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Summary of Major Changes

• Fig. 1e: Added scatter plot of R2 for nH2O–ZC fits vs R2 for nO2–ZC fits for all
possible combinations of basis species with three amino acids, H2O and O2 to
illustrate the criteria for choosing basis species.

• Removed the rQEC derivation (residual-corrected values of nH2O); now values of
nH2O are taken directly from the QEC basis species (glutamine, glutamic acid,
cysteine, H2O, O2). This change affects the scale and appearance of the plots
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but does not alter the findings, except to point out that negative slopes on these
plots are associated with the background correlation between nH2O and ZC for
amino acids.

• To visualize the background correlation between nH2O and ZC, guidelines parallel
to the fit for amino acids have been added to the plots in Figs. 3, 5, and 6.

• Added Figure 2 with schematic of ZC and nH2O calculations.

• Redrew Fig. 7 to plot (a) time or (b) type of solute on horizontal axis.

Point-by-point Response to Anonymous Referee #1

Dick et al. have mined the biomolecular literature to show that the composi-
tion of proteins in microorganisms reflect the salinity of their environments. In
particular, their results provide evidence that the stoichiometric hydration state
of amino acids is lower in many saline settings than in freshwater environments.
The authors use metagenomes, metatranscriptomes and proteomes of individual
organisms resulting from environmental and laboratory studies. Their method
of analysis includes a rather novel technique – they assess the difference in
the stoichiometric hydration state (n_H2O) of theoretical formation reactions for
the amino acids in different proteins (measured or inferred from metagenomes).
These formation reactions are familiar to those who carry out geochemical mod-
eling, though the choice of basis species is unusual. These formation reactions
are familiar to those who carry out geochemical modeling, though the choice of
basis species is unusual. H2O is used as a basis species in addition to O2 and
three amino acids (glutamine, glutamic acid and cysteine).

The manuscript has been revised to show the reasons for this choice of basis species
more clearly; in particular, Figure 1 now includes a plot comparing all possible choices
of basis species that were considered within our constraints.
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To help make sense of their results, the authors also compute and compare
values of the oxidation state of carbon in amino acids/proteins as well as
their hydropathicities and isoelectric points. Ultimately, the authors seek to
show a quantitative relationship between the composition of organisms (their
biomolecules) and their environments.

Thank you for the thorough review and constructive suggestions. We respond to each
point below.

Because this work used techniques that are well known in one field (geochemi-
cal modeling) and applies them to another (biomolecular sequence analysis), it
would be most helpful if the authors showed an example of the differing stoi-
chiometric hydrations state of two proteins. Maybe this wouldn’t work too well
in a figure, but perhaps some combination of a table and schematic would go a
long way towards explaining their methods.

Added Figure 2: Schematic of nH2O and ZC calculations for one protein. The selected
protein is chicken lysozyme (UniProt ID: LYSC_CHICK), which should be familiar to
most protein chemists as it is historically one of the most extensively characterized pro-
teins in the laboratory. The schematic represents the amino acid composition, chemical
formula, and numerical results for this protein. It should be clear that the specific result
depends on the amino acid composition of the protein, so we have included only one
protein for clarity..

The title of Table 1 should spell out what rQEC is – especially since it is concep-
tually and acronymically very close to QEC.

The rQEC derivation was so named because it involved “residual-corrected” values of
nH2O obtained from the QEC basis species (glutamine, glutamic acid, cysteine, H2O,
O2). We have removed the rQEC derivation from the revised manuscript and instead
just use the coefficients from the QEC basis species without modification (see below).
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Some clarification is needed concerning the calculation of rQEC. In Table 1, the
value of n_H2O for alanine is 0.369. The example for calculating n_H2O using the
QEC formulation for alanine is 0.6. The correction noted in the caption for Fig. 1
to transform QEC to rQEC is 0.355. My calculator says that 0.6-0.355 = 0.245, not
0.369. Please explain.

The rQEC derivation was made in two steps: (1) computing the residuals of the linear
fits between nH2O (from the QEC basis species) and ZC; (2) subtracting a constant
from the residuals. Step 1 can be thought of as a baseline or residual correction and
Step 2 as a recentering operation. Therefore, the calculation for alanine is not 0.6 –
0.355, but rather [the residual between the fitted line and 0.6] – 0.355.

The criteria we consider in choosing the basis species are that (1) nH2O of amino acids
should have very little correlation with ZC, (2) nO2 of amino acids should be strongly
correlated with ZC, and (3) the basis species should represent metabolites with high
network connectivity.

The derivation of rQEC was meant to “fine-tune” the QEC basis species in order to
satisfy criterion (1) above, but we realize in retrospect that this derivation is not theoret-
ically justified, since rQEC loses the important quality that nH2O should directly quantify
the stoichiometry of thermodynamic components (basis species) in overall chemical
reactions.

We have added a new panel to Figure 1 that shows the R2 values for nH2O–ZC and
nO2–ZC fits for all possible combinations of three amino acids with H2O and O2. QEC
is in the lower right corner of this plot and is nearly optimal. Although some other sets
of basis species have even lower R2 values for nH2O–ZC fits, and slightly higher R2

values for nO2–ZC fits, they consist of amino acids (e.g. tryptophan and tyrosine) that
are not central metabolites. On the other hand, glutamine and glutamic acid are more
desirable because of their major roles in metabolism (criterion #3 above). Therefore,
QEC appears to be the most reasonable choice of all the basis species we considered
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here.

We note, however, that QEC still carries a small negative correlation between nH2O

and ZC for amino acids. In the revised manuscript, we do not attempt to remove this
background correlation, as was done previously with rQEC. Instead, we revised the
description of Fig. 3 [emphasis indicates added text]:

The trends of carbon oxidation state described above are visible in the scatter plot in
Fig. 3, with an added dimension: stoichiometric hydration state. The guidelines in this
plot are parallel to the nH2O–ZC trend for amino acids (Fig. 2); their slope represents
the background correlation between nH2O and ZC that is inherent in the stoichiometric
analysis. Sample data for Bison Pool and the submarine vents are distributed parallel
to these guidelines. Therefore, the decrease of nH2O along these redox gradients can
be attributed to the background correlation in the stoichiometric analysis, and the differ-
ences between samples within each dataset are specifically associated with changes
in carbon oxidation state and not stoichiometric hydration state. This is an expected
outcome, as the redox gradients considered here do not have large changes in salinity.
. . .

Lines 195-196: The authors here refer to 8 amino acids by their three-letter ab-
breviations, but in Table 1 and in the naming of their basis species (QEC), they
refer to amino acids by their one-letter abbreviations. Is there a particular reason
for this difference?

The three-letter abbreviations seem more fitting for a sentence structure, but the one-
letter abbreviations save space in the table and are more appropriate for forming
acronyms. For consistency we have changed this sentence to use the one-letter ab-
breviations.

It seems like the text on lines 226-227 could be better represented by an equation.
This would make it easier to look back on how the stoichiometric hydration state
was calculated.
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The equations for computing nH2O and ZC from amino acid composition have been
added here.

Section 3.5 needs more explanation. The title of this section suggests that it’s
about organisms containing the Nif gene, and the authors get around to talking
about these organisms, but some explanation is needed about why this gene
was used as a filter for which proteomes to select (data availability?). Also, start
this section with ‘what’ and ‘why’, then tell us the ‘how’. It starts with ‘how,’
making it hard to follow.

Added at the beginning of this paragraph: “[what ] In a separate study, Poudel et al.
(2018) used carbon oxidation state as a metric for comparing proteomes of organisms
containing the nitrogenase gene (Nif). [why ] The evolution of these organisms is asso-
ciated with rising atmospheric oxygen through geological history. In order to replicate
their results, ...” [how : rest of the paragraph]

Section 3.6 The authors should state explicitly if they did or did not take into
account how temperature effects values of the isoelectric point. The same goes
for using GRAVY. Amino acid pKa’s and the permittivity of water certainly change
with temperature.

Added: “The pK values used for calculating pI (Bjellqvist et al., 1993, 1994) and transfer
free energies used in the derivation of the GRAVY scale (Kyte and Doolittle, 1982)
correspond to 25 ◦C and 1 bar and no attempt was made here to account for the
temperature effects on these properties.”

Section 3.7 Is the sum of the 100 subsamples equivalent to ∼50,000 amino acids
for each sample? Then what is the typical subsample density?

No, each subsample (not the sum of them) has ca. 50,000 amino acids. Reworded
this as: “The number of sequences included in each subsample was chosen to give a
total length closest to 50,000 amino acids on average.” Also added these lines: “The
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subsample density, or number of sequences included in each sample, depends on the
average length of the metagenomic or metatranscriptomic sequences and is listed in
Tables S1 and S2. This number ranges from 251 for the dataset with the highest mean
protein fragment length (199.1; metagenome of hot-spring source of Bison Pool) to
1696 for the dataset with the lowest mean protein fragment length (29.5; metatran-
scriptome of site GS684 in the Baltic Sea).”

The beginning of Section 4.2, like in other parts of the manuscript, starts out
with ‘how’, but should lead with what the section is all about. For instance, this
paragraph should start by saying that the stoichiometric hydration state of pro-
teins can be determined by more factors than just salinity. Instead, it starts with
“Metagenomic and metatranscriptomic data for different filter size fractions are
available for the Baltic Sea.” This topic sentence does not reveal to the reader
what this section is about and it fails to capture the point of the analyses de-
scribed in the section.

Inserted a new “topic paragraph” for this section including the recommended topic sen-
tence [emphasized text moved from Conclusion as also recommended]: “The stoichio-
metric hydration state of proteins can be influenced by factors other than just salin-
ity. Previous authors have observed large differences between free-living and particle-
associated microbial communities, which may be due in part to anoxic conditions aris-
ing from limited diffusion in particles (Simon et al., 2014). As described below, we
found a trend of relatively low nH2O in particles compared to free-living fractions in both
the Baltic Sea and Amazon River. This effect is probably associated with phylogenetic
differences among the size fractions, but reduced accessibility to bulk water may be a
contributing factor. Further support for the possible influence of physical accessibility is
reduced nH2O in the interior compared to upper layers of the Guerrero Negro microbial
mat.”

Line 291 notes the “0.1–0.8 mm size fraction,” but what this means isn’t explained
until the next section. Either explain it where it first appears or direct the reader
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to where it is explained. In general, the authors should be careful what they
mean. When a filter fraction is noted, this could mean the DNA collected from
the filtrate or that which doesn’t pass through.

Added emphasized text: “For the Baltic Sea metagenomes and metatranscriptomes,
the 0.1–0.8 mm and 0.8–3.0 mm size fractions of particles that don’t pass through the
filter, which are used for subsequent DNA extraction and sequencing, represent free
living bacteria, while the 3.0–200 mm fraction contains particle-associated bacteria with
average larger genome sizes and greater inferred metabolic and regulatory capacity
(Dupont et al., 2014).”

Perhaps an explanation for why values of n_H2O in the Rodriguez-Brito et al.,
2010 data set do not follow the expected trend is that fish nurseries are extremely
nutrient rich and the associated microbial communities may not be responding
as they would in a typical natural system that is less persistently copiotrophic.

Added: “Specifically, the microbial communities in the aquaculture ponds may not be
responding as they would in a typical natural system that is less nutrient-rich.”

Also added this text after the analysis of the differentially expressed proteins in labo-
ratory experiments: “The large negative shift of ∆nH2O associated with most organic
solutes compared to NaCl lends support to the notion that high organic loading could
contribute to the relatively low nH2O of protein sequences from metagenomes of fresh-
water aquaculture ponds (Fig. 6b).”

See also the related response to Referee #2; the suggestion was made that the lower
nH2O could be associated with a greater abundance of heterotrophs (due to input of
organic compounds), as noted previously in this paper for heterotroph-rich zones in
other systems (Bison Pool, Guerrero Negro microbial mat).

Many of the sentence in the Section 5 (Conclusions) should be the first sentence
of the sections whose results they summarize. This would make following the
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text in these sections more straightforward. Tell the reader the result, then ex-
plain the supporting evidence.

We have applied this recommendation by moving the summary about particle size
to the beginning of the “Multifactorial hydration effects” section (see above) and the
summary about laboratory experiments to the “Compositional analysis of differentially
expressed proteins” section (see below). The remainder of the Conclusion has been
revised to give a concise summary and synthesis.

Lines 371-372 – this lead sentence begins to summarize the paragraph, but then
wanders away. It seems that the authors should simply note that in addition to
spatial changes in salinity, there are temporal effects to changes that also merit
study/consideration.

We have replaced the first two sentences of this paragraph with the topic sentence
taken from the Conclusion: “While biomolecular data for environmental salinity gra-
dients reflect phylogenetic differences and evolution, laboratory experiments provide
information on the physiological effects of osmotic conditions on protein expression in
particular organisms.” Note that this lead paragraph also alludes to temporal effects
(“dynamic process”), but the section also includes data on different solutes and other
experiments not specifically dealing with time-course changes, so the whole section
is introduced with “physiological effects of osmotic conditions on protein expression in
particular organisms”.

Figure 1 – what is the difference between the blue-fuzz-halo and black rectan-
gular/square shapes in panels e, f, h and i? I’m guessing that this is due to the
large number of proteins in whole proteomes, but why the difference in symbols?
Same question for Fig. 5.

According to the documentation for the “smoothScatter” function in R, the blue colors
are a “smoothed color density representation of a scatterplot” and the black symbols
are points in the low-density region, which can be used to identify outliers. These
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plots have been removed from Fig. 1 in the revision; likewise, the former Fig. 5 has
been removed because it did not add much to the paper. (These scatter plots showed
whole-proteome data for human and E. coli, which are not directly relevant to the envi-
ronmental salinity gradients considered here.)

Figure 2. The caption says that the abbreviations and data sources for panel (a)
are given in Fig 2. They are not.

Thanks for pointing this out; the abbreviations and data sources are now given here. In
addition, an outline has been added to the point for proteomes from Nif-A organisms
to indicate that they tend to occupy more oxidized environments compared to the other
nitrogenase-bearing organisms (Poudel et al., 2018).

Panel (b) should be remade. The symbols differ in color, fill and direction, but the
caption only notes what the directional difference means. Also, though I see that
this plot is made at the same scale as panel (a), the result is a lot of white space
and a bunch of cramped symbols connected by slightly different line styles. I’ve
enlarged it on my external monitor and it’s still hard to make sense of it.

Panel (b) has been made less crowded by splitting the data into two panels (surface
samples: panel b; deeper samples: panel c) and the scale was adjusted to remove
white space.

Figure 3. It would be helpful if there was something like “–> salinity” along the
x-axis.

Added “→ higher salinity →” to the axis label.

Figure 4. Is the difference between the open and closed symbols in panels a, b,
d and e that the open ones represent lower salinity samples and the closed ones
higher salinity ones? If so, please state in the caption.

Yes, the open symbols represent river samples (lower salinity) and the closed ones
represent plume samples (higher salinity). The words “river” and “plume” have been

C10



added to the legend to make this clear.

Figure 7. color coding time series data in panels c and e would be quite helpful.
It should be noted somewhere in Table 2 that the ID and associated information
are relevant to Figure 8.

The figure has been redrawn so that log(time, minutes) is now on the horizontal axis.
This makes the multiple time series experiments easy to distinguish from each other.
Color and symbol shape are used here to represent the proteomics experiments.

Table 2 and former Fig. 8 for halophiles have been removed. Now the data for pro-
tein expression in halophiles under hyperosmotic stress are highlighted in Fig. 7 (red
triangles) and are referenced in Fig. S3.

The supplemental figures in S1 and S2 need captions.

Added captions:

Figure S1: Transcriptomics data for non-halophilic bacteria in hyperosmotic stress ex-
periments. The plots show median differences of compositional metrics, GRAVY, and
pI for proteins coded by the differentially expressed genes, [. . . ]

Figure S2: Proteomics data for non-halophilic bacteria in hyperosmotic stress exper-
iments. The plots show median differences of compositional metrics, GRAVY, and pI
for the differentially expressed proteins, [. . . ]

Figure S3: Proteomics data for halophilic archaea in osmotic stress experiments. For
completeness, data for both hyperosmotic (circles) and hypoosmotic (squares) experi-
ments, which are reported together in the proteomics studies, are shown here, but only
hyperosmotic stress data are used in the manuscript. The plots show median differ-
ences of compositional metrics, GRAVY, and pI for the differentially expressed proteins,
[. . . ]

[. . . all captions . . . ] i.e. median value for all up-regulated proteins minus median value
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for all down-regulated proteins in each dataset. Data sources, indicated by letters, are
described in the following table and footnotes. Reference keys in the table, derived
from the first letters of the authors’ surnames and publication year, correspond to file
names used for the datasets in the canprot package.

Other Changes

• Proteomes of Nif-bearing organisms are now made using RefSeq release 201
of July 2020, updated from release 95 of July 2019. The update decreases the
number of matching organisms slightly (Nif-A: down 2 to 155; Nif-B: down 1 to
68), but does not noticeably alter the calculated ZC and nH2O shown in Fig. 3.

• List specific proteins used for comparison of GRAVY and pI calculations with
ProtParam (UniProt IDs: LYSC_CHICK, RNAS1_BOVIN, AMYA_PYRFU).

• Removed human and E. coli proteome plots (panels formerly in Fig. 2 and former
Fig. 5).

• An additional bacterial proteomics dataset for hyperosmotic stress was included
(Huang et al., 2018 referenced in Figure S2).

• Removed table (former Table 2) and plots (former Fig. 8) for halophile protein
expression datasets. The halophile proteomics data for hyperosmotic stress are
now shown in Fig. 7, and Figure S3 has been added to give references for the
data. Hypoosmotic stress experiments are no longer analyzed in the manuscript,
but are included in Figure S3 for completeness.

• Added reference that urea permeates cells and is not hypertonic (Burg et al.,
2007).

Interactive comment on Biogeosciences Discuss., https://doi.org/10.5194/bg-2020-146, 2020.
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