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A B S T R A C T   

Allopolyploids often experience subgenome dominance, with one subgenome showing higher levels of gene 
expression and greater gene retention. Here, we address the functionality of both subgenomes of allotetraploid 
common carp (Cyprinus carpio) by analysing a functional network of interferon-stimulated genes (ISGs) crucial in 
anti-viral immune defence. As an indicator of subgenome dominance we investigated retainment of a core set of 
ohnologous ISGs. To facilitate our functional genomic analysis a high quality genome was assembled (WagV4.0). 
Transcriptome data from an in vitro experiment mimicking a viral infection was used to infer ISG expression. 
Transcriptome analysis confirmed induction of 88 ISG ohnologs on both subgenomes. In both control and 
infected states, average expression of ISG ohnologs was comparable between the two subgenomes. Also, the 
highest expressing and most inducible gene copies of an ohnolog pair could be derived from either subgenome. 
We found no strong evidence of subgenome dominance for common carp.   

1. Introduction 

Whole genome duplications (WGDs) have played a major role in the 
evolution of plants and animals [1,2,3,4]. Although WGDs have been 
observed more frequently in plants and invertebrates, the root of the 
vertebrate evolutionary tree is marked by two WGD events [5,6–8]. In 
addition, WGDs have occurred in various branches of the vertebrate 
tree, including in ray finned fishes known as Teleostei. More recent 
rounds of WGDs occurred in several teleostei groups [9,10,11,12], in 
most cases recent enough for these species to be considered tetraploids. 

Duplicate gene copies originating from a WGD event are referred to 
as ohnologs [13,14]. Duplicate genes may eventually be lost over time, a 
process known as rediploidisation ([15,16]; [17]). Gene loss occurs by 
relieve of evolutionary constraints, due to functional redundancy and 

accumulation of deleterious mutations. Although generally one gene 
copy is enough to maintain the ancestral function, some ohnologs attain 
non-overlapping functions (subfunctionalization or neo
functionalization) and both gene copies are then conserved. The degree 
to which ohnologs are maintained, therefore, depends on time since 
duplication and on functional significance [14]. 

WGD events can be divided into two forms, alloploidy, which refers 
to interspecific hybridization, and autoploidy, which refers to direct 
intraspecific genome doubling [18]. A teleost example of an ancient 
autotetraploidy event are salmonids. The ancestor of salmonids has 
undergone a direct genome doubling event about 80 million years ago 
(MYA) [10]. More recent teleost examples of allotetraploids are pre
sented by the common carp (Cyprinus carpio) and goldfish (Carassius 
auratus), who share an allotetraploid ancestor resulting from 
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interspecific hybridization about 12 MYA [19,20,21,22]. 
The allotetraploid common carp has two subgenomes, ‘A’ and ‘B’ 

[20,21,23,24], which do not recombine [19]. An important question in 
such allotetraploid genomes is if in the absence of recombination sub
genomes each retain function of all genes, or, if not, how rediploidiza
tion occurs, and how fast. In this process it may be especially relevant to 
understand if one subgenome is dominant as shown by consistently 
higher gene expression in one subgenome compared to the other. If 
subgenome dominance exists it may, in part, explain asymmetries in 
rates of gene loss or subfunctionalization, and therefore is an important 
feature to quantify in detail. 

It has been proposed that in common carp both subgenomes are 
equally under purifying selection, retaining a high degree of ohnologs in 
near equal numbers [11,12]. Recently, research on the common carp 
suggested a certain degree of subgenome dominance; although both 
subgenomes A and B actively express their genes, subgenome B 
expression on average is slightly higher than subgenome A expression 
[22,12]. For a total of 7536 expressed ohnologous gene pairs investi
gated, [12] reported expression differences >2-fold change in at least 
one tissue for 5403 homeologs in subgenome B compared to 4719 
homeologs in subgenome A. 

Such a broad characterization of mean expression level, however, 
does not address the full functional contributions of each subgenome. It 
omits important properties such as the degree to which ohnologous 
genes of either subgenome may be induced when required. Function of 
well-annotated ohnologs in allotetraploid common carp are best studied 
addressing genes with known phylogenetic history and functional roles 
in molecular pathways [25,26]. Here, to study common carp subgenome 
expression and function of ohnologous genes in a biological context, we 
created a high quality, chromosome-level assembly. We focused on a 
broad but conserved set of induced genes united in their general func
tion - but not their molecular mechanisms or phylogenetic origin - to 
combat expansion of viral infections within the infected host. A high 
quality assembly at chromosome level is essential for an unambiguous 
allocation of duplicated genes to the two subgenomes, while the choice 
to study a conserved set of induced genes considered important to 
combat viral infections provides a broad analysis across the genome. 

During anti-viral immune responses, secreted interferon initiates a 
cascade of expression of interferon stimulated genes (ISGs), resulting in 
various enzymes, transcription-factors and secreted molecules to be 
released within and outside the virus-infected cell. Central to the 
induced expression of ISGs is activation of the interferon type I pathway, 
an immune pathway well-studied across vertebrates [27,28,29]. ISGs 
collectively comprise a broad set of genes, diverse in function and 
distributed across the genome, well-characterized for their induced 
expression in response to interferon type-1 following viral infection. As 
such the ISGs form an interesting case into subgenome constituent and 
induced expression and function. We studied the evolution of common 
carp ISGs function based on information from 72 ortholog groups 
including most of the known signalling components of the IFN system as 
well as key effectors, previously identified as a core ancestral ISG 
repertoire present in both zebrafish and humans [30]. We address 
whether the full core set of ISGs has been retained in duplicate, and 
whether there is a difference in ohnolog basal and induced gene 
expression at subgenome level. We discuss to which degree our data 
influence conclusions on the presence of subgenome dominance for 
allotetraploid common carp. 

2. Results 

2.1. A new common carp genome assembly for subgenome identification 

The genome of common carp was sequenced, first with Oxford 
nanopore long-read technology (Supplementary Table 1) and then with 
Illumina short-read technology (resulting in 483,633,600 paired end 
reads) to decrease sequencing error rates and assembly polishing. The 

reads were assembled into 50 major scaffolds, corresponding to the 50 
expected chromosomes. These scaffolds showed high continuity (Fig. 1) 
and high congruence with linkage map data (Supplementary material 2) 
The HiC contact map shows that there are no major interactions between 
chromosomes and thus, indicates no major remaining large-scale as
sembly inconsistencies (Fig. 1). The resulting genome assembly 
Cypcar_WagV4.0 is therefore assembled at chromosome level (Supple
mentary Table 1). The assembly, and gene annotation, is available as 
Cypcar_WagV4.0 (GCA_905221575.1) since Ensembl Release 106. 

2.2. The tetraploid structure of the carp genome 

We identified 25 pairs of chromosomes formed by the alloploidy 
event with the help of existing linkage map markers. Linkage map 
markers from one chromosome secondarily mapped to the ohnologous 
chromosome of the chromosome pair. The 25 chromosome pairs of the 
common carp were divided into two subgenomes (A and B) by nucleo
tide sequence comparisons with the Tapien genome (Fig. 2). Sequence 
comparisons consistently showed one of the chromosomes in a carp 
chromosome pair always having a higher mapping percentage to Tapien 
compared to its pair counterpart, hence sorted as part of subgenome B 
(Supplementary Table 2). In general, all chromosome pairs have com
parable sizes, except for the pair of chromosome 6 and 44. Chromosome 
6 has a size of 31,259,323 bp, comparable to other chromosomes, while 
chromosome 44 is the smallest chromosome in the assembly with only 
18,875,570 bp (Supplementary Table 2). Next, the common carp (N =
50) assembly was mapped to the Ensembl zebrafish assembly (N = 25). 
The carp chromosome pairs showed sequence similarity to zebrafish 
chromosomes allowing unambiguous inference of synteny to zebrafish 
(Supplementary Table 3, Fig. 3). 

2.3. Genome completeness and subgenome retention 

A BUSCO analysis was performed on Cypcar_WagV4.0 (Table 1) with 
a vertebrate and Actinopterygii gene set of 2586 and 4584 genes 
respectively, to assess genome and subgenome completeness. The 
Cypcar_WagV4.0 assembly showed BUSCO completeness between 
98.3% - 97.0% for complete genes, indicating the carp assembly is 
nearly complete. The analysis also showed the high degree of duplicated 
genes that are still present in the common carp genome by complete and 
duplicated BUSCOs ranging from 64.2% - 66.2% (Table 1). For further 
insight in functional completeness of each of the common carp sub
genomes, the BUSCO analyses were repeated for each subgenome 
separately. The BUSCO analyses of both subgenomes showed high gene 
completeness; 86.4–92%, and low presence of duplicated genes within 
subgenome A; 2.6%–3.5%, and subgenome B; 2.9%–3.6%. This dem
onstrates that the high degree of duplication in common carp is the 
result of the genome duplication, as expected, with subgenome B 
showing slightly higher intactness compared to subgenome A. Differ
ences in the number of missing BUSCO genes between the subgenomes 
were not significant (Chi-square test statistic 0.2986 P-value 0.585). 

2.4. Interferon stimulated genes in the carp genome 

An established ancestral set of zebrafish ISGs (n = 103), belonging to 
72 ortholog groups that are conserved between humans and zebrafish, 
was used to annotate ISGs in the new carp assembly. In total, 88 ISGs 
were identified in the Cypcar_WagV4.0 genome (Fig. 4 & Supplementary 
Table 4). The protein domains of the 88 ISGs identified in carp were 
predicted and their orthologs were identified also in zebrafish con
firming their conservation in carp. The 88 ISGs included members of all 
72 conserved ortholog groups except cxcl11.3. Though we did find a 
candidate region for cxcl11.3, we could not identify a predicted gene in 
either subgenome. The number of 88 ISGs identified in carp is smaller 
than the original set of 103 ISGs identified in zebrafish for several rea
sons. From the 103 ISGs, ifi44a5 and ogfrl1 belonging to ortholog groups 
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ifi44 and ogfrl respectively, could not be identified (Supplementary 
Table 4), suggesting they were lost in the common carp. Further, six 
single copy ISGs of common carp are duplicated several times in 
zebrafish. (Supplementary Table 4). For example, from two zebrafish 
ISG genes adjacent to each other, known annotated in zebrafish as 
myxovirus (influenza virus) resistance C and E (mxc and mxe), only one 
gene was found in the orthologous position of the carp genome. Based on 
sequence similarity it was not possible to distinguish which zebrafish mx 

gene the carp gene was most similar to. The carp gene is referred to as 
mxc_e in this study. Of the 88 ISGs present in carp, eight were present in 
only one subgenome (Fig. 4, Supplementary Table 4 & Supplementary 
Fig. 2). For subgenome A these were rigi, apol and mxc_e and for sub
genome B, samd9, parp12b, tap1, b2mlike and trex3. Neither protein or 
nucleotide sequence BLAST searches, synteny analysis or RNA-seq reads 
comparison indicated gene presence of these eight genes in their sub
genome counterpart or unassembled contigs. We identified three ISGs 
that have undergone extra duplications in only one subgenome resulting 
in carp specific paralogs that were duplicated post WGD (Supplementary 
Table 4 and Supplementary Fig. 3). The ISG gimap, rarres3 and lgals3bpb 
are found on both subgenomes but also have an extra duplicate on 
subgenome B. 

Of the 88 ISGs identified in common carp, 74 (84%) were present as 
ohnologs, one in each subgenome (column A1 and B1 Supplementary 
Table 4). One ohnolog of the gene rnf213a had to be excluded from 
further analysis due to the gene annotation not being consistent with the 
latest Ensembl annotation. The final result was a set of 73 ohnologs to 
compare with a 1:1 ratio and synteny between the carp subgenomes. 

2.5. Gene expression of ohnologous genes 

RNA-seq data were mapped to Cypcar_WagV4.0 and showed high 
unique mapping scores with little evidence of subgenome mapping 
ambiguity. A principal component analysis of 6 control and 6 Poly I:C 
treated samples distinctively separated control from treated samples, 
explaining 94% of the experimental variation (Supplementary Fig. 1) 
and confirming the poly I:C treatment induced consistent results 

Fig. 1. HiC contact map of carpV4 genome assembly. 
Shows chromosome conformation capture interaction matrix. Degree of red colouring indicates intensity of interaction between and within chromosomes. Chro
mosomes 1–50 are shows by black outlined squires. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. Common carp Phylogeny. 
graphical representation of phylogenetic relationships between zebrafish (Danio 
rerio), Tapien (Poropuntius huangchuchieni), common carp (Cyprinus carpio). * 
sign indicates WGD event. 
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significantly different from the basal condition. Out of the 41,372 genes 
with nonzero total read count (adj. p-value <0.0.5), 8162 (19,7%) genes 
were significantly upregulated, 8671 (20,9%) were significantly down 
regulated. The remaining 53% of genes did not significantly change 
expression. 

To address differences in expression between ohnologous gene pairs, 
we first composed a reference set of 3183 genes with a 1:1:1 ohnologous 
relationship between subgenome A, subgenome B and zebrafish. For 
subgenome A, 2762 (86.7%) of genes reached the minimum read count 
threshold set by Deseq2 and were used for further analysis. Out of the 
2762 subgenome A genes, 600 (22%) and 676 (24%) were significantly 
upregulated and downregulated, respectively, in response to Poly I:C 
(adj. p-value <0.05). For subgenome B, 2820 (88.6%) genes had read 
counts higher than 0 and thus were used for further analysis. Out of the 
2820 subgenome B genes, 618 (22%) and 719 (25%) were significantly 
upregulated and downregulated, respectively (adj. p-value <0.05). 
Thus, for both subgenomes, a similar proportion of upregulated or down 
regulated genes was found out of the 3183 genes. When comparing the 
significantly expressing ohnologs between the subgenomes, only about 
50% of the ohnolog pairs showed similar expression levels of both 
copies. Whereas 353 and 360 pairs were significantly up regulated and 
down regulated, respectively, in one copy compared to the other 
(Fig. 6a–b). 

We calculated the average log2fold change and counts for all the 
3183 genes in the ohnolog set for each subgenome separately. The 
log2fold changes (treatment vs. control) varied between genes (Sup
plementary Fig. 5a). For subgenome A log2fold changes differed be
tween genes with a standard deviation of 0.91, with an average log2fold 
change of − 0.019 (Supplementary Fig. 6). Similarly for subgenome B the 
log2fold changes differed between genes with a standard deviation of 
0.78, with an average log2fold change of − 0.024 (Supplementary 

Fig. 3. Graphical representation of synteny between zebrafish (Danio rerio) and subgenomes of the common carp (Cyprinus carpio). 
Zebrafish chromosomes are represented in black with title danio. Zebrafish chromosome numbers correspond with chromosome id of zebrafish genome (Danio_rerio. 
GRCz11). Common carp subgenome A is represented in blue with header “carpa”. Common carp subgenome B is represented in blue with header “carpb”. Chro
mosome numbers of common carp subgenome A and B correspond with linkage map. Grey lines connect 2306 synteny anchors based on protein similarity between 
common carp and zebrafish. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
BUSCO analysis genome carpV4 & subgenomes A and B.   

Cypcar_WagV4.0 Subgenome 
A 

Subgenome 
B 

Vertebrata (Odb9, N = 2586) 
Complete BUSCOs 98.3% 86.4% 91.4% 
Complete and single-copy 

BUSCOs 
34.1% 83.8% 88.5% 

Complete and duplicated 
BUSCOs 

64.2% 2.6% 2.9% 

Fragmented BUSCOs 0.4% 2.9% 2.0% 
Missing BUSCOs 1.3% 10.7% 6.6%  

Actinopterygii (Odb9, N = 4584) 
Complete BUSCOs 97.0% 88.6% 92.0% 
Complete and single-copy 

BUSCOs 
30.8% 85.1% 88.4% 

Complete and duplicated 
BUSCOs 

66.2% 3.5% 3.6% 

Fragmented BUSCOs 0.6% 1.7% 1.4% 
Missing BUSCOs 2.4% 9.7% 6.6%  
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Fig. 6). A high standard deviation for both subgenomes was observed, 
indicating high variation of inducibility between ohnologous genes 
pairs. Average counts and standard deviations were comparable be
tween subgenome A and B, both in control and treatment conditions 
(Supplementary Fig. 5b and 7). We observed no significant subgenome 
dominance between subgenomes based on median counts and fold
changes (unpaired-two-samples-wilcoxon-test, p-value <0.05). 

From the ISG annotated in the new assembly of the carp genome (88/ 
103 ancestral zebrafish ISGs), 83% (73/88) were present in a 1:1 ratio, 
defined as ohnologs, and analysed for gene expression from both sub
genomes (Supplementary Table 4, Fig. 5). First, 72 and 71 ISGs, for 
subgenome A and B respectively, were accepted by Deseq2 standard 
filtering process based on normalized read counts. For subgenome A, 61 
out of 72 genes were significantly upregulated (adj.p-value <0.05). 
Three ISGs were significantly down regulated, and the 8 remaining ISGs 
did not show significant expression changes due to the treatment. For 
subgenome B, 62 out of 71 ISGs were significantly upregulated (adj. p- 
value <0.05). Five ISGs were significantly down regulated and three 
ISGs that showed no significant expression change due to the treatment. 
When comparing the expressed ISGs of both subgenomes, 61 out of 73 
showed similar expression results in both subgenomes; 56 sig. up 
regulated and two sig. down regulated, and three ISGs that showed non- 
significant expression in both subgenomes. (Fig. 6d-e). 

As could be expected from a broad network of genes such as ISGs 
with different functions (e.g. membrane proteins, transcription factors, 
enzymes; see Fig. 4), inducibility (i.e. fold changes) differed greatly 
between different ISGs. Genes could be induced >15 fold, or could be 
negatively regulated at − 5 fold, in line with different functions within 
the interferon network. We did not observe a functional division be
tween the subgenomes based on ISG functions, For example induced 
expression of transcription factors would not be consistently highest for 
subgenome B ohnologs. Most importantly, the viral mimic Poly I:C led to 
the induction of ISG gene expression in both subgenomes, without evi
dence of subgenome dominance (Fig. 5a). When looking at absolute 
counts, we did not observe subgenome dominance for basal gene 
expression of ISGs nor for the counts observed in the Poly I:C condition 
(Fig. 5b). 

For example, the gene for radical SAM domain-containing 2; rsad2, 
also known as viperin, was only significantly expressed in subgenome B, 
while the subgenome A ohnolog showed significant higher counts in 
basal conditions (34,949.03 compared to 19,278.42). Also, the genes for 
signal transducer and activator of transcription stat1a and for interferon 
regulatory factor irf7, two transcription factors, had completely different 
subgenome expression, with stat1a having significantly lower basal 
expression in subgenome A compared to B, while irf7 showed compa
rable basal expression in both ohnologs. Stat1a was significantly induced 

Fig. 4. Graphical Overview of Ancestral ISG ortholog groups in common carp based on Levraud et al. [30]. 
Graphical representation of all 72 ancestral ISG ortholog groups annotated in carpV4. A ortholog group may contain multiple ISGs. Rounded outlines with colours 
reflect functional groups of ISGs. Squire orange boxes indicate non ISGs, with exception of MHC cII, which group was not included in this study. Dotted arrows 
indicate positive feedback function, while bold lines with minus end stripe indicate inhibitory function. Dotted shape outlines indicate secreted factors both for ISGs 
and non ISGs. An asterisk (*) indicates ancestral ISG ortholog groups that had carp subgenome specific deletions and duplications. This figure is based on functional 
ordering of orthologous zebrafish (Danio rerio) ancestral ISGs in Levraud et al. [30]. 
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and expressed in both subgenomes (adj. p-value 0.05), while irf7 only 
showed significant upregulation in subgenome A (adj. p-value <0.05). 
In contrast, the gene for interferon induced protein 44, ifi44c2, had 
significantly higher counts for basal and induced expression in sub
genome B but only significantly expressed in subgenome A. 

These observations showed no indication of subgenome dominance, 

but rather showed the gene expression patterns of the carp ISG ohnologs 
appeared highly variable, and randomly distributed over the two sub
genomes. Statistical testing for consistent subgenome differences in 
counts for carp ISGs were insignificant (unpaired-two-samples-wil
coxon-test, p-value <0.05), in both basal and poly I:C conditions (Sup
plementary Fig. 4). When taking all foldchanges of ISG ohnologs 

Fig. 5. Fold change & normalized counts of induced ISGs. 
5a. Shows the log2foldchange (PolyIC exposed samples compared to control) for subgenome A and B ohnologs that were present in 1:1 on both subgenomes. 5b. 
Shows the log10 normalized counts of subgenome A and B ohnologs in control and PolyIC conditions. Three groups were made based on counts in control conditions 
of subgenome A; subgenome A genes <500 read counts, subgenome A genes with read counts between 500 and 2500 and subgenome A genes with > 2500 read 
counts. Gene name colours correspond to the functional groups of Fig. 4. 
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together we did not observe significant differences between subgenome 
A and B (unpaired-two-samples-wilcoxon-test, p-value <0.05). 

When comparing the basal response to the log2fold change for both 
the ISGs and the ohnolog gene set we observed that the ISGs ohnologs 
are on average higher induced than the ~3000 random non ISG ohnolog 
gene set within this experiment (Fig. 6). The non-ISG ohnolog set 
showed a higher subgenome expression variation, with fewer gene pairs 
showing similar significant upregulated gene expression patterns 
compared to the ISG ohnolog pairs (Fig. 6 b-e). In the Poly I:C challenged 
fish the ohnolog gene set showed a lower average count compared to the 
basal expression observed in the ISGs (Supplementary Fig. 5b and 7). 
This further demonstrates the consistent function of the ISGs where over 
80% of the ohnolog pairs showed similar significant expression, while 
for a random selected ohnolog set we observed that ~50% of pairs only 
the copy on one subgenome showing significant expression. Fig. 6 
further demonstrates that the two subgenomes overlap in their expres
sion by showing clear overlap of ISGs (red and blue dots) belonging to 
the two subgenomes, as well as the non ISG ohnolog set genes showing 
no clear separate clustering of subgenomes (grey and black dots). 
Though the subgenomes may differ in ohnolog basal expression and 
inducibility, when taking the average expression we do not observe 
consistent subgenome dominance in both gene sets. 

BUSCO analysis with both vertebrata and Actinopterygii gene data
sets as input. BUSCO completeness percentages were used as an indi
cation of genome and subgenome completeness. BUSCO analysis of 
whole genome included all scaffolds. For subgenome A and B, 25 
chromosomes respectively were used as input for BUSCO analysis. 

3. Discussion 

The allotetraploid common carp is a relatively recent (12 MYA) 
hybrid between two related cyprinid species. Assuming the absence of 

recombination between homologous chromosomes of the two donor 
species, it has two separate subgenomes, named A and B. Thus, the two- 
thirds of the duplicated genes that have been retained since the dupli
cations [12], are expected to be ohnologs. The overarching question 
addressed here is whether we can observe subgenome functional 
dominance: does one subgenome retain a higher number of genes, are 
genes expressed more in one subgenome, or are genes of one subgenome 
systematically induced more upon stimulus. This question was 
addressed by studying a conserved set of ISG genes that are known for 
their common trait of Interferon-type 1 inducibility during an antiviral 
response. Due to this consistent shared trait we could directly relate 
induction of ISGs to subgenome gene expression and function. 

To this end, a common carp genome was assembled to chromosome- 
level with a specific R3xR8 genetic history[31,32]. The Nanopore long 
read sequencing produced a primary assembly with lengths contained 
half to sometimes complete chromosomes (Supplementary Table 1). 
Combining our primary assembly with HiC scaffolding resulted in a 
chromosome level final assembly (Fig. 1). The carp used for the as
sembly is genetically similar to the carp used for the immunological 
stimulus experiment. Having a close genetic relationship between 
reference individual and RNA-seq data is expected to limit ambiguity in 
mapping of RNA-seq data to the two subgenomes. 

To get a first impression of the completeness of our genome a BUSCO 
gene analyses was done for the new genome as well as the identified 
subgenomes separately. The BUSCO analysis of our new genome indi
cated the presence of 63% duplicates, which mostly reflects the dupli
cation present due to the two subgenomes (Table 1). Similar patterns of 
gene duplication have been observed in the closely related goldfish, 
where 58% of BUSCO genes were found in duplicate [33]. Previous 
studies hinted at a degree of dominance in the allotetraploid carp 
genome, with one subgenome (A) showing lower gene expression and 
lower gene completeness [22,12]. We also observed more complete 

Fig. 6. a. Log2 foldchange compared with basal expression of subgenome 1:1. 
Ohnologous genes represented as dots within in the Figure. Ancestral ISGs represented in Blue and Red. The set of ~3000 selected Orthologous genes represented in 
Black and Grey. All included genes are present in a 1:1 ratio between subgenome A and B. Basal expression was the average of read numbers mapped onto a given 
gene in control (pbs injected) head kidney leukocytes. Log2 Foldchange is the ratio of reads numbers in PolyIC exposed head kidney leukocytes divided by basal 
expression. 
b–e Significantly expressed ohnolog of viral mimic experiments for both subgenomes. Fig. 6b shows significantly upregulated genes of the 3183 ohnolog gene set (P- 
value <0.05). 6c shows significantly down regulated genes of the 3183 ohnolog gene set. 6d shows significantly upregulated genes of the ISG gene set (P-value 
<0.05). 6e shows significantly down regulated genes of the ISG set. Overlap shows gene pairs that were significantly expressed in both subgenomes. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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BUSCOs in subgenome B compared to A, suggesting that, in the process 
of rediploidization, subgenome A, more than B, would be on a path to 
lower functionality. However, BUSCOs are genes expected to be highly 
conserved and thus less likely to experience gene loss. Neither of the two 
subgenomes had a complete BUSCO gene set, indicating that the com
mon carp would need both subgenomes for complete genome function. 

Next we looked for possible subgenome-specific retainment of genes 
in well studied molecular network (Fig. 4). Similar to the findings for 
BUSCO genes, none of two subgenomes had a complete ISG core gene 
set, again indicating that the common carp would need both sub
genomes for a complete ISG repertoire. However, subgenome specific 
gene loss was small, with 86% 1:1 ohnologous gene pairs remaining 
between the subgenomes. The 86% percentage of conserved gene 
duplication between the subgenomes could suggest a higher degree of 
retained ohnologs in specific gene networks when compared to the 
~60% duplication observed in the BUSCO gene sets. 

In contrast with gene number asymmetry observed in the closely 
related allotetraploid goldfish (Carassius auratus) and the allotetraploid 
frog (Xenopus laevis), where pseudogenes evolved asymmetrically be
tween the subgenomes [11,34], our detailed core ISG annotation pro
vided no compelling evidence for asymmetrical gene loss within a 
functional network of carp ohnologs. Our finding is in line with [11], 
who observed symmetric accumulation of pseudo genes of the sub
genomes of common carp. 

The retention of ISGs in both subgenomes can partly be explained by 
the WGD event having occurred recently (12MY). It is likely that over 
time more duplicates will be lost. For example, after WGD events certain 
genes have a higher chance to be maintained as duplicate due to the 
evolutionary advantage of maintaining a stoichiometric balance [35,36] 
or can even be maintained based for the higher expression needs after 
whole genome duplication alone. However, explanations of retentions of 
duplicates through a single process are unlikely to be complete, as 
multiple processes can influence a gene towards altered expression and 
new functions [37]. This was also observed for the autotetraploid 
Atlantic salmon, where the gene balance hypothesis alone could not 
explain the retention of certain gene copies [10]. 

To study the asymmetry of subgenome gene expression, we first 
investigated a larger set of ~3000 ohnologous genes that have a 1:1:1 
relationship between subgenome A, subgenome B, and zebrafish. Com
parable with the ISG ohnologs, this reference set of ohnologs was spread 
across the whole genome of carp, with genes being present on almost 
every chromosome. By calculating the average expression of the ~3000 
ohnologous genes on both subgenomes, we did not observe significant 
subgenome dominant expression. Interestingly we did observe expres
sion asymmetry between the subgenomes when directly comparing 
ohnolog pairs. About 40% of the ohnologs were significantly differen
tially expressed upon exposure to Poly I:C (Fig. 6b-c). We observed that 
of these significantly differentially expressed genes only about half of 
the ohnolog pairs were expressed similarly between both subgenomes 
(Fig. 6b-c). This could indicate divergence in gene regulation and 
function between subgenome A and B. 

In contrast with our reference set of ohnologs, expression of practi
cally all ISG ohnologs was evident, both under control conditions and 
under conditions where they were induced by exposure to Poly I:C. 
Almost all ISG ohnologs were induced by the viral mimic, but with high 
variation in activation between the different genes (Fig. 5). The high 
variation can be explained by the different functions these ISGs perform 
in the gene network (Fig. 4). As expected, the ISGs show higher induc
tion compared to our reference ohnolog set (Fig. 6a), as our experi
mental stimulus was selected for these ISGs specifically. In contrast to 
our reference set, >75% of our ISGs ohnolog pairs showed similar sig
nificant expression patterns between the pairs (Fig. 6d-e). 

The significant induction in the same direction of the majority of ISG 
pairs demonstrates both subgenomes are responding to the immuno
logical stimulus in a similar manner. Expression patterns between 
ohnologs differed in basal expression and inducibility, but showed no 

clear evidence of subgenome dominance, here defined as a systematic 
expression difference between two ohnologs depending on subgenome. 
The pattern that ISG ohnolog expression was randomly higher in either 
subgenome, was mirrored by a comparable pattern for the observed 
expression of the reference ohnolog set (Supplementary Fig. 5–7). In 
contrast to the higher expression of subgenome B that has been reported 
[22,12], our data did not provide evidence for consistent higher gene 
expression of subgenome B, neither for the reference ohnolog set nor for 
the ISGs. Therefore we found no evidence for subgenome dominance in 
common carp. 

In addition the induction patterns of ohnologs can be conserved over 
time. For example, the duplicated genes stat1a and stat1b are known to 
differ in inducibility in zebrafish [30]. Both gene copies are present in 
duplicate in common carp resulting a 2:4 ratio of stat1 between zebrafish 
and common carp. Comparable to zebrafish, stat1b expression and 
inducibility is higher than stat1a in both subgenomes of carp, conserving 
expression patterns over evolutionary time. 

Though we do not observe significant expression dominance on 
average, we do observe different expression patterns within ohnologs 
pairs. Even under situations where genes, e.g. annotated to subgenome 
A, had low constituent expression, they sometimes proved even more 
inducible than their ohnolog counterpart. As a result, a gene with low 
constituent expression can contribute equal or more than its ohnolog 
post-stimulus. These differences in inducibility between ohnolog pairs 
could also point to subfunctionalization. In this way both gene copies 
could maintain an important role in a gene network, by one expressing 
more in basal conditions while the other showing increased expression 
after viral infection. That the higher inducible gene copy is not consis
tently from the same subgenome may indicate that both subgenomes are 
on a similar rediploidisation path. Copied genes may disappear 
randomly from each subgenome without substantially increasing the 
dominance of either. 

In summary, by studying common carp ohnologs present in a 1:1 
ratio between the subgenomes we did not observe subgenome dominant 
expression. Both subgenomes were near equal in their average basal 
expression and average induction. Specifically, with the ISGs we could 
directly compare subgenome functionality and gene expression in a 
network of genes with known functions and phylogenetic history. Here, 
no subgenome dominance was observed in the common carp either. 
Rather, the highest expressing and inducible gene of an ohnolog pair 
may be derived from either subgenome. The allotetraploid common carp 
is therefore an example of a recently duplicated vertebrate genome 
consisting of balanced subgenomes. 

4. Materials & methods 

4.1. Primary genome sequencing and assembly 

To minimize genetic divergence between the carp (an R3xR8 cross) 
used for the functional study and the reference used for mapping RNA- 
seq data, first a new chromosome-level assembly was made of a closely 
related individual. Genomic DNA was isolated from red blood cells of a 
female double haploid gynogenetic common carp line as in Henkel et al. 
[20,21]. The original genetic background of this individual was a cross 
of two pure lines or Polish (R3) and Hungarian (R8) origin [31,32], as 
previously described in Henkel et al. [20,21]. 

To maximize the length of unique sequence reads and thus optimize 
subgenome assembly, a combination of three next generation 
sequencing methods was used. 

Isolated genomic DNA was used to prepare libraries using the SQK- 
108 and SQK-109 Ligation Sequencing kits from Oxford Nanopore 
Technologies. Libraries were sequenced using R9.4.1-type Minion and 
Promethion flow cells from Oxford Nanopore Technologies Raw reads 
statistics were summarized with NanoStat (v.1.6.0) [38] (Supplemen
tary Table 1). The two obtained libraries of Nanopore long reads were 
base called with Guppy (v.3.2.2; Oxford Nanopore Technologies) and 
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then filtered for reads >10 kb (Supplementary Table 1). Filtered reads 
were assembled using Flye (v.2.4.2) [39] at default settings. For pol
ishing remaining sequence errors in the primary assembly, DNA 
extracted from a blood sample from the same homozygous gynogenetic 
carp line was used to prepare an Illumina library using the Nextera DNA 
Flex Library Prep Kit according to the manufacturer’s instructions 
(Illumina Inc. San Diego, CA, USA). The genomic paired-end (PE) library 
was sequenced with a read length of 2 × 150 nt using the Illumina 
NovaSeq6000 system. The consensus tool from wtdbg2 [40] was applied 
for polishing with default settings. 

4.1.1. Chromosome-level scaffolding and linkage group assignment 
HiC-scaffolding was done at Dovetail® and combined with the pri

mary genome assembly. In short, a Dovetail HiC library was prepared 
from an 8 mL blood sample of a female common carp individual of R3 x 
R8 origin (each are pure carp lines; R3 and R8, inbred for 12 generations 
by brother sister mating) [20,21], according to the methods of 
Lieberman-Aiden et al. [41]. The library was sequenced on a Illumina 
HiSeqX to produce 609 million 2 × 150 bp paired-end reads, which 
provided 501.48× physical coverage of the genome (10–10,000 kb). 
Prior to final assembly of the common carp genome, HiC data was used 
to identify contigs erroneously fused in the primary Nanopore-based 
assembly. The generated HiC contact maps were used to check for 
large assembly inconsistencies. After breaking up contig errors of the 
primary assembly, the corrected primary assembly was subjected to a 
final round of HiC scaffolding using Dovetail® Omni-C® scaffolding 
technology and HiRise® pipeline. Scaffolds <1 kb were removed from 
the common carp genome assembly and the 50 largest scaffolds were 
named according to the linkage groups described in Tadmor-Levi et al. 
[42]. Chromosome pairs were identified by linkage group marker 
positioning and confirmed by MCscan synteny mapping [43] between 
common carp chromosomes and the zebrafish (Danio rerio) reference 
genome (Danio_rerio.GRCz11) (Supplementary Table 2). 

4.2. Subgenome identification 

The 50 chromosomes were mapped against the genome of the diploid 
species Tapien (Poropuntius huangchuchieni) [12] in sister pairs, using 
Mummer [44]. Tapien is a species in the Barbinae subfamily of fish 
included in the family Cyprinidae. Tapien is assumed to have a common 
ancestor to one of diploid ancestors involved in the inbreeding event 
that resulted in the carp specific WGD [12]. Two subgenomes were 
identified by comparing the Mummer mapping percentage obtained 
from mapping the 50 chromosomes to Tapien (Supplementary Table 3). 
Sister chromosomes that had a higher mapping percentage with Tapien 
were placed into subgenome B; the other sister chromosomes were 
placed into subgenome A. The two identified subgenomes were subse
quently compared to Li et al. [22], who used another diploid species of 
the family Barbinae (P. tetrazona) to divide the subgenomes of common 
carp. The comparison was made to assess if our subgenome division was 
consistent with other published subgenome divisions. 

4.3. Genome annotation 

To assess genome completeness, two BUSCO analyses were per
formed, applying the vertebrate ortholog set (vertebrata_odb9) and the 
Actinopterygii ortholog set (Actinopterygii_odb9), using zebrafish 
(Danio rerio) as Augustus species [45]. The BUSCO analysis was done for 
both, the complete assembly (Cypcar_WagV4.0), as well as for each 
subgenome separately. 

Cypcar_WagV4.0 was submitted to NCBI [46] and annotated by 
Ensembl with the Ensembl pipeline [47]. The ortholog sets and the 
zebrafish genome were used to visualize macro synteny blocks between 
the subgenomes of Cypcar_WagV4.0 and zebrafish. By use of the MCscan 
package [48], putative homologous chromosomal regions were detected 
between zebrafish and the two subgenomes of common carp using 

vertebrate ortholog genes as anchors. 

4.4. ISG annotation 

An established core gene set was selected for ISG annotation in 
Cypcar_WagV4.0 based on two criteria. Firstly, all ISGs in our core set 
are Interferon type I inducible. In this way we could use gene induc
ibility as a direct measure of gene function [30]. Lastly, this gene set 
contained only ISGs with an established orthologous relationship be
tween zebrafish and human(Homo sapiens) [30]. Due to this established 
orthology we could infer the phylogenetic history of all our included 
ISGs. With these two conditions met, we used 103 ancestral ISGs found 
in zebrafish belonging to 72 ortholog groups as the starting point. A 
comprehensive gene list can be found in Supplementary Table 4. 
Zebrafish ISG protein sequences were obtained from Ensembl and 
aligned to Cypcar_WagV4.0 annotated gene protein sequences using 
Diamond [49]. Diamond results were manually checked for best 
matches with carp ISG candidates by comparing identity scores. Identity 
scores 75% or higher were considered to be ISG candidate genes. 

In addition, chromosome locations of carp ISG candidates were 
compared to zebrafish ISG chromosome locations for conserved synteny. 
Sets of 10 neighbouring genes upstream and downstream of the zebra
fish ISGs were selected as micro synteny anchors using the Ensembl 
genome browser. The protein sequences of neighbouring genes were 
blasted against the protein sequences of Cypcar_WagV4.0 using Dia
mond. Best common carp gene matches, based on the protein blasting, 
were manually checked for their genome location. If a genome location 
of a neighbour gene matched with the zebrafish equivalent, it was 
marked as a synteny anchor. The established synteny anchors were used 
as confirmation of micro synteny blocks between zebrafish and common 
carp. Micro synteny blocks were successfully identified for all ISG carp 
candidates. Carp ISG candidates where further manually validated from 
RNA-seq visualization (Jbrowse [50]). 

Next, manually selected carp ISG candidates were aligned back 
against all Ensembl protein sequences of zebrafish using Diamond. Carp 
ISG candidates were selected only if their alignment against the protein 
zebrafish database provided a clear hit with the orthologous ISGs of 
zebrafish. Zebrafish ISGs without a candidate in carp based on protein- 
to-protein alignments were analysed further by aligning to the common 
carp genome Cypcar_WagV4.0 using Diamond. These protein-to- 
nucleotide alignment results pointed towards areas of interest in the 
Cypcar_WagV4.0 genome and were manually checked for missing genes 
by using the micro synteny approaches as earlier described. By this 
method we could identify possible ISG pseudogenes in common carp. 

4.5. Protein domain analysis 

For all Cypcar_WagV4.0 ISG candidates, protein domains were pre
dicted using InterProscan (v.5.50–84.0)[51]. Predicted protein domains 
were compared manually with the protein domains of the original ISG 
zebrafish gene set. This comparison was used to identify if the annotated 
carp ISGs had the same protein domains as their zebrafish counterparts. 

4.6. Final annotation 

Our manual annotation was compared with the current Ensembl 
annotation release (version 108) of our carp genome Cypcar_WagV4.0. 
Over 80% of our manually annotated ISGs matched Ensembl predictions 
completely. However, automated annotations may be error-prone. 
Annotation errors could only be solved by manually correcting 
Ensembl annotation files, resulting in some ISGs to not have an 
Ensemble id (Supplementary Table 4). 

4.7. Additional ohnolog set 

To compare ISGs 1:1 ohnologous expression to other common carp 
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ohnologs, an additional gene set was included in the RNA-seq expression 
analysis. This additional set of genes was used as a neutral reference set 
to compare basal gene expression patterns observed in the ISG set. The 
genes of the additional set were selected based on an ohnolog prediction 
between zebrafish and common carp using ProteinOrtho6 [52] with 
default settings. Subgenome A and B were compared separately to the 
zebrafish genome for ohnolog prediction at the same time with Protei
nOrtho. The predicted ohnologs were filtered down to a set containing 
only genes with a 1:1:1 relationship between subgenome A, subgenome 
B and zebrafish. The gene set was further filtered to contain only 
ohnologs that were present on the same corresponding sister chromo
some pairs for subgenome A and B. Finally, 3183 ohnologous neigh
bouring genes were selected with a 1:1:1 relationship between 
subgenome A and subgenome B and zebrafish. 

4.8. Transcriptomic analysis of ISGs and additional ohnolog gene set 

4.8.1. Animals 
European common carp (Cyprinus carpio carpio) of the R3xR8 strain 

were used, a cross between the Polish R3 strain and Hungarian R8 strain 
[31,32]. Carp were bred and raised in the aquatic research facility of 
Wageningen university at 21–23 ◦C in recirculating water. Fish were fed 
twice daily with pelleted dry food (Skretting, Nutreco). All experiments 
were performed with the approval of the animal experiments committee 
of Wageningen University DEC: 2019.W-0048.009. 

4.8.2. Head kidney leukocyte isolation 
Carp (12-month-old) were starved for 16–18 h and euthanized with 

0.3 g/l tricaine methane sulfonate (TMS) (Crescent Research Chemicals, 
Phoenix, USA) in aquarium water buffered with 0.6 g/l sodium bicar
bonate and bled via the caudal vein. The head kidney was isolated and 
total head kidney leukocytes were separated on a 51% Percoll density 
gradient (GE Healthcare, Thermo Fisher Scientific) as previously 
described[53]. 

4.8.3. In vitro stimulation of head kidney leukocytes 
Head kidney leukocytes (2 × 106 cells) were seeded in a 6-wells plate 

(Corning) in DMEM/l15 supplemented with penicillin G (100 U/ml), 
streptomycin sulfate (100 μg/ml, Gibco) and FBS (2%, Gibco). The head 
kidney leukocytes were stimulated with 50 μg/ml Poly I:C (Sigma), or 
with culture medium (as negative control) for 24 h at 27 ◦C in the 
presence of 5% CO2. 

4.8.4. RNA isolation 
After 24 h of stimulation, five replicate wells were pooled and 1 ×

107 head kidney leukocytes were lysed in 700 μL RLT buffer (Qiagen) 
and stored at − 80 ◦C until RNA isolation. Total RNA was isolated using 
the RNeasy Mini kit, including on-column DNase treatment (according 
to manufacturer’s protocol). Isolated RNA was send for sequencing to 
Novogene Co (Beijing, China). 

4.8.5. RNA sequencing and expression analysis of ISGs 
RNA-seq reads obtained by Novogene Co (Beijing, China) were 

mapped to Cypcar_WagV4.0 with hisat2 [54]. RNA-seq transcripts were 
quantified with StringTie (v.2.1.5)[55] into a read count matrix. We 
analysed the assembled RNA transcripts with Bioconductor (v.3.10.1), R 
(v.3.6.3) and package Deseq2 (v.1.26.0) [56]. Deseq2 calculated fold
changes were shrunken towards zero by use of the apeglm method to 
correct for high variation of counts for each gene separately [57]. RNA 
expression was visualized by use of package Complex Heatmap (v 2.2.0) 
[58] and ggplot2 (v 3.3.5)[59]. Annotated ISGs that occurred as sin
gletons on only one subgenome or occurred as multiple paralogs (Sup
plementary Table 4), were not included in the final analysis because of 
the expression bias they would create when comparing subgenomes 1:1. 
Details on expression data can be found in Supplementary Figs. 3–4. 
Instead, only ISGs that occurred in both subgenomes were used for 

further expression analysis. To compare overall expression levels be
tween the subgenomes A and B, the difference between the average 
normalized read count of these 1:1 ohnologs was tested for significance 
using an unpaired-two-samples-wilcoxon-test, p-value <0.05. The same 
approach was used to test for a significant difference in the average 
foldchange of these ISG ohnologs between subgenome A and B. The RNA 
expression of the additional gene set of 3183 ohnologous genes was 
analysed and visualized using the same methods described above 
(Supplementary Figs. 5–7). 
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