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Version 0: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
We found the study by Dr Curd and co-authors (A novel fourth type of transmissible cancer; clonal malignant melanoma in
the benthic fish species Ameiurus nebulosus), fascinating with results presenting of immediate interest to conservation and
evolutionary biologists, disease epidemiologists and cancer researchers. 

The article addresses a very important topic, the discovery of a fascinating infectious disease, a transmissible cancer, in a
new vertebrate host, a freshwater benthic fish. Naturally occurring transmissible cancers (that have been proposed to be
new parasitic life forms) have so far only been discovered in two vertebrate groups, in dogs and Tasmanian devils. Recently
several transmissible cancers have been discovered in marine ecosystems, where their presence is becoming concerning
as they can wipe out populations of ecosystem engineers, i.e. bivalves. Studies investigating these infectious diseases are
therefore urgently needed. The study by Curd et al. highlights the importance of surveying other ecosystems, like freshwater
bodies (that may or may not be exposed to pollution) to discover, mitigate and manage the emergence of these novel
parasitic life forms. 
While we found the article very interesting, we believe it would benefit from further polishing, clarifications and some
additional analyses before the manuscript could be considered for publication. 

We understand the samples were collected at different time points for different purposes, and we are aware of the difficulties
in obtaining consistent wildlife samples. We also appreciate the longitudinal nature of the study, but we got lost in the
sampling methods, sample compositions and such, the results and interpretations. 
For example, we were excited to see Figure 2. “The average variant allele frequency (VAF) for mitochondrial SNV sites in
heteroplasmic tissue samples”. Our immediate thought was that: could the Low frequency (LF) tumours represent a more
older tumour lineage compared to the High Frequency (HF) tumours that appear to be more diverged? Figure 3. Phylogeny
of phased mitochondrial genomes shows a similar pattern, where the high frequency tumours appear to be more diverged.
Would this be an artefact of sampling from different time points or would this species be affected by multiple cancer lineages.
If yes, have those lineages arisen independently (like in the Tasmanian devils)? Or have several tumours been sampled/fish
and the low/high frequency tumours represent different stages of disease progression? For example, fish HC4T appears to
have both LH and HF tumours, so probably the latter? Could different stages of cancer progression affect observed
frequencies? 

Under the supplementary materials the authors declare that: 
“Histologically the LF samples did not show evidence of a tumour but rather proliferations of melanocytes in the dermis and
epidermis, and the skin structure was intact with no sign of metastases and little to no invasion into underlying muscle, which
is consistent with a low ratio of clonal tumour DNA sequencing reads to host DNA sequencing reads.” 
Based on that statement, we would assume the low vs high frequency tumours represent the process of tumour progression
in this fish, but we would be very keen to hear the opinion and a potential discussion by the authors. There is a min. 5 fold
difference in VAF between LF and HF tumours, is this expected during melanoma development, or is it higher than in human
cancers? 



In Figure 3 and Supplementary Figure 2. It appears that tumours were detected in other populations (?) or at time points of
sampling (years?) (again, hard to follow the sampling process) and we were curious about the opinion of the authors
whether these tumour samples represent earlier/later/different lineages of the same transmissible cancer, or do they
represent additional independently emerged cancers? We were hoping to see a phylogenetic tree just based on the tumour
samples to understand their evolutionary history (are they independently emerged lineages, or one cancer lineages evolving
over time?). For example, in Fig 3. samples SB14T-CT and SB14T-LCT and in Supp. Fig. 2. SB14-ST-TN seem to be highly
diverged tumour lineages in a different population (or sampling point?), could this lineage be the ancestral cancer line that
emerged first? 
Would the authors conclude that the LF tumours are not transmissible cancers (but rather “classical” melanocytes) and the
HF tumours are the transmissible cancer? Or would they believe the LF tumours present the first stage of transmissible
cancer (right after transmission) and the HF tumours would be the late stage (cancer cells “ready to transmit”)? 

Including a molecular clock analysis of the tumour samples only (without the host tissue samples) would help deciphering
the relationships between these fascinating cancers and add an exciting dimension and depth to the study. Since the
authors sampled across an 8 year period (2015 to 2023), have access to epidemiological and historical data (“to infect 30%
of fish in Lake Memphremagog by 2014, after not being present at noteworthy levels prior to 2012”), they could include those
as priors in a Bayesian phylogenetic analysis (BEAST) to determine the evolutionary history, age, potential most recent
common ancestor, the dynamics etc. of this novel transmissible cancer. That would also help to make the study a bit less
descriptive and would allow a stimulating discussion on the evolution of transmissible cancers. 

Would the authors have multiple tumour samples from the same fish? Or would the authors have been able to sample the
same fish over time? According to the manuscript they were all sampled through electroshock, so we assume the fish have
died and they were only sampled at one time point. We however couldn’t see if multiple samples were taken from the same
fish as the data presented (Supp table 3) has ‘sample’ ID only. Based on Supp table 3 it appears overall the authors
sampled 85 fish, and they found 41 lesions, so if only one sample was taken/fish, that means almost 50% prevalence.
Prevalence can be misleading when sample sizes are not representative of the populations surveyed. We noted the study
cited (Blazer et al 2019) reported around 30% prevalence based on much higher sample sizes. Can the authors comment on
how the prevalence estimates in the Blazer et al study differs from the ones presented in this study. Do these estimates
reflect what could be expected from a clonal cancer with high transmissibility as postulated? 

Detailed comments: 
Line: 
“To date no viruses or other microorganisms have been identified as related to the origination of the Lake Memphremagog
melanomas (see Supplementary Section 7 and Supplementary Tables 8,9), …” 
>After looking at section 7 and supp tables 8 and 9, the authors appeared to have found viruses in their samples. Could they
please clarify if they can categorically demonstrate the lack of a viral agent in the sampled lake. 

Line: “To date, transmissible cancers have only been observed in three types of animals: dogs, Tasmanian devils, and
bivalve species4.” 
>Potentially add “naturally occurring transmissible cancers” as cancer transmissions have been observed in laboratory
setting and under particular circumstances in humans. 
Lines: “This supports clonal lineage of the tumor samples in Lake Memphremagog that predates 2015 and did not originate
in Lake Memphremagog.” and Figure 1. Brown bullhead sampling… 
“do not know the extent to which this cancer lineage may already exist in other populations throughout North America.” 

>We understand this is the first study to describe the transmissible cancer, but we were wondering whether melanoma has
been observed in other regions across the distribution range of the species. This is not a criticism to the sampling approach,
but rather a reflection on the origin of the cancer and the susceptibility of the species. 
Figure 2 (figures in general). 
It might be due to converting image files to pdf, but some of the symbols appear to be not present on the figure. For example,
there are filled circles with a dash line over them on Figure 2 in the legend, but they don’t appear on the figure. Please check
for consistency. 

“We find tumors are enriched for arsenic (V. Blazer personal communication, 2025), but it is not clear if it plays a role in
facilitating transmission of the tumor or is a result of the metabolism of the cancer cells.” 

>Reading the literature revealed that a drain beneath Coventry Landfill in Vermont has been discharging leachate
containing arsenic and other chemicals into nearby wetlands that flow into Lake Memphremagog. Would the authors be able
to link a pollution event prior to 2014 to the emergence/initiation of the melanomas? Have they observed any signs of cancer
in other fish/species inhabiting Lake Memphremagog? 

Line: “necessity of containment efforts.” 
>Can the authors expand and explain what containment efforts could be undertaken to prevent cancer spread? It seems to
us that the cancer is spread throughout the lake, and we don’t see much scope for containment. 
It also appears that “it has been observed that older fish with extensive tumors in and around their mouths and gills persist
seemingly with little impact from the tumors” 
>This comment is not supported by any datapoint in the manuscript. Would the authors have a reference or pers.com to
support this statement? Would the authors consider that the fish potentially have adapted to the disease (via tolerance or



resistance)? The tumours have only been observed since 2012 … that would mean very fast adaptation from the fish. What
is the generation time of these bullfish? Or would the authors consider the cancer being highly transmissible but low
pathogenic (but they also found metastasis to other organs in the fish)? Could the authors comment on the potential
evolutionary path and trajectory of bullheads and their transmissible cancer might take? 

Based on the comments and questions above, it’s clear, we are very supportive of the publication of this manuscript, once
our queries have been answered. 

Beata Ujvari and Rodrigo M. Hamede 

Referee #2 

(Remarks to the Author) 
The key finding here is that there is a new transmissible cancer, that is found in fish for the first time and also for the first time,
is melanoma. This is highly original and exciting scientifically but could have major implications for the aquatic ecosystems.
The writing is clear and very accessible to a wide audience. 

Suggestions for improvements: 

(1) The authors might want to frame their work within the context of other natural forms of pigmentary lesions in fish, such as
Xmrk (Xiphophorus), melanoma in trout, salmon melanocytic lesions...This might help show that this is really distinctive from
these natural pigment lesions. 

(2) The quality of the Figure 1B should be improved (it is rather rudimentary). 

(3) Is there evidence of the species origin of this melanoma? Can the genomic data be used to understand the species. The
authors say that the cancer pre-dates 2015 and did not originate in Lake Memphremagog. 

(4) Can the genomic data be used to understand if there is key driver mutation? This might also be useful for histopathology
to see the "mosaic of clonal tumor and host cells" in the tumour tissue. 

(5) I would suggest removing the "personal communications" bit in the discussion. If the data is too preliminary to publish,
then best to not include. 

Referee #3 

(Remarks to the Author) 
The manuscript tests the hypothesis that melanoma-type tumour lesions in a benthic fish species, Ameiurus nebulosus, are
a transmissible cancer, in which the tumour cells are distinct from the host and can spread between individuals, akin to a
parasite. The authors outline that these types of cancer are rare but have been described in two mammalian species and 10
species of marine bivalves. In this manuscript the researchers have used genomic tools to test the hypothesis of
transmissibility by sequencing (using short read, long read and RNA) the mitochondrial and nuclear genomes of normal (no
tumour lesions) brain tissue and skin tissue, as well as brain tissue and skin tissue from fish with black lesions. The samples
were collected at three time points, 2015, 2022 and 2023. 

Analysis of the mitochondrial genomes demonstrates heteroplasmy in all tumour lesions samples and a proportion of normal
tissue. Phylogenetic analysis of mitochondrial SNVs shows that most of the tumour samples form a monophyletic clade, with
the tumours more closely related to one another than to the normal fish samples, consistent with a transmissible cancer
lineage. The tumours are separated into low frequency (LF) and high frequency (HF) variant samples, with HF samples
more closely related to each other and exhibiting patterns of phylogeny consistent with a transmissible tumour. The LF
samples are less clear cut, see further points below. 

Analysis of the nuclear genomes supports the clustering of HF tumour samples in a monophyletic clade, distinct from normal
fish samples. Further, analysis of shared variants in HF samples highlights the similarity of tumour samples (through shared
variants) compared to normal samples. This data is contrasted to melanoma samples in humans, which demonstrate few
shared variants between tumours from different individuals. Similarly, structural variants are more shared between the HF
tumour samples than between normal tissues. 

The evidence presented by the authors strongly suggests that this is indeed a transmissible tumour. This is challenging to
prove conclusively, but the comparisons of SNVs and SVs, particularly among the HF tumour samples are compelling
evidence. As such, it makes an original and impactful piece of work. However, I do have several concerns as to how the data
is presented and the conclusions drawn in the paper, particularly in regards to the ‘low frequency’ (LF) tumours. 
• The different sequencing methods utilised and the lack of consistency in methods across the samples causes issues in the
analyses and conclusions that can be drawn. This is apparent in the division of samples into low frequency and high
frequency tumours (Figure 2 and Figure 3), with the low frequency tumours clustering separately to the high frequency
tumours, with SB14 tumour more closely related to normal tissues (Figure 3). The authors attribute this to host contamination



(ie fewer tumour cells) in the low frequency tumours, but this may also be an artefact of sequencing depth in these samples,
or an independent cancer lineage. Can the authors normalise the data and SNV calling for read depth? 
• I would also like to see a direct comparison of LF and HF tumours in terms of sequencing depth for the nuclear genome
and shared SNVs, this is difficult to see from the supplementary material. 
• In the supplementary material the authors note that ‘histologically the LF samples did not show evidence of a tumor’, but no
histopathology is shown in the supplementary materials or main paper. Given the division into LF and HF tumours the
pathology the authors refer to should be shown or histopathology should be included. 
• The clustering of the low frequency tumours with the normal tissues (ie. Figure 3, Supp Figure 6) is attributed to chimeric
tumour and host, but can the authors be sure of their interpretation? The data may indicate non-transmissible, independently
arising tumours or an early lineage of the transmissible tumour. Again, histopathology and consistent methods of
sequencing across samples would assist in making this point more robust. 
• Given the reference genome generated and the extensive sequencing of non-tumour samples it should be possible to
identify germline variants and tumour specific variants? 
• The samples collected in 2015 were sequenced by RNA_seq. This data appears to be only used in Figure 2, but could
provide insight into gene expression changes in the tumour? Is there a reason the data was not analysed further? 
• The supplementary information also includes an analysis of the microbiome/mico-organisms, this is not included in the
main paper, but a brief description of the findings would be valuable, given the possibility of tumour inducing viruses. 

Referee #4 

(Remarks to the Author) 
The key results suggest the existence of a transmissible tumor in brown bullhead. However, some key steps, in my mind are
missing to demonstrably demonstrate its existence. First, the authors rely heavily on mtDNA for their analysis, which could
be simply different due origin from a different (migrant female). Overall, the results are not convincing. The authors could
follow the processes used to demonstrate the existence of other transmissible cancers. First of all, there is no real histology
to demonstrate the cancer or type. Secondly, Koch's postulates were not satisfied; the tumor could have been isolated in
independent fish cell lines (which are easy to culture) and cultures could have been used to infect other fish. Therefore the
data are lacking to convincingly demonstrate a transmissible tumor, and the blueprint is there to do so, which includes whole
genome sequencing, demonstrating the tissue the tunmor is expressed in skin tissue using transcriptomics. 

While well-written, the results of the paper do not convincingly demonstrate a transmissible tumor. As such, I cannot
recommend the paper in its current form. 

Referee #5 

(Remarks to the Author) 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 

Version 1: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
The authors have satisfactorily addressed all previously raised concerns. Their methodology, sample collection procedures,
and data analyses are now presented with greater clarity and coherence, making the study easier to follow. The manuscript
is streamlined, well written, and demonstrates originality with significant implications for our understanding of transmissible
cancer evolution and ecology. The conclusions are robust, supported by rigorous statistical analyses. We commend the
authors on this excellent work and look forward to future studies that further explore this novel and compelling transmissible
cancer cell line. 
Beata Ujvari and Rodrigo Hamede 

Referee #2 

(Remarks to the Author) 
I continue to find this a fascinating discovery that has significant implications for our understanding of cancer biology as well
as ecology. 

1. I disagree with the authors that their Figure 1F is clear. It requires reading their methods to understand their cohort of
samples and apply it to this figure (what is normal tissue etc; samples numbers; controls). I think this figure is the opportunity
to explain their cohort and study design, as well as the hypothesis. The authors even agree in response to Reviewer 1 that
"We agree that the details of the study design were confusing." They also address comments about metastatic disease to the
Reviewers, which are reasonable questions based on the biology of melanoma (the brain in the schematic looks like it is a
metastatic site; which is a major problem in the human disease). 

2. While the pathology of the lesions has been published previously, I think the paper could have improved impact with
some basic H&E so we can see the pathololgy of the disease and see the cancer cells. 



3. Line 431 discusses transmissionable cancers in over a dozen species, and yet in line 72 the authors say that the
transmissionable cancers have "only been observed in three types of animals". Please clarify these statements. 

4. Line 67 - I would recommend reconsidering how this sentence is cited. Based on the way it is written, I thought that the
hypothesis was generated in the citation. Upon reading that (excellent) reference, I now understand it is meant as a
reference about transmissible cancers generally. 

Referee #3 

(Remarks to the Author) 
The revised manuscript is significantly improved from the original, in particular the evidence in support of these melanomas
as transmissible tumours is strengthened. The re-sampling, additional samples from 2019 and associated sequencing has
sufficiently resolved the ‘low frequency’ tumour samples showing that these were an artifact of the sampling and has
confirmed the monophyletic nature of the tumour samples. The addition of the normal tissue samples from Maine and New
Hampshire has also improved the analyses, suggesting an origin for the tumour beyond Lake Memphremagog. The authors
have removed the long read sequence data from the analyses in Figure 2 and Supplementary Figure 3, confining these to
short read sequence data, which improves consistency in the analysis. I am also satisfied with the description and analyses
of viruses and microorganisms in the work. 
A number of the suggestions (ie. identification of tumour specific variants and further use of RNA_seq data) have not been
followed up by the authors, but I do accept their justification that the need for consistently higher sequencing depth across
additional samples (ie more sampling) pushes these experiments outside the scope of the current work. 
Two minor issues in the Introduction: 
Line 83 – replace ‘an’ with ‘a’ 
Line 89 – I would begin this line with 'An indicator of a transmissible cancer…’ the way the sentence is currently phrased
indicates that the relationship between cancer genomes and the host genome is the only parameter required to prove cancer
transmissibility. The phrasing may also be confused with Hanahan’s papers on the Hallmarks of cancers. 
Overall, the manuscript is now well written, and the data well supports its conclusion, that a transmissible tumour is
circulating in Ameiurus nebulosus, the first contagious cancer to be identified in a fish. 

Referee #4 

(Remarks to the Author) 
Significant improvement from original MS. Satisfactory responses to reviewer comments. 

Referee #5 

(Remarks to the Author) 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 
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We thank all reviewers for their thorough reading and insightful feedback on our 1 
manuscript. Below we provide responses in green text to respond to each 2 
reviewer concern. Most notably, in response to overlapping concerns by multiple 3 
reviewers we re-sequenced the low frequency samples and verified they were low 4 
purity samples rather than different lineages of tumor (see “The resolution of the 5 
low tumor purity samples” section below). All samples now definitively resolve as 6 
part of the same clonal cancer lineage and present a much clearer narrative 7 
without the need to present different sequencing types in the main body of the 8 
paper. We also add additional samples from 2019 that we sequenced since the 9 
initial submission of this manuscript, added an analysis of shared copy number 10 
variants that further supports a clonal origin, and added a results section to 11 
directly address the alternative hypothesis that a virus/microbe could be involved 12 
with the cancer. We were happy to see reviewers’ enthusiasm suggesting 13 
additional analysis to identify such questions as cancer age, driver mutations, 14 
and differential expression, but explain our reasoning that these requests are out 15 
of scope of this paper. Together, these revisions address the reviewers’ major 16 
concerns and reinforce the central conclusion of a transmissible clonal cancer 17 
lineage in brown bullhead. 18 

 19 

Referees' comments: 20 

The resolution of the low tumor purity samples: 21 

The low frequency (LF) vs high frequency (HF) tumor samples were a major and valid 22 
cause for concern across reviewers. To resolve this issue, we went back to the frozen 23 
carcasses of fish identified as having low frequency tumors and collected new tissue 24 
samples from the center of tumors. The original tissues were collected from the margins 25 
of tumors. As an example, see the red circle on the picture of fish JR9 below (Figure 1).  26 
Notice that the majority of the skin removed (red circle) had little to no underlying 27 
melanistic tissue. It also resembles the samples collected from healthy skin (purple 28 
circles). In contrast, we resampled the center of the tumor (black tissue in the blue 29 
circle) and despite sampling the same depth into the tissue, we found no healthy tissue. 30 
When we sequenced the new tissue sample, the mitochondrial tumor tissue VAF 31 
increased from < 0.1 to > 0.7, indicating a much higher tumor purity comparable to the 32 
other samples. This re-sampling effort and resulting monophyletic phylogenies show 33 
that the low frequency samples were the result of methodological sampling artifact and 34 
do not represent a biologically meaningful difference between fish tumor genomes. 35 



 36 

Figure 1. Image of the frozen carcass of fish JR9. The initial low frequency sample was 37 
collected at the left edge of the red circle.  The purple circles indicate healthy skin 38 
samples. The blue circle indicates the re-sampled tumor tissue. 39 

Referee #1 responses (lines 45-323) 40 
Referee #2 responses (lines 324-377) 41 
Referee #3 responses (lines 378-503) 42 
Referee #4 responses (lines 504-555) 43 

 44 

Referee #1 (Remarks to the Author): 45 
We found the study by Dr Curd and co-authors (A novel fourth type of transmissible 46 
cancer; clonal malignant melanoma in the benthic fish species Ameiurus nebulosus), 47 
fascinating with results presenting of immediate interest to conservation and 48 
evolutionary biologists, disease epidemiologists and cancer researchers. 49 

The article addresses a very important topic, the discovery of a fascinating infectious 50 
disease, a transmissible cancer, in a new vertebrate host, a freshwater benthic fish. 51 
Naturally occurring transmissible cancers (that have been proposed to be new parasitic 52 
life forms) have so far only been discovered in two vertebrate groups, in dogs and 53 
Tasmanian devils. Recently several transmissible cancers have been discovered in 54 
marine ecosystems, where their presence is becoming concerning as they can wipe out 55 
populations of ecosystem engineers, i.e. bivalves. Studies investigating these infectious 56 



diseases are therefore urgently needed. The study by Curd et al. highlights the 57 
importance of surveying other ecosystems, like freshwater bodies (that may or may not 58 
be exposed to pollution) to discover, mitigate and manage the emergence of these 59 
novel parasitic life forms.  60 

While we found the article very interesting, we believe it would benefit from further 61 
polishing, clarifications and some additional analyses before the manuscript could be 62 
considered for publication. 63 

We would like to thank Beata Ujvari and Rodrigo M. Hamede for their careful 64 
consideration of and thoughtful comments regarding our paper submission. We too are 65 
fascinated by the discovery of this transmissible cancer and share your concerns about 66 
what it means for these fish. Please find our response to these comments below: 67 

We understand the samples were collected at different time points for different 68 
purposes, and we are aware of the difficulties in obtaining consistent wildlife samples. 69 
We also appreciate the longitudinal nature of the study, but we got lost in the sampling 70 
methods, sample compositions and such, the results and interpretations. 71 

We agree that the details of the study design were confusing. We complicated the 72 
design to explain the initial LF vs HF sample phenomenon. Since removing the LF vs 73 
HF sample issue (see the resolution of low tumor purity samples section above), we 74 
simplified our analyses by primarily presenting the short read DNA results in the main 75 
body of the manuscript. We address the analyses of other types of sequencing data in 76 
the supplementary materials. We did add an additional 9 melanistic fish (collected from 77 
Lake Memphremagog in 2019) to the short reads data analyses. 78 

For example, we were excited to see Figure 2. “The average variant allele frequency 79 
(VAF) for mitochondrial SNV sites in heteroplasmic tissue samples”. Our immediate 80 
thought was that: could the Low frequency (LF) tumours represent a more older tumour 81 
lineage compared to the High Frequency (HF) tumours that appear to be more 82 
diverged? Figure 3. Phylogeny of phased mitochondrial genomes shows a similar 83 
pattern, where the high frequency tumours appear to be more diverged. Would this be 84 
an artefact of sampling from different time points or would this species be affected by 85 
multiple cancer lineages. If yes, have those lineages arisen independently (like in the 86 
Tasmanian devils)? Or have several tumours been sampled/fish and the low/high 87 
frequency tumours represent different stages of disease progression? For example, fish 88 
HC4T appears to have both LH and HF tumours, so probably the latter? Could different 89 
stages of cancer progression affect observed frequencies? 90 

The revised analyses with the re-sequenced 2023, and the new 2019 samples are 91 
consistent with a single clonal origin transmissible tumor.  We removed Figure 2 and 92 



address variant allele frequency (VAF) for mitochondrial SNV and SNV sites in 93 
Supplementary Figure 2. The current phylogenetic trees for the mitochondria show that 94 
all tumor tissues have a similar mitochondrial genome, and the previously HF/LF 95 
differences noted were artifacts of low tumor purity rather than biological differences in 96 
the tumors. With the greater purity we could also confirm this clonal relationship with the 97 
nuclear genome, where all tumors formed a monophyletic clade. 98 

Under the supplementary materials the authors declare that: 99 
“Histologically the LF samples did not show evidence of a tumour but rather 100 
proliferations of melanocytes in the dermis and epidermis, and the skin structure was 101 
intact with no sign of metastases and little to no invasion into underlying muscle, which 102 
is consistent with a low ratio of clonal tumour DNA sequencing reads to host DNA 103 
sequencing reads.”  104 
Based on that statement, we would assume the low vs high frequency tumours 105 
represent the process of tumour progression in this fish, but we would be very keen to 106 
hear the opinion and a potential discussion by the authors. There is a min. 5 fold 107 
difference in VAF between LF and HF tumours, is this expected during melanoma 108 
development, or is it higher than in human cancers?  109 

The revised analysis suggests that the same tumor is responsible for the development 110 
and proliferation of the melanistic lesion, from small proliferations of melanocytes to 111 
raised black melanomas. The major consideration for current and future sampling is 112 
whether we can collect enough tumor cells in the tissue such that the ratio of tumor to 113 
host cells is high enough for genomic characterization of the tumor. We removed that 114 
particular passage from the Supplementary Materials, based on our success resampling 115 
and re-sequencing the former LF samples. 116 

In Figure 3 and Supplementary Figure 2. It appears that tumours were detected in other 117 
populations (?) or at time points of sampling (years?) (again, hard to follow the sampling 118 
process) and we were curious about the opinion of the authors whether these tumour 119 
samples represent earlier/later/different lineages of the same transmissible cancer, or 120 
do they represent additional independently emerged cancers? We were hoping to see a 121 
phylogenetic tree just based on the tumour samples to understand their evolutionary 122 
history (are they independently emerged lineages, or one cancer lineages evolving over 123 
time?). For example, in Fig 3. samples SB14T-CT and SB14T-LCT and in Supp. Fig. 2. 124 
SB14-ST-TN seem to be highly diverged tumour lineages in a different population (or 125 
sampling point?), could this lineage be the ancestral cancer line that emerged first?  126 
Would the authors conclude that the LF tumours are not transmissible cancers (but 127 
rather “classical” melanocytes) and the HF tumours are the transmissible cancer? Or 128 
would they believe the LF tumours present the first stage of transmissible cancer (right 129 



after transmission) and the HF tumours would be the late stage (cancer cells “ready to 130 
transmit”)? 131 

Former Figure 3 and Supplementary Figure 2, are replaced with Figure 2 and 132 
Supplementary Figures 3 and 4.  We dropped the long reads sequences (that we used 133 
to compensate for different tumor mitochondrial VAF in LF sequences) from these trees 134 
to minimize confusion and replaced the original LF data with the resampled and re-135 
sequenced sample data. We also added the 2019 tumor normal pairs. Figure 2 now 136 
shows only Tumor and Normal mitochondria from tumor fish, and normal mitochondria 137 
from reference fish. All tumor samples presented in this manuscript were from Lake 138 
Memphremagog, albeit from different time points. We also added additional normal fish 139 
from a population in Maine and a population in New Hampshire. The resulting tree 140 
indicates that all tumor lineages are very similar indicating a clonal origin. We also 141 
added the mitochondrial variants found in RNASeq data to Supplementary Figures 3 to 142 
show that this clonal tumor was present in 2015, and the mitochondria are nested within 143 
the clonal cancer clade.  144 

Including a molecular clock analysis of the tumour samples only (without the host tissue 145 
samples) would help deciphering the relationships between these fascinating cancers 146 
and add an exciting dimension and depth to the study. Since the authors sampled 147 
across an 8 year period (2015 to 2023), have access to epidemiological and historical 148 
data (“to infect 30% of fish in Lake Memphremagog by 2014, after not being present at 149 
noteworthy levels prior to 2012”), they could include those as priors in a Bayesian 150 
phylogenetic analysis (BEAST) to determine the evolutionary history, age, potential 151 
most recent common ancestor, the dynamics etc. of this novel transmissible cancer. 152 
That would also help to make the study a bit less descriptive and would allow a 153 
stimulating discussion on the evolution of transmissible cancers. 154 

We would very much like to run a molecular clock analysis with the nuclear data 155 
collected from tumor fish, and plan to do this in the coming years. The current data set 156 
is lacking the sampling depth and the longitudinal coverage to easily address these 157 
questions. Unfortunately, no frozen carcasses or DNA sequences exist for the 2015 158 
samples (which were only RNA sequenced), though we now have samples from 2019 159 
and 2023, and expect to collect more over the coming years. We hope a few more time 160 
points will be sufficient to calibrate a molecular clock, alongside deeper sequencing for 161 
sensitive resolution of host versus tumor nuclear variants, though that will depend on 162 
the age of the cancer and the consistency of mutational processes, which are unknown.  163 
We are also sampling more geographic locations to find populations with and without 164 
tumors to address the other interesting evolutionary questions. Overall, this endeavor is 165 
likely to take multiple years and thus outside the scope of this initial paper. 166 



Would the authors have multiple tumour samples from the same fish? Or would the 167 
authors have been able to sample the same fish over time? According to the manuscript 168 
they were all sampled through electroshock, so we assume the fish have died and they 169 
were only sampled at one time point. We however couldn’t see if multiple samples were 170 
taken from the same fish as the data presented (Supp table 3) has ‘sample’ ID only. 171 
Based on Supp table 3 it appears overall the authors sampled 85 fish, and they found 172 
41 lesions, so if only one sample was taken/fish, that means almost 50% prevalence. 173 
Prevalence can be misleading when sample sizes are not representative of the 174 
populations surveyed. We noted the study cited (Blazer et al 2019) reported around 175 
30% prevalence based on much higher sample sizes. Can the authors comment on how 176 
the prevalence estimates in the Blazer et al study differs from the ones presented in this 177 
study. Do these estimates reflect what could be expected from a clonal cancer with high 178 
transmissibility as postulated? 179 

We did not collect tissue for DNA sequencing for all of the healthy fish caught during the 180 
sampling, thus the incongruence in ratio of tumor prevalence in the supplementary data 181 
relative to the Blazer et al. 2019 paper. The Blazer et al. 2019 paper considers all of the 182 
fish caught during 2023 and has the correct ratio.  183 

When these fish were collected in 2023 we had different hypotheses for the origination 184 
for the tumors and only sequenced the tumor tissues collected from the tumor fish 185 
samples included in this paper. We only sampled a single tumor per fish, and all fish 186 
were lethally sampled. We revised the text of the Supplementary Figure for clarification: 187 
Supplementary Table 2. Summary of the Lake Memphremagog DNA Samples 188 
sequenced for this study. This is a subset of the fish collected during the sampling 189 
events, where not all tumor fish were sampled, and only single tumors were sampled 190 
per fish. 191 

We did not consider looking at two tumors per fish and think monitoring progression in 192 
individual fish over time would be helpful for understanding tumor evolution within and 193 
between fish.  We are piloting non-lethal sampling methods for tumor tissue which 194 
would enable this type of study.  195 

As to what frequency of transmissible cancer incidence is reasonable to expect in a 196 
population, it is difficult to say without knowing more about the biology of the tumor, 197 
mode of transmission, and lethality of the tumor, among other variables. Other 198 
transmissible cancers display wide ranges of incidences by locality.  In soft-shell clams, 199 
some populations show up to 90% incidence while others have low levels (<5%) or a 200 
complete absence of transmissible tumors. Since the 30% incidence reported by Blazer 201 
et al. is within this wide range, it seems reasonable for a transmissible cancer.  202 



Detailed comments: 203 
Line: “To date no viruses or other microorganisms have been identified as related to the 204 
origination of the Lake Memphremagog melanomas (see Supplementary Section 7 and 205 
Supplementary Tables 8,9), …”  206 
>After looking at section 7 and supp tables 8 and 9, the authors appeared to have found 207 
viruses in their samples. Could they please clarify if they can categorically demonstrate 208 
the lack of a viral agent in the sampled lake. 209 

We added the following paragraph to Supplementary Material:  210 

9.2 Viral Results: 211 
Of the viruses found in our fish samples, the majority were viruses of prokaryotes. We 212 
identified three viral lineages that are known to infect animals, and two that generally 213 
infect Eukaryotes.  Of the Viruses of Animals, a member of Amarillovirales was found in 214 
a single tumor tissue, a member of Blubervirales was found in a single normal tissue, 215 
and a member of Orthopolintovirales was found in a single normal tissue. Of the viruses 216 
of Eukaryotes, a member of the Picornavirales (originally classified from brown 217 
bullheads) was found in a single tumor and a single normal tissue.  A member of the 218 
Ortervirales was found in four normal tissues.  219 

We added the following to the Materials and Methods in the main manuscript: 220 

Screening for Microorganisms in Tissue Samples: 221 
We screened tissue DNA and RNA sequences for viral and other cellular organisms. 222 
Any sample read that did not map to the HL4 genome was processed used nf-core/mag 223 
(Ewels et al., 2020; Krakau et al., 2022) to generate assemblies  (Li et al., 2016; Nurk et 224 
al., 2017) and run classification of mobile genetic elements (virus and plasmid) using 225 
geNomad on assembled contigs (Camargo et al., 2023) and classification of prokaryotic 226 
and eukaryotic organisms on sequencing reads with Kraken2 (Wood et al., 2019).  227 

Kraken2 data were imported into R using phyloseq (McMurdie & Holmes, 2013). We 228 
explored differential abundance of taxa between tumor and normal samples for each 229 
dataset (RNA or DNA) using DESeq2 (Love et al., 2014).  To remove false positives, we 230 
filtered out organisms with less than 50 counts across the data set, and that were 231 
present in fewer than a quarter of the sample subset prior to running the analysis. 232 

We added the following to the Results in the main manuscript: 233 

No viral or microbial agents associated with tumor tissues: 234 
We screened the tumor and normal tissues for viral and cellular organisms 235 
(Supplementary Materials Section 9.) to identify potential agents associated with 236 
melanistic lesions.  We found many viruses of prokaryotes but there were so few 237 
viruses of animals or eukaryotes found in our samples that we were unable to run a 238 
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formal statistical analysis (Supplementary Table 10) . We identified and ran a differential 239 
abundance analysis of cellular organisms found in tumor and normal tissue 240 
(Supplementary Table 11), and did not identify any microbial genera that were 241 
associated with tumor tissue. If there is a virus or microbial agent that facilitates 242 
tumorigenesis, it was not present in our tumor samples. 243 

Line: “To date, transmissible cancers have only been observed in three types of 244 
animals: dogs, Tasmanian devils, and bivalve species4.” 245 
>Potentially add “naturally occurring transmissible cancers” as cancer transmissions 246 
have been observed in laboratory setting and under particular circumstances in 247 
humans.  248 

Added the following to the introduction: “To date, naturally occurring transmissible 249 
cancers have only been observed in three types of animals: dogs, Tasmanian devils, 250 
and bivalve species.” 251 

Lines: “This supports clonal lineage of the tumor samples in Lake Memphremagog that 252 
predates 2015 and did not originate in Lake Memphremagog.” and Figure 1. Brown 253 
bullhead sampling… “do not know the extent to which this cancer lineage may already 254 
exist in other populations throughout North America.” 255 

>We understand this is the first study to describe the transmissible cancer, but we were 256 
wondering whether melanoma has been observed in other regions across the 257 
distribution range of the species. This is not a criticism to the sampling approach, but 258 
rather a reflection on the origin of the cancer and the susceptibility of the species.  259 

There are other populations in which similar melanistic lesions have been observed 260 
across the northeast. iNaturalist and the fisherperson social media app Fishbrain have 261 
quite a few pictures of likely tumor fish which phenotypically appear similar to the 262 
Memphremagog tumors. Additionally, the paper we cite from 1925 with similar tumors, 263 
the experimenters even transmit between fish themselves, makes it likely that this 264 
lineage is widespread or brown bullhead are very susceptible to incipient transmissible 265 
cancers. At this point it is not clear whether other observations fit one of these two 266 
possibilities, or represent phenotypically similar conventional melanomas, and will 267 
require widespread sampling and sequencing to address. 268 

Figure 2 (figures in general). 269 
It might be due to converting image files to pdf, but some of the symbols appear to be 270 
not present on the figure. For example, there are filled circles with a dash line over them 271 
on Figure 2 in the legend, but they don’t appear on the figure. Please check for 272 
consistency.  273 



Thank you for pointing this out. We remade most of our figures and double checked 274 
them for consistency and completeness.  275 

“We find tumors are enriched for arsenic (V. Blazer personal communication, 2025), but 276 
it is not clear if it plays a role in facilitating transmission of the tumor or is a result of the 277 
metabolism of the cancer cells.” 278 

>Reading the literature revealed that a drain beneath Coventry Landfill in Vermont has 279 
been discharging leachate containing arsenic and other chemicals into nearby wetlands 280 
that flow into Lake Memphremagog. Would the authors be able to link a pollution event 281 
prior to 2014 to the emergence/initiation of the melanomas? Have they observed any 282 
signs of cancer in other fish/species inhabiting Lake Memphremagog? 283 

We cannot link the two events with the data available. The presence of other 284 
populations of brown bullhead with melanistic lesions in unrelated watersheds suggests 285 
that the arsenic is not causal, but we cannot rule out that it is influencing tumor growth 286 
and spread through this population.  There are no other species in the lake that show a 287 
high prevalence of cancer. 288 

We removed the mention of arsenic in the discussion because it is not published data 289 
and will not be publicly available for several months. In addition, the role of arsenic in 290 
the growth and spread of clonal tumorigenesis is potentially very interesting, but it is 291 
neutral relative to the clonal tumor hypothesis that we support throughout the paper. 292 

Line: “necessity of containment efforts.” 293 
>Can the authors expand and explain what containment efforts could be undertaken to 294 
prevent cancer spread? It seems to us that the cancer is spread throughout the lake, 295 
and we don’t see much scope for containment. 296 
It also appears that “it has been observed that older fish with extensive tumors in and 297 
around their mouths and gills persist seemingly with little impact from the tumors”  298 
>This comment is not supported by any datapoint in the manuscript. Would the authors 299 
have a reference or pers.com to support this statement? Would the authors consider 300 
that the fish potentially have adapted to the disease (via tolerance or resistance)? The 301 
tumours have only been observed since 2012 … that would mean very fast adaptation 302 
from the fish. What is the generation time of these bullfish? Or would the authors 303 
consider the cancer being highly transmissible but low pathogenic (but they also found 304 
metastasis to other organs in the fish)? Could the authors comment on the potential 305 
evolutionary path and trajectory of bullheads and their transmissible cancer might take?  306 

We clarified the statement to “necessity of containment efforts to minimize spread 307 
beyond Lake Memphremagog.” 308 



We deleted the statement “it has been observed that older fish with extensive tumors in 309 
and around their mouths and gills persist seemingly with little impact from the tumors”  310 

This was based on observations of the fish biologists during surveys. The fish with 311 
extensive tumors are not underweight or demonstrably in distress. However, we lack 312 
empirical data to support the statement, and we hope to learn more about the morbidity 313 
and mortality of fish with these tumors. In order to support the statement and answer 314 
many of your follow up questions we would need to study individual fish over many 315 
years to assess morbidity and mortality and run transmission studies between naive and 316 
infected individuals to address adaptation, transmissibility, and pathogenicity. We would 317 
like to learn the answers to these questions, but given our current data and analyses it 318 
would be hard to give definitive answers. Brown bullheads generally live to 7 years old 319 
but some are recorded to live into the middle teens. 320 

Based on the comments and questions above, it’s clear, we are very supportive of the 321 
publication of this manuscript, once our queries have been answered. Beata Ujvari and 322 
Rodrigo M. Hamede 323 

Referee #2 (Remarks to the Author): 324 
The key finding here is that there is a new transmissible cancer, that is found in fish for 325 
the first time and also for the first time, is melanoma. This is highly original and exciting 326 
scientifically but could have major implications for the aquatic ecosystems. The writing 327 
is clear and very accessible to a wide audience.  328 

We thank Referee #2 for their enthusiasm for our work and have incorporated their 329 
suggestions for improvement as indicated below. 330 

Suggestions for improvements:  331 
(1) The authors might want to frame their work within the context of other natural forms 332 
of pigmentary lesions in fish, such as Xmrk (Xiphophorus), melanoma in trout, salmon 333 
melanocytic lesions...This might help show that this is really distinctive from these 334 
natural pigment lesions.  335 

We added the following line to our discussion to bring in the context of other fish 336 
melanoma/lesions "Other fish species have been reported with melanistic lesions, some 337 
with putative causes (e.g. Xiphophorus hybrids36) and others of unknown cause (e.g. 338 
coral trout37, smallmouth bass38), which may warrant testing for clonality." 339 

(2) The quality of the Figure 1B should be improved (it is rather rudimentary).  340 

Figure 1B is now Figure 1F. We agree that it is a simplistic illustration of our hypothesis, 341 
but think it effectively illustrates the difference between stochastic somatic mutations 342 



resulting in tumorigenesis vs a clonal cancer hypothesis. We have spent much time 343 
presenting this data to broad (and sometimes skeptical) audiences. We found that 344 
having a simple cartoon representing the difference in hypotheses has been an effective 345 
tool in making the data more broadly comprehensible and contextualizing the striking 346 
clonality of the tumors in the real-data phylogenies.  347 

(3) Is there evidence of the species origin of this melanoma? Can the genomic data be 348 
used to understand the species. The authors say that the cancer pre-dates 2015 and 349 
did not originate in Lake Memphremagog. 350 

We used the black bullhead (Ameiurus melas) mitochondria to root our phylogenetic 351 
analysis of mitogenomes and found that the tumor lineage is a unique clade nested 352 
within the bullhead mitochondrial genome samples. Although we did not have nuclear 353 
genomic data from Ameiurus melas, we did add additional fish from populations in New 354 
Hampshire and Maine. These eastern population formed a monophyletic clade 355 
(mitochondrial, and nuclear trees) and tended to be the sister clade to our tumor clade. 356 
Together this makes it highly likely that our tumors originated in brown bullhead, and 357 
that they are more closely related to fish from eastern populations than to fish in Lake 358 
Memphremagog. 359 

(4) Can the genomic data be used to understand if there is key driver mutation? This 360 
might also be useful for histopathology to see the "mosaic of clonal tumor and host 361 
cells" in the tumour tissue. 362 

These are great suggestions. We agree that we have a treasure trove of genomic data 363 
to look at driver mutations, though a lot of sampling and sequencing resolution of 364 
tumors and healthy fish would be needed to separate out germline variants inherited 365 
from the founder fish and somatic mutations that happened early in the cancer’s 366 
evolution. Conclusive driver mutations is still an area of investigation across other 367 
transmissible cancers, in part due to this complexity, so we do not believe this would be 368 
a quick and easy process. We also think it is a great idea to make histopathology 369 
probes, specifically for tumor SV regions, to explore the "mosaic of clonal tumor and 370 
host cells" in the tumor tissue, as would be the application of spatial transcriptomics. 371 
Though exciting, we believe these directions are out of scope to the goal of this paper to 372 
establish the clonality of the cancer.  373 

(5) I would suggest removing the "personal communications" bit in the discussion. If the 374 
data is too preliminary to publish, then best to not include.  375 

We agree, and since our collaborators will not be publishing this data for a few months, 376 
we deleted this reference to arsenic in tumors relative to healthy skin. 377 



Referee #3 (Remarks to the Author): 378 
The manuscript tests the hypothesis that melanoma-type tumour lesions in a benthic 379 
fish species, Ameiurus nebulosus, are a transmissible cancer, in which the tumour cells 380 
are distinct from the host and can spread between individuals, akin to a parasite. The 381 
authors outline that these types of cancer are rare but have been described in two 382 
mammalian species and 10 species of marine bivalves. In this manuscript the 383 
researchers have used genomic tools to test the hypothesis of transmissibility by 384 
sequencing (using short read, long read and RNA) the mitochondrial and nuclear 385 
genomes of normal (no tumour lesions) brain tissue and skin tissue, as well as brain 386 
tissue and skin tissue from fish with black lesions. The samples were collected at three 387 
time points, 2015, 2022 and 2023. 388 

Analysis of the mitochondrial genomes demonstrates heteroplasmy in all tumour lesions 389 
samples and a proportion of normal tissue. Phylogenetic analysis of mitochondrial SNVs 390 
shows that most of the tumour samples form a monophyletic clade, with the tumours 391 
more closely related to one another than to the normal fish samples, consistent with a 392 
transmissible cancer lineage. The tumours are separated into low frequency (LF) and 393 
high frequency (HF) variant samples, with HF samples more closely related to each 394 
other and exhibiting patterns of phylogeny consistent with a transmissible tumour. The 395 
LF samples are less clear cut, see further points below.  396 

Analysis of the nuclear genomes supports the clustering of HF tumour samples in a 397 
monophyletic clade, distinct from normal fish samples. Further, analysis of shared 398 
variants in HF samples highlights the similarity of tumour samples (through shared 399 
variants) compared to normal samples. This data is contrasted to melanoma samples in 400 
humans, which demonstrate few shared variants between tumours from different 401 
individuals. Similarly, structural variants are more shared between the HF tumour 402 
samples than between normal tissues.  403 

The evidence presented by the authors strongly suggests that this is indeed a 404 
transmissible tumour. This is challenging to prove conclusively, but the comparisons of 405 
SNVs and SVs, particularly among the HF tumour samples are compelling evidence. As 406 
such, it makes an original and impactful piece of work.  407 

We thank Referee #3 for an extremely thorough and thoughtful summary of our 408 
manuscript.  Please find our responses to your concerns below. 409 

However, I do have several concerns as to how the data is presented and the 410 
conclusions drawn in the paper, particularly in regards to the ‘low frequency’ (LF) 411 
tumours. 412 



We resampled and re-sequenced the LF samples (See the resolution of low tumor 413 
purity samples: discussion above) and recovered the entire clonal cancer 414 
mitochondrial genomes in these fish. We are confident that the LF phenomenon was a 415 
methodological artifact and not biologically meaningful.  416 

• The different sequencing methods utilised and the lack of consistency in methods 417 
across the samples causes issues in the analyses and conclusions that can be drawn. 418 
This is apparent in the division of samples into low frequency and high frequency 419 
tumours (Figure 2 and Figure 3), with the low frequency tumours clustering separately 420 
to the high frequency tumours, with SB14 tumour more closely related to normal tissues 421 
(Figure 3). The authors attribute this to host contamination (ie fewer tumour cells) in the 422 
low frequency tumours, but this may also be an artefact of sequencing depth in these 423 
samples, or an independent cancer lineage. Can the authors normalise the data and 424 
SNV calling for read depth? 425 

We agree that the previous draft pulled from a variety of sequence types to compensate 426 
for the LF samples. We focus the current draft of the main manuscript on only short 427 
read DNA sequences, and only present data for long read DNA and RNA in the 428 
supplementary materials as supporting data. We also added 9 tumor-normal fish pairs 429 
collected from 2019 and found that they share the clonal cancer lineage. 430 

We filtered but did not normalize the SNV data for read depth. The SNVs sites included 431 
in analyses had at least 10x coverage for 90% of the samples included in an analysis. 432 

• I would also like to see a direct comparison of LF and HF tumours in terms of 433 
sequencing depth for the nuclear genome and shared SNVs, this is difficult to see from 434 
the supplementary material. 435 

We added coverage information to Supplementary Table 4. Under the columns for HL4 436 
Genome Mapping. 437 

• In the supplementary material the authors note that ‘histologically the LF samples did 438 
not show evidence of a tumor’, but no histopathology is shown in the supplementary 439 
materials or main paper. Given the division into LF and HF tumours the pathology the 440 
authors refer to should be shown or histopathology should be included.  441 

The revised analysis suggests that the same tumor is responsible for the development 442 
and proliferation of the melanistic lesion, from small proliferations of melanocytes to 443 
raised black melanomas.  The major consideration for current and future sampling is 444 
whether we can collect enough tumor cells in the tissue such that the ratio of tumor to 445 
host cells is high enough for genomic characterization of the tumor. We removed the 446 



particular passage from the Supplementary Materials, based on our success resampling 447 
and re-sequencing the former LF samples.  448 

• The clustering of the low frequency tumours with the normal tissues (ie. Figure 3, Supp 449 
Figure 6) is attributed to chimeric tumour and host, but can the authors be sure of their 450 
interpretation? The data may indicate non-transmissible, independently arising tumours 451 
or an early lineage of the transmissible tumour. Again, histopathology and consistent 452 
methods of sequencing across samples would assist in making this point more robust.  453 

We agree that if the resampling and resequencing had gone differently that we would 454 
need to show this, but resequencing clarifies that all tumors, including formerly LF 455 
samples, are the same clonal lineage. 456 

• Given the reference genome generated and the extensive sequencing of non-tumour 457 
samples it should be possible to identify germline variants and tumour specific variants?  458 

This would be possible to an extent, but two issues make this outside the scope of the 459 
current manuscript. First, we need higher sequencing depth for most samples to 460 
definitely resolve host versus tumor SNVs. Second, to resolve germline variants 461 
(inherited from the founder fish) from somatic mutations (occurring during the cancer’s 462 
evolution), you need widespread sampling and sequencing of bullhead populations to 463 
characterize variants that exist in this population. Our current sampling was not set up 464 
to have such resolution, mainly focusing on Lake Memphremagog with a few other fish 465 
from other locations as reference fish. As is, our data set is best suited to test the clonal 466 
cancer hypothesis. Future sampling to locate populations closely related to the tumor 467 
origin will help resolve germline/somatic variants.  468 

• The samples collected in 2015 were sequenced by RNA_seq. This data appears to be 469 
only used in Figure 2, but could provide insight into gene expression changes in the 470 
tumour? Is there a reason the data was not analysed further? 471 

We agree that gene expression data are important for understanding what is happening 472 
in these tumor environments but believe this is out of scope for this paper. The major 473 
goal for using this archival RNAseq data in this paper was to call mitochondrial variants 474 
and test whether the lineage of clonal cancer has been in the lake since at least 2015, 475 
and that it is a single lineage that was present for that time frame. 476 

• The supplementary information also includes an analysis of the microbiome/mico-477 
organisms, this is not included in the main paper, but a brief description of the findings 478 
would be valuable, given the possibility of tumour inducing viruses. 479 

We added the following to the Materials and Methods in the main manuscript: 480 



Screening for Microorganisms in Tissue Samples: 481 
We screened tissue DNA and RNA sequences for viral and other cellular organisms. 482 
Any sample read that did not map to the HL4 genome was processed used nf-core/mag 483 
(Ewels et al., 2020; Krakau et al., 2022) to generate assemblies  (Li et al., 2016; Nurk et 484 
al., 2017) and run classification of mobile genetic elements (virus and plasmid) using 485 
geNomad on assembled contigs (Camargo et al., 2023) and classification of prokaryotic 486 
and eukaryotic organisms on sequencing reads with Kraken2 (Wood et al., 2019).  487 

Kraken2 data were imported into R using phyloseq (McMurdie & Holmes, 2013). We 488 
explored differential abundance of taxa between tumor and normal samples for each 489 
dataset (RNA or DNA) using DESeq2 (Love et al., 2014).  To remove false positives, we 490 
filtered out organisms with less than 50 counts across the data set, and that were 491 
present in fewer than a quarter of the sample subset prior to running the analysis. 492 

We added the following to the Results in the main manuscript: 493 

No viral or microbial agents associated with tumor tissues: 494 
We screened the tumor and normal tissues for viral and cellular organisms 495 
(Supplementary Materials Section 9.) to identify potential agents associated with 496 
melanistic lesions.  We found many viruses of prokaryotes but there were so few 497 
viruses of animals or eukaryotes found in our samples that we were unable to run a 498 
formal statistical analysis (Supplementary Table 10). We identified and ran a differential 499 
abundance analysis of cellular organisms found in tumor and normal tissue 500 
(Supplementary Table 11), and did not identify any microbial genera that were 501 
associated with tumor tissue. If there is a virus or microbial agent that facilitates 502 
tumorigenesis, it was not present in our tumor samples. 503 

Referee #4 (Remarks to the Author): 504 

We thank the referee for their consideration of the paper but disagree with their 505 
interpretation of what was presented in the original manuscript. We also disagree with 506 
their concept of the current gold standard for identifying clonal cancer. Please find 507 
responses to their remarks below. 508 

The key results suggest the existence of a transmissible tumor in brown bullhead. 509 
However, some key steps, in my mind are missing to demonstrably demonstrate its 510 
existence. First, the authors rely heavily on mtDNA for their analysis, which could be 511 
simply different due origin from a different (migrant female).  512 

We presented extensive mitochondrial and nuclear genome evidence in the original 513 
draft of this manuscript including phylogenetic and tumor specific analysis of SNV, and 514 
SVs (large inversions, duplications, insertions, deletions). We added an analysis of 515 
nuclear copy number variation to the current analysis.   516 
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We do not understand the statement “which could be simply different due origin from a 517 
different (migrant female)”. We know of no mechanism where the mitochondria from a 518 
migrant female would be present in the tumor tissue of over 28 melanistic fish (from 3 519 
time points over 8 years) but not be present in the healthy tissue of those fish. If the 520 
normal tissue and the tumor tissue both contained only a single mitochondrial genome 521 
and that genome was present in all of the tissue in only the fish with tumors, we would 522 
agree with you. That, however, is not the case in this study. 523 

Overall, the results are not convincing. The authors could follow the processes used to 524 
demonstrate the existence of other transmissible cancers. First of all, there is no real 525 
histology to demonstrate the cancer or type.  526 

The histology for cancers for this population are published in Blazer et al., 2020., which 527 
is cited in the second line of the introduction: 528 

Blazer et al. determined these raised black lesions to be malignant melanomas based 529 
on histopathological analysis and observed these lesions in 23%–37% of brown 530 
bullhead sampled between 2014 and 20171.  531 

Secondly, Koch's postulates were not satisfied; the tumor could have been isolated in 532 
independent fish cell lines (which are easy to culture) and cultures could have been 533 
used to infect other fish.  534 

Koch's postulate, while definitive, is not the gold standard for identifying transmissible 535 
tumors. The seminal publications presenting genomic evidence of transmissible cancers 536 
in Tasmanian devils (Pearse & Swift et al, 2006, Nature), dogs (Murgia et al., 2006, 537 
Cell), and bivalves (Metzger et al., 2015, Cell) did not perform transplantation 538 
experiments themselves, instead relying on overwhelming genetic evidence showing 539 
that tumors across multiple animals shared a common origin and were not related to 540 
their hosts. We are directly following this approach in our analyses.  541 

Therefore the data are lacking to convincingly demonstrate a transmissible tumor, and 542 
the blueprint is there to do so, which includes whole genome sequencing, 543 
demonstrating the tissue the tumor is expressed in skin tissue using transcriptomics.  544 

We used nuclear genome sequencing for both drafts of the manuscript (see Figure 3 545 
and 4, Supplementary Figures 5-14, Supplementary Materials Section 6, the Methods 546 
section, and the Results sections:  Nuclear single nucleotide variants also support a 547 
clonal tumor and Nuclear structural variants also support a clonal tumor). We disagree 548 
that transcriptomics are required to demonstrate a transmissible cancer, given that 549 
cancers of the same type often evolve convergently to express similar genes, but with 550 
differing mutations causing those mutations (which we capture in our DNA sequencing) 551 

https://www.zotero.org/google-docs/?9tb5pV


While well-written, the results of the paper do not convincingly demonstrate a 552 
transmissible tumor. As such, I cannot recommend the paper in its current form. 553 

We hope that you will consider the evidence in the revised draft, and our responses to 554 
your concerns in evaluating the merits of our work. 555 

Referee #5 (Remarks to the Author): 556 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 557 

This email has been sent through the Springer Nature Manuscript Tracking System NY-558 
610A-SN&MTS 559 



We thank all reviewers for their thorough reading and insightful feedback on our 
manuscript. Below we provide responses in bold to respond to the remaining reviewer 
concerns. 

Referees' comments: 
 
Referee #1 (Remarks to the Author): 
The authors have satisfactorily addressed all previously raised concerns. Their methodology, 
sample collection procedures, and data analyses are now presented with greater clarity and 
coherence, making the study easier to follow. The manuscript is streamlined, well written, and 
demonstrates originality with significant implications for our understanding of transmissible 
cancer evolution and ecology. The conclusions are robust, supported by rigorous statistical 
analyses. We commend the authors on this excellent work and look forward to future studies 
that further explore this novel and compelling transmissible cancer cell line. 
Beata Ujvari and Rodrigo Hamede 
 
 
Referee #2 (Remarks to the Author): 
I continue to find this a fascinating discovery that has significant implications for our 
understanding of cancer biology as well as ecology. 
 
1. I disagree with the authors that their Figure 1F is clear. It requires reading their methods to 
understand their cohort of samples and apply it to this figure (what is normal tissue etc; samples 
numbers; controls). I think this figure is the opportunity to explain their cohort and study design, 
as well as the hypothesis. The authors even agree in response to Reviewer 1 that "We agree 
that the details of the study design were confusing." They also address comments about 
metastatic disease to the Reviewers, which are reasonable questions based on the biology of 
melanoma (the brain in the schematic looks like it is a metastatic site; which is a major problem 
in the human disease). 

We changed the figure so that the normal tissue sampled per fish was not 
specifically healthy brain tissue. Incidentally, we did not observe metastasis in the 
brain tissue for the fish for which we sequenced the melanistic lesions but 
appreciate the association with human disease and modified the figure to be more 
general. 

We agree that clarity regarding cohort structure is important. However, because 
Figure 1F is designed to illustrate the expected phylogenetic relationships under 
competing biological hypotheses, incorporating the full sampling design 
(including multiple years, tissue types, and fish conditions) would substantially 
complicate what is intended as a simplified conceptual diagram. In the previous 
revision, we substantially simplified and clarified the description of the cohort and 
study design in the main text and Methods. These changes were noted favorably 
by other reviewers and we therefore maintain the schematic nature of this panel 
while directing readers to those clarified sections. 



The legend now reads:  

“F. Expected phylogenies from paired normal (N) and tumor (T) tissue genomes 
for fish with tumors that arise conventionally via somatic mutation or originating 
from the transmission of a clonal lineage of cancer.” 

 
2. While the pathology of the lesions has been published previously, I think the paper could 
have improved impact with some basic H&E so we can see the pathology of the disease and 
see the cancer cells. 

Histological images have been submitted for publication as part of a larger 
pathology study (Blazer et al, In Submission, Journal of Fish Diseases) and will not be 
shown here. We refer reviewers and readers to previous work by Blazer et al. 2020 for 
extensive discussion and representation of tumor histology.  

While the histological images of the cancer cells in the melanomas are interesting, 
we think they are not specifically relevant to the primary inference presented in this 
manuscript, that the cells are clonal and transmissible. Multiple cell types are present in 
these tumors and identification of the transmissible cancer cells will be done using laser 
microdissection and subsequent single cell sequencing with freshly collected samples 
this spring. 
 
3. Line 431 discusses transmissionable cancers in over a dozen species, and yet in line 72 the 
authors say that the transmissionable cancers have "only been observed in three types of 
animals". Please clarify these statements. 

We clarified the text that was on line 72. The original read: 

“To date, naturally occurring transmissible cancers have only been observed in 
three types of animals: dogs, Tasmanian devils, and bivalve species4.” 

The current text reads: 

“To date, naturally occurring transmissible cancers have only been observed in 
three types of animals: dogs, Tasmanian devils, and several species of bivalve4.” 

 
4. Line 67 - I would recommend reconsidering how this sentence is cited. Based on the way it is 
written, I thought that the hypothesis was generated in the citation. Upon reading that (excellent) 
reference, I now understand it is meant as a reference about transmissible cancers generally.  

We modified the way the sentence is cited. Initially it read: 

“This led to the hypothesis that this cancer may be a transmissible cancer - a 
clonal cancer lineages that spreads through a population by engrafting on new 
organisms like a contagious parasite4.” 

https://www.zotero.org/google-docs/?W42wrj
https://www.zotero.org/google-docs/?W42wrj
https://www.zotero.org/google-docs/?o5C5gt


The text currently reads: 

“This led to the hypothesis that this cancer may be a transmissible cancer - 
because this genomic observation is consistent with known clonal cancer lineages that 
spread through a population by engrafting on new organisms like a contagious 
parasite4.” 
 
 
Referee #3 (Remarks to the Author): 
The revised manuscript is significantly improved from the original, in particular the evidence in 
support of these melanomas as transmissible tumours is strengthened. The re-sampling, 
additional samples from 2019 and associated sequencing has sufficiently resolved the ‘low 
frequency’ tumour samples showing that these were an artifact of the sampling and has 
confirmed the monophyletic nature of the tumour samples. The addition of the normal tissue 
samples from Maine and New Hampshire has also improved the analyses, suggesting an origin 
for the tumour beyond Lake Memphremagog. The authors have removed the long read 
sequence data from the analyses in Figure 2 and Supplementary Figure 3, confining these to 
short read sequence data, which improves consistency in the analysis. I am also satisfied with 
the description and analyses of viruses and microorganisms in the work. 
A number of the suggestions (ie. identification of tumour specific variants and further use of 
RNA_seq data) have not been followed up by the authors, but I do accept their justification that 
the need for consistently higher sequencing depth across additional samples (ie more sampling) 
pushes these experiments outside the scope of the current work. 
Two minor issues in the Introduction: 
Line 83 – replace ‘an’ with ‘a’ 

We made the suggested replacement 

Line 89 – I would begin this line with 'An indicator of a transmissible cancer…’ the way the 
sentence is currently phrased indicates that the relationship between cancer genomes and the 
host genome is the only parameter required to prove cancer transmissibility. The phrasing may 
also be confused with Hanahan’s papers on the Hallmarks of cancers. 

We modified this sentence to start with “An indicator”. 

Overall, the manuscript is now well written, and the data well supports its conclusion, that a 
transmissible tumour is circulating in Ameiurus nebulosus, the first contagious cancer to be 
identified in a fish. 
 
 
Referee #4 (Remarks to the Author): 
Significant improvement from original MS. Satisfactory responses to reviewer comments. 
 
 

https://www.zotero.org/google-docs/?o5C5gt


Referee #5 (Remarks to the Author): 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 
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