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In the last two decades, microbial research inits different fields has been increasingly focusing on microbiome
studies. These are defined as studies of complete assemblages of microorganisms in given environments
and have been benefiting from increases in sequencing length, quality, and yield, coupled with ever-dropping
prices per sequenced nucleotide. Alongside localized microbiome studies, several global collaborative efforts
have emerged, including the Human Microbiome Project [1], the Earth Microbiome Project [2], the Extreme
Microbiome Project, and MetaSUB [3].

Coupled with the development of sequencing technologies and the ever-increasing amount of data output,
multiple standalone or online bioinformatic tools have been designed to analyze these data. Often these
tools have been focusing on either of two main tasks: 1) Community analysis, providing information on the
organisms present in the microbiome, or 2) Functionality, in the case of shotgun metagenomic data, providing
information on the metabolic potential of the microbiome. Bridging between the two types of data, often
extracted from the same dataset, is typically a daunting task that has been addressed by a handful of tools
only.

The extent of tools and approaches to analyze microbiome data is great and may be overwhelming to
researchers new to microbiome or bioinformatic studies. In their paper “A primer and discussion on DNA-based
microbiome data and related bioinformatics analyses”, Douglas and Langille [4] guide us through the different
sequencing approaches useful for microbiome studies. alongside their advantages and caveats and a selection
of tools to analyze these data, coupled with examples from their own field of research.

Standing out in their primer-style review is the emphasis on the coupling between taxonomic/phylogenetic
identification of the organisms and their functionality. This type of analysis, though highly important to
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understand the role of different microorganisms in an environment as well as to identify potential functional
redundancy, is often not conducted. For this, the authors identify two approaches. The first, using shotgun
metagenomics, has higher chances of attributing a function to the correct taxon. The second, using amplicon
sequencing of marker genes, allows for a deeper coverage of the microbiome at a lower cost, and extrapolates
the amplicon data to close relatives with a sequenced genome. As clearly stated, this approach makes the
leap between taxonomy and functionality and has been shown to be erroneous in cases where the core
genome of the bacterial genus or family does not encompass the functional diversity of the different included
species. This practice was already common before the genomic era, but its accuracy is improving thanks to the
increasing availability of sequenced reference genomes from cultures, environmentally picked single cells or
metagenome-assembled genome.

In addition to their description of standalone tools useful for linking taxonomy and functionality, one should
mention the existence of online tools that may appeal to researchers who do not have access to adequate
bioinformatics infrastructure. Among these are the Integrated Microbial Genomes and Microbiomes (IMG)
from the Joint Genome Institute [5], KBase [6] and MG-RAST [7].

Asecond important point arising from this review is the need for standardization in microbiome data analyses
and the complexity of achieving this. As Douglas and Langille [4] state, this has been previously addressed,
highlighting the variability in results obtained with different tools. It is often the case that papers describing new
bioinformatic tools display their superiority relative to existing alternatives, potentially misleading newcomers
to the field that the newest tool is the best and only one to be used. This is often not the case, and while
benchmarking against well-defined datasets serves as a powerful testing tool, “real-life” samples are often
not comparable. Thus, as done here, future primer-like reviews should highlight possible cross-field caveats,
encouraging researchers to employ and test several approaches and validate their results whenever possible.

In summary, Douglas and Langille [4] offer both the novice and experienced researcher a detailed guide
along the paths of microbiome data analysis, accompanied by informative background information, suggested
tools with which analyses can be started, and an insightful view on where the field should be heading.
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DOI or URL of the preprint: 10.31219/osf.io/3dybg
Version of the preprint: 2

Authors’ reply, 16 April 2021

Download author’s reply

Decision by Danny lonescu 2, posted 12 April 2021

Last minor revisions

Dear Drs. Douglas and Langille,

Thank you for revising your manuscript according to the reviewer's and my suggestions.

I would like to ask for several minor changes prior to recommending your paper.

1) On line 73 you write "First..."” but there is never "Second”. Probably this should come on line 83. Please
add "Second"” or rephrase "First".

2) Inline 1163 you have "hereafter 16S". | think this can be replaced by the "hereafter 16S sequencing” in
line 305. As also there it seems you mean to replace the 16S rRNA gene with the shorter 16S.

The following requests were made by the PCl management board with regards to the original version and |
could not see these amendments in the revised version:

1) Authors must have no financial conflict of interest relating to the article. The article must contain a
"Conflict of interest disclosure” paragraph before the reference section containing this sentence: "The authors
of this article declare that they have no financial conflict of interest with the content of this article.”;
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2) This disclosure has to be completed by a sentence indicating that some of the authors are PCl recom-
menders: “XY is one of the PCl Genomics recommenders.”

| believe that other requests made by the board regarding data or code availability are not relevant for a
review-type manuscript.

Following these minor changes/additions, | am looking forward to recommending your manuscript.
Best wishes,

Danny lonescu

Evaluation round #1

DOI or URL of the preprint: 10.31219/0sf.io/3dybg

Authors’ reply, 06 April 2021

Download author’s reply

Decision by Danny lonescu @, posted 22 March 2021

A primer and discussion on DNA-based microbiome data and related bioinformatics analyses: Sug-
gestion to revise

Dear Dr. Douglas and Langille,

Thank you for submitting your manuscript to be reviewed by PCl members.

| have obtained 3 independent reviews for your manuscript and have further reviewed the manuscript
myself. The attached file contains all comments and suggestions.

Generally, the reviewers and | found the manuscript relevant and interesting. | do agree with the first reviewer
that occasionally there are distracting facts, of added value, that reduce the usability of the manuscript as
a "guide for the novice”. | do not suggest removing these but rather relocating them to a box. For example
- the necessary traits of a marker gene are good to know, but realistically, most people embarking on the
metabarcoding adventure will initially embrace known markers.

With this respect, | feel that the paper can be made somewhat more concise.

As a primer - | suggest adding a glossary and to minimize abbreviations as much as possible.

Last, it is evident that the authors come from the field of human microbiome and so are most of the
examples. | suggest adding a paragraph where this is specified clearly, explaining how the provided guidelines
can be applied to microbial ecology in other types of environments (e.g. water, soil, biofilms, etc).

| hope the provided suggestions are useful,

looking forward to reading your revised version,

Best wishes,

Danny lonescu

Download recommender’s annotations

Reviewed by anonymous reviewer 1, 16 March 2021

In this article, the authors propose an overview of the use of different approaches for microbiome data
analyses, the questions that can be tackled using them, and their respective limitations. A particular focus
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is provided on the bioinformatics aspects, including an overview of the diversity of the most popular tools,
and under which conditions/for which specific purposes they could be better used. Taxonomic and functional
assignations tools are thoroughly discussed. And the crucial question of how to integrate the taxonomic
and functional aspects. How marker-gene and shotgun metagenomic sequences (MGS) data are currently
linked is exposed and the limitations of different approaches given. How the two approaches can lead to
contradicting results, as well as the recurrent problem of reproducibility on microbiome data when using
different bioinformatics pipelines are thoroughly discussed. Some interesting leads on how to make the field
of microbiome biology more robust are given.

The paper is very well-written and thorough on several aspects, including by explaining the main trends
in “DNA-based microbiome data” analyses. It is very interesting both from the level of technical details that
are given, and from the fact that it does the synthesis of the current major pitfalls in microbiome studies. |
particularly enjoyed the “Overview” and the last section on “Current state of the integration of taxonomic and
functional data types”. As such, beyond proposing a view of the current state-of-the-art, | think this primer
paper should contribute to the reflexion on what good practices could be taken, and which approaches are
the most promising in order to make discoveries in microbiome studies more robust and reliable in the near
future.

In general, | thought the titles of the big sections could be improved to better reflect their content. A few
sections might require a bit of rewriting for clarification, and | would like to raise some points that are listed
below.

1) The section “marker-gene sequencing”, where the case of the 16S rRNA amplicon sequencing is discussed
at length (which is interesting!), is mostly dedicated to the particular task of characterizing the diversity within
a community. However, it is only on lines 254-256 that the goal for using what is described as “robust
marker genes” is introduced: “to characterize and compare the relative abundances of prokaryotes across
communities.”

| think the 1st page of the manuscript could be re-arranged, and clarified to explain the particular usage of
marker-gene approaches that is exemplified here.

- At the beginning of the section there is a discussion on the definition of a “robust marker gene”. But |
believe this line of discussion depends on the goal of marker-gene sequencing - that should thus be introduced
beforehand. Marker-gene approach can also be taken to question the presence of given metabolic processes
in a particular environment. In which case, it is more important to fish for genes that are specifically involved
in that process, leading even sometimes to multiply the set of probes to use in order to capture the diversity of
the gene involved in the process of interest (some are paraphyletic for instance). In that case, the fact that the
gene in question is a good molecular chronometer does not matter much, right? Or did | miss the point here?

- Line 156: a more general term would be “homolog”, as “ortholog” limits to vertically transmitted marker
genes (excluding duplicated or laterally transferred genes for instance). Unless if it is explained beforehand
that a desirable property of a marker gene could be to be vertically inherited? Or is the term “ortholog” used
here to suggest a conserved biological function? Please clarify.

- In the end, | have the feeling that the first part of this 1st section kind of falls flat, as the authors write on
lines 200-201: “Therefore, to select a robust marker gene one should adhere in some ways to the Goldilocks
principle: some nucleotide conservation is needed, but not too much.” Maybe could this first part be shortened
and be more straight-forward?

2) Lines 270-272: Please clarify what you mean by “V4-V5 region overrepresented Firmicutes ... while drasti-
cally underestimating Actinobacteria”. Do you mean that these regions are not present from Actinobacteria? Or



that the diversity is over-estimated in Firmicutes and under-estimated in Actinobacteria based on this region?
Same comment for line 290-291 for V1-V2 region.

3) In the section “Shotgun Metagenomics Sequencing”, | felt like the topic of the contribution of MGS approach
and MAG (metagenome assembled genomes) reconstruction to explore extant biodiversity was somehow
missing (CPR, DPANN, Asgard archaea...). MGS helped to reveal novelties both at the taxonomic and functional
level. As a conceptual advantage of the MGS approach, in spite of some biases highlighted by the authors, is
that it is not needed to have an a priori of what is looked for. This is how some entire clades of archaea were
missed by 16S approaches because of the probes being designed from known diversity (e.g. Raymann et al
2017, mSphere).

- On lines 443-447 an example is given for taxa represented in 16S data but not MGS. To be fair, the converse
is also true. | don't say the authors do not explicitly mention that there are caveats with both approaches, but
this is one could be worth to be reminded.

- On lines 1004-1013, it could be added that techniques to bin MGS data as MAG could be a part of the
solution.

4) On “the concordance of differential abundance results between actual and predicted metagenomics
profiles” (lines 1882-1294), any lead on why the results are agreeing only “moderately well"?

5) Just a suggestion... Some figures could have been added to illustrate some parts of the text.

- On lines 1222-1225, the principle on which relies PICRUSt for inferring function is introduced. It could have
been illustrated by a figure.

- On lines 1409-1412, “stacked barplots” are mentioned to be used to study functional shifts. Such a typical
plot could have been borrowed from a published study for instance?

6) In the Discussion part, it would have been interesting to have the authors opinions on the role that could
play new sequencing techniques in the future to help with some of the issues presented? For instance, on the
advent of long-reads sequencing for MGS? Don't you think it could eventually be a way to integrate taxonomic
and functional analyses, by linking for instance 16S genes to big contigs, obtaining better quality MAGs, etc...?

7) Minor points and typos:
- Alist of abbreviations should be included to help the reader. Otherwise, some of the less used abbreviations
could be abandoned?

- Line 158: should it be “twice” instead of “double”?

- Line 1441 (and thereafter): maybe capitalize the tool name “phylogenize” to make it stand as a name in the
text?

- Line 1445: “a taxa” => should be corrected by “a taxon”.

Reviewed by Rafael Cuadrat, 12 March 2021

This review addresses many of the technical issues in the microbiome field. The text is very clear and concise,
and it is very interesting for both initiated and uninitiated readers.

In general, the main point of the MS is the challenge of integrating taxonomic data with functional data.
| agree that this is an issue but | feel in general the review downplay too much the binning/MAG approach
dealing with this issue. | also missed in the text any discussion regarding long reads and how the 3rd generation
sequencing methods could help with some of the limitations.
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I have a few small comments that could improve the final version of the MS.

Line 107: There is often more statistical power to detect overall differences based on alpha and beta
108diversity metrics than to detect associations with individual features, but diversity-level insights
are also less actionable (Shade 2017).

- However, often the difference of abundance in individual taxa/rank is larger than the difference in diversity
indexes, especially in host-microbiome studies.

Line 422: This interest has culminated in the generation of enormous MGS datasets such as the
ongoing work on the Earth Microbiome Project (Thompson et al. 2017) and the Human Microbiome
Project (Lloyd-Price et al. 2017).

- Here another good and more recent example would be TARA oceans.

Line 548: “genes are expressed in cells, not in a homogenized cytoplasmic soup” (McMahon 2015).
- Agreed, however many ecological functions are performed in a collaborative way by consortiums.
Line 670: relative abundances by the mean relative abundance

- Should read geometric mean.

Line 723: This discussion of microbiome data characteristics has focused on taxonomic features
based on either 16S sequencing or read-based MGS data analysis. However, it is important to emphasize
that count tables produced from MAGs do not resolve this issue. In fact, attempting to account for
these challenging characteristics of microbiome count data and the links between taxa and function
makes the analysis more difficult.

- At the end of this, | would suggest a few lines about the network of co-abundances, for example using the
SparCC tool.

Reviewed by Nicolas Pollet, 20 March 2021

Dear Gavin Douglas and Morgan Langille,

In this review manuscript, you propose to deliver a detailed introduction to microbiome DNA sequence
data types and analysis methods. You present marker-gene and shotgun DNA sequencing data types, discuss
microbiome data characteristics and underscore the associated caveats. Then you present « the many-faceted
concept of microbial functions ». You follow by a discussion on the problematic of functional annotation
inferred from marker-gene data and you review the last development on the integration of taxonomy and
function. Finally, you discuss reproducibility in microbiome research and provide an outlook with some
personal experience.

The main strength of your manuscript is that as a reader | learned something because you deliver an
interesting review and discussion on the integration of taxonomic and functional microbiome data, backed up
by first-hand and authoritative experience. However, the main weakness is that your message is diluted by a
lengthy and unclear explanation of some concepts that are not always directly linked to your main discussion
point.

Therefore, | recommend a major revision of your manuscript.
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Sincerely,

Nicolas Pollet

Major comments:

What is the audience ? The title says « A primer and discussion on DNA-based microbiome data and related
bioinformatics analyses ». Since one aim is to deliver a primer, the reader is expected to be a non-expert,
and therefore the discussion that follows is also expected to reach a non-expert in the field. Is this the case
? I don't think so. In fact, | am unsure of the efficiency to pursue the goal of fulfilling the role of a primer
AND a discussion on microbiome data for a reader completely new to the field and for the complicated topics
presented here. Since the reader could be misled by the title, | think you need to change it to better represent
the content of the text.

Is the communication clear enough for a newcomer ? | think that you have to work on making your text
more concise and more homogenous in terms of the depth of explanations. More and better iconography
would help in this regard. The iconography should follow the main organization of the text : here you have six
sections and only two figures. Figure 1 illustrates many aspects of the section on shotgun metagenomics, and
figure 2 is an illustration on the integration of taxonomy and function. Figure 1d does not follow the text flow
and | find this a bit strange.

What is the review message ?In my opinion, the discussion on the integration of taxonomic and functional
data is the main message. | advise you to strengthen this aspect by dropping some sections (see below).

How to make the message clearer ? If you decide to follow the path of considering the integration of
taxonomic and functional data as the main message to deliver, then the text could be reorganized to make this
message stronger and clearer. | wonder if the sometime high level of details provided regarding marker-gene
sequencing, shotgun metagenomics and the characteristics of microbiome count data is really helping the
reader. The text would benefit from being way more concise an more equilibrated among sections. In my
opinion, you should seriously consider to skip the “primer” sections on marker-gene sequencing, metagenomic
sequencing, characteristics of microbiome count data and microbial functions.

| found that the discussion is the best part of the text, maybe because | am not a complete newcomer to the
field. Your personal account is worthy, and maybe you could make it more precise (e.g. parameter choice from
local to global using which tool ?). The last two sections are the most informative parts and in this regard.

Accuracy :The terminology about microbiome is sound and corresponds to what has been previously
discussed in the literature (Marchesi & Ravel, 2015). | found that the terminology used in the section mi-
crobial function is not always clear and does not simplify the presentation of the associated concepts (Karp,
2000)(Thomas, Mi & Lewis, 2007)(Kotera et al., 2014).

Level of referencing : There are specific experimental approaches such as epicPCR that have been developed
to tackle the integration of taxonomy and function; and this needs to be pointed out (Spencer et al., 2016). |
think you should take a particular attention to be more homogeneous in the way you select the cited references.

Minor comments

Since the review aims to deliver a detailed introduction, | suggest to expand a bit the terminology and
definition that you provide rapidly for the term microbiome (one sentence on line 31-33), and possibly in-
clude a text-box with definitions. Maybe the ecological suffix -biome that refers to biotic and abiotic factors
characterizing a given microbiome environment would broaden the scope.

| fully understand that the topic is DNA-based sequencing for microbiome studies, but a pointer to RNA-



based and protein-based sequencing would be a plus in the background, especially in the paragraph 45-67.
In that same paragraph on culturing microbes, and given the theme of the integration between taxonomy
and function, one possible additional point could be to discuss the discrimination of live, dormant and dead
microorganisms (e.g. (Thomas, Mi & Lewis, 2007) (Jones & Lennon, 2010)(Carini et al., 2016)(Blazewicz et al.,
2013).

In the background section presenting diversity analysis, | would like to underscore the work of Amy Willis
and colleagues on modelling abundances as in my opinion it is an important advance in the analysis of diversity
(Willis, 2019)(Willis & Martin). The purpose of this paragraph in the context of the review as a whole is unclear
as it stands.

| do not agree with the assertion that the dichotomy between phylogenetic and functional profiling of
microbiomes is « entirely related to methodological challenges » (line 123). We know that the genome of
prokaryotic species varies in gene content because of horizontal gene transfer, gene duplication and other
mechanisms (Puigho et al., 2014). It has been shown through pangenome analysis that strain variation can be
associated with different metabolic potential (Goyal, 2018) (Maistrenko et al., 2020). Therefore, it seems to
me that the dichotomy between phylogenetic and functional profiling of microbiomes is one of their intrinsic
characteristics. Indeed, you develop these points line 1131-1172.

Marker-gene sequencing

| advise to simplify the marker gene sequencing section if you want to keep it. While the paragraph from
149-202 are detailed and very informative, | am afraid that they depart from the global « granularity » of
explanation and historical context provided on other aspects throughout the manuscript. This lengthen this
section on marker genes comparatively to the other aspects developed in this review. And even if there are a
lot of things to tell about 16S rRNA gene sequencing, many have already been told elsewhere in the literature.

While | typically enjoy reading historical perspectives, | found that these are exaggeratedly long and placed
in the manuscript in a non-logical manner.

You copiously present 16S rRNA gene sequencing and this helps the reader for understanding the aspects
on the integration of taxonomic and functional data. But you also consider other marker genes (and this is
fine) and 18s rRNA gene sequencing for microeukaryote and fungi taxonomic profiling, but in a more concise
manner. Yet the integration of taxonomic data obtained using such markers with shotgun sequencing data is
not presented at all, and thus the reader does not benefit from this otherwise interesting piece of knowledge.

The sentence line 211 would benefit from some simplification such as :

« This is because if there are non-random substitutions within a single domain but random substitutions in
the majority of other domains, there would likely be little effect on estimates of gene divergence. »

I do not understand the reason for presenting redbiom at this point line 250 ?

To further document your point on the limitations due to the use of short 16S amplicons (line 260-274), you
could possibly cite the recent work of other groups such as (Abellan-Schneyder et al., 2021).

The point dealing with the use of classical bacteria 16S primer-pairs do characterize Archaea could be
expanded as it is often a neglected limitation in taxonomic surveys (Raymann et al., 2017; Bahram et al., 2019).

The reference Fox et al 1992 is missing at line 235. | think it would be fair to reference deblur and UNOISE3
like it has been made for DADA2 software (line 336).

Very Minor : italicize latin names (e.g Haloarcula line 382)

Shotgun metagenomics sequencing

Line 409 : including DNA viruses

The impact of biomass and genome size as a limitation to MGS approach could be invoked (line 431). Also
as a caveat emptor, the impact of host DNA and possible heterologous sequences on MGS data could be
mentioned, (I wrote this sentence before reading your discussion !) and this would be a reflection of the
discussion.



In the MGS data analysis section devoted to the generation of taxonomic profile (line 477-522) , | would like
to point out the targeted assembly of rRNA sequences from shotgun data embodied in Emirge (Miller et al.,
2011), phyloFlash (Gruber-Vodicka, Seah & Pruesse, 2020) and MATAM (Pericard et al., 2018).

| was surprised that the authors do not mention Kaiju as a read-based tool for taxonomic profiling (Menzel,
Ng & Krogh, 2016).

On the impact of databases for k-mer based analysis (Nasko et al., 2018).

Line 560 : the citation of only these two assemblers is somehow partial, you could point to a review on
metagenome assembly for the sake of comprehensiveness for the reader. Similarly the description of binning
tools is very light in comparison to other aspects developed earlier. Here you could point to recent review
papers on the subject.

Line 584 : maybe use «taxonomic profiling » instead of « profiling »

Line 586 : | guess that the authors are referring to transcriptome studies, the term RNA sequencing is maybe
not so precise in this context.

Characteristics of microbiome count data :

Maybe at some point the word abundance table could be used.

Line 618-637 : Maybe a figure would be a better communication vector.

The impact of sequencing reads processing on the analysis of abundance tables is somehow skipped :
there are different practices such as removing singletons, filtering on prevalence etc . This could be somehow
mentioned as they impact downstream analysis.

Microbial functions

This section is quite lengthy in comparison to others and since it covers topics that are not specific to
microbiome studies, | wonder if it hits the sweet spot.

Line 737 : « ... focused on gene families, which are gene clusters. » It is not very clear what you are referring
to in terms of gene cluster at this point.

Line 781 : 1 do not know what is a UniRef function.

What is described in this paragraph entitled microbial function is in fact a primer on protein databases and
ontologies. | find therefore that the title is a bit misleading, maybe « Protein databases and ontologies for
microbial genome functional annotation ».

Line 976 : this method focuses pathway reconstruction ... please correct the sentence.

Line 1032 : philosophical perspective : really ?

Line 1060 : The whole presentation of this paragraph is somehow paradoxal : maybe the text could be more
explicit on ontology and semantics in order to guide the analysis of « functional data » at a given level of an
ontology (protein space, biochemical activity, pathway, evolutionary conservation.

Metagenome prediction methods

Line 1090-1097 : some references would be welcome here.

Lines 1101-1110 -1130: This historical account is perfect, but | wonder if the level of details provided is really
needed to make the point that 16S diversity is not a perfect proxy of whole genome similarity.

Current state of the integration of taxonomic and functional data types

| enjoyed reading this section.

Line 1313: “in some cases can be directly linked” Please be more precise and provide an example or a
reference.

Why the burrito software is not mentioned is unclear to me ?

Outlook

In my opinion, the paragraph 1726-1761 would benefit from citing additional recent references such as
the MBQC study and a few others: (Sinha et al., 2017; Davis et al., 2018; McLaren, Willis & Callahan, 2019;
Greathouse, Sinha & Vogtmann, 2019).
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