging from
approximately 85 to 95% of the wild-type size (Fig. 2a). The
observed minor differences were not statistically significant.

After the synchronized infection of CCB cells at an m.o.i. of
0.1 the replication kinetics also showed wild-type-like
courses for all of the investigated KHV-T recombinants and
resulted in maximum titres of between 5�106 and 2�107 p.
f.u. ml�1 in total cell lysates (Fig. 2b). Thus, in line with pre-
vious in vitro investigations of TK and DUT gene-deleted
KHV mutants [13, 14], our present studies confirmed that
both genes are fully dispensable for virus replication in tis-
sue culture. The newly prepared GFPless TK and DUT gene
double-deletion mutant of KHV-I also exhibited similar
growth properties to the corresponding wild-type virus and
the described deletion mutants (results not shown). How-
ever, the maximum titres of all KHV-I-derived viruses on
CCB cells were only approximately 105 p.f.u. ml�1, and
decreased rapidly if incubation at 25

�
C was further contin-

ued [14]. The molecular reasons for these differences in rep-
lication rates and virion stability in vitro remain to be

elucidated. However, for economic reasons, KHV-T derived
recombinants are apparently more suitable as putative live
vaccines than derivatives of KHV-I.

Virulence and protective efficacy of TK and DUT
gene deleted KHV mutants

Previous animal experiments have shown that single dele-
tions of the TK or DUT genes of KHV lead to significant
but insufficient attenuation [13, 14]. Since both genes
seemed to contribute to the virulence of KHV-I, we tested a
corresponding double-deletion mutant of KHV-I in vivo.
To this end, groups of 48 1-year-old specific pathogen-free
carp were infected either by immersion in water containing
1.5�102 plaque-forming units (p.f.u.) ml�1 or by intraperi-
toneal (i.p.) administration of 2�103 p.f.u. of either KHV-
IDTK/DUT or KHV-I per animal. Whereas no clinical signs
were observed after immersion, few fish developed moder-
ate symptoms (mainly skin lesions) after the injection of
KHV-IDTK/DUT, and three of them (6%) died (Fig. 3a). In
contrast, control animals infected with similar doses of viru-
lent KHV-I developed severe clinical signs, including gill
necrosis, haemorrhages at the fins and neurological disor-
ders, and 48 or 60% of the carp succumbed to infection
(Fig. 3a). As expected, these differences between the mortal-
ity rates caused KHV-IDTK/DUT and wild-type virus
proved to be statistically significant according to Fisher’s
exact test (P<0.001). After 50 days, all carp that had sur-
vived primary infection, as well as the mock-infected con-
trol animals, were challenged by immersion in water
containing 1.5�102 p.f.u. ml�1 KHV-I. Whereas the naïve
carp groups developed severe disease leading to mortality
rates of 50%, the wild-type-primed fish were widely pro-
tected, and only one, representing 4 or 5.5% of each group,
died after challenge, possibly still as a consequence of the
primary infection with KHV-I (Fig. 3b). The results
obtained with the KHV-IDTK/DUT-vaccinated animals
were more inhomogeneous. Whereas the i.p. immunized
carp were completely protected, the group immunized by
immersion exhibited nearly 15% mortality. Although the
protection level of this group compared to non-vaccinated
control animals was still significant (P<0.001), it was also
significantly (P<0.05) lower than that of the i.p.-immunized
group. Thus, the virus dose used for vaccination by immer-
sion might have been too low to achieve a sufficient
immune response in all animals. However, in view of the
low titres of KHV-I-derived viruses in cell culture (see
above), production of the virus for the administration of
higher live vaccine doses to huge carp populations by
immersion would be prohibitively expensive. On the other
hand, individual administration of the vaccines by injection
requires less virus, but is more laborious.

Therefore, we tested the novel TK and DUT gene double-
deletion mutant based on the cell culture-adapted strain
KHV-T (KHV-TDDUT/TK). To verify the previously
described effects of single deletions of TK or DUT on the
virulence of KHV [13, 14] corresponding deletion mutants
(KHV-TDTK, KHV-TDDUT) and rescuants (KHV-TTKR,
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KHV-TDUTR) of KHV-T were also included in the second
animal trial. Six groups consisting of 40 9-month-old and 5
2-year-old carp each were infected by immersion in water
containing 5�103 p.f.u. ml�1 of the virus mutants or KHV-
T. Between days 8 and 26 after wild-type infection 17 of the
juvenile carp died, resulting in a total mortality rate of
42.5% (Fig. 4a, b). In contrast, only three fish, representing
7.5% of each of the groups infected with KHV-TDTK or
KHV-TDDUT, perished, and in KHV-TDDUT/TK-infected
animals the mortality rate was further reduced to 5%, or
two individuals (Fig. 4a, b). These differences were statisti-
cally significant according to Fisher’s exact test (P<0.001).
In line with this, only a few of the KHV-TDDUT/TK-
infected fish exhibited moderate skin alterations and
enhanced mucus production, whereas the KHV-T-infected
group developed clinical symptoms that were similar to

those observed after KHV-I infection (see above). The rele-

vance of the TK and/or DUT gene deletions for the

observed attenuation was demonstrated by significantly

increased mortality rates [22.5% (P<0.1) or 35% (P<0.05)]

induced by the rescuants KHV-TTKR or KHV-TDUTR,

respectively. The moderate reduction of mortality compared

to wild-type infection was not significant (P=0.49) in the

case of KHV-TDUTR, and only weakly significant (P=0.06)

in the case of KHV-TTKR. However, a slight attenuation

caused by accidental mutations at other gene loci cannot be

ruled out at the moment. The 2-year-old fish used for the

preparation of gill swab and serum samples seemed to be

more resistant against lethal KHV infection, since only one

of the five KHV-T- and KHV-TDUTR-infected ones died,

and no fatalities were observed in the other groups.

Fig. 2. Replication of the generated KHV-T recombinants in CCB cells. (a) Plaque areas were determined 4 days after infection and

compared to those of the parental KHV-T (WT), which were set as 100%. The mean sizes of 30 plaques per virus and standard devia-

tions are indicated. (b) For growth kinetic studies the cells were infected at an m.o.i. of 0.1, and at indicated times after infection total

progeny virus titres were determined by plaque assays. The mean results of three independent experiments, including two parallel

samples of each virus, are shown. The same colours were used for the individual viruses in (a) and (b), as well as in Fig. 4.
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Four weeks after immunization or primary infection all sur-
viving fish were challenged by immersion in water contain-
ing 5�103 p.f.u. ml�1 of wild-type KHV-T. None of the
immunized groups developed apparent clinical symptoms,
and no fatalities were observed (Fig. 4c). Only one more

carp of the wild-type control group died soon (4 days) after
challenge, presumably still as a consequence of primary
infection. Thus, unlike in the first trial with KHV-IDTK/
DUT, a single vaccination of juvenile carp by immersion
with a 20-fold higher dose of KHV-TDDUT/TK, as well as
with the corresponding single mutants, conferred complete
protection against homologous challenge infection. At the
chosen age (approximately 9months) carp are usually dis-
tributed to ponds after the first hibernation, providing an
excellent opportunity for vaccination.

Interestingly, the single mutants KHV-TDTK and KHV-
TDDUT proved to be less virulent than the corresponding
mutants of KHV-I [14], which might be due to the generally
lower virulence of KHV-T [30]. Although in our studies the
attenuation of KHV-T appeared to be less pronounced (see
Figs 3 and 4) than that described by others, it remains to be
investigated whether the protection achieved by KHV-T
mutants against challenge with heterologous, more virulent
KHV isolates (e.g. KHV-I) is also sufficient. However, in
view of the high degree of genetic identity (>99%) between
these KHV isolates [6, 30], cross-protection is to be
expected.

ELISA detection of KHV-specific serum antibodies

Sera were prepared from blood samples from the 2-year-old
carp in the second animal trial, taken prior to, and 2 as well
as 4 weeks after, primary infection with the different KHV
recombinants and KHV-T challenge, respectively. The sera
were tested at dilutions of 1 : 300 by a previously described
[25] in-house antibody ELISA using sucrose gradient-
purified KHV virions as the antigen (Fig. 5). As in previous
experiments, the substrate reactions of sera from uninfected
carp were below 0.2 OD450nm units, which was defined as
the cut-off level. In contrast, all tested sera from carp
infected with either virus mutant showed positive reactions,
indicating the presence of KHV-specific antibodies. The
mean antibody titres increased from 2 to 4 weeks after pri-
mary infection (Fig. 5). Although the titres varied moder-
ately between the different groups, no clear correlation with
the virulence of the respective KHV variants could be
observed. After 2 weeks, similar amounts of antibodies were
found in carp immunized with the most attenuated mutant
KHV-TDDUT/TK and in wild-type KHV-T-infected fish
(Fig. 5). The antibody titres detected 2 (Fig. 5) and 4 weeks
(not shown) after challenge were similar to those detected
before. This indicated that replication of the challenge virus
was limited and did not further enhance the humoral
immune response. Thus, at least with respect to antibody-
mediated protection, a single live virus vaccination seems to
be sufficient.

Analysis of gill swabs with a KHV-specific
multiplex real-time PCR

Previous studies have demonstrated that considerable
amounts of KHV DNA can be isolated from the gills of
infected carp, and that PCR detection after non-lethal swab
sampling is feasible [26, 33]. Therefore, gill swabs were

Fig. 3. Attenuation and protective efficacy of KHV-IDTK/DUT. (a) Juve-

nile carp were primarily infected with KHV-I or KHV-IDTK/DUT by

immersion (imm.) in water containing 1.5�102 p.f.u.ml�1 (grey bars)

or by intraperitoneal (i.p.) injection of 2�103 p.f.u./animal (black bars).

Control groups were treated in the same manner with cell culture

medium. (b) After 50 days all surviving fish were challenged by

immersion in water containing 1.5�102 p.f.u.ml�1 of KHV-I. The mor-

tality rates (%) and the dead and total animal numbers in each group

are shown.
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taken from the 2-year-old carp prior to infection, as well as
2 weeks after primary infections with either virus, and chal-
lenge infection with KHV-T, respectively. The extracted
DNAs were analysed by a newly developed triplex real-time
PCR, including a described internal control [27], a KHV
ORF89-specific PCR [26] and a novel KHV TK gene-
specific reaction. For quantitation of the latter two reactions,
defined amounts of DNA prepared from sucrose gradient-

purified KHV-T particles were used, and the determined

standard curves revealed similar sensitivities of �30 genome

copies per sample at cycle threshold (Ct) values <32

(Fig. 6a, b). Ct values >36 were considered to be negative.

KHV DNA could be detected in all of the four analysed

swab samples taken after the primary and challenge infec-

tion of each animal group, whereas the samples from

Fig. 4. Attenuation and protective efficacy of KHV-T recombinants. Juvenile carp were primarily infected with KHV-T (WT) or the indi-

cated virus mutants by immersion in water containing 5�103 p.f.u. ml�1. (a) The survival rates (%) of infected and uninfected animals

(N.I.) at the indicated times and (b) the cumulative mortalities (%). (c) After 28 days all surviving fish were challenged by immersion in

water containing 5�103 p.f.u. ml�1 of KHV-T, and the mortality rates are shown. The numbers of deceased and total animals in each

group are also indicated.
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uninfected fish were negative, as expected (Fig. 6c). Two
weeks after primary infection with wild-type KHV-T and
the rescuants KHV-TTKR or KHV-TDUTR, the calculated
mean DNA amounts were approximately 105 virus genome
copies in reactions, whereas only approximately 104 copies
of KHV-TDDUT, and not many more than 102 genome
copies of the TK gene-deleted mutants KHV-TDTK and
KHV-TDDUT/TK were detectable (Fig. 6c). This indicated
less efficient replication of the deletion mutants, and corre-
lated with the observed attenuation of virulence. As
expected, only the ORF89-specific qPCR was positive in
samples from carp immunized with the TK-negative KHV
mutants, whereas in the other samples both the ORF89 and
the TK gene-specific qPCRs detected similar amounts of
viral DNA (Fig. 6c). Thus, the newly developed triplex
qPCR differentiates animals infected with wild-type KHV
from fish immunized with the TK-negative or doubly
deleted virus recombinants, which, therefore, might be used
as genetic DIVA vaccines.

Two weeks after challenge infection the detected amounts of
viral DNA were generally lower (102 to 103 genome copies
in reaction) than after primary infection with virulent KHV
(Fig. 6c), demonstrating that acquired immune responses
inhibited KHV replication. However, the viral DNA
detected in gill swabs from animals that had been

immunized with KHV-TDTK and KHV-TDDUT/TK not
only showed positive reactions in the ORF89-, but also, at a
similar level, in the TK gene-specific PCR. This might have
been due to a non-productive challenge infection with TK-
positive KHV-T, or, more likely, to limited replication of
the challenge virus. Thus, vaccination with TK-negative
KHV obviously does not confer sterilizing immunity, but is
sufficient to prevent disease and fatalities after challenge.
This would facilitate the detection of inapparent wild-type
infections by qPCR even in carp populations that had been
previously vaccinated. On the other hand, persistent or
latent infection of vaccinated animals with virulent KHV
might bear the risk of transmission to naïve carp, which has
to be evaluated in future cohabitation studies.

In summary, our present results confirm earlier studies
showing that the TK (ORF55) and DUT (ORF123) genes of
KHV are completely dispensable for efficient virus replica-
tion in cell culture, but contribute to virulence in vivo [13,
14]. Furthermore, our results show that the contributions of
TK and DUT to virulence of KHV are additive, and that the
combined deletion of both proteins results in sufficient
attenuation of KHV to make it suitable as a live virus vac-
cine. Presumably, the few fatalities observed after immer-
sion in high doses of KHV-TDDUT/TK can be overcome by
optimization of the immunization protocol. Unlike in

Fig. 5. Detection of KHV-specific antibodies by an ELISA on plates coated with purified virions [25]. Sera of 2-year-old carp were ana-

lysed before, and 2 and 4 weeks after, primary infection (p.i.) with the indicated viruses, as well as 2 weeks after challenge (p.c.) with

KHV-T (WT). The mean substrate reaction values (OD450nm) and standard deviations of sera from four animals per group, each ana-

lysed in duplicate, are shown. Samples showing an OD450nm of <0.2 (bold line) were considered to be positive. The results from fish

immunized with the vaccine candidate KHV-TDDUT/TK are highlighted in dark grey.
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previously described classically attenuated KHV live vac-
cines [4, 8], the molecular basis for the attenuation of our
vaccine candidates is unambiguously known, since the rele-
vance of TK and DUT for the virulence of KHV has been
demonstrated by the generation and in vivo testing of corre-
sponding rescuants. However, similar rescuants cannot arise
under natural conditions, since functionally essential parts
of the coding sequences of both enzymes of nucleotide
metabolism have been completely removed from the
genomes of our KHV recombinants. Only recombination
with wild-type virus could lead to the restoration of the

DUT and TK genes. For convenient differentiation of the
mutants from wild-type KHV, we have developed conven-
tional PCR reactions [14], as well as a highly sensitive TK
gene-specific real-time PCR (this study), which is suitable
for DNA samples prepared after non-lethal sampling. Thus,
KHV-TDDUT/TK supports DIVA diagnosis. This could be
also achieved by subunit or DNA vaccines against KHV
[10–12], which might be even safer than stably attenuated
live vaccines and affordable for ornamental fish. However,
they are not suitable for cost-efficient production and mass
application to common carp in fish farms. We have now

Fig. 6. Detection of KHV DNA in gill swabs by quantitative multiplex real-time PCR. Standard curves of (a) an ORF89-specific [26], and

(b) a newly developed TK gene-specific PCR were determined using defined genome copy numbers of KHV-T DNA prepared from puri-

fied particles. (c) Approximately 200 ng of total DNA prepared from swab samples taken from uninfected carp, 2 weeks after primary

infection (p.i.) with the indicated viruses, and 2 weeks after subsequent challenge (p.c.) with KHV-T (WT), were analysed. The mean

genome copy numbers in samples from four animals, each calculated from the Ct values of the ORF89- (grey bars) and the TK gene-

specific (black bars) reactions, are shown.
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achieved this by using the cell culture-adapted virus strain
KHV-T as the backbone for our live vaccine candidates,
which grow to significantly higher titres than other KHV
isolates in different cell culture systems [24]. Thus, the pro-
duction of sufficient amounts of e.g. KHV-TDDUT/TK for
vaccination in the field of juvenile carp by immersion
should be no problem. Recently, other nonessential KHV
genes contributing to virulence have been identified [15–
17]. Although the attenuation achieved by the single dele-
tion of several genes encoding highly immunogenic viral
envelope glycoproteins [34, 35] was not sufficient [15], it is
conceivable that the additional deletion of these genes from
KHV-TDDUT/TK would abolish its minor residual viru-
lence, and make it suitable as a serological DIVA vaccine by
the use of available monoclonal antibodies [34, 36].

METHODS

Viruses and cells

KHV-I [2], KHV-T [24] and their derivatives were propa-
gated in CCB cells [3] at 25

�
C in minimum essential

medium (MEM) supplemented with 10% foetal bovine
serum (FBS). After the appearance of cytopathogenic effects,
the infected cultures were lysed by freeze-thawing and
stored in aliquots at �80

�
C. For plaque assays, CCB cell

monolayers were incubated with serial virus dilutions for
2 h. Then, the inoculum was replaced by MEM containing
5% FBS and 6 g of methylcellulose per litre, and incubation
at 25

�
C was continued for 3 to 7 days.

Construction of deletion plasmids and virus
recombinants

Genomic KHV-T DNA was prepared from infected cell
lysates as described previously [37]. For the generation of
transfer plasmids the TK (ORF55) and DUT (ORF123)
gene regions were amplified from genomic KHV-T DNA by
PCR using Pfx DNA polymerase (Thermo Fisher Scientific)
and the primers KTKR-F and KTKR-R or KDUTR-F and
KDUTR-R, respectively (Table 1). The obtained 4107 and
4927 bp PCR products were treated with Klenow polymer-
ase and T4 polynucleotide kinase, and inserted into the
SmaI-digested vector pBluescript SK(�) (Agilent Technolo-
gies). For inactivation of the TK gene (ORF55, 217 codons),
codons 43 to 187 were deleted by CpoI/Eco47III digestion of
pBl-KTTKR (Fig. 1b). Subsequently, the plasmid was either
directly religated, or modified by the insertion of an expres-
sion cassette for enhanced green fluorescent protein (GFP),
which had been isolated as an 1607 bp BamHI/EcoRI frag-
ment from the plasmid pBl-GFP [38], resulting in pBl-
KTDTK and pBl-KTDTKGFP, respectively (Fig. 1b). To
remove an unwanted NcoI restriction site, the insert of pBl-
KTDUTR (Fig. 1c) was shortened by 133 nucleotides by
HindIII/BspEI double digestion and religation. Subse-
quently, the DUT gene (ORF123, 274 codons) was deleted
from codon 36 to 270 by double digestion with NcoI and
SbfI, and deletion plasmids with and without reporter gene
insertion (pBl-KTDDUTGFP, pBl-KTDDUT) were gener-
ated as above (Fig. 1c). In all cloning experiments, non-

compatible ends were blunted by Klenow treatment prior to
ligation.

CCB cells were cotransfected (K2 Transfection System,
Biontex) with genomic KHV-T DNA and the deletion plas-
mids pBl-KTDTKGFP or pBl-KTDDUTGFP, and homolo-
gous recombination led to the GFP-expressing virus
mutants KHV-TDTKGFP or KHV-TDDUTGFP, which
were plaque-purified to homogeneity. Genomic DNA from
these mutants was then used for cotransfection with
reporter geneless deletion (pBl-KTDTK, pBl-KTDDUT) or
rescue plasmids (pBl-KTTKR, pBl-KTDUTR), resulting in
the isolation of KHV-TDTK, KHV-TDDUT, KHV-TTKR
and KHV-TDUTR from non-fluorescent virus plaques
(Fig. 1). To obtain the double-mutant KHV-TDDUT/TK,
KHV-TDDUT was subsequently mutated as above with the
plasmids KHV-TDTKGFP and KHV-TDTK. Genomic
DNA of all generated KHV recombinants was prepared,
and the presence of the desired mutations was confirmed by
restriction analyses and Southern blot hybridization (not
shown), as well as by PCR amplification and sequencing of
the mutated TK and DUT gene regions with the primers
KTK-PSF, KTK-PSR, KDUT-PSF and KDUT-PSR (Table 1)
as described previously [14].

In vitro replication studies

For the comparative analysis of virus spread, CCB cells
grown in 24-well plates were infected with serial dilutions of
KHV-T, KHV-TDDUTGFP, KHV-TDTKGFP, KHV-
TDDUT/TKGFP, KHV-TDDUT, KHV-TDTK, KHV-
TDDUT/TK, KHV-TDUTR, or KHV-TTKR and incubated
under semisolid medium for 96 h at 25

�
C. Then the cells

were washed with phosphate-buffered saline (PBS) and
fixed with 50% methanol/50% acetone for 30min at
�20

�
C. The infected cells were visualized by IIF reactions

of a monospecific rabbit antiserum raised against the viral
envelope protein pORF81 as described previously [39].
Areas of 30 plaques per virus were measured by fluores-
cence microscopy (Eclipse Ti-S with software NIS-elements,
version 4, Nikon), and the average sizes as well as standard
deviations were calculated as percentages of the mean pla-
que areas induced by KHV-T.

For the investigation of replication kinetics, CCB cells
grown in 24-well plates were infected with the same virus
mutants at an m.o.i. of 0.1 at 4

�
C to permit virus adsorption

and, after 1 h, shifted to 25
�
C for penetration. After an addi-

tional 2 h non-penetrated virus was inactivated by treatment
with citric acid [40], and incubation at 25

�
C was continued.

At different times after the temperature shift the infected
cell cultures were frozen at �80

�
C. For the determination

of progeny virus titres the cell lysates were thawed at 25
�
C

and plaque assays followed by IIF tests were performed as
above. The mean titres of two parallel wells per virus in
three independent experiments were calculated. Student’s t-
test was applied to evaluate the statistical significance of dif-
ferences between the virus titres and plaque sizes of the
KHV mutants.
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Animal trials

Prior to the animal experiments, the used carp were con-
firmed to be free of cyprinid herpesviruses (CyHV-1, -2 and
-3), carp edema virus (CEV) and the causative agent of
spring viraemia of carp (SVCV) by PCR or RT-PCR analysis
of swab and blood samples. Furthermore, the animals were
negatively checked for ectoparasites.

To test the in vivo attenuation and protective efficacy of
KHV-IDTK/DUT, 2 groups of 48 1-year-old (approximately
10 g/6 cm) specific pathogen-free carp (obtained from S.H.
Leenstra, Wageningen, The Netherlands) were infected
either by immersion in a bucket with 10 l water containing
1.5�106 p.f.u. of virus for 2 h, or by i.p. administration of
2�103 p.f.u. of virus per animal. Control groups were
infected with the same doses of wild-type KHV-I, or mock-
infected with cell culture medium. The six groups were kept
in separate tanks at a constant temperature of 22

�
C and

observed daily for clinical symptoms. Fifty days after pri-
mary or mock infection, all surviving fish were challenged
by immersion in 10 l water containing 1.5�106 p.f.u. KHV-
I, returned to their aquaria and observed for an additional
61 days.

In a second trial, 7 groups consisting of 40 9-month-old
(approximately 8 g/5–7 cm) and 5 2-year-old (approxi-
mately 200 g/20–23 cm) carp from a commercial fish farm
in Germany (Fischzucht Traßdorf 1967 e.V., Traßdorf) each
were kept in individual aquaria at a constant temperature of
20

�
C. To avoid cannibalism, the small fish were separated

from the larger ones by permeable grids. The carp were
infected by immersion for 1 h in 5 l water containing
2.5�107 p.f.u. of either KHV-T, KHV-TDDUT, KHV-
TDTK, KHV-TDDUT/TK, KHV-TDUTR, KHV-TTKR or
cell culture medium. After28 days all carp that had survived
primary KHV infection were challenged by immersion for
1 h in 5 l water containing 2.5�107 p.f.u. of KHV-T,
returned to their aquaria and observed for another 28 days.
Two and 4 weeks after primary, as well as after challenge
infection, blood samples and gill swabs were taken from the
older carp, whereas only the young ones were considered
for the evaluation of mortality rates. The statistical signifi-
cance of the differences was determined using a two-sided
Fisher’s exact test [41].

Enzyme-linked immunosorbent assay (ELISA)

Blood samples from infected and uninfected carp were
stored overnight at 4

�
C and centrifuged at 600 g for 15min,

and sera were taken from the supernatant. NUNC POLY-
SORP immuno-plates (Thermo Fisher Scientific) were
coated with sucrose gradient-purified KHV particles,
blocked and incubated with the 1 : 300 diluted sera in two
replicas, an anti-carp IgM monoclonal antibody (Aquatic
diagnostics) and horseradish peroxidase-conjugated anti-
mouse IgG (Jackson ImmunoResearch) as described previ-
ously [25]. Substrate reactions were measured in an Infinite
F200 microplate reader (Tecan), and OD450nm values >0.2
were considered to be positive.

Quantitative real time PCR (qPCR)

Total DNA from the gill swabs of infected and control carp
was prepared using the QIAamp DNA Mini kit (Qiagen).
To this end, the Q-tips used for sampling were incubated
for �1 h at 56

�
C in 180 µl buffer ATL until the samples

were completely lysed and further processed as recom-
mended by the manufacturer. The DNA was finally eluted
in 50 µl of water. The 25 µl TaqMan triplex qPCR reaction
mixes using the QuantiTect Multiplex PCR NoROX kit
(Qiagen) contained approximately 200 ng of swab DNA
sample, 2�103 copies of plasmid pEGFP-1 (Clontech) as an
internal control, a control-specific primer/probe set (10 µM
EGFP15-F, 10 µM EGFP10-R and 1.5 µM EGFP-HEX) [27],
a KHV ORF89-specific primer/probe set (10 µM KHV-86F,
10 µM KHV-163R and 1.25 µM KHV-109P) [26] and a
newly designed KHV TK gene (ORF 55)-specific set, con-
sisting of 10 µM KHVTKQ-F, 10 µM KHVTKQ-R and 2 µM
KHVTKQ-P (Table 1). For quantitation, reaction mixes
containing 200 ng swab DNA sample from an uninfected
fish and 1 fg (3.14 genome copies) to 1 ng (3.14�106

genome copies) of DNA from sucrose gradient-purified
[39] KHV-T particles were used. The approximate genome
copy number per µg virion DNA was calculated (http://cels.
uri.edu/gsc/cndna.html) based on a randomly composed
double-stranded 295 kbp molecule. Reactions were per-
formed in an AriaMx Real-Time PCR System (Agilent
Technologies) for 15min at 95

�
C, followed by 40 cycles of

1min 95
�
C, 1min 95

�
C, 30 s 60

�
C and 30 s 72

�
C, and the

KHV genome copy numbers in the samples were calculated
from Ct values based on the standard curve.

Sequence analyses

The inserts of transfer plasmids and the modified genome
regions of virus recombinants were analysed by sequencing
using the BigDye Terminator v1.1 cycle sequencing kit and
a 3130 Genetic Analyzer (Applied Biosystems). The results
were evaluated with the Geneious software package in ver-
sion 10.2.3 (Biomatters). Furthermore, genomic DNA of
KHV-TDDUT/TK was prepared [37] from infected CCB
cells and used to prepare shotgun sequencing libraries for
sequencing with the Ion Torrent PGM as described previ-
ously [42] with minor modifications. In brief, DNA was
fragmented using the Covaris ultrasonicator M220 and sub-
sequently converted to sequencing libraries with the aid of a
GeneRead Library L core kit (Qiagen) according to the
manufacturer’s instructions using barcoded IonXpress
adapters (Thermo Fisher). Before clonal amplification and
sequencing with HiQ reagents following the manufacturer’s
instructions, the libraries were size selected as described.
The data were analysed by mapping the obtained sequence
reads along the reference sequence (GenBank accession no.
AP008984) [6] using the Genome Sequencer software suite
(v3.0; Roche) with a minimum overlap identity of 99% and
a minimum alignment between the reads and the reference
of 95%. In total, >700 000 KHV-specific reads were consid-
ered. The few remaining ambiguities were clarified by the
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examination of individual reads and/or by Sanger sequenc-
ing PCR-amplified DNA fragments (see above).
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Highlights: 

 CyhV-3 glycoproteins pORF25, pORF65, pORF148, pORF149 are 

dispensable for replication 

 pORF25 and pORF149 are relevant for efficient virus entry and cell-to-cell 

spread 
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 The adverse effect of ORF149 deletion is compensated by additional ORF148 

deletion 

 Deletion of ORF148 and/or ORF149 does not significantly reduce virulence of 

CyHV-3 

 Deletion of ORF148 and/or ORF149 does not affect protective efficacy of 

CyHV-3 

 

 

 

 

Abstract 

Cyprinid herpesvirus 3 (CyHV-3) or koi herpesvirus is a global pathogen causing 

mass mortality in koi and common carp, against which improved vaccines are 

urgently needed. In this study we investigated the role of four nonessential, but 

immunogenic envelope glycoproteins encoded by members of the ORF25 gene 

family (ORF25, ORF65, ORF148 and ORF149) during CyHV-3 replication. Single 

deletion of ORF65 did not affect in vitro replication, and deletion of ORF148 even 

slightly enhanced virus growth on common carp brain (CCB) cells, deletions of 

ORF25 or ORF149 led to reduced plaque sizes and virus titers, which was due to 

delayed entry into host cells. An ORF148/ORF149 double deletion mutant exhibited 

wild-type like growth indicating opposing functions of the two proteins. Electron 

microscopy of CCB cells infected with either mutant did not indicate any effects on 

virion formation and maturation in nucleus or cytoplasm, nor on release of enveloped 

particles. The ORF148, ORF149 and double deletion mutants were also tested in 

animal experiments using juvenile carp, and proved to be insufficiently attenuated for 

use as live virus vaccines. However, surviving fish were protected against challenge 

with wild-type CyHV-3, demonstrating that these antibody inducing proteins are 

dispensable for an efficient immune response in vivo. 

 

1. Introduction 

Cultivation of common carp has a long tradition in Europe and Asia, and in several 

regions provides a key source of protein for human consumption. Furthermore, the 

breeding of colored carp varieties (koi) as ornamental fish has become a popular 

ACCEPTED M
ANUSCRIP

T

82



3 
 

hobby, and a profitable business worldwide (Balon, 1995). In the 1990ies, a 

previously unknown virus infection led to mass mortality of common and koi carp in 

Israel and Europe. The causative agent was identified as a herpesvirus and 

designated as carp interstitial nephritis and gill necrosis virus (CNGV), or koi 

herpesvirus (KHV) (Bretzinger et al., 1999; Hedrick et al., 1999; Neukirch et al., 1999; 

Ronen et al., 2003). Due to the severity of the infection, the development of 

attenuated vaccines was rapidly initiated (Bretzinger et al., 1999; Hedrick et al., 1999; 

Neukirch et al., 1999; Ronen et al., 2003). 

Analyses of genome sequences demonstrated a close relationship to carp pox virus 

(Cyprinid herpesvirus 1), and goldfish haematopoietic necrosis virus (Cyprinid 

herpesvirus 2), leading to classification as Cyprinid herpesvirus 3 (CyHV-3) within the 

genus Cyprinivirus in the family Alloherpesviridae and the order Herpesvirales 

(Davison et al., 2009). The CyHV-3 genome has a size of 295 kbp including 22 kbp of 

direct repeat sequences at both ends, and contains approximately 155 open reading 

frames (ORFs) predicted to encode proteins (Aoki et al., 2007). Some of these ORFs 

are conserved in other herpesviruses of fish or amphibians, but homologies to 

mammalian and avian herpesviruses (family Herpesviridae) are very limited. Analysis 

of purified virus particles by mass spectrometry identified 40 different CyHV-3 

encoded proteins, including 3 capsid components, and 13 membrane proteins 

(Michel et al., 2010). 

The integral membrane proteins pORF25, pORF65, pORF81, pORF99, pORF136, 

pORF148 and pORF149 were also identified and characterized by specific antisera 

or monoclonal antibodies (mAb), and, except pORF81 and pORF136, proved to be 

modified by N-linked glycosylation (Rosenkranz et al., 2008; Vrancken et al., 2013). 

ORFs 25, 65, 148, and 149 constitute members of a family of distantly related genes 

which is conserved in cyprinid herpesviruses, and might have evolved from a 

common ancestor (Andrew J. Davison et al., 2013; Aoki et al., 2007). Indirect 

immunofluorescence (IF) tests of eukaryotic cells transfected with expression 

plasmids for ORF25, ORF65, ORF99, ORF148 or ORF149 revealed specific 

reactions of the respective glycoproteins with serum antibodies from experimentally 

and naturally KHV-infected carp (Fuchs et al., 2014). Therefore, vaccines based on 

KHV mutants lacking these genes might be suitable for serological differentiation 

between infected and vaccinated animals (DIVA) (van Oirschot, 1999). On the other 

hand, candidate subunit or DNA vaccines containing or encoding single CyHV-3 
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envelope proteins like pORF25 or pORF81 have been shown to induce protective 

immune responses (Cui et al., 2015; Zhou et al., 2014a; Zhou et al., 2014b), 

suggesting that their deletion might affect the protective efficacy of CyHV-3 live 

vaccines. Recent studies demonstrated, that the four ORF25 family genes including 

ORF65, ORF148, and ORF149 are not essential for CyHV-3 replication in cell 

culture, and that deletion of ORF25 attenuated the virus in vivo, but significantly 

reduced its protective efficacy against wild-type challenge (Vancsok et al., 2017). In 

contrast, single deletions of ORF65, ORF148, or ORF149 did not lead to sufficient 

attenuation of a virulent CyHV-3 strain in carp (Vancsok et al., 2017). Thus, other 

CyHV-3 recombinants possessing e.g. double deletions of the viral thymidine kinase 

(TK, ORF55) and deoxyuridine triphosphatase (dUTPase, ORF123) genes or of the 

adjacent ORFs 56 and 57 appeared to be more promising (Boutier et al., 2017; 

Schröder et al., 2018). 

Whereas the previous functional analyses of CyHV-3 envelope proteins were 

performed with a member of the European virus lineage isolated in Belgium (Vancsok 

et al., 2017), we reanalyzed the potential of ORF25, ORF65, ORF148, and ORF149 

deletions for vaccine development by using a less virulent, but highly cell-culture 

adapted East Asian type CyHV-3 strain from Taiwan (KHV-T) (Mletzko et al., 2017; 

Gao et al., 2018). To investigate possible additive effects on virulence, or functional 

redundancy we also generated an ORF148 and ORF149 double deletion mutant. 

Furthermore, the cell culture adaptation of KHV-T facilitated in vitro investigation of 

individual viral gene functions. The crucial roles and interactions of envelope 

(glyco)proteins during virus entry, virion formation, spread and release have been 

extensively investigated for mammalian herpesviruses (reviewed by (Mettenleiter, 

2002; Sathiyamoorthy et al., 2017), but little is known about their functional 

homologues in Alloherpesviruses. We therefore studied the roles of pORF25, 

pORF65, pORF148, and pORF149 in entry and virus morphogenesis by penetration 

kinetics and electron microscopy of infected common carp brain (CCB) cells 

(Neukirch et al., 1999). 

 

 

2. Materials and methods 
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2.1. Viruses and cells 

KHV-T (Mletzko et al., 2017), and its derivatives were propagated in CCB cells 

(Neukirch et al., 1999), which were grown in minimum essential medium (MEM) 

supplemented with 10 % fetal bovine serum (FBS) at 25°C. Infected cells were 

incubated in medium containing only 5 % FBS, and, after appearance of 

cytopathogenic effects, lysed by freeze-thawing and stored in aliquots at -80°C. For 

plaque assays, CCB cell monolayers were incubated with serial virus dilutions for 2 h. 

Subsequently, the inoculum was replaced by MEM containing 5 % FBS and 6 g/l of 

methylcellulose, and incubation at 25°C was continued for 3 to 7 days. 

 

2.2. Construction of deletion plasmids and virus recombinants 

Genomic KHV-T DNA was prepared from infected cell lysates as described (Fuchs 

and Mettenleiter, 1996). For the generation of deletion mutants, transfer plasmids 

were prepared after amplification of the targeted glycoprotein gene regions from 

KHV-T DNA by PCR using Pfx DNA polymerase (Thermo Fisher Scientific), with the 

respective primer pairs (Table 1). The obtained 6005 bp (ORF148/149), 3629 bp 

(ORF25), 3210 bp (ORF65), and 6005 bp (ORF148/149), PCR products were 

digested at engineered EcoRI and HindIII sites, and inserted into the correspondingly 

digested vector pUC19 (New England Biolabs), resulting in plasmids pUC-KT25R, 

pUC-KT65R, and pUC-KT149R (Fig. 1B-D) From the latter plasmid, major parts of 

ORF148 and ORF149 were deleted either singly, or in combination (Fig. 1D). For the 

double deletion a 3048 bp HpaI/PstI fragment of pUC-KT149R was either removed or 

replaced by an expression cassette for enhanced green fluorescent protein (EGFP), 

which had been isolated as a 1607 bp BamHI/EcoRI fragment from plasmid pBl-GFP 

(Fuchs and Mettenleiter, 1999). Single deletions of ORF148 or ORF149 were 

introduced by removal or EGFP-substitutions of 635 bp HpaI/NotI, or 1252 bp 

XcmI/PstI fragments, respectively, resulting in transfer plasmids pUC-KT∆148(G), 

pUC-KT∆149(G), pUC-KT∆148/149(G). In a similar manner, major parts of ORF25 

(Fig. 1B) and ORF65 (Fig. 1C) were removed from the original plasmids by digestion 

with BamHI or BsiWI, resulting in deletions of 1220 bp or 1169 bp, respectively. 

Optionally, the deleted fragments were replaced by the EGFP expression cassette, 

yielding plasmids pUC-KTΔ25(G) and pUC-KTΔ65(G). In all cloning experiments 
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non-compatible fragment ends were blunted by treatment with Klenow polymerase 

prior to ligation. 

In a first series of experiments CCB cells were cotransfected (K2 Transfection 

System, Biontex) with genomic KHV-T DNA and the GFP-gene containing deletion 

plasmids Homologous recombination led to the corresponding GFP-expressing virus 

mutants KHV-T∆148G, KHV-T∆149G, KHV-T∆148/149G, KHV-TΔ25G and KHV-

TΔ65G (Fig. 1) which could be purified to homogeneity by plaque assays on CCB 

cells, and subsequent aspiration of green fluorescent cell foci. Subsequently, 

genomic DNA of these KHV-T recombinants was prepared and used for 

cotransfections with deletion or rescue plasmids lacking a reporter gene. From the 

resulting non-fluorescent virus plaques deletion mutants KHV-TΔ148, KHV-TΔ149, 

KHV-TΔ148/149, KHV-TΔ25, and KHV-TΔ65, as well the revertants KHV-T148R, 

KHV-T149R, KHV-T148/149R, KHV-T25R and KHV-T65R (Fig. 1) were isolated. 

Genomic DNA of all generated CyHV-3 recombinants was analyzed by restriction 

and Southern blot analyses (not shown), and the modified genome regions were 

further characterized by PCR and sequencing using the specific primers described 

here (Table 1), and previously (Fuchs et al., 2014). 

 

2.3. In vitro replication studies and indirect immunofluorescence (IIF) tests 

For determination of replication kinetics CCB cells were grown in 24well plates and 

infected with KHV-T and the generated virus recombinants at a multiplicity (MOI) of 

0.1 at 4°C to permit virus adsorption. After 1 h, pre-warmed medium was added and 

incubation was continued for 2 h at 25°C to allow penetration. Subsequently, non-

penetrated virus was inactivated by treatment with citric acid-buffered saline (pH 3.0) 

(Mettenleiter, 1989), and incubation at 25°C was continued under fresh medium. At 

different times after the temperature shift, individual plates were frozen at -80°C. For 

determination of progeny virus titers, the plates were thawed at 25°C, and serial 

dilutions of the cell lysates were analyzed by plaque assays on CCB cells. After 4 d 

at 25°C, the cells were washed with phosphate-buffered saline (PBS), and fixed with 

50 % methanol / 50 % acetone for 30 min at -20°C. The fixed cells were incubated 

with a monospecific rabbit antiserum detecting the envelope protein pORF81 of 

CyHV-3, and fluorochrome-conjugated secondary antibodies as described 

(Rosenkranz et al., 2008), and investigated by fluorescence microscopy (Eclipse Ti-S 
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with software NIS-elements, version 4, Nikon). Mean titers of four replicates per virus 

mutant were calculated. Furthermore, the areas of 30 plaques per virus were 

measured, and average sizes as well as standard deviations were calculated as 

percentages of the mean plaque areas induced by KHV-T. Unpaired two-sided 

Student’s t-tests were applied to evaluate the statistical significance of differences 

between plaque sizes and titers of the CyHV-3 mutants. 

 

2.4. In vitro penetration kinetics 

CCB cells grown in 6well plates were infected with approximately 250 plaque-forming 

units (PFU) of the GFP-expressing virus mutants KHV-TΔ148G, KHV-TΔ149G, KHV-

TΔ148/149G, KHV-TΔ25G, and KHV-TΔ65G, or, as wild-type like control, KHV-

TΔDUTGFP (Schröder et al., 2018). After 1 h at 4°C, prewarmed medium was 

added, and incubation was continued at 25°C. Before and 10, 20, 30, 60 and 120 

minutes after the temperature shift, remaining extracellular virus particles were 

inactivated by low pH treatment (Mettenleiter, 1989). Subsequently, the cells were 

washed with PBS, overlaid with semisolid medium, and incubated for 3 d at 25°C. 

The plaques of the penetrated viruses after different times were counted by 

fluorescence microscopy, and compared to plaque numbers obtained in wells which 

were not acid-treated, and overlaid with semisolid medium after 120 minutes at 25°C 

(Vallbracht et al., 2017). Mean percentage values, and standard deviations were 

determined in three independent experiments. Unpaired two-sided Student’s t-tests 

were applied to evaluate the statistical significance of differences between 

penetration rates of the CyHV-3 mutants. 

 

2.5. Western blot analyses 

CCB cells were infected with KHV-T or the generated virus recombinants at an MOI 

of 1, and incubated for two days at 25°C. The cells were lysed and proteins were 

separated by discontinuous sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Transfer to nitrocellulose membranes, and subsequent 

incubation of the blots was done as described (Pavlova et al., 2009). Monospecific 

rabbit antisera against CyHV-3 pORF25, pORF149, and the major capsid protein 

pORF92 (Fuchs et al., 2014) were used at dilutions of 1 : 10,000. Binding of 

peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch) was 
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detected and recorded (Clarity Western ECL Substrate, and VersaDoc 4000 MP, Bio-

Rad). 

 

2.6. Ultrastructural analyses 

CCB cells were infected with KHV-T or the generated virus recombinants at an MOI 

of 1, and incubated for 20 h at 25°C. The samples were fixed and processed for 

transmission electron microscopy as described previously (Klupp et al., 2000), and 

examined using a Tecnai Spirit electron microscope (FEI) and an acceleration 

voltage of 80 kV. 

 

2.7. Sequence analyses 

The inserts of transfer plasmids, and the modified genome regions of virus 

recombinants were analyzed by sequencing using the BigDye Terminator v1.1 cycle 

sequencing kit, and a 3130 Genetic Analyzer (Applied Biosystems). Results were 

evaluated with the GeneiousTM software package in version 10.2.3 (Biomatters). 

Furthermore, the full genome sequence of KHV-T148/149 was determined as 

described recently (Höper et al., 2015; Schröder et al., 2018). 

 

2.8. Animal trial 

In vivo attenuation and protective efficacy of the generated ORF148 and ORF149 

mutants of KHV-T was tested using five groups of carp, each consisting of 40 nine 

months-old (approximately 8 g / 5-7 cm) and 5 two years-old (approximately 200 g / 

20-23 cm) fish (Fischzucht Traßdorf 1967 e.V., Traßdorf, Germany). The animals 

were kept at a constant temperature of 20°C, and infected by immersion for 1 h in 5 l 

water containing 2.5 x 107 PFU of either KHV-T, KHV-TΔ148, KHV-TΔ149, KHV-

TΔ148/149, or cell culture medium. After 35 d, all carp that had survived primary 

CyHV-3 infection were challenged by immersion for 1 h in 5 l water containing 2.5 x 

107 PFU of KHV-T. The fish were examined for additional 28 days for clinical 

symptoms. Blood samples and gill swabs were taken from the two years-old carp 

before, and two and four weeks after primary infection, as well as after challenge. 

The young carps were considered for evaluation of the mortality rates. Statistical 

significance of differences between the groups was evaluated using two-sided 

Fisher’s exact tests (Agresti A., 1992). 
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2.9. Enzyme-linked immunosorbent assay (ELISA) 

Blood samples from infected and uninfected carp were centrifuged at 600 x g for 15 

min and the supernatant was used in the ELISA. NUNC POLYSORP immuno-plates 

(Thermo Fisher Scientific) were coated with sucrose-gradient purified KHV-T 

particles, blocked, incubated with the 1 : 300 diluted sera in two replicates. An anti-

carp IgM monoclonal antibody (Aquatic diagnostics), and horseradish peroxidase-

conjugated anti-mouse IgG (Jackson ImmunoResearch) were added as described 

(Bergmann et al., 2017). Substrate reactions were measured in an Infinite F200 

microplate reader (Tecan), and OD450nm values > 0.2 were considered as positive. 
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3. Results and discussion 

 

3.1. Generation and genetic characterization of glycoprotein deletion mutants 

of KHV-T 

Previous studies have shown that sera from naturally or experimentally CyHV-3 

infected carp and koi specifically reacted with cells transfected with expression 

plasmids encoding pORF25, pORF65, pORF148, and pORF149, which are distantly 

related members of a family of type I envelope glycoproteins (Fuchs et al., 2014). 

Despite their immunogenicity, the four glycoproteins have recently been shown to be 

dispensable for in vitro replication of a highly virulent CyHV-3 isolate from Belgium, 

which has been cloned and engineered as a bacterial chromosome (Costes et al., 

2008; Vancsok et al., 2017). In the present study, we generated similar gene deletion 

mutants of the cell culture-adapted strain KHV-T (Mletzko et al., 2017). 

Like in our previous studies isolation of the gene deletion mutants, and of 

corresponding revertants was facilitated by transient insertion of a GFP reporter 

cassette (Schröder et al., 2018). The deletion of ORF25 (609 codons, Fig. 1B) 

encompassed codons 138 to 545, whereas from ORF65 (595 codons, Fig. 1C), 

codons 36 to 425 were removed, and the remaining 5’ and 3’ ends were fused out-of-

frame in the final deletion mutants KHV-T25 and KHV-T65. The single deletions of 

ORF148 (602 codons) and ORF149 (700 codons), removed codons 70 to 281 and 17 

to 434, respectively (Fig. 1D), and frameshifted the retained parts of the ORFs in 

KHV-T148 and KHV-T149. Consequently, the double deletion ranged from codon 

17 of ORF149 to codon 281 of ORF148, but in this case the deletion was in frame. 

However, expression of a chimeric membrane protein by KHV-T148/149 is unlikely, 

since the predicted signal peptide of pORF149 was affected by the deletion (Fig. 1D). 

Genomic DNA of all generated CyHV-3 recombinants was analyzed by restriction 

enzyme digestions and Southern blot hybridizations, which confirmed the desired, 

and indicated no unwanted alterations (see supplementary figure S1). Furthermore, 

the mutated genes were amplified from viral DNA by PCR and subsequently 

sequenced using the primer pairs CyHV-3O25-F and -R, CyHV-3O65-F and -R, or 

CyHV-3O148-R and CyHV3-O149-F, respectively (Fuchs et al., 2014). The PCR 

products of all CyHV-3 mutants exhibited the expected sizes (Fig. 2) and sequences. 

Analysis of the complete genome sequence was performed only for the recombinant 
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KHV-T148/149. As expected, this sequence was very similar to that of the parental 

virus strain KHV-T (Gao et al., 2018), except the deletion within ORFs 148 and 149 

(Table 2). Nine of the 11 other observed alterations affected homopolymeric 

nucleotide stretches or tandem repetitions of short motifs which tend to be highly 

variable (highlighted in grey). Although few of these regions were localized in ORFs 

45 and 52, no frameshifts or stop codons were introduced (Table 2). We found similar 

differences to the published sequence, including two single base substitutions, and a 

considerable elongation of ORF52 also in another recently sequenced recombinant 

of KHV-T which lacked the viral thymidine kinase and dUTPase genes (Schröder et 

al., 2018). Thus, these alterations are presumably present in the KHV-T variants 

used in different labs, and not due to accidental mutations which occurred during 

preparation of the virus recombinants. 

 

3.2. Protein expression of the CyHV-3 mutants 

Protein expression of the generated glycoprotein gene deletion mutants of KHV-T 

was analyzed using available antisera (Fuchs et al., 2014). CCB cells were harvested 

for Western blotting 2 d after infection at an MOI of 1 with the respective CyHV-3 

mutants. Glycoprotein pORF25 was detectable in cells infected with KHV-T or the 

revertant KHV-T25R, but not in cells infected with KHV-T25 (Fig. 3A). Like the 

corresponding protein of KHV-I (Fuchs et al., 2014), pPORF25 of KHV-T (calculated 

mass of the primary translation product of 66.1 kDa) ,exhibited an apparent molecular 

mass of approximately 125 kDa, indicating presence of several carbohydrate chains, 

i.a. at 5 predicted N-linked glycosylation sites (asparagine-X-serine/threonine). In 

contrast, pORF149 (calculated mass 72.0 kDa) contains only one potential N-

glycosylation site, but three protein bands of approximately 100, 120 and 160 kDa 

were detected by the antiserum (Fig. 3B). The specificity of these reactions was 

confirmed by the absence of these signals in cells infected with the deletion mutants 

KHV-T149 and KHV-T148/149, and their reappearance in ORF149 rescuants (Fig. 

3B). It remains to be elucidated whether the large forms of pORF149, which contains 

74 serine (10.6 %) and 143 threonine (20.5 %) residues, are due to O-linked 

glycosylation, other post-translational modifications, or stable protein-protein 

interactions. An antiserum against the major capsid protein pORF92 of CyHV-3 

(Fuchs et al., 2014) served as control, and similar amounts of the approximately 140 
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kDa gene product (calculated mass 139.6 kDa) were detected in all infected samples 

(Fig. 3, lower panels). Our available pORF65- and pORF148-specific sera (Fuchs et 

al., 2014) did not permit unambiguous detection of their target proteins by Western 

blot or IF analyses of CyHV-3 infected cells, but expression of pORF25 and 

pORF149 was demonstrated to be unaffected in ORF65 and ORF148 mutants of 

KHV-T (results not shown). 

Although we cannot identify pORF148 directly, previous studies showed that its 

expression in another CyHV-3 strain was not affected by deletion of the upstream 

ORF149 (Vancsok et al., 2017), and, therefore, it appears likely that ORF148 is also 

expressed by KHV-T149. This assumption is supported by the different phenotypes 

of our ORF148, ORF149, and double deletion mutants (see below). 

The absence of pORF65 from cell lysates infected with KHV-T65 or KHV-65G, as 

well as its rescue in KHV-T65R, could be demonstrated by lateral flow tests 

(FASTest® KOI HV, Megacor) based on pORF65-specifc mAb (Vrancken et al., 

2013) (see supplementary figure S2). This test might also permit fast differentiation of 

potential CyHV-3 vaccines lacking ORF65 from wild-type virus in carp. 

 

3.3. In vitro replication properties of the CyHV-3 mutants 

Cell-to-cell spread of KHV-T and the derived mutants was compared by plaque 

assays on CCB cells, which were evaluated 4 d after infection (Fig. 4). Infected cells 

were identified by IIF tests and plaque areas were determined microscopically. The 

plaque sizes of the ORF65 and ORF148 mutants ranged between 95 % and 99 % of 

wild-type levels, which was statistically not significant. In contrast, plaque sizes of 

KHV-T∆25G, KHV-T∆25, KHV-T∆149G, and KHV-T∆149 were significantly (p < 

0.005) reduced by approximately 50 % compared to wild type KHV-T. These 

spreading defects were corrected in the rescue mutants KHV-T25R and KHV-T149R. 

Interestingly, the double gene deletions in KHV-T∆148/149G and KHV-T∆148/149 

also resulted in almost wild-type sized plaques (Fig. 4), indicating that the adverse 

effect of ORF149 deletion is compensated by the additional removal of ORF148. 

Although plaques of KHV-T∆148/149 appeared significantly (p < 0.05) smaller than 

those of KHV-T, no significant size differences were observed between the deletion 

mutant and the rescuant KHV-T148/149R. 
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Growth kinetics analyzed after synchronized infection at a MOI of 0.1 confirmed that 

ORF25, ORF65, ORF148 and ORF149 are dispensable for productive replication of 

CyHV-3 in CCB cells (Fig. 5A). Single deletions of ORF25 (blue bars) or ORF149 

(red bars) resulted in delayed replication compared to wild-type KHV-T and the 

corresponding revertants. The observed differences were statistically significant (p < 

0.05) at nearly all times after infection. The ORF25-deleted, but not the ORF149-

deleted virus also exhibited a significant, approximately 10fold reduction of final titers. 

Whereas deletion of ORF65 (orange bars), and ORF148/149 (yellow bars) had no 

distinct effect, single deletion of ORF148 (green bars) slightly enhanced replication. 

This enhancement was significant (p < 0.05) at 6 of the 7 analyzed times after 

infection when compared to wild-type KHV-T, and at 5 time points when compared to 

the revertant KHV-T148R (Fig. 5A). Apart from few outliers at single times, all 

revertant viruses exhibited wild-type like growth properties (Fig. 5A). The GFP-

expressing gene deletion mutants exhibited similar replication kinetics as the 

corresponding reporter-less mutants (results not shown), and were omitted to reduce 

complexity of the diagram. However, to confirm the effects of ORF148 and ORF149 

deletion, the corresponding subset of CyHV-3 recombinants was reanalyzed in a 

second series of growth kinetic studies at lower MOI (0.01) (see supplementary figure 

S3). These studies confirmed that, independent of presence or absence of a GFP 

reporter gene, the ORF149 deletion delayed, and the ORF148 deletion enhanced 

replication of KHV-T. Again the effects appeared additive, resulting in wild-type like 

growth of the double deletion mutants. 

In general, these results are in line with those of previous investigations of similar 

single gene deletion mutants generated by mutagenesis of a BAC-cloned CyHV-3 

isolate from Belgium (Vancsok et al., 2017). These studies also showed wild-type like 

growth of the ORF65-deleted virus, but delayed replication and cell-to-cell spread of 

ORF25- and ORF149-deleted mutants on CCB cells, as well as reduced final titers of 

ORF25-negative virus. However, unlike in our experiments a beneficial effect of 

ORF148 deletion was not observed, and ORF148/149 double mutants were not 

investigated in the previous study (Vancsok et al., 2017). 

To further elucidate the functions of the ORF25 gene family members of CyHV-3, we 

analyzed in vitro penetration kinetics of the different deletion mutants using acid-

inactivation protocols established for another herpesvirus, Pseudorabies virus (PrV, 

Suid alphaherpesvirus 1) (Mettenleiter, 1989; Vallbracht et al., 2017). To facilitate 
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evaluation by direct fluorescence microscopy, the GFP-expressing CyHV-3 

glycoprotein deletion mutants were used for these experiments, and a GFP-

expressing dUTPase- deletion mutant of KHV-T (KHV-TDUTG) served as “wild 

type” control. This virus had been shown to exhibit wild type-like replication properties 

in CCB cells (Schröder et al., 2018). After synchronized adsorption to CCB cells on 

ice, infectious particles of KHV-TDUTG, KHV-T65G and KHV-T148G were 

shown to enter cells almost completely within two hours at 25°C (Fig. 5B). In 

contrast, only 58 % of the KHV-T25G and 36 % of the KHV-T149G particles 

became insensitive to acid treatment within this time, and also at earlier times lower 

proportions of these two mutants had penetrated into the cells (Fig. 5B). For 

ORF149-deleted CyHV-3 the observed penetration defect is statistically highly 

significant (p < 0,005). These findings explain the delayed replication (Fig. 5A), and 

the reduced plaque sizes (Fig. 4) of ORF25 and ORF149-deleted CyHV-3. 

Interestingly, the double mutant KHV-T148/149G exhibited wild type-like penetration 

kinetics (Fig. 5B). 

To exclude relevance of the envelope glycoproteins pORF25, pORF65, pORF148, 

and pORF149 for virion morphogenesis, CCB cells were analyzed by electron 

microscopy 20 h after infection with KHV-T or the single and double mutants at a MOI 

of 1 (Fig. 6). As exemplarily shown for KHV-T25 and KHV-T149, all stages of 

morphogenesis, including nucleocapsid formation in the nucleus (Fig. 6A, 6C, 6E, 

asterisks), nuclear egress by transit through the nuclear membrane (Fig. 6A, 6C, 6E, 

arrows), final envelopment of nucleocapsids in the cytoplasm (Fig. 6B, 6D, 6F, 

squares), and released mature virus particles (Fig. 6A, 6B, 6E, 6F, triangles) were 

found in cells infected with either virus. Thus, we found no evidence for a role of the 

investigated glycoproteins in maturation or egress of CyHV-3 virions, although it 

cannot be excluded considering a potential functional redundancy within the 

paralogous ORF25 family proteins. 

However, based on our results the ORF25 family members pORF25 and pORF149 

play an accessory role during virus entry into host cells. This process and the 

involved proteins have been extensively investigated for mammalian 

alphaherpesviruses like herpes simplex virus type 1 (HSV-1, Human 

alphaherpesvirus 1) (Eisenberg et al., 2012; Sathiyamoorthy et al., 2017), whereas 

little is known about the corresponding gene products of alloherpesviruses. In most 
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alphaherpesviruses four envelope glycoproteins (gB, gD, gH, gL) are required for 

specific receptor binding and subsequent fusion of the viral envelope with the host 

cell plasma membrane. However, except gD, the former proteins are conserved 

throughout the Herpesviridae, whereas the ORF25 family seems to be restricted to 

the Cyprinivirus genus of the Alloherpesviridae (Aoki et al., 2007; Davison et al., 

2013). Moreover, at least the core fusion protein gB, and gH are absolutely essential 

for productive replication of the Herpesviridae, whereas the ORF25 family members 

of CyHV-3 are dispensable (Vancsok et al., 2017; this study). Therefore, the proteins 

investigated in this study are presumably not required for the membrane fusion 

process per se. However, it appears conceivable that the structurally related gene 

products of the ORF25 family represent redundant receptor binding proteins of 

CyHV-3, which are able to bind the same or different host cell membrane proteins, 

and to activate the hitherto unknown alloherpesvirus fusion protein(s). Therefore, it 

has to be tested whether combined deletion of all ORF25 family members from the 

CyHV-3 genome, i.e. of ORF25, ORF65, ORF148, ORF149, and the often 

spontaneously deleted or frameshifted ORFs 26 and 27, still results in a replication 

competent virus. 

An interesting finding was the positive effect of ORF148 deletion, which compensated 

the adverse effects of ORF149 deletion in the double deletion mutants. Although 

KHV-T148/149 might express a chimeric membrane protein containing the C-

terminal part of pORF148, and a modified N-terminal signal sequence originating 

from pORF149, this was not possible in KHV-T148/149G, where the two gene 

remnants were separated by the GFP cassette (Fig. 1D). Nevertheless both double 

mutants exhibited similar, almost wild type like in vitro replication properties, which 

were clearly improved compared to those of the ORF149 single deletion mutants 

(Fig. 4, 5). Furthermore, full genome sequencing of KHV-T148/149 revealed no 

accidental mutations compared to KHV-T which could compensate for ORF149 

deletion. However, pORF148 and pORF149 exhibit an amino acid sequence identity 

of 37.5 %, suggesting related “functions”. Possibly, pORF148 represents a 

nonfunctional “copy” of pORF149, which is expressed and able to bind cellular 

receptors, but not to trigger subsequent virus entry. Thus, absence of pORF148 

might facilitate receptor binding of pORF149, which seems to be the most relevant 

ORF25 family member for efficient entry (Fig. 5). In the absence of both proteins, 

other receptor binding proteins, e.g. pORF25 or pORF65, might be able to 
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compensate. This hypothesis is supported by the moderately delayed penetration of 

ORF25-deleted CyHV-3 (Fig. 5). 

 

3.4. Virulence and protective efficacy of ORF148 and ORF149 gene deleted 

CyHV-3 mutants in carp 

Previous experiments have shown that deletion of ORF25 leads to attenuation of 

CyHV-3, but interferes with protection against subsequent wild type challenge 

(Vancsok et al., 2017). This might have been either due to the relevance of pORF25-

specific immune reactions for protection (Zhou et al., 2014b), or to an inefficient in 

vivo replication of the deletion mutant. In contrast, ORF65, ORF148, and ORF149 

single gene deletion mutants of the BAC-cloned Belgian CyHV-3 isolate were not 

sufficiently attenuated (Vancsok et al., 2017). However, previously we have shown 

that combined deletion of the TK and dUTPase genes of CyHV-3 leads to an 

improved attenuation compared to the corresponding single deletions without 

affecting protective efficacy of the candidate vaccine (Fuchs et al., 2011; Schröder et 

al., 2018). Therefore, we now examined the virulence of, and the immune responses 

induced by the double mutant KHV-T148/149. The corresponding single mutants 

KHV-T148 or KHV-T149 were also evaluated, and compared to the parental strain 

KHV-T, which has been considered to be much less virulent than the virus used for 

previous in vivo testing of glycoprotein deletion mutants of CyHV-3 (Gao et al., 2018). 

In the present animal trial, five groups consisting of 40 nine months- and 5 two years-

old carp, were infected by immersion in 5 l water containing 2.5 x 107 PFU of the 

virus mutants, KHV-T or cell culture medium. Between day 6 and 31 after wild-type 

infection, 17 of the juvenile carp died, resulting in a total mortality rate of 42.5 % (Fig. 

7A). This rate was twice as high as observed by others using the corresponding virus 

strain (Gao et al., 2018), but in line with the results of previous animal experiments 

with KHV-T in our institute (Schröder et al., 2018). It remains to be elucidated 

whether this difference is due to different susceptibilities of the used carp breeds, 

different virus doses or water temperatures, or to the few determined sequence 

alterations between the KHV-T preparations used in the different laboratories (Table 

2)(Schröder et al., 2018). 

Infection with KHV-T∆148 or KHV-T∆149 led to loss of 9 (22.5 %) or 8 (20 %) 

animals, respectively (Fig. 7A). Mortality caused by the double deletion mutant KHV-
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T∆148/149 was slightly higher (10 of 40 carp or 25 %). According to Fisher’s exact 

tests the observed reductions of mortality rates compared to wild type infection were 

not significant (p > 0.05), and the animals of all infected groups developed one or 

more signs of CyHV-3 infection like fatigue, skin lesion and excess mucus 

production. This applied also to the two year-old fish, which, however, survived 

infection with wild-type or mutant KHV-T. Thus, in line with previous results (Vancsok 

et al., 2017) deletion of ORF148 and ORF149 did not sufficiently attenuate CyHV-3 

for use as a live vaccine. Unlike the TK and dUTPase double deletions (Schröder et 

al., 2018), combined removal of ORF148 and ORF149 did not improve in vivo 

attenuation of the virus, correlating with the enhanced in vitro growth of KHV-

T∆148/149 compared to KHV-T∆149 (Figs. 4, 5). 

Five weeks after primary infection all surviving fish and naïve control animals were 

challenged by immersion in 5 l water containing 2.5 x 107 PFU of wild-type KHV-T. 

The mock-immunized carp developed severe clinical signs, and 15 of them (37.5 %) 

died (Fig. 7A). In contrast, no symptoms were observed in any of the immunized 

carp, and all of them survived challenge infection (Fig 7A). Although responses to 

heterologous, more virulent, challenge virus strains remain to be evaluated, the 

present results indicate that even combined deletion of the highly immunogenic 

envelope glycoproteins pORF148 and pORF149 (Fuchs et al., 2014) did not 

substantially affect protective efficacy of CyHV-3. In line with this, an ELISA using 

plates coated with purified CyHV-3 virions (Bergmann et al., 2017), indicated similar 

or even higher titers of specific serum antibodies in animals infected with the deletion 

mutants than in wild type infected carp (Fig. 7B). We have shown previously that 

several other CyHV-3 proteins, including glycoproteins pORF25, pORF65, pORF99, 

and the major capsid protein pORF92 also induce humoral immune responses in 

carp (Fuchs et al., 2014), which might have covered the lack of pORF148 and/or 

pORF149 specific antibodies in the present animal experiments. Since all 

glycoproteins encoded by the ORF25 gene family of CyHV-3 are obviously 

dispensable for in vitro virus replication (Vancsok et al., 2017, and this study), their 

deletion might support the development of DIVA vaccines (van Oirschot, 1999) which 

permit serological differentiation between immunized and wild type-infected fish. 
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Figure legends 

 

Fig. 1 

Construction of CyHV-3 recombinants. (A) Map of the KHV-T genome with 

localizations of ORF25, ORF65, ORF148, ORF149 and direct terminal repeat 

sequences (rectangles). Enlarged maps of the (B) ORF25, (C) ORF65, and (D) 

ORF148/ORF149 gene regions illustrate cloning and mutagenesis. Viral ORFs 

(pointed rectangles) and relevant restriction sites are shown. Non-functional, 

fragmented or frameshifted ORFs are indicated by dotted lines and different shading. 

Engineered restriction sites are printed in Italics. Black rectangles indicate encoded 

signal peptides and transmembrane domains of the CyHV-3 glycoprotein genes. 

Major parts of them were either replaced by a GFP expression cassette containing 

the human cytomegalovirus immediate early promoter (P-CMV), and a 

polyadenylation signal (A+), or deleted without substitution. The deleted codon 
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ranges are given. Designations of plasmids and resulting virus recombinants (printed 

in Italics) are given at the right. 
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Fig. 2 

PCR products of the authentic or mutated CyHV-3 genes (A) ORF25, (B) ORF65, 

and (C) ORF148/ORF149 amplified from genomic DNA of the generated 

recombinants obtained with primer pairs CyHV-3O25-F/R, CyHV-3O65-F/R, or 

CyHV-3O148-R and CyHV-3O149-F (Fuchs et al., 2014). Marker DNAs (1 kb Plus 

DNA ladder, Thermo Fisher Scientific), and calculated product sizes are indicated at 

left and right, respectively. 
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Fig. 3 

Western blot analyses of CCB cells infected with the indicated CyHV-3 recombinants 

(MOI 1, 2 d p.i.). Blots of infected and uninfected cells were probed with monospecific 

rabbit antisera against (A) pORF25, (B) pORF149, and the major capsid protein 

pORF92 (lower panels). Marker proteins (PageRuler Plus Prestained Protein Ladder, 

Thermo Fisher Scientific), and specifically detected viral proteins are indicated at the 

left and right, respectively.  

  

ACCEPTED M
ANUSCRIP

T

104



25 
 

 

Fig. 4 

Plaque sizes of CyHV-3 recombinants on CCB cells. Areas of 30 plaques per virus 

were determined after 4 days at 25°C, and compared to plaques of parental KHV-T, 

which were set as 100 %. Mean sizes and standard deviations are shown. Asterisks 

indicate significant ( p < 0.05 %,  p < 0,005) reduction compared to wild-type 

plaques sizes. 
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Fig. 5 

Replication and penetration kinetics of CyHV-3 recombinants on CCB cells (A) For 

determination of replication kinetics the cells were infected at a MOI of 0.1, and 

incubated for the indicated times at 25°C. Total progeny virus titers were determined 

by plaque assays on CCB cells. Shown are the mean results of four experiments. 

Asterisks indicate significant (p < 0.05) titer differences compared to wild-type virus 

( KHV-T), and to the corresponding rescue mutants ( Rev.) at the same time after 

infection. (B) For determination of penetration kinetics CCB cells were infected with 

approximately 250 PFU of the GFP-expressing KHV-T recombinants, using the 

described GFP-expressing dUTPase-negative mutant KHV-TDUTG (Schröder et 

al., 2018) as wild type-like control. After adsorption at 4°C, the cells were incubated 

for indicated times at 25°C prior to acid inactivation of non-penetrated virus. Then 

incubation at 25°C was continued under plaque assay conditions for 3 d. Numbers of 

plaques were compared to those obtained without acid inactivation of the same virus 

mutant. Mean percentages of three independent experiments and standard 
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deviations are shown. Asterisks indicate significantly reduced ( p < 0.1,  p < 0.05, 

 p < 0.005) penetration rates. 
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Fig. 6 

Virion morphogenesis of CyHV-3 glycoprotein mutants. CCB cells were infected at an 

MOI of 1 with KHV-T (A, B), KHV-T149 (C, D) or KHV-T25 (E, F) at an MOI of 1, 

and fixed and processed for transmission electron microscopy after 20 h at 25°C. 

Empty capsids and nucleocapsids in the nucleus (asterisks), nuclear egress (arrows), 

final envelopment in the cytoplasm (squares), and extracellular virus particles 

(triangles) are indicated. Bars represent 500 nm. 
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Fig. 7 

Attenuation and protective efficacy of CyHV-3 recombinants. Nine months and two 

years-old carp were infected with KHV-T or the indicated virus mutants by immersion 

in 5 l water containing 5 x 103 PFU/ml. After 35 d all surviving fish and mock-infected 

control animals (N.I.) were challenged with the same dose of KHV-T. (A) Shown are 

the time courses of survival rates (%) of the nine months-old fish, and total numbers 

of deceased and infected animals in each group. (B) KHV-specific antibodies were 

detected by an ELISA (Bergmann et al., 2017) in sera of two years-old carp 28 days 

after primary infection (p.i.) with the indicated viruses or mock infection (N.I.), as well 

as 28 days after challenge (p.c.) with KHV-T. The mean substrate reaction values 

(OD450nm) of two replicas each of sera from four animals per group and standard 

deviations are indicated. Samples showing an OD450nm of > 0.2 (red line) were 

considered as positive. 
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Tables 
 

Table 1: PCR and sequencing primers used in this study 

name Sequence nucleotide position 

KTO25F 5‘-CACGAATTCTCATGTACGAGTACCTGCG-3‘ 44,755 - 44,774 

KTO25R 5’-CACAAGCTTCGGAGAGCATGATGAAGAGG-3’ 48,347 - 48,366 (r) 

KTO65F 5´-CACGAATTCTTTCAGTTCAACGACCCG-3´ 121,758 - 121,777 

KTO65R 5´-CACAAGCTTTACCTTCTACGGCGTGG-3´ 124,935 - 124,954 (r) 

KTO149R-F 5´-CACGAATTCCGAGGGAGATCAGAGTTC-3´ 253,076 - 253,094 

KTO149R-R 5`-CACAAGCTTGGGATGATGTCAGCGTTG-3´ 259,046 - 259,064 (r) 

Nucleotide positions refer to the sequence of the CyHV-3 TUMST1 genome 

(GenBank accession # AP008984) (Aoki et al., 2007). Additional, nonmatching 

nucleotides (in Italics), engineered restriction sites (bold), and reverse strand primers 

(r), are indicated. 
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Table 2: Sequence analysis KHV-T148/149 compared to KHV-T 

Position in KHV-T ORF Alteration 

37986 - 38007 -  GTGTGTGTGTGTGTGTGTGTGT 

75907 - 75915 45  AGGAGGTGG (GGG at codon 336) 

91174/91175 52 + TAACCACCGAGGAAACCACCGAGGAAACCACC 
   GAGGAAACCACCGAGGAAACCACCGAGGTAAC 
   CACCGAGGAAACCACCGAGG (+ VTTEETTEETT 
   EETTEETTEVTTEETTE at codon 133) 

91222/91223 52 + AAACCACCGAGG (+ ETTE at codon 149) 

91247/91248 52 + AACCACCGAGGA (+ TTEE at codon 158) 

102598 - + GGGG 

138261 72 A  C (K  N at codon 103) 

177575 - 177594 -  AGAGAGAGAGAGAGAGAGAG 

216478/216479 - + CTTCAGCACCTTCAGCACCTTCAGCACCTTCAG 
   CACCTTCAGCACCTTCAGCACCTTCAGCACCTT 
   CAGCACCTTCAGCACCTTCAGCAC 

254891 - 257899 148/149  ORF149 / ORF148 (from codon 17 to 281) 

257991 - T  C 

270671 - 270685 -  CGACACAGACTACAG 

Nucleotide positions of alterations in KHV-T148/149 refer to the published genome 

sequence of the CyHV-3 strain KHV-T (GenBank accession number # MG925491) 

(Gao et al., 2018). Deleted nucleotide rages are indicated, and the two flanking 

nucleotides are provided at insertion sites. Designations of affected ORFs, nucleotide 

sequences of insertions (+) or deletions (), and consequences on deduced amino 

acid sequences including codon positions are given. Alterations affecting repetitive 

sequences are highlighted by shading. The targeted mutation unique to KHV-

T148/149 is printed in bold letters. 
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Abstract
An antigen capture ELISA was established for cell culture materials 

using a monoclonal (mab) antibody 10A9 which recognized the 
product of KHV ORF 149. Five KHV isolates were replicated onto CCB 
cell cultures in six-well plates for eight days at 20 and at 26 °C incubation 
temperature. In the beginning, samples were taken from the different 
isolates at 1, 2, 4, and 6 hours post infection, afterwards one plate was 
collected per day. All samples were investigated by different PCRs 
and RT-PCR and by antigen ELISA. The results were compared. While 
the isolates replicated at 20 °C developed a two cycle replication at 1 
dpi and a second between 4 and 5 dpi, the same isolates replicated 
at 26 °C developed only a single peak between 5 and 6 dpi. This could 
be shown on DNA level by qPCR and on protein/antigen level by 
ELISA, but not on RNA level.
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Introduction
According to the Food and Agriculture Organization of the 

United Nations (FAO 2010) carp represents approximately 70% of 
the global freshwater production of fish and is mainly kept in China. 
Cyprinid herpesvirus (CyHV-3) or koi herpesvirus (KHV) is the 
agent causing KHV disease (KHVD) and can be a severe threat for 
the production of common carp (Cyprinus carpio L.), but also for its 
ornamental variation, the koi, worldwide. The disease has been listed 
as a notifiable disease in Germany since 2005 and in England and by 
the World Organisation of Animal Health (OIE) since 2007. KHVD 
has spread to most regions of the world due to global trade in fish 
and koi [1,2]. The disease is mainly characterized by white patches 
on the gills due to necrosis, haemorrhages, and round to confluent 
patches on the skin, lethargy, sunken eyes, massive mucus production 
at early stages of the disease, and sandpaper skin at later stages [3]. 
The virus is primarily replicated in gill, intestine and kidney tissue [4]. 
Diagnostics of the causative agent is carried out by qPCR Gilad et al. 
modified according to Bergmann et al. and/or conventional PCRs and 
nested PCRs published by Bercovier et al. and Engelsma et al. [5-8]. 
The latter is always connected to a sequence analysis of the amplicon. 
In this study, viral proteins connected to the KHV genome ORF 149 
were detected by antigen enzyme immune sorbent assay (ELISA) 
with different KHV isolates obtained from cell culture. Therefore, 
a polyclonal antiserum against the whole KHV from rabbit was 
protein A purified and the IgG was used to capture the viral proteins. 
As secondary detection antibody, a monoclonal antibody directed 
against the protein obtained from ORF 149 was included. Recently, 

two assays for KHV antigen detection have become available: one 
commercial antigen ELISA (KoVax, Israel) and one lateral flow assay 
(Megacor, Austria) with a detection limit between 104 and 105 or more 
particles per mL. The goal of this study was to expand the diagnostic 
options on the protein level of KHV with a detection level below 104 
virus particles per mL.

Material and Methods
Cell cultivation of different KHV isolates and further sample 
propagation

KHV isolates from different regions (Table 1) of the world were 
replicated onto CCB cells at 20 °C and 26 °C [9]. After absorption of 
the isolates for one hour at 20 °C or 26 °C directly onto the 24-hour-
old confluent CCB monolayer in six-well plates (Corning), Hanks 

Isolate Origin Remarks

KHV-E UK

KHV-G1 Germany European lineage

KHV-F France

KHV-P Poland European and Asian lineage

KHV-T Taiwan Asian lineage

CCB cells - negative control

Table 1: KHV isolates and CCB cell controls used in this study.
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salt based medium containing 10% calf serum without antibiotics 
was added. The plates containing the four isolates including two 
negative control wells were frozen at -80 °C for sampling  at 
different time points after infection: 1, 2, 4, and 6 h post infection 
(pi) and then after 24 h to 8 days pi, one six-well plate every 24 h. 
After one thawing step 2 Ml of each virus cell culture suspension 
were centrifuged to separate cells from the supernatants. The cell 
pellet was diluted in 1 mL sterile PBS- (phosphate buffered saline). 
1 mL of these preparations was used for protein detection by antigen 
ELISA and 0.5 mL for DNA (QIAamp® DNA Mini Kit) and 0.5 mL 
for RNA extraction by the Trizol® method (Invitrogen) according to 
the manufacturer’s instructions. The resulting preparation from the 
supernatants and pellets was used for antigen ELISA (100 µL each) as 
well as for identification and confirmation by KHV qPCR Gilad et al. 
duplex PCR Bigarre et al. semi-nested PCR Bergmann et al. and PCRs 
according to Yuasa et al. to determine the replication stages of KHV 

on RNA and DNA level [5,6,10,11]. Additionally, primer pairs from 
duplex PCR and semi-nested PCR were also used by RT-PCR to gain 
a better overview of the different stages of KHV development.

Polyclonal antisera from rabbit and monoclonal antibodies

Polyclonal antiserum (pAs KHV) against the whole KHV was 
produced in a rabbit by repeated intravenous injection of highly 
purified KHV-F. The titres against KHV were determined by serum 
neutralization assay and by indirect antibody ELISA (Bergmann 
submitted). After purification by a protein A column, the IgG was 
used as catch antibody. The monoclonal antibody 9A10 directed 
against the glycoprotein maintained from ORF 149 was used as 
secondary detection antibody, always at a dilution of 1:40 [12-14].

Investigation on KHV antigen ELISA setup

Investigation on plates and serum dilution: For antigen ELISA 
setup, micro test plates were chosen from Nunc: polysorb, medisorb 
and maxisorb ELISA plates. All plates were covered using the 
protein A column purified rabbit pAs KHV at dilutions between 
1:1,500 (8.8 µg protein/100 µl) and 1:768,000 using PSB- buffer pH 
7.4, bicarbonate buffer pH 8.6 and bicarbonate buffer pH 9.6 in 
a chessboard titration. Additionally, a non-purified rabbit serum 
against KHV (T 36), normally used for iIFAT at a dilution of 1:10,000 
for KHV identification on cell cultures and/ or tissue sections, was 
included in the evaluation. As detection antibody for the rabbit sera in 

Figure 1: Virus replication onto CCB cells at 20 and 26 °C (5th dpi).

Figure 2: Mean cq value obtained from five KHV isolates at 20 °C and 26 °C.

Figure 3: Chessboard titrations with “Maxisorp ELISA plates” using BPS- for 
coating.

Figure 4: Positive and negative controls for standardization of the ELISA.

Figure 5: Negative controls (CCB cells, medium, CCB cells and medium).
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direct ELISA a peroxidase-conjugated goat anti-rabbit IgG antibody 
(Sigma-Aldrich) at a dilution of 1:5,000 in PBS- containing 0.05% 
tween 20 (PBS-T) (Sigma-Aldrich) was used. Plates were coated and 
incubated overnight at 4 °C. On the next day, the plates were washed 
using PBS-T and the conjugate was add. After incubation for 1 h at 
37 °C, plates were washed again and then TMB substrate (Sigma-
Aldrich) was added to each well. After 10 min incubation at room 
temperature, the reaction was stopped by adding 2 N HCl. The plates 
were measured at 450 nm by an ELISA reader (BioRad). Plate, serum 
dilution and coating buffer were chosen.

Controls used for ELISA: Beside medium, cells and medium cell 
suspensions from non-infected cell cultures, different viruses from 
cell culture were used as negative antigen for ELISA. As members of 
the Alloherpesviridae, carp pox virus (cyprinid herpesvirus 1, CyHV-
1, Polish isolate) replicated onto FHM cells and eel herpesvirus, 
also known as herpesvirus anguillae (HVA, German isolate), were 
multiplied onto EK-1 cells [15,16]. Additionally, rhabdoviruses 
obtained from EPC cells like Infectious Haematopoietic Necrosis 
Virus (IHNV) and Spring Viremia of Carp Virus (SVCV) and Viral 
Haemorrhagic Septicemia Virus (VHSV) from RTG-2 cells were used 
as heterologous virus controls [17,18]. In the same cell line, Infectious 
Pancreas Necrosis Virus (IPNV, serotype Sp, German isolate) was 
replicated. These replicated viruses were used as virus-cell suspension 

after one freezing-thaw cycle as negative antigen for ELISA.

Results
Cell cultivation of different KHV isolates

Samples were replicated over eight days. The first CPE with 
distinct cytolysis occurred between three and four dpi, e.g. KHV-F 
rapidly destroyed the monolayer at 20 °C but not at 26 °C, which 
was the opposite when KHV-T was replicated at the two different 
temperatures (Figure 1).

The first six hours and subsequently once daily samples 
were collected by freezing a six-well plate from each incubation 
temperature at -80 °C. After one thawing step each sample containing 
3 mL medium-cell suspension with or without virus was divided 
into three portions of 1 mL and centrifuged to separate cell from the 
supernatant, respectively. These preparations, a cell sub sample and 
a supernatant sub sample from each, were investigated separately by 
antigen ELISA but also by the different PCRs. For ELISA 1 mL was 
used and for RNA and DNA extraction 0.5 mL, respectively. At 8 dpi, 
all virus isolates at both temperatures had induced a 100% cytolytic 
CPE.

Identification of the KHV isolates by molecular methods

All samples were investigated by different PCRs (Table 2). The 
isolates were positive with the PCRs and with the qPCR (real-time 
PCR) with very high virus loads over the 8 dpi. The isolates were 
identified as KHV by qPCR [19] but also by duplex PCR, where 
KHV-E, KHV-G1, KHV-F, and KHV-P were identified as European 
lineage, whereas KHV-T was identified as member of the Asian 

Isolates
PCR real-

time* 
supernatant

Cells Duplex 
supernatant Cells

Semi-
nested 

supernatant
Cells

KHV-T 14.12 14.16 +** from 1dpi + +

KHV-E 13.99 14.33 + from 6 hpi + +

KHV-F 14.49 14.44 + + + +

KHV-P 14.61 14.53 from 2 hpi + + +

KHV-G1 14.68 14.54 + from 4 hpi + +

CCB 
cells - - - - - -

Table 2: Identification of the KHV isolates for DNA detection by different PCRs.

*mean cq value over 8 days
** a positive reaction at all sampling points

Isolate RNA DNA Remarks

KHV-T cells 6th dpi 3rd dpi late KHV RNA

supernatant - 5th dpi detected

cells - 3rd dpi no KHV RNA

KHV-E supernatant - - detected

cells 6th dpi 3rd dpi late KHV RNA

KHV-F supernatant 6th dpi 5th dpi detected

cells - 3rd dpi no KHV RNA

KHV-P supernatant - 5th dpi detected

cells - 3rd dpi no KHV RNA

KHV-G1 supernatant - - detected

cells - - no KHV RNA

CCB cells supernatant - - detected

Table 3: Investigations on RNA and  DNA detection from KHV isolates and 
from CCB controls by RT-PCR (Yuasa et al. 2012).

Figure 6: Differences of detection of KHV-P antigen at 20 and 26 °C by OD 
value (blue) and trend line (red) by ELISA.

Figure 7: Mean values of the five KHV isolates at different temperatures by 
ELISA.
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lineage, and by semi-nested PCR [6,10]. The detection of KHV at an 
early time point after infection by PCR, e.g. between 1 hpi and 4 hpi, 
obviously depended on the virus used for infection.

The virus concentration in the samples was determined by KHV 
qPCR Gilad et al. modified according to Bergmann et al. [5,6]. The 
replication strategies of the isolates were very similar. Therefore, the 
mean value was counted and used for comparison of replication at 
both incubation temperatures (Figure 2). While isolates from the 
same bulk were absorbed to the monolayer at the same time point 
but at different incubation temperatures, at 20 °C replication started 
at around 24 h pi but at 26 °C between 2 and 4 hpi measured by DNA 
concentration. At 26 ° C the highest KHV DNA concentration was 
found between 24 and 48 hpi, at 20 °C between 48 to 72 hpi. At 20 
°C a much smaller amount of viral DNA was detected than at 26 °C 
incubation temperature. Generally, all isolates were replicated in the 
same manner and with nearly identical concentrations at 20 °C and at 
26 °C, respectively. Therefore, the mean values of the isolates at each 
sampling point were counted and summarized.

Most differently from DNA, the RNA was detectable at other time 
points. While no RNA was obtained from cell pellet of the isolates 
KHV-E, KHV-G1 and KHV-P, RNA was detected at 6 dpi from 
KHV-F and KHV-T. KHV DNA from the isolates using the primer 
pair recommended by Yuasa et al. was detectable from 3 to 6 dpi 
(Table 3) [11]. Additionally, RNA detection using the primer pairs 
for duplex PCR and semi-nested PCR was not successful at all.

Investigation on KHV antigen ELISA setup

Investigation on plates, capture sera and dilutions: Rabbit anti-
KHV serum was tested on three plates and three coating buffers in a 
chessboard titration. Calculating the possible IgG content in the non-
purified rabbit serum in comparison to the purified rabbit serum, a 
dilution of 1:30 with PBS- was chosen for the non-purified serum. 
The best results were achieved when the purified rabbit anti-KHV 
serum at a dilution of 1:3,000 with PBS- as coating buffer was used 
(Figure 3). The other plates (medisorp and polysorp plates), coating 
buffers as well as the non-purified serum T 36 induced a high and 
irritating background. For the direct ELISA the sera were coated with 
PBS- and binding to the plates was assessed by peroxidase-conjugated 
goat anti-rabbit IgG antibody (Sigma-Aldrich) at a dilution of 1:5,000 
with PBS-T. TMB was used as substrate.

Investigations on negative and control samples: The purified 
capture serum was absorbed to the maxisorp plate at a dilution of 
1:3,000 using PBS- overnight at 4 °C. After blocking with 300 µl Roti® 
Block reagent (Roth) for 2 h at room temperature, the antigens (100 
µl each) were filled into the cavities. The following negative antigens 
were used: i) CCB cell pellets and CCB cell culture supernatant 

obtained from non-infected cells, ii) cell culture medium and iii) PBS-. 
Additionally, all controls like positive controls (KHV-T 1:300, 8th dpi), 
control without capture serum (but blocking) and controls where one 
of the ELISA components was omitted, but all other components 
were included in the evaluated dilutions (Figure 4). Samples 5 to 10 
were also investigated with the adsorbed capture serum with similar 
results. No positive reaction was found from mab 10A9 (always at a 
dilution of 1:40 using PBS-T), the peroxidase conjugate or the TMB 
substrate. Including all other heterologous virus-cell culture-medium 
controls plus a 20% safety cut off with 0.2 OD was determined.

Investigating all controls and negative samples, an OD of 0.160 
was never exceeded. In the undiluted negative and control samples 
(n=20 each) the highest OD value was 0.156 with a variation of 
0.002988 and the 3x standard deviation with 0.0034. At both 
incubation temperatures the values were very similar over 8 dpi by 
controls generated with non-infected CCB cultures (Figure 5). 

Investigation on samples from KHV infected cell cultures 
by ELISA: At each collection time point 100 µL of each sample of 
the KHV isolates were used as antigen for ELISA. Unexpectedly, 
replication of the same isolates differed.

While at 20 °C two peaks were detectable at 1 and at 5 and possibly 
at 6 dpi, at 26 °C only one peak was detectable, respectively. Especially 
with the Polish isolate (KHV-P) at 20 °C two very distinct peaks, at 1 
and 5 dpi, and at 26 °C one clear peak at 5 dpi was visible (Figure 6).

Taking into account that the cut off of the ELISA was established 
at OD 0.2, the first positive results by ELISA were found at 1 dpi at 20 
°C as well as at 26 °C. Interestingly, with all KHV isolates, the OD at 1 
dpi at 20 °C was higher than at 26 °C (Figure 7). 

Comparing DNA detection by qPCR at the two temperatures, it 

1 2 3 4 5 6 7 8 9 10

captureserum captureserum - - - - - - - -

KHV-T KHV-T KHV-T KHV-T - - - - - -

mab 10A9 mab 10A9 mab 10A9 mab 10A9 mab 10A9 mab 10A9 - - - -

conjugate conjugate conjugate conjugate conjugate conjugate conjugate conjugate - -

TMB TMB TMB TMB TMB TMB TMB TMB TMB TMB

Table 4:

Figure 8: Comparison of the mean OD and mean cq values from isolates 
replicated at 20 and 26 °C.
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was not expected that the mean cq value at 20 °C would increase from 
1 dpi immediately followed by the OD, perhaps some hours earlier. 
However, the mean OD value of the isolates at 26 °C followed the 
increase of KHV DNA measured by KHV qPCR nearly exactly one 
day later (Figure 8).

Establishment of the KHV antigen ELISA using cell culture 
replicated antigen

In this study an antigen ELISA was investigated for use in cell 
culture derived samples. The antigen ELISA protocol was established 
as follows:

1. Maxisorp ELISA plates were coated with a purified anti-
KHV serum from rabbit at a dilution of 1: 3.000 in PBS- and 
incubated at 4 °C overnight.

2. Plates were emptied and blocked with Roti® Block (300 µL per 
cavity) at room temperature for 2 hours.

3. Plates were emptied and antigen samples (100 µL) were added 
for incubation for 1 hour at room temperature.

4. Plates were emptied and washed with PBS-T three times.

5. Mab 10A9 at a dilution of 1:40 in PBS-T was added and 
incubated for 1 hour at room temperature.

6. Plates were emptied and washed three times with PBS-T.

7. Anti-mouse peroxidase conjugate was added (100 µL) and 
incubated for 1 hour at room temperature.

8. Plates were emptied and washed three times with PBS-T.

9. Substrate (TMB, 100 µL) was added and stopped by 2 N HCl 
(100 µL) after exactly 10 min.

10. Plates were measured in an ELISA reader at 450 nm.

Analytical specificity and analytical sensitivity

The analytical specificity of the ELISA was evaluated by the 
negative controls, the heterologous virus controls, and without any 
antigen to check the reaction of the other components of the ELISA 
with the capture serum. All measured ODs never achieved the 
cutoff of over OD 0.2. All reactions showed an OD below 0.140. The 
specificity was 100% assessing all control antigens.

Compared to the commercial antigen assays, the antigen ELISA 
and the lateral flow assay the sensitivity of the ELISA from this study 
was much higher [20,21]. It was between two and three 10-fold 
dilutions more sensitive compared to the other two assays.

Discussion
In the diagnostics of disease agents obtained from aquatic living 

animals the establishment of antigen detection methods has a long 
history. An advantage of this method is that the agent will be detected 
on its protein level which clearly shows its presence. Compared to the 
much more sensitive molecular detection methods, there is no doubt 
with regard to the presence of the agents found by antigen ELISA. 
Most antigen ELISAs were prepared to identify bacterial antigen 
such as the causative agent of bacterial gill disease Flavobacterium 
branchiophilum or the causative agent of bacterial kidney disease 

Renibacterium salmoninarum [22-24], where crude organ was 
absorbed to the plates and identified by different polyclonal antisera 
against the pathogens. Later on monoclonal antibodies (mab) were 
used for detection of parasites and bacteria [25,26]. Dixon and Hill 
developed an antigen ELISA based on polyclonal antisera absorbed 
on micro test plates and on highly purified infectious pancreatic 
necrosis virus as antigen as controls for the different serotypes of 
IPNV (Sp, Ab and VR299) [27]. Whittington RJ et al. developed a 
capture ELISA based on two mabs, one as capture antibody and the 
other one as detection antibody recognizing two different surface 
proteins of the viral haemorrhagic septicemia virus serotype 1 [28]. 
In 1993, an antigen ELISA for detection of Epizootic Haematopoietic 
Necrosis Virus (EHNV) was published by Whittington and Steiner. 
A capture or double or indirect sandwich ELISA was established by 
using a mab to catch EHNV from fish tissues and a polyclonal rabbit 
antibody to identify the virus.

In this study, a capture or double or indirect sandwich ELISA 
was developed based on a purified rabbit antiserum against KHV 
and a mab (10A9) recognizing the protein of the KHV ORF 149 as 
detection antibody using different KHV isolates replicated in cell 
cultures at different temperatures as antigens. The ELISA results were 
supplemented and confirmed by different molecular methods (PCR, 
RT-PCR, qPCR). The results of all assays were compared to each 
other. All isolates were replicated at 20 and 26 °C. It was shown that, 
obviously temperature depending, the Polish isolate KHV-P replicated 
best at 20 °C whereas the isolate KHV-T (Taiwan) replicated best at 
26 °C. From complete genome sequences it is known that the KHV 
have an overall similarity of 99%. If the different isolates behaving 
differently in cell cultures, they also may be different in replication 
in fish at different temperatures. Investigation of KHV replication 
onto CCB cells showed that not more than 50% of the virus particles 
visible by electron microscopy have an envelope (Granzow, pers. 
comm.). A similar effect was seen in three different non-enveloped 
KHV formations mainly near or in the nucleus of infected TKF-1 
cells Lee et al. or in the cytoplasm of infected cells Dong et al. 2011, 
also described by Sunarto et al. [29-31]. This fact may at least partly 
explain the huge difference between the result of the molecular assays 
regarding the virus concentrations measured by qPCR and from the 
antigen ELISA which was bound to envelope glycoprotein identified 
by mab 10A9. The included conventional PCRs recognizing different 
genomic regions of KHV considered to be positive at all sampling 
points between 1 hpi and 8 dpi [6,10]. While at least for the first hours 
the virus used for infection was detected, after 6 dpi an increase in 
viral DNA was visible by KHV qPCR [5,6].  While at 26 °C incubation 
temperature this started at between 4 to 6 hpi, at 20 °C it started at 1 
dpi. At 26 °C the DNA concentration peaked after one dpi and went 
down afterwards with nearly a plateau from 3 dpi. At 20 °C the highest 
concentration was reached at 3 dpi. The resulting plateau was the 
same as for the viruses at 26 °C. In contrast to Yuasa et al. viral RNA 
was hardly to detect [11].  Using these mRNA recognizing primer 
pairs, KHV RNA was only detectable in three of the five isolates at 6 
dpi. Even at very high KHV DNA concentrations from 1 dpi at 26 °C, 
no mRNA was detected. Similar findings with other primer pairs were 
published [32,33]. This might be due to the mRNA concentration 
but might also have other reasons. In this study, replication of the 
virus was detected by the increased DNA concentration measured by 
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qPCR. The KHV related mRNA was detected much earlier (2 dpi) 
when oligodT primers were used in the first round and afterwards, 
using the cDNA, gene specific primers were used (data not provided).

After evaluation of the best dilution of the rabbit capture serum 
(approximately 5 µg/100 µl) diluted in the best coating buffer and 
of all control reactions (negatives, positives and heterologous), the 
ELISA was used to investigate the KHV protein development on CCB 
cells. The results obtained from the molecular assays but also from 
the ELISA were summarized as the mean value due to the similar, 
not significantly different values for the two incubation temperatures. 
At both temperatures a first positive ELISA signal was detected after 
one dpi. It could not be excluded that this signal was induced by the 
virus used for infection. However, the negative ELISA reaction with 
the dilution of the viruses (1:10 and 1:100) used for infection of the 
CCB cell cultures contradicts this hypothesis. It might be possible 
that first complete and enveloped KHV occurred after 24 h pi. The 
behavior of the isolates at 20 °C and 26 °C was different. While at 20 
°C two distinct ORF149 protein peaks were visible, at 26 °C only one 
concentration peak occurred. On the first two dpi the virus protein 
concentration increased much faster at 20 °C than at 26 °C. While at 
20 °C the virus protein concentration increased constantly in smaller 
amounts, from 2nd dpi the concentration at 26 °C seemed to explode 
to the double compared to 20 °C. On 8 dpi the protein concentration 
was very similar at both incubation temperatures. The temperature 
advantage was equalized. Direct comparison of the mean values from 
KHV qPCR and ORF149 antigen ELISA showed that at 20 °C the 
virus protein followed the DNA concentration directly, whereas at 26 
°C the protein concentration followed the DNA concentration always 
24 h later. Generally, at 20 °C incubation temperature the highest 
protein concentration connected to the KHV ORF149 protein was 
found at 7 dpi, at 26 °C incubation temperature the concentration at 
5 dpi was already twice as high as at 20 °C.

The next steps will be to adapt this KHV antigen ELISA with 
organ tissue of acutely, but also of persistently infected fish. Recently, 
it has become a suitable tool for evaluation of infected cell cultures. 
The goal will be to increase the diagnostic sensitivity to at least 102 
virus particles per mL.
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Summarized Discussion of Results

Since KHV is spread worldwide, solid and save control mechanism need to be taken. One of

these methods is vaccination. Vaccination can protect a population against a pathogen, if a

su�cient amount of the population is immunized. This can be done with live or inactivated

vaccines. Another necessary method to control a disease like KHVD is to track it, and if

possible to distinguish di�erent types of the same pathogen. Di�erentiation can be done by

serological means, detecting di�erent antigen variants, or by genetic means, e.g. detecting

certain features of a nucleic acid. Since no serotypes have been known for KHV, DNA based

phylogeny needs to be applied. First steps were done by a French group led by Bigarré [65].

They used two sequences of entire KHV and classi�ed them by PCR and established a duplex

PCR. Using this method, �ve groups have been reported. However, in the �eld usually three

groups are found. Thus is leading to low phylogenetic complexity with less output. The only

advantage of this method is the di�erentiation between an European and Asian lineage of

KHV. Later, a group led by Avarre [67] introduced a method which is commonly used for bac-

teriology. This method called multi-locus sequence typing (MLST) and uses variable number

of tandem repeats (VNTR), eight of them form KHV. A combination of hierarchical clustering

and geographic data allowed for the �rst time conclusions on phylogeographic data of KHV.

It results in highly complex phylogenetic trees with more precise information. Nevertheless,

there was still one drawback. Some VNTRs used for MLST haven not perfectly matched

the repeat sequences which was not considered in their analysis. Based on this drawback, an

improved method was designed in which the VNTR sequences were used for analysis but not

the repeat frequency presented by Avarre et al. (Publication I). Thus leading to more pre-

cise informations which are even comparable to the gold standard, the full genome analysis.

The precision could be demonstrated in a cell culture experiment �rst. Serial passages (100

times) of a KHV from Taiwan (KHV-T) and from England (KHV-E) onto CCB cells at 20°C

were analyzed. During these experiments some selected passages were investigated on their

relationship towards each other. Surprisingly, KHV-T from passage 99 was more related with

the initial KHV-T than with virus from passages 51 or 78, respectively. Additionally, it was

shown, that KHV from the European lineage is more adaptable than isolates from the Asian

lineage. Due to its probable origin in warm water areas like Asia, KHV is well adapted to

warm water but obviously not to could water as in Europe. Regarding the di�erence by water

temperatures, there is even a di�erence in the genetic background of the host, the common

carp. In Europe carp from the subspecies Cyprinus carpio carpio are cultivated, whereas

in Asia a subspecies mentioned by Chinese scientists Cyprinus carpio haematopterus is com-

mon. Thus, KHV is forced to adapt to its new habitat, visible by higher variability MLST and

VNTR sequencing. Another result of the VNTR analysis is the newly established real-time

PCR based on the VNTR3. This VNTR has lineage speci�c sequences which can be detected
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easily by this qPCR in a possible comparison to the duplex PCR. VNTR sequencing can addi-

tionally be used to get an indication on attenuation of a certain virus, in this case of KHV-T.

As previously mentioned, vaccination is one of the best strategies to combat against viral

diseases. Due to the lack of approved vaccines against the koi herpesvirus disease (KHVD),

it was necessary to establish them as safe and easily to deliver. As a prerequisite, however,

one need is an attenuated virus for this purpose. This can be achieved by cell passages or by

genetic modi�cation. The easiest way to attenuate a virus is by serial cell culture passages,

usually onto permanent growing non-host cell lines. Unfortunately, KHV is not replicated

by cell lines not originated from carp or in not suitable amount which is necessary for vac-

cine production, respectively. This was the reason why KHV-T was serially passaged onto

CCB (common carp brain) cells. Due to the lack of an immune response, the evolution and

adaption of the virus drives in a di�erent way compared to the disease susceptible hosts. The

passageing if the KHV-T led to cell culture conditions well adapted viruses which is also well

recognized from the hosts immune response. In theory, the longer the virus is passaged onto

the cells, the more attenuated it is. There is always a possibility to adapt the virus too much

to the host, leading to no immunologic reaction against the vaccine. To proof the ability of

the attenuated virus, animal experiments are the best methods to verify the attenuation and

suitability as vaccine but they are laborious and need a large number of animals. To reduce

both limiting factors, the newly established phylogenetic method based on VNTRs was used.

As considered previously, passages 51 and 78 are genetically the most distant examined pas-

sages because of this they have been used both for animal experiments. In addition, passage

99 has been used for the animal experiment as well to proof the �nding out of the sequenced

PCR amplicons obtained from the VNTR PCRs. Due to its long adaption time onto cells

culture, it should be attenuated. However, by phylogeny it was shown that it is still closely

related to the initial KHV-T. In the animal experiment using KHV-T passage 51 it was shown

that these viruses were not suitable as vaccine at all. After vaccination it presented higher

mortality and morbidity than wild type KHV-T. Moreover, �sh died peracute without ex-

pressing any clinical sign. Carp died that fast that no immune response was detectable by

an antibody ELISA. Fish vaccinated with KHV-T from passage 99 had moderate losses with

26% incidences but as a vaccine was not robust su�cently. After challenge infection using the

wild type KHV, mortality started again which indicated a missing immune protection. Best

vaccination results have been achieved with KHV-T from passage 78. In a concentration of

104 TCID50/ml no losses were detectable after vaccination but after challenge some �sh died

(24%). In comparison, with 105 TCID50/ml of the same virus, 22% died after vaccination

but only one �sh after the challenge infection. Thus KHV-T from passage 78 seems to be a

good vaccine candidate. Nevertheless, more research needs to be done. It is possible, that the

immune protection after vaccination with 104 TCID50/ml can be forti�ed with an additional

boost vaccination. A second dose of vaccine is a common practice for many vaccine, e.g.

measles, poliomyelitis and rubella. Even in �sh boost vaccination is conducted successfully,

e.g. the vaccine against the enteric redmouth disease caused by Yersinia ruckeri needs to be

applied twice [129].

Due to this results obtained from the animal experiments, whole genome sequences were
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generated of KHV-T passage 78 and passage 99 (Publication II). Sequence analysis raveled

some minor mutations, compared to KHV-T before the �rst passage (P0) but one 1363 bp

deletion was detected in KHV-T P78 in ORF150. Strangely, this mutation was absent in KHV-

T P99. NGS (next generation sequencing) results have been con�rmed by PCR using primer

pairs covering exact this region. ORF150 has a predicted RING domain [61]. Further database

research revealed a possible U-box, which suggests a possible ubiquitin E3 ligase. This 1363

bp deletion led to the loss of the RING domain and probably to the loss of the promoter

or parts of the promoter. Ubiquitinylation is very important posttranslational modi�cation

of a protein. The addition of ubiquitin decides on the fade of certain protein. It can lead

to degradation of a protein, as well as activation and many more options [130, 131, 132,

133, 134, 135]. Ubiquitin is added by three enzymes. First ubiquitin is activated by binding

to E1 under hydrolysis of ATP. In the next step ubiquitin is transferred to E2. Finally,

ubiquitin is transferred by E3 from E2 to the target. This �nal step is the proposed purpose

of pORF150. It is known, that viruses use ubiquitinylation to promote infection and evade

the hosts immune response with the examples of HIV. The viral protein Vif in�uences the

stability of the anti-viral protein APOBEC3G by ubiquitinylation. Thus leading to a more

e�ective infection [136]. Herpesviruses are also known for the use of ubiquitinylation. In

case of herpes simplex virus type 1 (HSV-1), the protein ICP0 is an E3 ligase. ICP0 targets

IFN and TNF-α response of the host [137, 138]. For KHV it is known, that the the IFN

response of carp is down-regulated [139, 140, 141]. IFN are working against the viral mRNA

synthesis [142, 143]. If pORF150 is damaged or absent, the IFN response is not in�uenced,

leading to a complete innate immune response against KHV and an impaired infection. This

is supported by the published ELISA data (Publication III). In contrast to passage 51 and 99,

passage 78 had a lower level of KHV-speci�c antibodies. In theory, pORF150 reduces innate

immune response, by doing so the humoral response is increased (higher antibody level). In

the term of passage 78, the missing or damaged pORF150 does not reduce the innate immune

response and a decreased humoral response is visible (lower antibody level). To proof this

theory, future studies need to focus on the innate response in vaccinated carp using passage 78.

Additionally, the complete mode of action of pORF150 needs to be revealed. Alongside with

previously described experiments, genetically recombined viruses were generated to aim the

same goal: an attenuated virus which can be used for vaccination. By deleting genes which are

important for the viral nucleotide metabolism, ORF55 (thymidine kinase - TK ) and ORF123

(deoxyuridine triphosphatase - DUT ), attenuation was achieved (Publication IV). In other

herpesviruses the deletion of the genes had a signi�cant in�uence (decrease) on the virulence

[144, 145, 146]. Deleting TK and DUT from the KHV genome by homologous recombination

had no in�uence on the viral replication onto cell cultures. This means both are expandable,

for the �sh immune response as well as for the virus replication in �sh and onto cell cultures.

Additionally, the virulence was decreased in vivo compared to wild type infection. Especially,

the double deletion of TK and DUT induced minor clinical signs (skin lesions) and only less

than 5% mortality. The experiments were not only conducted with a KHV-T background,

even in KHV-I (from Israel - European lineage) background, both with similar results. After

challenging the vaccinated �sh with wild type KHV, no clinical signs and no mortality was
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visible. Thus, carp were protected by immunization with double deleted KHV. KHV-speci�c

antibodies were detected by ELISA. Antibody levels of vaccinated animals and wild type

infected were similar, which corresponds to good humoral immune response. Additional gill

swabs haven been taken for DNA detection of KHV by real-time (q)PCR. KHV missing TK

exposed less DNA than wild type KHV or the revertant virus. These �ndings correlate with

data of other herpesviruses [144, 145, 146]. In cell culture, TK and / or DUT deletions had

comparable replication kinetics as wild type KHV. However, in vivo TK deletions present an

impaired replication kinetics. This is highly likely caused by the disadvantageous nucleotide

metabolism, due to the lack of TK. Furthermore, on the basis of ORF55 (TK ) an additional

real-time PCR have been developed to distinguish between vaccinated and wild type infected

animals (genetic DIVA). This new PCR has a similar sensitivity as the one established by

Gilad [90]. Two weeks after challenge infection with KHV-T, all sampled �sh were positive

for both real-time PCRs with equal cycle of quanti�cation (Cq). Hence, TK was detected

even in carp vaccinated with TK deleted KHV, indicating the presence of challenge virus and

that the vaccination did not induces a sterile immunity. Luckily, the KHV DNA amount after

challenge was less than after vaccination which indicates that the challenge infection is limited

by the acquired immune protection. Having a recombinant vaccine candidate, a serological

DIVA approach would be advantageous (Publication V). The glycoproteins on the surface of

the virion represent a good target for this approach, especially the proteins of the ORF25

family (pORF25, pORF26, pORF27, pORF65, pORF148, pORF149). The ORF25 family is

conserved in cyprinid herpesviruses but not in other herpesviruses [60, 61]. Due to mutations

causing a frame shift in ORF26 and ORF27, in some types of KHV [63], both were considered

as a inadequate target. Additionally, in previous studies carp sera recognized experimentally

transfected cells with ORF25, ORF65, ORF148 and ORF149 [147]. After generating single

gene deletions of ORF25and ORF149, both displayed a delayed viral replication and cell to

cell spread, whereas the ORF65 deletion was without any e�ect. These �ndings correspond

with published data by a Belgian group [148]. In contrast to the negative e�ect of ORF25 and

ORF149 deletion, the deletion of ORF148 has a positive e�ect on replication and cell spread.

Moreover, it is capable to neutralize the negative e�ect of ORF149 in a double deletion mutant.

Both proteins displayed a 37.5% similarity of amino acid sequences. For further researches on

the deletion mutants, viral penetration studies were performed. Again, the deletion of ORF25

and ORF149 had an adversely e�ect on the penetration, while ORF65 and ORF148 had no

e�ect. The delayed cell to cell spread of ORF25 and ORF149 deletions can be explained by

their slow penetration. In the family Herpesviridae the surface glycoproteins (gB, gD, gH

and gL) are responsible for membrane fusion [149, 150]. Unfortunately, this process remains

unclear yet. Furthermore, homologous proteins or glycoproteins, responsible for membrane

fusion, are unknown for KHV. The ORF25 family highly likely is not involved in this process

because they are restricted to Cyprinivirus [60, 61] and they are expandable for replication

[148]. A recent study revealed that the deletion of ORF25 family proteins leads to attenuation

of KHV but not to a protective immunity which was indicated by losses after challenge with

wild type virus [148] or both (Publication V) had no in�uence on the protection of vaccinated

�sh. Additionally, they did not a�ected ELISA results. Thus, leading to the fact, that they
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do not in�uence the humoral immune response. However, in combination with the deletion

of TK and DUT, which attenuate KHV, an vaccine virus might be achieved, detectable by

ELISA. Hence, a serological DIVA approach might be possible in future studies.

Beside vaccination a continuous surveillance of carp and koi stocks is important to combat

KHV. Surveillance of KHV is done by detecting its DNA [151, 152, 153, 154, 106, 155]. The

drawback of this method is that KHV can be detected but it is unknown, whether there is an

active or a persistent infection. For this purpose an antigen ELISA was established (Publica-

tion VI). This ELISA detects the virus itself or its proteins, respectively. Thus, di�erentiation

between active (ELISA positive) and persistent infection (ELISA negative) is possible. The

antigen ELISA is based on a polyclonal rabbit serum, raised against complete KHV, and

a monoclonal antibody (mab), recognizing pORF149 [147]. The polyclonal serum captures

KHV, which is subsequently detected using the mab and a speci�c antibody conjugated with

horse reddish peroxidase (HRP). 3,3',5,5'-Tetramethylbenzidine (TMB) donates hydrogen for

the reduction of hydrogen peroxide by HRP, resulting in a blue staining. For validation of

this ELISA, KHV from di�erent origins was used, even from di�erent lineages. Moreover, the

viruses were cultivated at 20°C and 26°C. In this process, the viruses had di�erent replications

kinetics. For instance, KHV-T was replicated better at 26°C, while KHV-F (from France) was

replicated better at 20°C. Thus indicating, that KHV from di�erent geographic origins are

adapted to di�erent temperatures, despite 99% genomic similarity [60]. Hence the question

arises, if the temperature adaption is similar in �sh. The replication kinetics was monitored

by ELISA and DNA and RNA detection. Unfortunately, RNA detection was hardly possi-

ble using the RT-PCR established by Yuasa and coworker [156]. This method recognized

only three out of �ve isolates and only at three to six days post infection. The reason for

this error was not further investigated. One reason might be the reverse transcription. It

is recommended for RNA from �sh and KHV to use both, oligo-dT and random hexamere

(M. Adamek personal communication). Both temperatures had a distinct peak one day after

infection. This might came from virus administration to cell culture, applied and newly made

virus were indistinguishable. Two distinct peaks were visible at 20°C afterwards, whereas one

concentrated peak occurred at 26°C. Eight days after infection, both temperatures have had

a similar progression, determined by qPCR. Same kinetics have been recorded by ELISA.

One exception needs to be mentioned, the ELISA kinetics has had a 24h delay compered to

DNA. In future work, the ELISA needs to be adapted to organ samples. This would improve

diagnostics remarkably. As a consequence, detection of KHVs DNA and the virus itself would

be possible, connected to revealing latent, persistent or sub clinical infections.

To sum it up, by the use of sequencing of VNTR KHV diagnostics was improved. The

resulting phylogeny makes tracing of KHV possible, especially in case of outbreaks. An atten-

uated vaccine was established by serial cell culture passages, which protects carp. Moreover a

deletion was found in ORF150, which is correlated to a decreased virulence of KHV. Further-

more, deletion of TK and DUT causing attenuation of KHV, leading to a genetically modi�ed

vaccine virus. Additional deletion of ORF148 and ORF149 are suitable targets for serolog-

ical di�erentiation of infected and vaccinated animals, e.g. by ELISA. Lastly, the recently

established antigen ELISA allows detection of viral particles.
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