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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

This paper reports the analysis of a set of metagenomes and metatranscriptomes taken in two cruises in the Atlantic and
Southern Oceans, to identify the presence and expression of carbohydrate-degrading (CAZYmes) and peptidase genes from
marine fungi. The main idea is to develop a better understanding of the abundance and function of fungi in marine systems
and to highlight functional differences in different regions. The paper presents a substantial amount of work, resulting in
many plots and figures, but the obtained results are not properly digested, so it is very difficult to extract a clear picture of the
data. Moreover, some of the results are unexpected and little discussed, and an important step of the bioinformatic pipeline
is inappropriate, as a tool for predicting prokaryotic genes has been used to find fungal genes.

The senior author of this paper has many publications on marine fungi, in some cases also using metagenomes and
metatranscriptomes. In the introduction one expects to learn what has been done before, and how this paper contributes with
new information.

For each station there are two size fraction analyzed, one including all organisms (>0.2 um) and a second including all
organisms except the very small ones (>3 um). | am surprised by the way the authors label these two samples, as there are
many organisms in common and, most importantly, the size range of fungi does not need to be exclusively below 3 um. The
definition of free-living and particle-attached somewhat derives from the prokaryotic literature, but here the targets are not
prokaryotes but fungi, that may cover a much wider range of sizes. So, | find this labelling misleading.

The data presentation is largely based on primary data, with many different categories (metaG/metaT; polar/non-polar,
peptidase/CAZy genes; total/secretory enzymes) that are displayed together, being extremely difficult to follow the message.
This would need some kind of processing of the data. Moreover, when presenting the data, the authors should first present a
general overview of what they found and then focus in the particular differences among the categories. Right now, all the
explanation is based in these differences, being extremely difficult to grasp the message.

The authors present the results they obtained with very little critical insights. When studying the relative abundance of fungi
they found the following order of group abundance, Ascomycota, Mucoromycota, Chytridiomycota, Basidiomycota and
Zoopagomycota. How this data compares with previous descriptions of fungal diversity in the open ocean? Is this what it
was expected? Taxonomic data derived from metagenomes and metatranscriptomes depend largely on the taxa presentin
reference databases, has this been taken into account?

This work is based in genes predicted from metagenomes and metatranscriptomes. However, in this critical step the authors
use Prodigal, a program designed to predict prokaryotic genes in metagenomics reads (Prodigal: PROkaryotic DYnamic
programming Gene-finding ALgorithm). As fungi are eukaryotic organisms, this does not seem the best option, and | wonder
how this can severely affect the results obtained. This is a major drawback of the manuscript.

Line 41. Why non-polar? Wouldn't be better to label this category as "Atlantic"??

Lines 39-42 . ltis not enough to say that there are functional changes, would be interesting to explain these changes.

Line 93-100. The first sentence says that there is few data on carbohydrate and protein degradation by marine fungi, and the



second sentence says that this is the first report.

Lines 155-159. | guess there are expected (mostly methodological) reasons to explain the order of magnitude difference in
the number of CAZY genes found in metagenomes and metatranscriptomes. But these are not explained nor discussed.

Line 219-220. The groups dominating in peptidases genes (Chytridiomycota-Basidiomycota) are very different from the
groups dominating the community (Ascomycota-Mucoromycota). While this is possible, it is a bit unexpected, and it could
also be due to methodological reasons (mostly related to database completeness for taxonomy). At any rate, | am surprised
that the authors did not try to explain these very obvious differences.

Line 313. Results show that the most prevalent fungal CAZYme were GT. However, there is no mention in the next
paragraph on what they are doing (they do not seem to be directly involved in degradation) and why they are the most
important. They are just ignored.

Lines 406. | do not see why detecting diverse fungal genes in the omics data supports the conclusion that fungi play a
"profound and significant role" in governing biogeochemical cycles. This depends on how much fungi contribute to these
cycles (as compared with other taxa), which cannot be derived from the presented data.

Lines 416-418. Comparing fungal peptidase and CAZyme genes against non-fungal peptidases/CAZYmes would be a first
step to interpret the importance and role of fungi in marine ecosystems

Lines 430-431. Here it appears temperature, but when this has been analyzed??

Line 442- | guess it should be "latitudinal”

Lines 504-505. It is not very clear how the metagenomes were treated. | guess no assembly was attempted, right? Then read
mapping to the transcripts, resulted in a low number of genes found. Can you explain this, please (I guess most signal was

prokaryotic), And how this could impact the results found?

Figure 1. Some of the graphs do not have the y-axis legend. Also, what is the x-axis of panel C? Are individua stations? How
about water depth? This seems just a compilation of data, with very little effort to convey a message to the reader.

Line 545. | do not see the category "Others"

Fig. 3. Again, this figure includes a lot of categories, plots, and colors. Very, very complicated to follow. The same for Figure
4

Reviewer #2

(Remarks to the Author)

Whilst more data on marine fungi are needed and | understand the exploration of the polar region is interesting (though not
totally novel), I miss the significance of the contribution to the field to warrant publication in Nature Communications or
similar level journal. Similar work has already been conducted that is already in the established literature, including on
marine fungal Cazymes and in the Atlantic region, for example see work from Orsi Group. Some of these studies in the
established literature (particularly studies not from the author team) appear missing from the manuscript.

Orsi et al (2022) Carbon assimilating fungi from surface ocean to subseafloor revealed by coupled phylogenetic and stable
isotope analysis. The ISME Journal 16 1245-1261.

Chrismas et al (2020) Depth-dependent mycoplankton glycoside hydrolase gene activity in the open ocean—evidence from
the Tara Oceans eukaryote metatranscriptomes. The ISME Journal 14 2361-2365.

Baltar et al (2021) Potential and expression of carbohydrate utilization by marine fungi in the global ocean. Microbiome 9
106.

Breyer et al (2022) Global contribution of pelagic fungi to protein degradation in the ocean. Microbiome 10 143.

The study is largely descriptive, more a catalogue of genes/mRNA, greater attempt should have been made to synthesise
the work.

The use of DNA/RNA metagenomes and metatranscriptomes can only go so far. Function could have been explored further
with stable isotope analysis as the Orsi Group have done (see Orsi et al (2022) Carbon assimilating fungi from surface
ocean to subseafloor revealed by coupled phylogenetic and stable isotope analysis. The ISME Journal 16 1245-1261).

The presentation of the data in the current figures in not very useful.

Was any attempt made to explore differences across the Atlantic. A range of biomes were sampled but not obvious
differences.



| can see a potential issue in the data analysis, interpretation and conclusions. The study is based on two cruises conducted
in two different years. | cannot find any information the dates when samples were collected. Where the different cruises one
Atlantic and one Arctic? How do you separate the effect of time?

All sequence data should be made available in a public database.
Reviewer #3

(Remarks to the Author)

The authors used multi-omics techniques (metagenomics and metatranscriptomics) for high-resolution spatial analysis of
functional fungal diversity and metabolic potential in the open Atlantic and Southern Ocean from subtropical to polar regions.
Using these techniques, the researchers successfully uncover the significant role of fungi in organic matter degradation, with
a focus on their preferential role in carbohydrate degradation. The differentiation between free-living and particle-attached
communities, along with the high-resolution spatial analysis across diverse marine regions, adds considerable depth to the
study's findings.

The introduction is comprehensive, with pertinent references cited, and clearly articulates the novelty and necessity of the
study. The materials and methods section are detailed and well-written. The results and discussion provide a
comprehensive and insightful analysis, the findings are presented in detail, with nuanced data interpretation, highlighting the
study's rigor and depth. Although the authors provided enough data to conclude this study, some questions and errors must
be addressed. Additionally, the discussion section could be expanded to improve the clarity and depth of the interpretation of
the findings.

1. How do the functional roles of the identified fungal taxa (Ascomycota, Basidiomycota, Mucoromycota, etc.) differ between
free-living and particle-attached communities? Please thoroughly elaborate and include in result and discussion section.

2. How does the association with particles influence the functional roles and gene expression profiles of fungi in marine
environments?

3. What is the main reason for the higher proportion of peptidase genes in polar water compared to non-polar water?

4. What are the specific ecological roles of different fungal species in polar versus non-polar regions?

5. What are the ecological implications of the dominant presence and higher expression of Serine peptidases (SP) by
Chytridiomycota in polar oceans compared to Basidiomycota and Ascomycota in non-polar regions?

6. How does the functional diversity of fungal CAZymes, particularly the differences between glycoside hydrolases (GHs),
carbohydrate-binding modules (CBMs), and glycosyltransferases (GTs), influence carbon cycling in polar versus non-polar
marine environments?

7. Why there is a vast difference in the number of metagenomics and metatranscriptomics samples, it won't be same?
Please justify.

8. When contradictory results are observed in a manuscript, authors should provide the most probable reason and possible
mechanism to aid understanding of the findings.

9. Please reframe the sentence from lines 31 to 36 of the abstract because itis too long.

10. In line number 195 “(Figure S1C)).” Remove one “)”.

11. Please include a few lines in the appropriate section explaining why the metagenomic and metatranscriptomics analysis
results differ.

12. Please reframe the sentence in lines 65-67, as "such as" was used twice and should be replaced with another word.
13. A thorough proofreading would be necessary to avoid grammatical and typographical errors throughout the manuscript.
14. No information is provided about how to download the sequence data in a public database such as NCBI or EMBL-EBI.

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

This is the second time | analyze this manuscript. In my first review | raise a set of methodological questions (bioinformatic
tools used) and formal questions (how data is presented). Now | have carefully read the answers to my previous questions
and although | recognize that the manuscript seems to be improved, | am not completely satisfied with all the answers.

One substantial criticism still remains, why using a program designed for gene prediction in prokaryotes to perform gene
prediction in eukaryotes. Eukaryotic genes have introns and alternative splicing, which make their prediction substantially
different than that of prokaryotic genes. Programs for predicting eukaryotic genes from metagenomic or metatranscriptomic
data already exist, such as MetaEuk and others, and these should be used together with a complete reference database of
eukaryotes. Perhaps the predictions will not be extremelly different, but the authors should use the best tools available.

Another concern is about size fractionation. Initially samples were divided as free-living and particle attached, ignoring the
fact that fungi can cover a wide spectra of cell sizes. So, in the fraction >3 um there could be small or large fungi attached to
particles or simply fungi larger than 3 um (for instance making hypha). This has been assumed in some parts (i.e. lines 268-
279), but in other parts the assumption that fungi on the >3 um are particle attached still remains (i.e. lines 117-120, 136-
139). The reality can include the two aspects, but this needs to be explicitly explained.

There was the fact that the taxonomic groups sometimes were against the initial expectations. A sentence in the manuscript



says " Previous research primarily documented Dikarya", and here other groups were found dominating gene expression.
For instance, the majority of fungal peptidases derive from Chytridiomycota, both in Atlantic and Antarctic waters. Also, the
dominance of some groups does not match the dominance of genes expressed. My point was, how much of these
inconsistencies are due to inappropriate taxonomic classification of the retrieved transcripts because incomplete reference
genomic resources? This particular concern has not been addressed.

Regarding the presentation of the data, | see that there has been an effort to simplify a bit some of the most complex figures,
which | appreciate. Still, | do not see and effort to condense the results to convey clear messages from the figures.

Finally, the text is very long and convoluted, and it is not clear how it is organized, with apparently lot of redundancies that
are difficult to completely follow. For instance, | note here the second and third headings of the Results and Discussion
section, which seem very similar: 2) Biogeography and functional diversity of fungal peptidases and CAZymes, 3)
Taxonomic affiliation and functional diversity of fungal peptidases genes and transcripts.

Reviewer #2

(Remarks to the Author)
Guo et al and Baltar present an apparently revised manuscript. Despite efforts to make changes, which are much
appreciated, fundamental concerns remain the same.

This is interesting work but builds on several previous similar studies including those from one of the lead authors. This has
not changed. | still do not see a genuine Nature Communications level step change in this work beyond what have been
previously conducted e.g. see Baltar’s previous papers and from Orsi et al.

The study as presented in the revised manuscript remains descriptive and more a catalogue of genes/mRNA. More is
needed to this level of manuscript including validating process measurements e.g. see Orsi et al 2022 ISME Journal 16
1245-1261.

The study still overinterprets DNA/RNA metagenome and metatranscriptome data. The lack of other evidence (e.g. stable
isotope analysis) continues to limit the scope and only shows what has been shown before.

Key similar and previous studies remain missing from the revised manuscript. Irrespective of the reasons for omitting
previous studies (strategic or carelessness) it is not acceptable to ignore previous similar/same work in this way. This is
disappointing for any journal but especially so for a leading journal such as Nature Communications.

Reviewer #3

(Remarks to the Author)

| appreciate the authors efforts in addressing my previous comments and revising the manuscript accordingly. The authors
have effectively addressed the scientific concerns raised in the initial review, improving the overall structure and depth of the
study. The representation and discussion of the data now offer a more thorough and comprehensive understanding of the
observations and findings.

However, before the manuscript can be accepted for publication, | would strongly recommend a final round of careful
proofreading. The authors should check for any remaining grammatical errors and ensure accuracy in tense usage
throughout the text. Consistency in language is crucial for maintaining the scientific integrity and readability of the paper. |
also suggest that the authors confirm all technical terms are used correctly to avoid any potential misinterpretation of the
findings.

Overall, | am pleased with the improvements made in this revised manuscript, and believe that it offers valuable insights into
fungal-mediated organic matter degradation in marine environments and contributes significantly to the field of oceanic
fungal ecology, making it suitable for publication in Nature Communications.

Version 2:

Reviewer comments:

Reviewer #1

(Remarks to the Author)
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Point-by-point response to the Reviewer's comments

We greatly appreciate the Nature Communications’ reviewers for their comments
that are crucial for improving and refining this manuscript. We include this in our
Acknowledgement section. We have addressed and incorporated all the reviewers’
suggestions. Below, we detail our responses to each of the reviewers’ comments, as
well as the actions taken in response to the concerns. In our response, we refer to
the line numbering of the revised version in which modified text is highlighted in

yellow.

Reviewer #1:

This paper reports the analysis of a set of metagenomes and metatranscriptomes
taken in two cruises in the Atlantic and Southern Oceans, to identify the presence
and expression of carbohydrate-degrading (CAZYmes) and peptidase genes from
marine fungi. The main idea is to develop a better understanding of the abundance
and function of fungi in marine systems and to highlight functional differences in
different regions. The paper presents a substantial amount of work, resulting in many
plots and figures, but the obtained results are not properly digested, so it is very
difficult to extract a clear picture of the data. Moreover, some of the results are
unexpected and little discussed, and an important step of the bioinformatic pipeline is
inappropriate, as a tool for predicting prokaryotic genes has been used to find fungal
genes.

The senior author of this paper has many publications on marine fungi, in some
cases also using metagenomes and metatranscriptomes. In the introduction one
expects to learn what has been done before, and how this paper contributes with

new information.

We sincerely appreciate the thoughtful comments and detailed review of our
manuscript and data. Thank you also for recognizing the senior author's prior
contributions to marine fungal research. We appreciate your suggestion to provide a

comprehensive introduction that situates our study within the broader scientific



context. In response, we have expanded the introduction to emphasize existing
research on the diversity, activity, and functional potential of bacteria across different
size fractions. This enhanced background highlights a research gap: the lack of
comprehensive studies focusing on fungal communities within smaller size fractions.
Our study addresses this gap by exploring how biogeographical differences between
polar and non-polar oceans, as well as size fractions, influence the composition and

activities of oceanic fungal communities, thereby offering new insights to the field.

Please refer to page 4, lines 86-96 for further details, where the answers to the next

comment are also addressed.

For each station there are two size fraction analyzed, one including all organisms
(>0.2 um) and a second including all organisms except the very small ones (>3 pum).
| am surprised by the way the authors label these two samples, as there are many
organisms in common and, most importantly, the size range of fungi does not need
to be exclusively below 3 um. The definition of free-living and particle-attached
somewhat derives from the prokaryotic literature, but here the targets are not
prokaryotes but fungi, that may cover a much wider range of sizes. So, | find this

labelling misleading.

Thank you very much for this insightful comment. We used this size fractionation
approach to contextualize our results with previous studies on the size fractionation
of pelagic microbes, which primarily focus on prokaryotes, as fungi remain largely
understudied in the pelagic ocean. In response to comments of Reviewer #3, and to
avoid confusion with the terminology commonly used in prokaryotic studies, we have
relabeled the sample fractions as small size (0.2-3 um, SF) and large size (>3 um,

LF) fractions throughout manuscript and Figures.

We have expanded the introduction to better explain this point. Please refer to page
4, lines 86-96:

“The size of cells and of particle is crucial for the adaptability of pelagic prokaryotes to
changes in their microenvironment and nutrient conditions 1. 2. 3. 4.5 6 Typically,

planktonic microorganisms are divided into free-living (FL) and particle-attached (PA)



communities 7. PA pelagic prokaryotes frequently develop into dense clusters
characterized by high extracellular enzyme activity 8. In contrast, FL microorganisms
with small genomes are optimized for environments with low substrate availability, and
they tend to express membrane transporter genes at high levels 3 ° 10, Given these
differences, it is likely that the abundance and functional diversity of oceanic fungal
taxa also differ between various size fractions. Previous research has indeed indicated
that size fractions influence the composition of microbial eukaryote communities 11
However, there remains a lack of comprehensive studies focusing on the fungal

component, especially in smaller size fractions.”

And page 5, lines 117-121.

“To fill the knowledge gap and to distinguish fungi colonizing particles of varying
sizes—which might offer different micro-environments and nutrient availability—we
analyzed two size fractions at each station: a small (0.2-3 um, SF) and a large (>3
um, LF) size fraction. We also explore the principal environmental factors influencing
these fungal functional roles.”

The data presentation is largely based on primary data, with many different
categories (metaG/metaT; polar/non-polar, peptidase/CAZy genes; total/secretory
enzymes) that are displayed together, being extremely difficult to follow the
message. This would need some kind of processing of the data. Moreover, when
presenting the data, the authors should first present a general overview of what they
found and then focus in the particular differences among the categories. Right now,
all the explanation is based in these differences, being extremely difficult to grasp the

message.

To address the concern about clarity of data presentation, we have thoroughly
revised both the main Figures and Supplementary Figures to provide a clearer, more
structured narrative.

The original Figure 1 has been revised by deleting original Figure 1E and H. These
panels were removed as they did not contribute significantly to the overall

understanding. We moved panel 1B to the lower section, facilitating a more intuitive



comparison. This new layout clarifies how fungi contribute to eukaryotic diversity and
activity.

The previous Figure 3 has been reorganized into the current main Figure 3 and
Supplementary Figure S4, while the original Figure 4 has been divided as the new
main Figure 4 and Supplementary Figure S5. Additionally, we have revised the main
Figure 6, along with Supplementary Figures S3-S7, now labled as Figures S6-S10,
to ensure consistency and improve the interpretability of the data. In the various
subplots across Figures S6 and S9, we ensured that the same fungi species are
represented using the same color across all panels. This consistency helps readers
track the contribution of specific species more easily. For the heatmaps depicting
peptidase and CAZyme functions (Figures S7 and S10), we adopted a color scheme
with stronger contrast. We grouped samples by ocean regions, allowing the
heatmaps to effectively show the variation in peptidase and CAZyme functions
across different oceanic regions and size fractions. This grouping emphasizes the

differences between polar and non-polar oceans in a more structured manner.

We have also added a new Supplementary Figure S2, which highlights the spatial
distribution of genes and transcripts encoding fungal peptidases and CAZymes
across a latitudinal gradient, providing a broader context for the observed patterns.

Figure numbers throughout the manuscript have been updated accordingly.

The authors present the results they obtained with very little critical insights. When
studying the relative abundance of fungi they found the following order of group
abundance, Ascomycota, Mucoromycota, Chytridiomycota, Basidiomycota and
Zoopagomycota. How this data compares with previous descriptions of fungal
diversity in the open ocean? Is this what it was expected? Taxonomic data derived
from metagenomes and metatranscriptomes depend largely on the taxa present in
reference databases, has this been taken into account?

We have carefully compared our findings with the existing literature on pelagic fungi
omics, specifically two recent studies utilizing the Tara Oceans dataset (Baltar et al.,
2021; Breyer et al., 2022), as well as the works of Chrismas et al. (2020) and Orsi et

al. (2018, 2022) 5 6.12.13.14 Figure 7 provides a detailed comparison of fungal

4



functional diversity, biogeography, and activity in the open ocean, highlighting the

similarities and differences with these prior studies.

Previous research predominantly identified Ascomycota and Basidiomycota
(Dikarya) as the major fungal phyla. In contrast, our study revealed a notable
presence of early-diverging fungal lineages, such as Mucoromycota,
Chytridiomycota, Zoopagomycota, Blastocladiomycota, Cryptomycota, and
Microsporidia—groups that were either scarcely identified or not discussed in earlier
studies. This finding is consistent with Peng et al. (2021), who reported that early-
diverging fungal phyla comprised about one-third of the fungal community in
metagenomes from an Oceanic Oxygen Minimum Zone *°. This suggests that fungal
diversity in the open ocean may be broader and more complex than previously

recognized.

Yes, we acknowledge that taxonomic annotation depends heavily on the reference
databases used, as the accuracy is influenced by the evolutionary distances
between environmental taxa and those in genomic sequence databases 2°.
Microeukaryotic sequences can be annotated using various databases, including
MMETSP + MarRef, PhyloDB, EukProt, and the NCBI nr database 1”18 1° Qur
analyses utilized the NCBI nr database, which is comprehensive and continually
updated, allowing us to identify a greater diversity of fungal taxa in our samples. In
alignment with Cohen et al. (2021, Nature Microbiology; 2024, Nature
Communications), who highlighted the advantages of using custom and combined
databases, we employed the NCBI nr database along with DIAMOND and the
Lowest Common Ancestor (LCA) algorithm & 19, This approach was chosen to
enhance the accuracy and reliability of our taxonomic annotations. Incorporating a
broad and high-quality database, such as NCBI nr, ensures that our annotations are
robust and comprehensive. The usage of NCBI nr data base also enables systematic

comparison with previsous result from our group > °.

This work is based on genes predicted from metagenomes and metatranscriptomes.
However, in this critical step, the authors use Prodigal, a program designed to
predict prokaryotic genes in metagenomics reads (Prodigal: PROkaryotic DYnamic
programming Gene-finding ALgorithm). As fungi are eukaryotic organisms, this does

5



not seem the best option, and | wonder how this can severely affect the results
obtained. This is a major drawback of the manuscript.

Thank you for this critical comment which allows to better express our approach in
this matter.

We acknowledge that Prodigal was originally developed for prokaryotic gene
prediction and is optimized for prokaryotic genomes. However, Tang et al. (2015)
found that Prodigal, along with other tools like GeneMarkS-T and TransDecoder, can
effectively predict coding regions in eukaryotic transcripts, despite its primary design
for prokaryotes 2°. Prodigal has demonstrated comparable performance to
TransDecoder, especially in predicting continuous, intronless coding sequences and
identifying translation initiation sites in eukaryotic metatranscriptomic data 2.

In our study, we assembled the metatrascriptomic reads into conting and then used
Prodigal to predict protein functions in eukaryotic metatranscriptomic data from
contigs longer than 200 base pairs > 6 29, To obtain the corresponding gene
abundance in the metagenome, we mapped reads to gene categories derived from
the metatranscriptomic assembly using the BWA algorithm 2%, and extracted the
gene abunance of CAZyme and peptides. This approach enabled us to compare
metagenomic data with functional genes identified in the metatranscriptomic data,
bypassing the complexities and potential biases of metagenome assembly,

especially given the predominance of prokaryotic sequences in metagenomes > 6 17,
22

Line 41. Why non-polar? Wouldn't be better to label this category as "Atlantic"??

Thanks for the comment. The term "polar” refers to regions of the Southern Ocean,
which are closer to the Antarctic, whereas "non-polar" refers to regions of the Atlantic
Ocean that are farther from the Antarctic. This distinction helps to emphasize the
environmental differences we are investigating, which is reasonable given the large

range of latitudes covered in our study.



Lines 39-42 . It is not enough to say that there are functional changes, would be
interesting to explain these changes.

We have expanded the description of our results/outcomes accordingly. Please see

page 2, lines 38-44:

“We also found that fungal CAZyme genes is more abundant in non-polar regions
but peptidase genes are dominating in polar waters. In non-polar regions, distinct
size fractionation patterns were observed among fungal groups, with Basidiomycota
predominantly contributing to total peptidase genes in the LF, whereas
Chytridiomycota exhibited a significant contribution in the SF. These findings
underscore the critical role of size fractionation in elucidating the ecological functions

of marine fungi.”

Line 93-100. The first sentence says that there is few data on carbohydrate and
protein degradation by marine fungi, and the second sentence says that this is the

first report.

Sorry for the confusion. We have adjusted the description to reflect the research as a
" systematic analyses " rather than making absolute claims. Please see page 4, line
111.

Lines 155-159. | guess there are expected (mostly methodological) reasons to
explain the order of magnitude difference in the number of CAZY genes found in

metagenomes and metatranscriptomes. But these are not explained nor discussed.

Thanks for this comment, that also allows us to better explain our approach. In the
revised manuscripts, we have added sentences to explain the differences between
the number of CAZyme and peptidase genes found in metagenomes and

metatranscri ptomes.

Please refer to page 6 in lines 172-176:



“I

n our study, we generated a total of 455.1 Gb of raw data from 42 metagenomes,
with each DNA library yielding an average of 10.8 Gb of raw data (Table S2). This
enabled us to identify 943 fungal peptidase sequences and 1,320 CAZyme
sequences (Table S4). A total of 1959,9 Gb of raw data were generated from 53
metatranscriptomes using magnetic Oligo(dT) beads to isolate poly(A)+ mMRNA, with
an average of 37.0 Gb raw data per sample (Table S3).”

And lines 185-192:

“The methodological differences—particularly the significantly greater sequencing
depth and the poly(A)* enrichment in the metatranscriptomic approach—explain the
higher number of peptidase and CAZyme genes detected in the metatranscriptomes
compared to the metagenomes. Given the more comprehensive dataset provided by
the metatranscriptomic approach, our subsequent analyses will primarily focus on
the metatranscriptomic data to further explore the functional diversity and secretory

potential of fungal peptidases and CAZymes.”

Line 219-220. The groups dominating in peptidases genes (Chytridiomycota-
Basidiomycota) are very different from the groups dominating the community
(Ascomycota-Mucoromycota). While this is possible, it is a bit unexpected, and it
could also be due to methodological reasons (mostly related to database
completeness for taxonomy). At any rate, | am surprised that the authors did not try

to explain these very obvious differences.

Thanks for the comment. This phenomenon is indeed observed not only in peptidase
genes but also in CAZyme genes. In the revised manuscript, we have expanded our

discussion to better address these differences. Please see lines 328-345:

“Ascomycota dominated the total fungal genes (34.2%) and transcripts (67.1%), but
only contributed ~26% of fungal CAZyme genes and transcripts (Figures 1C vs. 3C
and 4C). The total CAZyme genes and transcripts from Ascomycota and
Basidiomycota were more abundant in non-polar environments compared to polar
ones (Figures 3C and 4C). In contrast, Chytridiomycota CAZyme genes and

transcripts were more prevalent in polar environments (28.7% - 44.5%) compared to



non-polar ones (16.1% - 21.1%) (Figures 3C and 4C). A similar trend was observed
in total fungal peptidases and secretory CAZyme encoding genes and transcripts
(Figures 3A, 4A, 5B and S5C). This pattern reflects a taxonomic shift in ecological
niches, where the proportion of fungal CAZymes from other groups (i.e., Ascomycota
and Basidiomycota) increases in non-polar oceans compring to Chytridiomycota. In
addition to their differences in cell size 23.24.25 26 Ascomycota and Basidiomycota
are known to have spore adaptations, which help them remain in the water column
for longer periods 27. Chytrids have been found in cold environments such as high-
arctic tundra soils 28, in soils under persistent snow packs 29, in high-mountain lakes
30 and in sea ice and Arctic waters 31.32.33 The high relative abundance of the
CAZyme gene and transcripts from chytrids in the polar ocean agrees well with their
physiological advantages for inhabiting aquatic ecosystems, including their mobility
and capacity to parasite diatoms which are known to dominate marine phytoplankton

in polar oceans 34 35,36 ”

Line 313. Results show that the most prevalent fungal CAZYme were GT. However,
there is no mention in the next paragraph on what they are doing (they do not seem
to be directly involved in degradation) and why they are the most important. They are

just ignored.

Introduction and discussion of GTs were included in lines 377-378 and lines 415-
422:

“Although GTs, responsible for glycosidic bond formation, constitute a high
proportion of total CAZyme genes (62%) in polar oceans 37:38, CBMs are more
prevalent (41.2%) in the LF of non-polar regions, underscoring their critical role in

substrate targeting (Figure 3D).”

“Among the identified GT families, GT8 was the most abundant in polar
environments compared to non-polar ones. GT8 enzymes are involved in
glycoprotein folding quality control and cell wall biosynthesis 3°. The active
expression of GT8 may influence fungal adaptation to environmental stress by
regulating the composition and structure of the cell wall. In contrast, GT62 and

GT68, which participate in the modification of glycan structures 49, were relatively
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more abundant in non-polar oceans (Figures 6 and S10). This distribution pattern is
consistent with that of GH128, GH72, and GH45, which utilize beta-glucan as a
substrate (Figures 6 and S10).”

Lines 406. | do not see why detecting diverse fungal genes in the omics data
supports the conclusion that fungi play a "profound and significant role" in governing
biogeochemical cycles. This depends on how much fungi contribute to these cycles
(as compared with other taxa), which cannot be derived from the presented data.

We have changed "profound and significant role" to “overlooked role”.

Lines 416-418. Comparing fungal peptidase and CAZyme genes against non-fungal
peptidases/CAZYmes would be a first step to interpret the importance and role of

fungi in marine ecosystems.
Thank you for this comment. We have now included this comparison in lines 210-216:

“Notably, more than 13% of fungal CAZyme transcripts in both polar and non-polar
waters displayed secretory capability (Figure 1G), a rate significantly higher than <10%
observed in prokaryotes from open oceanic and deep-sea environments 2 12, |n
contrast, less than 0.5% of fungal peptides in both non-polar and polar waters showed
secretory capability (Figure 1E), compared to the 2 - 9% secretory capability found in
prokaryotic peptides 2. These findings suggest that fungi exhibit a substantial capacity

for extracellular carbohydrate degradation, characteristic of a saprotrophic lifestyle 41.”

Lines 430-431. Here it appears temperature, but when this has been analyzed??

Please see line 237-239, where we mentioned that “funtional composition of fungal

CAZyme transcripts were linked to temperature (Figure S3, mantel test, p<0.05).”

Line 442- | guess it should be "latitudinal”
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Corrected accordingly.

Lines 504-505. It is not very clear how the metagenomes were treated. | guess no
assembly was attempted, right? Then read mapping to the transcripts, resulted in a
low number of genes found. Can you explain this, please (I guess most signal was

prokaryotic), And how this could impact the results found?

Thank you for this insightful comment. The revised method can be found in lines
585-591 of page 19:

“To evaluate the relative abundance of genes in the metagenomic data reads from
each metagenome were mapped to the CAZyme and peptidase gene categories
derived from the metatranscriptomic assembly using the BWA algorithm (0.7.17) 21.
This approach allowed for a direct comparison of metagenomic data to the functional
genes identified in the metatranscriptomic data without the complexities and potential
biases associated with metagenome assembly, especially given the high proportion of

prokaryotic sequences in the metagenomes.”

While mapping reads directly to metatranscriptomic gene categories can effectively
highlight functionally relevant sequences, this approach may result in identifying a
relatively low number of genes from the metagenomes due to the predominance of
prokaryotic sequences 2 43, Consequently, there is a risk of underestimating the
diversity and abundance of eukaryotic CAZyme and peptidase genes in the
metagenomes. Additionally, genes present in the metagenome may not be
expressed in the metatranscriptome, introducing another layer of potential bias 44.
Future studies could benefit from integrating both assembly and read mapping
strategies to capture a more comprehensive view of the microbial community and its

functional dynamics 4% 4647,

Figure 1. Some of the graphs do not have the y-axis legend. Also, what is the x-axis
of panel C? Are individua stations? How about water depth? This seems just a
compilation of data, with very little effort to convey a message to the reader.

Thanks for the comment. Modified as suggested. Please see the revised Figure 1.
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Line 545. | do not see the category "Others"

Now all phylum were included in the figure legend. “Others” was deleted in the

revised manuscript.

Fig. 3. Again, this figure includes a lot of categories, plots, and colors. Very, very

complicated to follow. The same for Figure 4

We have revised Figures 3 and 4 to address the concerns about complexity. The
original Figure 3 has been reorganized and divided into the new main Figure 3 and
Supplementary Figure S4. Similarly, the original Figure 4 has been updated and

divided into the new main Figure 4 and Supplementary Figure S5.

Reviewer #2 (Remarks to the Author):

Whilst more data on marine fungi are needed and | understand the exploration of the
polar region is interesting (though not totally novel), | miss the significance of the
contribution to the field to warrant publication in Nature Communications or similar
level journal. Similar work has already been conducted that is already in the
established literature, including on marine fungal Cazymes and in the Atlantic region,
for example see work from Orsi Group. Some of these studies in the established
literature (particularly studies not from the author team) appear missing from the

manuscript.

Orsi et al (2022) Carbon assimilating fungi from surface ocean to subseafloor
revealed by coupled phylogenetic and stable isotope analysis. The ISME Journal 16
1245-1261.

Chrismas et al (2020) Depth-dependent mycoplankton glycoside hydrolase gene
activity in the open ocean—evidence from the Tara Oceans eukaryote
metatranscriptomes. The ISME Journal 14 2361-2365.

Baltar et al (2021) Potential and expression of carbohydrate utilization by marine

fungi in the global ocean. Microbiome 9 106.
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Breyer et al (2022) Global contribution of pelagic fungi to protein degradation in the
ocean. Microbiome 10 143.

Thank you for your valuable feedback. We have now included all the citations

mentioned by the reviewer.

Orsi et al has indeed made significant contributions to the study of both soil and
ocean fungal biodiversity, and their work is crucial to our research. We would like to
clarify that we have already cited several of Orsi et al.'s important publications in our
study. In addition to the reference reviewer mentioned (Orsi et al., 2022), we have
cited:

1) Orsi WD, Biddle JF, Edgcomb V. Deep Sequencing of Subseafloor Eukaryotic
rRNA Reveals Active Fungi across Marine Subsurface Provinces. PLOS ONE 8,
56335 (2013)

2) Orsi WD, Edgcomb VP, Christman GD, Biddle JF. Gene expression in the deep
biosphere. Nature 499, 205-208 (2013)

3) Orsi WD, Richards TA, Francis WR. Predicted microbial secretomes and their

target substrates in marine sediment. Nat Microbiol 3, 32-37 (2018)

Thanks to the reviewer for recognizing the significance of Baltar et al. (2021) and
Breyer et al. (2022), which are references from our lab that had already been cited

in our original manuscript.

The study is largely descriptive, more a catalogue of genes/mRNA, greater attempt
should have been made to synthesise the work.

We gratefully thank the reviewer for the critical comments. We have addressed
similar concerns raised by reviewers 1# and 3#, as detailed in our responses to their
comments. To better synthesize the major findings of this study, we present two key

examples:
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Firstly, we discovered that fungi constituted 1-2% of total eukaryotic genes and
transcripts in both metagenomes and metatranscriptomes. Interestingly, fungi
accounted for >3% of the eukaryotic CAZyme transcripts but only 0.16% for
proteases, suggesting a preferential role of pelagic fungi in carbohydrate degradation
over proteolysis. This highlights the specialized ecological roles fungi play in organic

matter degradation in marine environments.

Secondly, our research reveals significant functional and taxonomic divergence
among pelagic fungi between polar and non-polar oceanic regions. Fungal CAZyme
genes were more abundant in non-polar regions, while peptidase genes dominated
in polar waters. We also observed distinct size fractionation patterns, with
Basidiomycota contributing more to peptidase genes in large size fractions, while
Chytridiomycota were prominent in small fractions in non-polar regions. These
findings underscore the ecological importance of size fractionation in fungal
communities, despite only minor differences between size fractions in overall fungal

abundance.

Overall, our study provides new insights into the ecological and biogeochemical roles
of pelagic fungi, complementing existing knowledge on marine microbial
communities and emphasizing fungi's unique contributions to organic matter

degradation in different oceanic regions.

The use of DNA/RNA metagenomes and metatranscriptomes can only go so far.
Function could have been explored further with stable isotope analysis as the Orsi
Group have done (see Orsi et al (2022) Carbon assimilating fungi from surface
ocean to subseafloor revealed by coupled phylogenetic and stable isotope analysis.
The ISME Journal 16 1245-1261).

We completely agree that additional approaches, such as stable isotope analysis,
could further expand our understanding of oceanic fungi, particularly in their roles in
biochemical cycles. However, the scope of the study was to study the expression
and role of pelagic fungia accross a large range of latitudes, known to exhibit marked
contrasting biogeochemical settings. In future studies, based on the findings of the

present study, it is now possible to target specific regions, where contrasts in fungal

14



gene expression were found, to conduct stable isotopes as well as other techniques,
to further increase our knowledge on the role of pelagic fungi in organic matter
degradation. In response to this suggestion, we have added a sentence to the
discussion emphasizing the importance of stable isotope analysis in revealing fungal

involvement in carbon assimilation. Please see page 15 lines 475-478.

The presentation of the data in the current figures in not very useful.

We thank the reviewer for the critical comments. In response to the comments made
by Reviewer 1#, we have intensively modified our main Figures and Supplementary
Figures. Briefly, the original Figure 1 has been revised by deleting original Figure 1E
and H. We moved panel 1B to the lower section. This new layout clarifies how fungi
contribute to eukaryotic diversity and activity. The previous Figure 3 has been
reorganized into the current main Figure 3 and Supplementary Figure S4, while the
original Figure 4 has been divided as the new main Figure 4 and Supplementary
Figure S5. Additionally, we have revised the main Figure 6, along with
Supplementary Figures S3-S7, now labled as Supplementary Figures S6-S10, to
ensure consistency and improve the interpretability of the data. In the various
subplots across Figures S6 and S9, we ensured that the same fungi species are
represented using the same color across all panels. This consistency helps readers
track the contribution of specific species more easily. For the heatmaps depicting
peptidase and CAZyme functions (Figures S7 and S10), we adopted a color scheme
with stronger contrast. We organized the samples by ocean regions and size
fractions, which allows the heatmaps to effectively display the variation in peptidase
and CAZyme functions across these categories. This structured grouping enhances

the clarity of functional differences between polar and non-polar oceans.

Was any attempt made to explore differences across the Atlantic. A range of biomes
were sampled but not obvious differences.

We gratefully thank the reviewer for the critical comments. We did explore the
differences across the Atlantic Ocean, but compared to the obvious difference

between non-polar and polar environments, we did not find a significant difference
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within the Atlantic Ocean. We included this part of the result in lines 231-233 and in

the Supplementary Materials, Figure S2.

| can see a potential issue in the data analysis, interpretation and conclusions. The
study is based on two cruises conducted in two different years. | cannot find any
information the dates when samples were collected. Where the different cruises one

Atlantic and one Arctic? How do you separate the effect of time?

Now, in lines 514-515, detailed sampling dates have been incorporated as

recommended.

“The samples were collected during the oceanographic research cruises ANTOM-I
(15 December - 15. Jannuary, 2020/2021) and ANTOM-II (January 23 - February 6,
2022).”

In oceanographic research, it is often challenging to collect samples at the same
time across different locations and expeditions due to logistical constraints, even
more so when Antarctic research is performed. For instance, the Tara Oceans
expedition, which is the benchmark for multiple marine microbial studies used by
multitude of research groups worlwide, collected plankton samples covering multiple
oceans over several years from 2009 to 2013 43 48, Similarly, in our study, while the
two cruises were conducted in different years, we carefully scheduled both in the
austral summer season to minimize the influence of seasonal variations, particularly
temperature, on the microbial communities and their enzymatic activities. By
sampling within the same season, we aim to reduce the confounding effects of
temporal variability, allowing a clearer focus on biogeographical patterns and
functional diversity across different oceanic regions. While temporal variability
remains a factor to consider, this seasonal coordination helps ensure that our
findings are robust in interpreting the biogeographical and ecological roles of marine

fungi across large spatial scales.

All sequence data should be made available in a public database.
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Done as suggested. The metagenomic raw reads have been deposited with the
NCBI under Bioproject number PRINA1116066. The metatranscriptomic raw reads
have been deposited with the NCBI under Bioproject number PRINA1115042.

Please see lines 604-607.

Reviewer #3 (Remarks to the Author):

The authors used multi-omics techniques (metagenomics and metatranscriptomics)
for high-resolution spatial analysis of functional fungal diversity and metabolic
potential in the open Atlantic and Southern Ocean from subtropical to polar regions.
Using these techniques, the researchers successfully uncover the significant role of
fungi in organic matter degradation, with a focus on their preferential role in
carbohydrate degradation. The differentiation between free-living and particle-
attached communities, along with the high-resolution spatial analysis across diverse

marine regions, adds considerable depth to the study's findings.

We gratefully thank the reviewer for the positive remarks.

The introduction is comprehensive, with pertinent references cited, and clearly
articulates the novelty and necessity of the study. The materials and methods
section are detailed and well-written. The results and discussion provide a
comprehensive and insightful analysis, the findings are presented in detail, with
nuanced data interpretation, highlighting the study's rigor and depth. Although the
authors provided enough data to conclude this study, some questions and errors
must be addressed. Additionally, the discussion section could be expanded to

improve the clarity and depth of the interpretation of the findings.

We appreciate the reviewer’s detailed and constructive comments. We have
thoroughly revised the manuscript in response to these suggestions. Below, we
outline our responses and the corresponding changes made in the revised

manuscript.
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1. How do the functional roles of the identified fungal taxa (Ascomycota,
Basidiomycota, Mucoromycota, etc.) differ between free-living and particle-attached
communities? Please thoroughly elaborate and include in result and discussion

section.

Thank you for the reviewer's comments. We have identified differences in fungal
taxa associated with peptidases and CAZymes between polar and non-polar ocean
regions at both the gene and transcript levels. Additionally, we change the definition
of PA and FL to SF and LF to avoid the confusion with prokaryotic lifestyles as
comented by reviewer #1, in this way, we found distinctions between small and
large fraction communities at the gene level, though these differences were not
observed in the metatranscriptomes. These findings, along with a summary of
species differences in small and large size fraction communities and in polar versus
non-polar environments, are presented in Figure 7. We also compared these results
with functional species identified in marine environments from the Tara Oceans
project > . The manuscript has been revised accordingly in the Results and

Discussion sections.
Please see page 8 in lines 234-236:

“Moreover, beyond regional disparities, genes encoding fungal peptidases and
CAZymes also exhibited distinct differences between the SF and LF size fractions in

the non-polar ocean (Figures 2, A and B, pairwise adonis, p < 0.01).”
Lines 268-279:

“The taxonomic shift was evident across different size fractions in non-polar
environments, where the contributions of Basidiomycota and Chytridiomycota to total
peptidase genes varied. Basidiomycota dominated the LF (>50%), while
Chytridiomycota contributed more to the SF (Figure 3A). The predominance of
Chytridiomycota in the SF aligns with their typically unicellular or simple multicellular
morphology 23 24, Their smaller size and the production of motile zoospores likely
facilitate their presence in the SF, allowing them to effectively locate and potentially

exploit smaller particulate matter and dissolved organic substrates once they find a
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suitable host 4°. In contrast, Basidiomycota were more abundant in the LF (>3 pum),
consistent with their more complex, filamentous structure 2526, These results
highlight the critical role of size fractionation in understanding the ecological niches

and functional roles of different fungal groups in marine environments.”

2. How does the association with particles influence the functional roles and gene

expression profiles of fungi in marine environments?

In lines 136-141 of page 5, we have included information in the text to emphasize the

impact of size fraction on the function of marine fungi:

“Our results show a higher relative abundance of fungal genes in the large size
fraction (1.5 to 2.0%) compared to the small size fraction (1.0 to 1.5%) across both
polar and non-polar regions, indicating that fungi prefer inhabitating on larger
aggregate environments such as marine snow and algal detritus 12 50.51.52 These
(micro)environments of particles provide greater nutrient availability than the ambient

water, supporting their roles in nutrient cycling and degradation processes.”

3. What is the main reason for the higher proportion of peptidase genes in polar

water compared to non-polar water?
Disscussion included in line 204-210 of page 7:

“These spatial variations highlight that higher proportions of peptidases in polar waters
likely reflect fungi's adaptation to efficiently degrade proteins in cold, nutrient-limited
environments 53 54, Conversely, the increased capability of fungal CAZymes in non-
polar regions reflects the higher availability of complex carbohydrates and warmer
temperatures, which favor the breakdown of polysaccharides and other carbohydrate-

rich substrates, a primary function of CAZymes 55 56.”

4. What are the specific ecological roles of different fungal species in polar versus
non-polar regions?
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In the Results and Disscussion, we address the ecological roles of different fungal
species in polar versus non-polar regions in lines 328-331.:

“Ascomycota dominated the total fungal genes (34.2%) and transcripts (67.1%), , but
only contributed ~26% of fungal CAZyme genes and transcripts (Figures 1C vs. 3C
and 4C). The total CAZyme genes and transcripts from Ascomycota and
Basidiomycota were more abundant in non-polar environments compared to polar
ones (Figures 3C and 4C).”

Lines 333 - 339:

A similar trend was observed in total fungal peptidases and secretory CAZyme
encoding genes and transcripts (Figures 3A, 4A, 5B and S5C). This pattern reflects a
taxonomic shift in ecological niches, where the proportion of fungal CAZymes from
other groups (i.e., Ascomycota and Basidiomycota) increases in non-polar oceans
compring to Chytridiomycota. In addition to their differences in cell size 23. 24,2526,
Ascomycota and Basidiomycota are known to have spore adaptations, which help

them remain in the water column for longer periods 27.”
Lines 341 - 345:

“The high relative abundance of the CAZyme gene and transcripts from chytrids in
the polar ocean agrees well with their physiological advantages for inhabiting aquatic
ecosystems, including their mobility and capacity to parasite diatoms which are

known to dominate marine phytoplankton in polar oceans 34 35,36 ”
And lines 361 - 364:

“Our findings further confirm that fungi play active roles in specific functions that are
influenced by environmental conditions in the ocean, thereby reinforcing the

concepts of niche specialization and resource utilization 57.58.59.”

We have also thoroughly discussed the specific ecological roles of various fungal
species in polar and non-polar regions in the revised manuscript, incorporating

feedback from the other comments.
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5. What are the ecological implications of the dominant presence and higher
expression of Serine peptidases (SP) by Chytridiomycota in polar oceans compared
to Basidiomycota and Ascomycota in non-polar regions?

Disscussion included in lines 296 — 307 of page 10:

llI

n this study, the fungal composition specifically contributing to serine peptidases
aligns well with the high contributions of Basidiomycota and Ascomycota in non-polar
oceans, contrasted with the dominant role of Chytridiomycota in polar oceans. This
trend is consistently observed across both gene and transcript levels of total fungal
peptidases (Figures 3A, 4A, 5B). The distribution patterns reflected ecological
competition and resource partitioning among fungi. The high prevalence of
Chytridiomycota-related serine peptidase transcripts in polar regions indicates their
crucial role in breaking down polypeptides and proteins into smaller peptides or
amino acids at low temperatures. As climate change progresses, polar regions are
warming and experiencing shifts in nutrient availability and primary production 60 61,
These changes could impact fungal community distribution and metabolism,
potentially altering the balance of organic matter storage and cycling in these

sensitive environments.”

6. How does the functional diversity of fungal CAZymes, particularly the differences
between glycoside hydrolases (GHs), carbohydrate-binding modules (CBMs), and
glycosyltransferases (GTs), influence carbon cycling in polar versus non-polar

marine environments?

Disscussion included in lines 384-386 of page 13 and lines 438-442 of page 14 :

“The increased transcripts abundance of CBMs and GHSs in non-polar environments,
compared to polar regions, confirms the greater availability of complex

carbohydrates in these areas %% %6.”

“Thus, the presence and transcript expression of fungal clades in specific functional

roles is pivotal in shaping the diversity and abundance of CAZymes. Our findings
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further reveal that distinct fungal clades dominate the production of different CAZyme
families (CBMs, GTs, and GHSs), suggesting potential divergent strategies for

carbohydrate degradation and utilization by pelagic fungi in the ocean.”

7. Why there is a vast difference in the number of metagenomics and

metatranscriptomics samples, it won't be same? Please justify.

Thank you for this comment. We have added a paragraph in the Materials and
methods section to clarify the difference in sample numbers. Please refer to lines
557-562:

“The primary reason for the difference in sample numbers (42 metagenomic vs. 53
metatranscriptomic) is due to logistical challenges during sample collection and our
focus on obtaining high-quality RNA for metatranscriptomic analyses. The limited
seawater volume collected restricted the available biomass for both DNA and RNA
extractions. Prioritizing the required RNA input (>700 ng) for metatranscriptomics, we

had fewer samples available for metagenomic sequencing (42 DNA samples).”

8. When contradictory results are observed in a manuscript, authors should provide
the most probable reason and possible mechanism to aid understanding of the

findings.

We thoroughly revised our manuscripts as suggested.

9. Please reframe the sentence from lines 31 to 36 of the abstract because it is too

long.

The sentence was rephrased as follows:

“I

n this study, we employed metagenomic and metatranscriptomic approaches, to
explore the fungi mediated organic matter degradation in the sunlit ocean. Samples
collected from subtropical Atlantic Ocean (non-polar) to Southern Ocean (polar

regions) represent spatial differences and size fracnation between small (0.2 - 3 um,
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SF) and large (> 3 um, LF) fractions reflecting niche partitioning in fungal

communities.”

10. In line number 195 “(Figure S1C)).” Remove one “)”.

Corrected accordingly.

11. Please include a few lines in the appropriate section explaining why the

metagenomic and metatranscriptomics analysis results differ.
We have added sentences addressing this point. Please refer to lines 158-162:

“The changes between metagenomic and metatranscriptomic results suggest that
the metabolic activity of marine fungi may vary among taxonomic groups, where
fungal species with higher contributions to the transcripts pool may play a more
profound role in marine biogeochemical cycles because the expression level of

transcripts reflects metabolic response to the changing environment.”
Lines 220-223:

“These findings indicate clear disparities in the genomic potential (genes) and
expression profiles (transcripts) of fungi involved in carbohydrate and protein
degradation, as has been recently shown for micobial communities from marine and
soil ecosystems as well as in hunman gut 44, confirming the importance of studying

fungal transcripts in addition to genes.”

In addition, the original introduction includes a sentence in lines 99-102 that explains
the rationale behind using both metagenomic and metatranscriptomic approaches:
“We investigated both the metabolic potential (metagenomics) and the gene
expression (metatranscriptomics) of pelagic fungi since DNA-based results might
differ dramatically from the actual transcription and function of microorganisms in the
environment 44”. This statement establishes the basis for comparing genomic

potential with transcriptional activity.

23



12. Please reframe the sentence in lines 65-67, as "such as" was used twice and

should be replaced with another word.

We have replaced the first instance of 'such as' with 'including' to avoid repetition in

the sentence.

13. A thorough proofreading would be necessary to avoid grammatical and

typographical errors throughout the manuscript.

Reviesed thoroughly as suggested.

14. No information is provided about how to download the sequence data in a public
database such as NCBI or EMBL-EBI.

Done as suggested. The metagenomic raw reads have been deposited with the
NCBI under Bioproject number PRINA1116066. The metatranscriptomic raw reads
have been deposited with the NCBI under Bioproject number PRINA1115042.

Please see lines 604-607.
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We sincerely appreciate the editorial team's consideration of our work and their constructive
feedback. We are particularly grateful for the opportunity to address the reviewers' concerns
and submit a revised version of our manuscript.

We have carefully considered all the comments raised by the three reviewers. While we note
that Reviewer #3 expressed overall enthusiasm for the study, we also recognize and appreciate
the critical feedback from Reviewers #1 and #2, particularly regarding the bioinformatics
analysis and the need for further validation using additional data. In response, we have
substantially expanded our analyses and revised the manuscript accordingly to strengthen the
robustness and clarity of our conclusions.

Below, we provide a detailed point-by-point response to each of the reviewers' comments. In
our responses, references to the revised manuscript are provided with corresponding line
numbers, and all changes are highlighted in yellow for ease of review.

Reviewer #1 (Remarks to the Author):

This is the second time | analyze this manuscript. In my first review | raise a set of
methodological questions (bioinformatic tools used) and formal questions (how data is
presented). Now | have carefully read the answers to my previous questions and although |
recognize that the manuscript seems to be improved, | am not completely satisfied with all
the answers.

We appreciate the positive comment of the reviewer about the improvement of the second
version. In response to the reviewer’s comments, we have now carefully addressed each point
raised in the initial and second reviews, particularly regarding methodological and formal
aspects of the study. In brief, now we have applied the exact methodology suggested by the
reviewer, and compared it to our previous methodology, reaching very similar results,
supporting the strenght of our study. So we appreaciate also the suggestion of the reviewer
concerning this methodological aspect. We have provided detailed explanations and made
substantial revisions to the manuscript. Below, we outline our responses to the specific
concerns raised, and we believe that these revisions meet the reviewer’s expectations.

One substantial criticism still remains, why using a program designed for gene prediction in
prokaryotes to perform gene prediction in eukaryotes. Eukaryotic genes have introns and
alternative splicing, which make their prediction substantially different than that of
prokaryotic genes. Programs for predicting eukaryotic genes from metagenomic or
metatranscriptomic data already exist, such as MetaEuk and others, and these should be
used together with a complete reference database of eukaryotes. Perhaps the predictions
will not be extremelly different, but the authors should use the best tools available.

In our initial response, we explained our rationale for using Prodigal instead of MetaEuk for
eukaryotic gene prediction, based on two key considerations. First, several gene prediction
tools, such as GeneMarkS-T and TransDecoder, have demonstrated robust performance in
predicting genes from eukaryotic transcriptomic data, particularly for intronless or minimally
spliced sequences. While these tools were originally designed for prokaryotic gene prediction,
their algorithms are adaptable to eukaryotic data due to shared features in translation initiation,



such as the use of start codons (AUG) and open reading frame (ORF) identification. Second,
in our case, Prodigal was employed to predict protein-coding sequences from eukaryotic
metatranscriptomic data, which are typically continuous and intronless, using contigs longer
than 200 base pairs » 23, To link metagenomic data to functional annotations, we mapped gene
abundances from the metagenome to gene categories derived from the metatranscriptomic
assembly using the BWA algorithm . This approach allowed us to extract abundances of
CAZymes and peptidases while avoiding the complexities and potential biases associated with
metagenome assembly, particularly given the dominance of prokaryotic sequences in
metagenomic datasets 2> 6,

Nevertheless, in the current revision, we have addressed the reviewer’s concern by re-analyzing
the data using MetaEuk, a tool specifically designed for eukaryotic gene prediction. MetaEuk
was run against a comprehensive protein reference database comprising approximately 88
million curated sequences from three primary sources: the MERC dataset (derived from Tara
Oceans eukaryotic metatranscriptomes), the Marine Microbial Eukaryote Transcriptome
Sequencing Project (MMETSP), and the Uniclust50 database
( https://wwwuser.gwdg.de/~compbiol/metaeuk/2019 11/)". All subsequent steps, including
peptidase and CAZyme functional annotation and taxonomic assignment, were re-performed
based on MetaEuk-predicted genes.

Consistent with both our original findings and the reviewer's expectations, the re-analysis
confirmed that our core conclusions remain robust. Specifically, the functional and taxonomic
distributions of total genes/transcripts—as well as peptidase- and CAZyme-associated fungi—
showed minimal changes. The taxonomic patterns of fungal peptidases and CAZymes
consistently differed from those of overall fungal genes/transcripts. Ascomycota,
Basidiomycota, and Chytridiomycota were the primary contributors to peptidase and CAZyme
genes, with Mucoromycota additionally prominent in CAZyme production (Additional Figure
2).

To facilitate a direct comparison, we have included two representative sets of comparative
analyses in this response letter:
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Additional Figure 1. Taxonomic assignment comparisons of total fungal community
composition in the metagenome and metatranscriptome based on the two prediction methods
(original Fig.1 vs. new Fig. 1)
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Additional Figure 2. Comparative analysis of functional annotations: Prodigal vs. MetaEuk
for peptidase and CAZyme transcript predictions (original Fig. 4 vs. new part of Fig. 3)

Another concern is about size fractionation. Initially samples were divided as free-living and
particle attached, ignoring the fact that fungi can cover a wide spectra of cell sizes. So, in the
fraction >3 um there could be small or large fungi attached to particles or simply fungi larger
than 3 um (for instance making hypha). This has been assumed in some parts (i.e. lines 268-
279), but in other parts the assumption that fungi on the >3 um are particle attached still
remains (i.e. lines 117-120, 136-139). The reality can include the two aspects, but this needs
to be explicitly explained.

We appreciate the reviewer’s insightful comment regarding the complexity of size fractionation
and its implications for fungal ecology. We agree that the distinction between large size (>3
pm) and small size (0.2-3 um) fractions may not fully capture the diversity of fungal lifestyles,
as fungal cells and structures (e.g., hyphae) can span a wide size range and exhibit varied
ecological behaviours.

In our revised manuscript, we have explicitly addressed this issue by clarifying that the large
size fraction (>3 pm) may include both fungi associated with particles and larger fungal cells
or structures (e.g., hyphae) that are not necessarily particle-bound. We have modified the text
in lines 121- 124 (originally lines 117-120) and 146-151 (originally lines 136-139) to reflect
this nuance, emphasizing that our size fractionation approach captures a mixed population
rather than exclusively particle-associated fungi. Additionally, we have expanded the
discussion in lines 250-265 (originally 268-279) and lines 419-426.



Furthermore, our updated analyses reveal minimal functional and taxonomic differences
between the large and small size fractions. This lack of significant differences can be attributed
to the morphological plasticity and ecological adaptability of marine fungi. Many fungal taxa
are capable of existing in both small (e.g., yeast cells, spores, or hyphal fragments) and large
(e.g., hyphae or particle-associated aggregates) forms, depending on environmental conditions
and life cycle stages. This morphological flexibility likely results in overlapping functional
profiles across size fractions, as the same fungal species may contribute to similar ecological
processes (e.g., organic matter degradation) regardless of their size-based categorization.

There was the fact that the taxonomic groups sometimes were against the initial
expectations. A sentence in the manuscript says " Previous research primarily documented
Dikarya", and here other groups were found dominating gene expression. For instance, the
majority of fungal peptidases derive from Chytridiomycota, both in Atlantic and Antarctic
waters. Also, the dominance of some groups does not match the dominance of genes
expressed. My point was, how much of these inconsistencies are due to inappropriate
taxonomic classification of the retrieved transcripts because incomplete reference genomic
resources? This particular concern has not been addressed.

We thank the reviewer for raising this point again regarding the taxonomic distribution of
fungal genes and transcripts, as well as the potential impact of incomplete reference genomic
resources on taxonomic classification. To address this concern, we have conducted a re-
analysis of taxonomic assignments using multiple reference databases.

When comparing taxonomic assignments between the MERC-MMETSP-Uniclust50 database
(https://wwwuser.gwdguser.de/~compbiol/metaeuk/2019_11/) and the NCBI-nr database
(release date: April 2023), we found that 86.7% (877/1,011) of the taxa identified by the
MERC-MMETSP-Uniclust50 database were also present in the NCBI nr database. This high
degree of overlap indicates strong support for the majority of taxa identified by the MERC-
MMETSP-Uniclust50 database within the more comprehensive NCBI-nr database (Additional
Figure 3).
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Additional Figure 3. Overlap and taxonomic consistency between the MERC-MMETSP-Uniclust50

and NCBI nr databases. (A) Majority (86.7%) of taxa identified by the MERC-MMETSP-Uniclust50

database are also present in the NCBI nr database. (B) Taxonomic classification at the phylum level
shows high consistency between the two databases.

The lower number of taxa identified by the MERC-MMETSP-Uniclust50 database can be
attributed to several factors. First, lack of taxonomic annotations in the MERC dataset. The
majority (77%) of MetaEuk predictions were based on homologies to the MERC dataset, which
lacks taxonomic annotations. When we queried the MetaEuk marine protein collection against
the Uniclust90 and MMETSP datasets, approximately 49% of the predictions could not be
assigned any taxonomy, significantly reducing the number of identifiable taxa /. Second,
compared to the NCBI-nr database, the MERC-MMETSP-Uniclust50 database is more
specialized and may not capture the full taxonomic diversity present in marine environments.
This limitation is further compounded by the fact that the MMETSP and Uniclust90 datasets,

although annotated using NCBI taxonomy, are themselves subsets of the broader NCBI-nr
database.



Therefore, we decided to use the NCBI-nr database to assign fungal taxonomy to the predicted
fungal contigs. To enhance the reliability of taxonomic classification and minimize false-
positive annotations, we employed the Last Common Ancestor (LCA) algorithm implemented
in DIAMOND 8. This approach assigns an NCBI taxonomic identifier (TaxID) based on the
last common ancestor of all hits whose alignment scores fall within 10% of the best hit score,
using the NCBI-nr database (release date: April 2023) as the reference. By integrating multiple
high-scoring matches, the LCA algorithm reduces the risk of erroneous annotations and
provides a more accurate representation of taxonomic diversity.

The Methods section has now been revised; please see lines 559 and 573-593.

Our new results confirm that Ascomycota and Basidiomycota (Dikarya) remain the dominant
fungal phyla in terms of overall gene and transcript expression across both polar and non-polar
oceans (Fig. 1G). However, the relative contributions of these groups vary depending on the
functional category (CAZymes vs. peptidases) and the oceanic region (Figs. 3, S3). For
example, while Dikarya dominate CAZyme expression in non-polar regions, Chytridiomycota
play a important role in polar regions (Fig. 3E). Similarly, Chytridiomycota contribute
substantially to the expression of key peptidase families, including serine peptidases and
metallo peptidases in both Atlantic and Southern Ocean waters (Fig. S6). These findings
suggest that the observed taxonomic patterns are not solely due to incomplete reference
genomic resources but rather reflect genuine ecological and functional differences among
fungal groups. As we mention in the manuscript, the increased importance of Chytridiomycota
in polar regions, for instance, may be linked to their adaptation to cold environments and their
ability to degrade specific substrates (e.g., chitin).

Regarding the presentation of the data, | see that there has been an effort to simplify a bit
some of the most complex figures, which | appreciate. Still, | do not see and effort to
condense the results to convey clear messages from the figures.

In response to the reviewer’s comment, we have thoroughly revised all figures in the
manuscript to further improve clarity and ensure that each figure conveys a clear and concise
message. We hope that these revisions address the reviewer’s concerns and enhance the overall
readability and impact of our results.

Finally, the text is very long and convoluted, and it is not clear how it is organized, with
apparently lot of redundancies that are difficult to completely follow. For instance, | note here
the second and third headings of the Results and Discussion section, which seem very similar:
2) Biogeography and functional diversity of fungal peptidases and CAZymes, 3) Taxonomic
affiliation and functional diversity of fungal peptidases genes and transcripts.

We appreciate the point raised by the reviewer here, and after going back to it we agree that
the text could have been written more clearly. In response to the reviewer’s comment, we have
thoroughly reorganized the manuscript to improve its structure and flow. Specifically, we have
streamlined the text, reducing unnecessary details and we have also added subheadings to
enhance readability and merged related sections to eliminate redundancies. For example, in the
sections of Results and discussion, we added subheadings:

Ubiquitous fungal proteinases and CAZymes in the ocean

Latitudinal and temperature-driven variations in geographic clustering patterns of marine
fungal peptidases and CAZymes



Conserved of extracellular enzymatic strategies for protein and carbohydrate degradation in
marine fungal communities

Taxonomic shift in pelagic fungi linked to functional changes in peptidases and CAZymes

Carbohydrate degradation and specific utilization strategies in pelagic fungi differ between
polar and non-polar oceans

We hope that these adjustments greatly improve the overall readability of the manuscript.

Reviewer #2 (Remarks to the Author):

Guo et al and Baltar present an apparently revised manuscript. Despite efforts to make
changes, which are much appreciated, fundamental concerns remain the same.

This is interesting work but builds on several previous similar studies including those from one
of the lead authors. This has not changed. | still do not see a genuine Nature Communications
level step change in this work beyond what have been previously conducted e.g. see Baltar’s
previous papers and from Orsi et al.

We appreciate the opportunity to clarify how our study advances beyond previous work,
including those by Chrismas, Baltar and Orsi et al. While we acknowledge the groundbreaking
contributions of Chrismas’s, Baltar’s and Orsi et al.’s work, our study fills a critical gap in
understanding fungal contributions to marine biogeochemical cycles. Building on foundational
research in marine microbial ecology from our community, we firmly believe our study
provides several novel and significant insights that justify its publication in Nature
Communications. First, unlike previous studies that primarily focused on bacterial and archaeal
communities, our work provides a comprehensive exploration of fungal functional roles in
marine organic matter degradation. This represents a significant expansion of the scope of
marine microbial ecology research, since the data driven articles on marine pelagic fungi are
extremely limited. Although there are only a handful of articles on this topic, this is not the first
study on fungal functional omics on the ocean; however, it is the first study to systematically
investigate and characterize the functional diversity of pelagic fungi in the Southern Ocean
(and in any polar ocean). Just to put it into perspective, it might be a good excercise to imagine,
if we would be focusing on marine bacteria, if we would say that this is the first study to
characterize the functional role of bacteria in the Southern Ocean or in any polar ocean: it
would be reasonable to assume that this would be worth of a paper in Nature Communications.
Furthermore, it is worth mentioning, that the level of detail of the analyses and findings,
specifically on the fungal CAZymes families is unprecedented, providing a new vision on the
specific strategy used by pelagic fungi in the use of specific enzymes in the ocean. If all this is
not already relevant enough, while doing this first characterization of the functional role of
polar pelagic fungi we also do an extensive comparisson to non-polar regions, placing our
findings into a global settings and thereby discovering some novel environmental drivers and
susceptibilities of the functional role of oceanic pelagic fungi. Given the sensitivity of polar



ecosystems to climate change, our findings provide critical insights into how warming may
impact marine fungal ecology and their functional contributions to biogeochemical cycles.

The study as presented in the revised manuscript remains descriptive and more a catalogue
of genes/mRNA. More is needed to this level of manuscript including validating process
measurements e.g. see Orsi et al 2022 ISME Journal 16 1245-1261. The study still
overinterprets DNA/RNA metagenome and metatranscriptome data. The lack of other
evidence (e.g. stable isotope analysis) continues to limit the scope and only shows what has
been shown before.

We thank the reviewer for their constructive feedback and for pointing us to the relevant study
by Orsi etal. (2022, ISME Journal). The study by Orsi et al. (2022) exemplifies how integrating
ITS and 16S rRNA amplicon sequencing with metatranscriptomic data and DNA-SIP based
genome-centric metagenomics can provide a comprehensive understanding of microbial
activity and nutrient cycling in marine environments. Indeed, the Orsi lab has consistently
demonstrated the power of integrating multiple methodologies, including SIP, to validate
functional predictions and elucidate mechanistic insights across a wide range of studies (e.g.,
Vuillemin et al., 2022, Trejos-Espeleta et al., 2024) ® 10, This approach has set a high standard
for linking microbial identity to function in complex ecosystems. While we agree that process
measurements, such as stable isotope analysis, can provide valuable insights into microbial
activity, do to their nature, these tools are usually applied to a limited number of samples (and
usually more devoted to more local studies). The SIP results from Orsi et. al 2022 demonstrated
correlated relationships bwtween fungal CAZyme gene expression (metatranscriptome) and
the 3C incorporation, this results provide the support to our finding that metatranscriptomic
data of CAZymes and peptidase can be used as maker for substrate utilization. We addressed
this link in lines 450-456. However, SIP-based experiments are not very feasible for large scale
sampling due to cruise logistic limitations. For instance, in the Orsi et al. 2022 article, they
covered 5 stations. In contrast, our study is primarily focused on leveraging metagenomic and
metatranscriptomic approaches to explore the potential functional roles of fungi in marine
organic matter degradation on a large scale. In our study we covered more than 11000
kilometers and 25 stations. We believe that this foundational work is an important step toward
identifying key fungal players and their potential ecological roles, which can guide future
hypothesis-driven research incorporating process measurements. In fact, the current validity of
our approach is clearly justified by the many recent high-impact publication following these
approaches to advance our understanding of microbial ecology, in the absence of so-called
additional experimental validation: for instance, only in Nature Communications in 2024, is
possible to find many examples such as Cohen et al., 2024; Zhao et al., 2024, Becsei et al.,
2024 51112 Also the cruise sampling happend in 2020 and 2021, by that time, we cannot
forsee the methodological advances.

Nevertheless, in the revised manuscript, we have taken care to avoid overinterpretation of the
data and have explicitly discussed the limitations of our approach and have acknowledged that
further validation (e.g., through stable isotope analysis or targeted experiments) is
recommeneted to fully elucidate the mechanisms underlying fungal contributions to marine
biogeochemical cycles. Please see lines 498-501.

Key similar and previous studies remain missing from the revised manuscript. Irrespective of



the reasons for omitting previous studies (strategic or carelessness) it is not acceptable to
ignore previous similar/same work in this way. This is disappointing for any journal but
especially so for a leading journal such as Nature Communications.

We apologize for any oversight. We would like to clarify that it was not our intention to
overlook any important prior research. In the revised manuscript, we had included references
to several key studies, such as those by Orsi et al., to provide a comprehensive context for our
work. To be honest, we are not aware of any other study that is missing. If the reviewer could
be more specific and mention which specific study is the one missing, instead of just assuming
that we are omitting to cite papers for ‘strategic or careleness’ reasons, we would be more than
happy to include those papers in the manuscript. In fact, we would greatly appreciate it if the
specific studies could be pointed out. We are committed to ensuring that our manuscript fully
acknowledges and builds upon the relevant body of prior work, and we will gladly incorporate
any additional references as needed.

Reviewer #3 (Remarks to the Author):

| appreciate the authors efforts in addressing my previous comments and revising the
manuscript accordingly. The authors have effectively addressed the scientific concerns raised
in the initial review, improving the overall structure and depth of the study. The
representation and discussion of the data now offer a more thorough and comprehensive
understanding of the observations and findings.

However, before the manuscript can be accepted for publication, | would strongly
recommend a final round of careful proofreading. The authors should check for any remaining
grammatical errors and ensure accuracy in tense usage throughout the text. Consistency in
language is crucial for maintaining the scientific integrity and readability of the paper. | also
suggest that the authors confirm all technical terms are used correctly to avoid any potential
misinterpretation of the findings.

Overall, | am pleased with the improvements made in this revised manuscript, and believe
that it offers valuable insights into fungal-mediated organic matter degradation in marine
environments and contributes significantly to the field of oceanic fungal ecology, making it
suitable for publication in Nature Communications.

We honestly appreciate the positive feedback and constructive suggestions of the reviewer; we
have carefully addressed the remaining language and technical issues in this revised version.
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