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Editorial decision letter with reviewers’ comments, first round of review 

Dear Rob, 
 
I hope this email finds you well.  The reviews are back on your manuscript and I’ve appended them 
below.  We respectfully disagree with Reviewer 1.  You’ll see that Reviewers 2 and 3 find the manuscript 
compelling and their comments are intended to strengthen an already strong piece of work.  We’re happy 
to invite a revision on this basis.  When you submit it, please respond to all three reviewers point-by-point. 
  
Also, note that we're creating a new article type, which we'll call a Synthesis, that is designed specifically 
for pieces like these that synthesize the state of knowledge in a field and then also provide an original 
contribution.  Although I agree with the reviewers that a clearer distinction should be made between the 
two, when possible, this new format will allow you to keep this piece essentially intact and make only 
minor changes. Please include the most important Supplemental figures to the main text as space allows, 
and when you do, please include at least one of the Order-of-Magnitude estimate graphics, or -- better yet 
-- devote an entire figure to this way of thinking an include a diverse set of examples that occupy an entire 
page.   

If you have any questions or concerns about the revision, I'd be happy to talk about them, either over 
email or by phone.  More technical information and advice about resubmission can be found below my 
signature.  Please read it carefully, as it can save substantial time and effort later.  
  
I look forward to seeing your revised manuscript. 
 
All the best, 
Quincey 

Quincey Justman, Ph.D. 
Editor-in-Chief, Cell Systems 

 

 
Reviewers' comments: 
 
Reviewer #1: In this manuscript, the authors trying to use a combined proteomic data from different 
groups to gain insight into the fundamental limit of bacterial cell growth. Of course the topic is the core of 
bacterial physiology. However, the way the authors do analysis is premature and lack of solid foundation. 
The conclusion is not novel at all. I put some major issues below: 
 
1. line 69, the author states: "For the majority of the processes considered, we find that the protein copy 
numbers are tuned for the task of cell doubling across a continuum of growth rates. This suggests that 
most processes must be operating near their maximal biosynthetic capacity, particularly under moderate 
to fast growth rates, with cellular protein abundances increasing at faster growth rates to support the 
more rapid cell doublings. This observation contrasts with the perspective that there exists any single 



 

 
 
 

process that is the arbiter of growth rate". 
 
This is the major issue of the paper. The logic here is completely wrong. You should not use per cell unit 
(protein copy number). Lower growth rate, smaller cell size, of course you get smaller protein copy 
abundance for each cell. The author should instead use per mass unit (OD600, or total protein because 
most dry biomass is protein) for grow rate analysis. In this case, you will see only ribosome content 
(RNA/protein ratio or individual r-protein abundances) is positively correlated with growth rate, an 
indicator of its central role in supporting cell growth. Another example is Figure 2A, you find that copy 
number of carbon transporter is constant under different growth rate. If you use per mass unit, you will get 
a negative correlation between carbon transporter and growth rate (reflecting the regulation of CRP-
cAMP, read You et al 2013 Nature from Terry Hwa lab). 
 
2. The relation between cell size and growth rate under different nutrient conditions is just a correlation. 
By perturbing the level of cell-cycle related proteins, you can enlarge the cell by several fold without 
changing the doubling time of biomass (Read Zheng et al 2016 PNAS, Zhu et al 2017 mBio). 
 
3. The prediction line (gray) used in all figures is wrong because cell size at zero growth is not zero (there 
is a clear offset at zero growth, read Basan et al 2015 Mol Syst Biol, Si et al 2017 Curr Biol and Zheng et 
al 2020 Nat Microbiol) so number of complexes at zero growth cannot be close to zero. 
 
4. Most RNAP polymerase is not actively engaged in RNA transcription (the active fraction of RNA 
polymerase is less than 30% if I remember correctly, Read Bremer and Dennis 1996). So the correlation 
between RNA polymerase per cell and growth rate is meaningless. This is just an example that I show 
you that such a coarse analysis is not solid enough to make conclusion. 
 
5. The final conclusion is that ribosome synthesis an r-protein synthesis is fundamental limit of cell 
growth. Well, of course, we all know this, what else? 
 
 
Reviewer #2:  
This paper is a tour de force, a comprehensive assembly of the best data in the field of a wide range of 
molecular numbers and rates relating to processes in E coli, in addition to a scholarly coverage of the 
literature. Some of these authors have previously been involved in a very successful enterprise, in Cell 
Biology by the Numbers, to collect a range of basic numbers. Here, these authors broaden that idea out 
to looking at how such quantities change with cell growth rate, and as a function of cell size. It brings the 
field a step closer towards a solid empirical understanding of cellular mechanisms and constraints, such 
as in in figs 1, 6 and S1. I think this will become a classic in the field. I strongly recommend publication. 
 
My one complaint is that reading this paper is like drinking from a firehose. It's long and dense with micro-
insights, covered by relative uninformative micro-headings. While this may just be a challenge of the 
subject matter, I believe this work would benefit from efforts to crystallize insights at a more macro level, 
and with higher level headers that reflect them. 
 
 
 
Reviewer #3: In this article, Belliveau and colleagues investigate the basic principles responsible for the 



 

 
 
 

growth of bacteria, mostly based on analysis of published datasets from the litterature. THe article is 
partly an in depth review of this abundant field of research, and also provides new results. One difficulty 
for a reader who does not know the field in the most minute details is to distinguish these two aspects, as 
the authors do not discuss what is specifically new in what they report, but wrote the article as a very 
general overview of the question, including previous work from others and their own contribution. This 
makes it very nice to read, but harder to distinguish the novelty. So a question is whether this article really 
goes beyond an in depth and quantitative review. It is structured as a hybrid between a review and an 
original paper, which makes it rather non-standard as a scientific article. Perhaps it would be easier to 
digest as a review (although it clearly contains some original results). 
 
The article is also incredibly dense and complex, making it very hard to review in all its details and 
checking if all is said is correct, so the detailed comments below are based on some points which I 
thought are worth raising, but I might have missed a number of other important points. Overall, my feeling 
is that such an article can be very beneficial for this field of research, and I personally appreciated it a lot, 
but the authors should make sure they acknowledge properly prior contributions and it would also be nice 
if they could be more clear, for example in their discussion, on what are the points which they simply 
confirm from prior work and what are the points which represent novel findings. 
 
Detailed comments: 
 
1) The main pros are the compilation of data sets with quantitative intents, and some results are original, 
in particular the account on the partitioning of surface material and the energy balance considerations. 
The cons are that many of the results are actually well known in the literature, in particular the novelty 
associated to figs 5 and 6 appears limited, and the authors make it difficult to distinguish what is new from 
what is well known, my feeling is that many works and authors are insufficiently acknowledged. For 
exemple, the authors do not cite the work by Lin and Amir, which is relevant in connection with their 
considerations on limiting factors of biosynthesis. 
 
2) The authors could have also compiled the data from the Hui et al (it is a paper that they cite) dataset. 
It's a proteomics dataset form the Hwa/Sauer groups that includes translation-inhibition with 
chloramphenicol and different growth rates. 
 
3) In the first part of the work, the size laws for volume and surface are used as an input to their bound 
estimates. My impression is that this point is insufficiently clarified in the interpretation of their results in 
terms of cell size "optimality". The last part of the work (associated to Fig 6) uses a framework that is 
claimed to apply to size predictions (assuming optimality), but is not sufficiently explained. The framework 
is very similar to previous considerations in studies by Hwa and coworkers (especially by Stefan Klumpp, 
not cited), as well as in a previous study by the Bruggeman/Teusink group (cited, but not in this part). 
Basically they include a Michaelis-Maenten for charged / uncharged tRNAS in the standard framework for 
the first growth law. Since the volume enters the expression of the translation rate through 
concentrations, a cell volume appears, and obtains an expression realting raa (an amino acid rate related 
to the nutrient quality of standard theories). One can then optimize lambda = rt R / Npeb as a function of 
R, V, Npeb, raa, but the optimum versus cell size V is not shown or explained in either main text or SI. 
 
4) This point above should be clarified, but in any case, this theory (based on an assumption of 
optimization) would not integrate considerations on growth of different sectors (including surface) and cell 



 

 
 
 

division that could be very important to determine how coordination between cell growth and cell. 
Regarding this the authors do not cite a recent work by the Banerjee group (Serbanescu and coworkers), 
and also the biorxiv by Panlilio et al, which establish along the same lines how a divisor protein in the "P 
sector" could make the link. 
 
5) The entire paragraph entitled "Nutrient-mediated growth rate control dictates both ribosomal content 
and cell size" could be moved to discussion. It concerns more closely hypotheses than validated results, 
the statements on cell size appear unjustified (see above), and the original part is very close to existing 
approaches. 
 
6) The paragraph on maximum growth rate also has limited novelty and appears to use fairly standard 
arguments. Ultimately, some of the main points seem associated with well-known results, and my feeling 
is that these statements need a bit of toning down and more comprehensive (and more fair) reference to 
published works (both classic and more recent). 
 
Minor comment. The (repeated) Fermi estimates of the first part become heavy for the reader. Since they 
are based on roughly the same principles (basically that total amount >= rate x time), it would be good to 
start the results with an initial section that describes the principle of the estimate more formally.  [From 
QJ: It my preference that this be a conceptual description that is not math-heavy.] 

 
 
 

Authors’ response to the reviewers’ first round comments  
Attached. 
 
 
 

Editorial decision letter with reviewers’ comments, second round of review 

Dear Rob, 
  
I'm very pleased to let you know that your manuscript is now "accepted in principle," that is, pending our 
receipt of your final files in their proper format.  Congratulations! 
  
I spent a lot of time with your paper, and I usually take out my red pen and do quite a lot of editing, but I 
decided not to in this case.  For one thing, I don't think this piece needs that, and for another, I very 
deliberately would like this piece, which I consider the scientific apex of this topic, to be your 
group's words and yours alone.  It seems the most appropriate way to handle scholarship like this. 

All my best, 



 

 
 
 

Quincey  

Quincey Justman, Ph.D. 
Editor-in-Chief, Cell Systems 

 
 
Reviewers' comments: 
 
In their revised manuscript, Belliveau and colleagues made a very substantial effort to address all the 
points of the reviewers. The article remains dense and requires time and dedication to go through, but 
there is probably no way around that given the broad scope it has. 

Presenting it as a 'synthesis' article is a very good idea, as it clarifies the nature of its contribution, and will 
also probably attract readers who are looking for such a synthetic effort, much needed in this field. I thus 
recommend publication as it is. 
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tal limits on the rate of bacterial growth and their influence on pro-
teomic composition”

Nathan M. Belliveau†,1, Griffin Chure†,2,a, Christina L. Hueschen3, Hernan G. Garcia4, Jane Kondev5,
Daniel S. Fisher6, Julie A. Theriot1,⇤, Rob Phillips7,8,⇤

1 Department of Biology, Howard Hughes Medical Institute, University of Washington, Seattle, WA, USA;
2 Department of Applied Physics, California Institute of Technology, Pasadena, CA, USA;
3 Department of Chemical Engineering, Stanford University, Stanford, CA, USA;
4 Department of Molecular Cell Biology and Department of Physics, University of California Berkeley,
Berkeley, CA, USA;
5 Department of Physics, Brandeis University, Waltham, MA, USA;
6 Department of Applied Physics, Stanford University, Stanford, CA, USA;
7 Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA, USA;
8 Department of Physics, California Institute of Technology, Pasadena, CA, USA;
a Current address: Department of Biology, Stanford University, Stanford, CA, USA.
1 Division of Biology and Biological Engineering, † Contributed Equally; ⇤ Co-corresponding authors. Ad-
dress correspondence to phillips@pboc.caltech.edu and jtheriot@uw.edu.

Author Response: Executive Summary

We are grateful to the reviewers for their thoughtful feedback on our paper. It is clear from the re-
sponses that we were not successful in some respects in explaining our goals and what we think the
paper accomplishes. Specifically, a complaint common to all three reviewers was that we did not suffi-
ciently distinguish what is ”new” and what is ”previously known in the literature.” As detailed in the
responses to the reviewers below, we have made what we think is a significant improvement in the
clarity of what our work achieves and what we bring to the table in a vibrant community of research.
We believe the suggestion by the editor to treat this as a ”Synthesis” article also fits the structure and
scope of the paper well.

Before digging into the point-by-point responses below, we want to more clearly state what we
perceive as the novel aspects of our research. We believe that our work presents four major classes of
advancements toward an understanding of E. coli physiology across a gamut of growth rates.

1: The compilation, curation, and collation of keystone E. coli proteomics datasets. A major novel
contribution from our work is the assembly of what is, to our knowledge, the most exhaustive set of
quantitative measurements of the E. coli proteome. The collated dataset covers an ⇡ 40 fold difference
in growth rate with > 75% of the 4000 measured proteins present in at least two independent data
sets. Beyond collating the data, we took great care in standardizing the data sets so they were directly
comparable and believe the details of this approach will be helpful to others. The result of this effort
is a tidy and annotated dataset we hope will be useful to researchers and educators alike.

2: Extensive comparisons between basic quantitative predictions and data across key biological

processes for growth. While we deeply admire the works from which the data sets are taken, we
find the quantitative exploration of the data to be unfortunately lacking. Specifically, we take issue
with the fact that the abundances of many classes of proteins are presented ”as-is” with little to no
explanation of the observed abundances. A major advance of our work is the dialogue between sim-
ple, order-of-magnitude estimates of what we think the abundances of specific molecular complexes
should be and what they actually are. These mechanistically motivated predictions (versus correla-
tive trends), quantitatively assess whether our understanding as a field across the various biochemical
processes is sufficient to explain specific abundances and why they do (or do not) demonstrate a de-
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pendence on the growth rate. These estimates reveal that for the majority of processes, cells are tuning
protein abundance to better match their growth rate requirements. This highlights the importance of
careful coordination across cellular processes, and that any reduction/perturbation to protein expres-
sion/activity is likely to cause a reduction in growth rate. Carbon uptake was a notable process that
shows a deviation from this general strategy of proteomic allocation.

3: Characterization of the constraints on cell volume and surface area with growth rate. A key novel
aspect of our work is the detailed consideration of the constraints on cell volume, membrane surface,
and energetic requirements on growth. Figure 4 of the revised work highlights the limits that cell vol-
ume and surface area impose on growth. The novel exploration of the proteomic data along with these
theoretical considerations reveal that, while the composition of cytoplasmic protein changes dramat-
ically with growth rate, the composition of membrane bound components are remarkably robust to
changes in growth rate. While these results may be known to some in the field, we have never seen
such a direct comparison coupled with the theoretical constraints.

4: Expanding a model of ribosome-dominated growth. The final section of our work exchanges
order-of-magnitude estimates for more a minimal mathematical model of growth rate control. While
our work certainly relates to models present in the literature (whose citation we have improved in
the revised manuscript, with roughly 25 additional references added to the main text), we provide a
more fine-grained approach, incorporating and exploring how cell volume and total proteomic con-
tent will relate to the achievable growth rate. In the discussion and in the supplemental information,
we now make the distinctions from previous work more clear and provide what we believe are novel
considerations of translation-limited versus nutrient-limited growth (Figure S12) as well as translation-
inhibiting antibiotic (Figure S13).

As a result of the comments, we have taken many steps to improve the work and to make it more
transparent what we believe we have accomplished. In the remainder of this document we provide
responses to specific comments that were made by the reviewers and outline the changes we have
made to the revised manuscript to address them.
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Reviewer # 1

Reviewer Comment

In this manuscript, the authors trying to use a combined proteomic data from different groups to gain
insight into the fundamental limit of bacterial cell growth. Of course the topic is the core of bacterial
physiology. However, the way the authors do analysis is premature and lack of solid foundation. The
conclusion is not novel at all.

Author Response

We appreciate that the reviewer agrees with the importance of the topic in bacterial physiology. At
the same time, we find the comment that the work is premature confusing in light of the fact that we
are trying to take a unified and holistic view of a whole suite of high-profile papers that purport to
measure the protein content of the simplest model organism, namely, E. coli. This confusion is part due
to the fact that the data is made available for these type of analyses and, more importantly, there are
huge discrepancies (as large as a factor of 100) between studies based upon fluorescence microscopy,
ribosomal profiling and mass spectrometry. This discrepancy means that a quantitative view of the
data is needed to assess what we actually learn from these repeated measurements with different,
sometimes non-overlapping, errorbars.

Over the past 20 years, ’-omics‘ has been a major avenue of research in quantitative biology. Aside
from the ⇡ 1015 basepairs of DNA sequence stored in the NCBI, recent years have seen a deluge of data
quantifying the protein abundances in a variety of organisms and conditions. Refs. [Beck et al., 2011,
Garin et al., 2001, Mergner et al., 2020, Adhikari et al., 2020, Müller et al., 2020, Uhlén et al., 2015, Hui
et al., 2015, Schmidt et al., 2016, Li et al., 2014, Valgepea et al., 2013, Peebo et al., 2015, Arike et al., 2012]
show a representative, yet incomplete, survey of these types of data. These represent Herculean efforts
in technology development, computation, and data analysis, where the generation of the data set is
often the end goal. As a consequence, the quantitative dissection of these data typically culminate
in enormous N ⇥ N-dimensional heat maps with the underlying data presented as spreadsheets and
multi-page tables in the supplemental information. We greatly admire these works, but we often feel
that there’s little exploration of what processes set the scale of the observed absolute abundances. We
believe that this work is opportune rather than ”premature” given the collection of data available today
that was a dream only a decade ago.

First and foremost, our paper tries to bring all of that data under one intellectual roof, to ask
whether it is concordant and to further ask in order-of-magnitude terms whether that data is consistent
with what we think we know about bacterial physiology. Further, from the standpoint of scholarship,
if this reviewer believes that this aspect of our work has been done before, it is incumbent upon them
to provide the citations that back up those claims. With nearly 100 references in the original submitted
manuscript and supplemental text (and more in the revised version), we assure the reviewer we did a
survey of the field to discern what was already ”known”.

Reviewer Comment

I put some major issues below:

1. line 69, the author states: ”For the majority of the processes considered, we find that the protein
copy numbers are tuned for the task of cell doubling across a continuum of growth rates. This suggests
that most processes must be operating near their maximal biosynthetic capacity, particularly under
moderate to fast growth rates, with cellular protein abundances increasing at faster growth rates to
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support the more rapid cell doublings. This observation contrasts with the perspective that there
exists any single process that is the arbiter of growth rate”.
This is the major issue of the paper. The logic here is completely wrong. You should not use per cell
unit (protein copy number). Lower growth rate, smaller cell size, of course you get smaller protein
copy abundance for each cell. The author should instead use per mass unit (OD600, or total protein
because most dry biomass is protein) for grow rate analysis. In this case, you will see only ribosome
content (RNA/protein ratio or individual r-protein abundances) is positively correlated with growth
rate, an indicator of its central role in supporting cell growth. Another example is Figure 2A, you find
that copy number of carbon transporter is constant under different growth rate. If you use per mass
unit, you will get a negative correlation between carbon transporter and growth rate (reflecting the
regulation of CRP-cAMP, read You et al 2013 Nature from Terry Hwa lab).

Author Response

We thank the reviewer for the concern and critique over the general strategy but we find it difficult
to engage with the reviewer on this critique. Making dogmatic statements such as “The logic here is
completely wrong” is unhelpful. The number of molecules in a cell is a quantity that exists, can be
calculated, and can be measured. The number of complexes per cell defines important details about
the flux of material per cell over its lifetime. Take for example the production of ATP by ATP synthase.
If one is to consider a specific cell doing its specific physiology, the number of ATPs it can synthesize is
a function of the absolute number of ATP synthases that cell has, not some concentration. As another
example, the number of sugars a cell can transport across its membrane per second is a function of the
absolute number of transporters that cell harbors, not some normalized abundance. Furthermore, the
proteomic data reports copy numbers in absolute units and it is to understanding the question of what
sets the trends in these numbers at different growth rates that was central to our discussion.

We in fact agree with the reviewer that, when normalized to total protein dry mass, there are
positive and negative correlations with growth rate when ribosome and carbon transporters are con-
sidered, respectively. Figure R1 shows that such correlations are observed in the collated proteomic
datasets we consider. However, we object that considering the copy numbers to be ”completely
wrong”. A major focus of this work is in the formulation of order-of-magnitude estimates of the
cellular processes to see if we can understand such correlations observed in the data. The grey lines in
figure R1 show our estimates, this time renormalized to the total cellular abundance. Again, we arrive
at the same conclusion that for carbon transport, with the transporters expressed at levels well beyond
the theoretically required level whereas a simple estimate of the translational burden is sufficient to
explain the positive correlation with growth rate.

We believe that focusing on copy-number is actually more appropriate due to the notable changes
in cell volume, surface area, and protein concentration. By normalizing to total protein content or total
mass per cell, we would introduce a geometric error or artifact for proteins that might not scale with
those parameters and cause issues if looking for correlative trends. As an example, for faster growing
cells with larger cell volume, a smaller portion of their mass fraction will make up the periphery when
compared to smaller, slow growing cells. This is solely due to the change in cell geometry and is
regardless of any specific control over gene expression or proteomic composition. Another example
where this is relevant is on the synthesis of rRNA. As was shown in Fig 5(B) of the original manuscript,
the limited number of copies of rRNA operons and possible rate of transcription place a limit on the
absolute number of rRNA copies that can be synthesized over a cell doubling. By presenting a direct
comparison of this finite limit with the experimental data, we find that rRNA synthesis must be nearly
limiting at fast growth (l > 1.25 hr�1).

Furthermore, we note that the presence of a positive correlation between abundance and growth
rate is not the critical indicator of centrality to growth. In Figure R2, we show that other non-ribosomal
proteins have strong, positive correlations between their relative abundance (defined as mass of pro-
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(A) (B)

Figure R1. Replotting predictions and proteomic data using relative protein mass fraction. For (A)
carbon transport and (B) protein translation, we follow the same order-of-magnitude strategy described in
the main text (e.g Figure 3(A) for carbon transport, and Figure 5(E) for protein translation, in the main text).
Here we have renormalized the protein abundances to the total protein mass per cell. For the prediction in
part (A) we required a transporter molecular weight and assumed an average protein complex mass using
all transporters annotated with the Gene Ontology terms GO:0009401 (0.15 x 10�3 fg per complex).

tein / total proteome mass) and the growth rate. Namely, we show that polypeptide carbamoyl
phosphate synthetase subunit b (carB), isoaspartyl dipeptidase (IadA), UDP-N-acetylglucosamine 2-
epimerase (wecB), and the redox-responsive ATPase (ychF) all demonstrate strong, positive correla-
tions across multiple proteomic datasets, despite the fact that none of them are directly involved in
translation. These represent four of many such examples in the data where there is a positive correla-
tion between relative abundance and growth rate, illustrating that, to understand what sets the rate of
bacterial growth, one has to consider more than simple correlations between abundance and growth
rate.

Finally, we have attempted to be careful where possible and include the growth-rate dependent
changes in cellular physiology and cell size in our predictions. We apologize if this was not sufficiently
clear to the reviewer and refer them to the Supplemental Sections ’Estimation of Cell Size and Surface
Area’, ’Estimation of Total Protein Content per Cell’, and ’Additional Considerations of Schmidt et al.
Data Set’ for a thorough explanation of how we considered these critical aspects of bacterial physiology
into our analysis.

Reviewer Comment

2. The relation between cell size and growth rate under different nutrient conditions is just a corre-
lation. By perturbing the level of cell-cycle related proteins, you can enlarge the cell by several fold
without changing the doubling time of biomass (Read Zheng et al 2016 PNAS, Zhu et al 2017 mBio).

Author Response

We agree that perturbations to cell-cycle proteins can completely alter the wild-type relationship be-
tween cell size and growth rate. However, it is interesting that even across different organisms this
(positive) correlation appears to hold true (e.g. as shown in the work [Ojkic et al., 2019]) and so it
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Figure R2. Non-ribosomal proteins with a positive correlation between relative abundance and growth

rate. Points correspond proteomic measurements of the relative abundance (mass of protein / total pro-
teome mass) as a function of growth rate. Colors represent different proteomic data sources.

seems a worthy effort to try to understand what might lead to this correlation. Stating that it is ”just” a
correlation implies that there is nothing interesting to be learned, when various research groups have
built their entire research programs on elucidating the origins of this relationship.

On the specific example provided, that it is possible to enlarge a cell several fold without changing
its doubling time, it is interesting to consider whether such an observation should always hold true.
For such perturbations, cells would have altered proteomic compositions and we believe it would be
just as useful to apply the order-of-magnitude thinking to see how such predictions perform. While
that data does not exist, we have attempted to make some progress using the minimal model that
was considered in the final section of the main text. In Figure Supplement S12 (and Figure R2 in
this document) we have plotted the expected growth rate for cells of variable cell size and ribosomal
abundance, since under translation-limited growth, this will set the maximum achievable growth rate.
We find that for cells growing in a rich nutrient environment that can maintain a high rate of amino
acid supply (high value of rAA in our model framework), it should indeed be possible to vary cell size
without changing growth rate. Indeed, both studies noted by the reviewer used growth media that
supported rapid growth. However, importantly, as nutrient conditions worsen (decreasing values of
rAA), if cells become limited by their rate of amino acid supply, any increase in cell volume is then
expected to result in a decrease in growth rate (and a decrease in translation elongation rate).

We note that there may have been confusion with how we moved between total protein content
and cell size. We have updated the text on lines 476 -478 to note that for bacteria like E. coli, cell size will
vary approximately in proportion to the total protein mass, with mass density roughly independent of
growth rate ( [Kubitschek et al., 1984,Basan et al., 2015]). Because of this, we believe our considerations
of cell size along with the proteomic data and total protein mass per cell to be appropriate in the current
work.
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Reviewer Comment

3. The prediction line (gray) used in all figures is wrong because cell size at zero growth is not zero
(there is a clear offset at zero growth, read Basan et al 2015 Mol Syst Biol, Si et al 2017 Curr Biol and
Zheng et al 2020 Nat Microbiol) so number of complexes at zero growth cannot be close to zero.

Author Response

We apologize if our explanation of our treatment of cell size scaling was unclear, as we never assume
that cell size is zero. While we go into detail on our consideration of cell size in the supplemental
information of the original manuscript, we now also note in lines 115 - 118 of the manuscript that the
growth-rate dependent cell size is empirically determined. To compute the cell volume across a con-
tinuum of growth rates, we fit a phenomenological function to the cell size data from [Si et al., 2017]
and [Si et al., 2019] (Supplementary figure S4). We also surveyed other available cell size measure-
ments, including the noted work from [Basan et al., 2015], and from [Volkmer and Heinemann, 2011]
(Supplemental Figure S7) for an additional comparison.

The gray line used in all plots never assumes that cell size can be zero and instead converges to
a minimal cell size as the growth rate approaches zero. As the growth rate approaches zero, the cell
doubling time becomes increasingly large. As the doubling time is the key temporal scale in all of
our estimates, the predicted number of complexes approaches an arbitrarily small value (but never 0).
Of course, in this regime, protein maintenance and turnover can become an important feature of cell
homeostasis to consider, but which we have ignored in our estimates. To better acknowledge this later
point we have amended the main text of the manuscript (see lines 119-122) to describe this approxi-
mation. Furthermore, we have adjusted all figures such that the grey prediction lines are dashed when
the doubling time becomes more than three hours, a typical value for the half-lives of proteins (BNID:
109921).

Reviewer Comment

4. Most RNAP polymerase is not actively engaged in RNA transcription (the active fraction of RNA
polymerase is less than 30% if I remember correctly, Read Bremer and Dennis 1996). So the correlation
between RNA polymerase per cell and growth rate is meaningless. This is just an example that I show
you that such a coarse analysis is not solid enough to make conclusion.

Author Response

We appreciate the reviewer raising this important point regarding the fraction of RNA polymerase
not engaged in transcription. Indeed, we considered this feature while performing the research and
did mention that a large fraction of the RNA polymerase pool was nonspecifically bound and not
transcriptionally active (see lines 291-292 of the original manuscript). While we do cite [Patrick et al.,
2015] (who reports that ⇡ 80% of RNA polymerase is transcriptionally inactive), we did not explicitly
quote the inactive fraction. We have now mentioned this explicitly in the appropriate description of
the estimate on lines 339-341: Consistent with this, a majority of RNAP is known to be non-specifically bound
to DNA during its search for promoters from which to begin transcription with ⇡ 80% being transcriptionally
inactive (Klumpp and Hwa, 2008; Patrick et al., 2015). In the original draft of the manuscript, we did try to
address this overabundance of RNA polymerase by considering the abundance of s � 70, the primary
”housekeeping” sigma factor in E. coli (see Fig. 5(D) of the original manuscript).

7



Unfortunately, we do not completely understand the reviewer’s sentiment that the correlation be-
tween RNA polymerase per cell and the growth rate is ”meaningless”. While a large fraction of the
RNA polymerase pool may not be actively transcribing, it is still important that the actively transcrib-
ing fraction is abundant enough to satisfy the transcriptional demand of the cell. In Fig. 5(C) of the
original manuscript, one can see a nearly order of magnitude increase in the abundance of RNA poly-
merase per cell, indicating a real and important scaling of RNA polymerase abundance with growth
rate.

Reviewer Comment

5. The final conclusion is that ribosome synthesis and r-protein synthesis is fundamental limit of cell
growth. Well, of course, we all know this, what else?

Author Response

We argue that this point, while indeed an important aspect of growth in E. coli considered here, is
not at all the singular and final take-away that should be taken to describe this work and apologize
if we were unclear with the main purposes of this effort. Reiterating on an earlier response above, it
is the unified and holistic approach that we have taken through our dialogue between the order-of-
magnitude predictions and the experimental data that we feel is most important. We believe this effort
leads to a number of interesting results, such as the analysis of constraints on energy production or the
observation that so many of our predictions are in agreement with the minimal proteomic quantities
required under moderate and rapid growth conditions. One reason we included the final section
titled, ”Simultaneous Tuning of Total Protein Mass and Ribosome Copy Number Increase Growth
Rate under Nutrient-Limited Growth,” is that our analysis makes it clear that it will be insufficient
to solely maximize r-protein synthesis. Taking a holistic perspective, it is only by accommodating
the other cellular requirements vital to growth that cells can maximize their growth rate, given the
constraints associated with the total proteomic mass per cell, cell size and surface area. We hope our
responses to the reviewer will persuade them to reconsider the merits of this work.
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Reviewer # 2

Reviewer Comment

This paper is a tour de force, a comprehensive assembly of the best data in the field of a wide range
of molecular numbers and rates relating to processes in E coli, in addition to a scholarly coverage of
the literature. Some of these authors have previously been involved in a very successful enterprise, in
Cell Biology by the Numbers, to collect a range of basic numbers. Here, these authors broaden that
idea out to looking at how such quantities change with cell growth rate, and as a function of cell size.
It brings the field a step closer towards a solid empirical understanding of cellular mechanisms and
constraints, such as in in figs 1, 6 and S1. I think this will become a classic in the field. I strongly
recommend publication.

My one complaint is that reading this paper is like drinking from a firehose. It’s long and dense
with micro-insights, covered by relative uninformative micro-headings. While this may just be a chal-
lenge of the subject matter, I believe this work would benefit from efforts to crystallize insights at a
more macro level, and with higher level headers that reflect them.

Author Response

We thank the reviewer for the positive reception of the work, but also appreciate the note about im-
proving clarity. We have made edits throughout the text to better guide the reader from one section to
the next, and also highlight what was learned within each of the subsections. On the topic of order-of-
magnitude thinking, we now begin with a section titled ”The order-of-magnitude estimation protocol”
and a new supporting Figure 2 that introduces the reader to the strategy we have taken to prediction
protein abundances across each cellular process. Several parts of the later sections, in particular the
section now titled ”Simultaneous Tuning of Total Protein Mass and Ribosome Copy Number Increase
Growth Rate under Nutrient-Limited Growth,” have been rewritten in an effort to clarify how they
relate to the questions posed in the introduction, and the order-of-magnitude thinking that precede
these sections.
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Reviewer #3

Reviewer Comment

In this article, Belliveau and colleagues investigate the basic principles responsible for the growth of
bacteria, mostly based on analysis of published datasets from the literature. The article is partly an in
depth review of this abundant field of research, and also provides new results.

One difficulty for a reader who does not know the field in the most minute details is to distinguish
these two aspects, as the authors do not discuss what is specifically new in what they report, but wrote
the article as a very general overview of the question, including previous work from others and their
own contribution. This makes it very nice to read, but harder to distinguish the novelty. So a question
is whether this article really goes beyond an in depth and quantitative review. It is structured as a
hybrid between a review and an original paper, which makes it rather non-standard as a scientific
article. Perhaps it would be easier to digest as a review

Author Response

We thank the reviewer for the careful reading and thoughtful suggestions. We believe that the sug-
gestion by the editor to treat this as a ”Synthesis” article fits the structure and scope of the paper well.
At its core, we view this work as an original piece of scientific research that does rely heavily on a
priori knowledge of the various rates, energetic costs, and concentrations (in some cases) which dic-
tate the flux through a particular biochemical pathway. Knowledge of the vast trove of in vivo and in
vitro kinetics has allowed us to make novel calculations of protein abundances necessary for growth.
Through our careful treatment of previously-published proteomic data sets using a shared per cell
unit, we could then interrogate the validity of our estimates and provide a quantitative measure of the
level of agreement between our kinetic and molecule-centered view of biochemistry and the systems-
level phenotypes of bacterial growth which have long been at the forefront of bacterial physiology.

Perhaps the concern to distinguish between ”old” and ”new” results becomes less of a concern as
a ”Synthesis” article. However, in relation to several of the comments made by the reviewer below,
it is clear that we were inadequate in our referencing of prior literature and have made an attempt to
alleviate this concern and also clarify whether observations have be made by others. Specific changes
are noted below in response to the various Reviewer comments.

Reviewer Comment

The article is also incredibly dense and complex, making it very hard to review in all its details and
checking if all is said is correct, so the detailed comments below are based on some points which I
thought are worth raising, but I might have missed a number of other important points. Overall,
my feeling is that such an article can be very beneficial for this field of research, and I personally
appreciated it a lot, but the authors should make sure they acknowledge properly prior contributions
and it would also be nice if they could be more clear, for example in their discussion, on what are
the points which they simply confirm from prior work and what are the points which represent novel
findings.

Author Response

While we attempted to be scholarly, it appears that we missed a number of important papers, particu-
larly related to the model framework presented in the closing section of the work. In the updated text,
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we have tried to be more comprehensive in our referencing of relevant and related work. We have also
added all of the references suggested by the reviewer and appreciated the suggestions. Regarding the
desire to clarify what is new and what is novel, we have re-written portions of the final results sections
(following the order-of-magnitude estimates) and the discussion section to better acknowledge prior
work and identify new contributions.

A number of more superficial edits have also been made to better guide the reader through the
each section, and we have also added an initial section titled ’The ”order-of-magnitude estimation
protocol”’, to better prime the reader before engaging in the various estimates.

Reviewer Comment

1) The main pros are the compilation of data sets with quantitative intents, and some results are orig-
inal, in particular the account on the partitioning of surface material and the energy balance consid-
erations. The cons are that many of the results are actually well known in the literature, in particular
the novelty associated to figs 5 and 6 appears limited, and the authors make it difficult to distinguish
what is new from what is well known, my feeling is that many works and authors are insufficiently
acknowledged. For example, the authors do not cite the work by Lin and Amir, which is relevant in
connection with their considerations on limiting factors of biosynthesis.

Author Response

As noted above, we have made an improved attempt to properly acknowledge prior work, including
the work by Lin and Amir ( [Lin and Amir, 2018]), which is indeed relevant to the question of limiting
factors on biosynthesis.

In regards to Figure 5 of the original manuscript, we agree that plots like that shown in part (A)
are common. We showed this plot for two primary purposes. First, we wanted to illustrate that of the
proteomic datasets that we considered, two of them ( [Li et al., 2014] and [Schmidt et al., 2016]) are in
excellent agreement with the results of non-proteomic data which are considered classical in the field.
The remaining two datasets ( [Valgepea et al., 2013] and [Peebo et al., 2015]) are in notable disagree-
ment with proteomic and non-proteomic data, suggesting that there are still some inconsistencies in
the experimental data available in the literature.

The second motivation for presenting Fig. 5(A) was to illustrate that both the proteomic and non-
proteomic datasets do not perfectly match the predicted growth rates under a regime of translation-
limited growth. The discrepancy is most evident at an active ribosomal mass fraction below fR fa ⇡
0.1. Although the idea that growth is not ribosome-limited in poor nutrient conditions is not new (e.g.
noted in [Elf and Ehrenberg, 2005] and [Pedersen, 1984]), we believe the distinction and how it relates
such data as shown here to still be poorly described and understood in the literature. We emphasize
that Fig. 5(A) does not rely on a phenomenological linear fit to the data, as is the routine typically
pursued in these types of work (e.g. as performed in [Scott et al., 2010,Serbanescu et al., 2020]). Rather
than fitting a slope and intercept, we a priori outline the physical meaning of the parameters which
define both axes and their relationship, using only a phenomenological description of the active ri-
bosome fraction fa from previous data that was based on measurements of the key parameters ( [Dai
et al., 2016]). This also motivates the final sections of the manuscript where we consider a variable
translation rate and its influence on growth that is not necessarily ribosome-limited. Lines 438-525
have been substantially edited to clarify the text, more fairly acknowledge prior work, and highlight
what we believe are new contributions.

We also believe Fig. 5(B) to be novel and not merely a confirmation of previous results. While
it has been known for quite some time that the positioning of the rRNA operons near the origin of
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replication and the increase in rRNA operon copy number is not a mere coincidence, we believe that
Fig. 5(B) is a novel manner of considering this point. In particular, by presenting a direct comparison of
the theoretical limit with the experimental data, we find that rRNA synthesis must be nearly limiting
at fast growth (l > 1.25 hr�1), even with the increases in rRNA operon copy number. Furthermore,
it is also insightful when considering whether an E. coli cell could surpass the apparent limit of ⇡ 2
hr�1. If many of the cellular processes we’ve considered throughout the text are indeed nearly rate-
limiting in fast growth conditions, further increases in growth rate will likely require a further increase
in total proteomic mass and therefore, a further increase in the number of ribosomes per cell in order
to increase its ribosomal mass fraction - something that appears increasingly difficult to achieve given
the limiting rate of rRNA synthesis.

Reviewer Comment

2) The authors could have also compiled the data from the Hui et al (it is a paper that they cite)
dataset. It’s a proteomics dataset form the Hwa/Sauer groups that includes translation-inhibition
with chloramphenicol and different growth rate[s].

Author Response

We thank the reviewer for bringing this study up as another potentially useful source of data. Al-
though we did not discuss that work in the manuscript, it was considered in our initial effort to collect
and compile data from different studies. The particular challenge with that data is that the quantitative
proteomic measurements involved measuring relative differences in the abundance of each protein
relative to a common reference standard (added 1:1 with each condition a measured via differential
isotope labeling). This is the data plotted in Figure 1 of [Hui et al., 2015].

For calculation of protein copy number per cell, we need a measure of the relative protein abun-
dance per cell and also some measure of protein absolute abundance. The authors estimate the relative
protein abundances, applying a method referred to as spectral counting (referred to in their text as ab-
solute protein quantitation). This enabled the authors to estimate relative protein abundance per cell
for different proteomic sectors (e.g. R-sector refers to the proteins mainly devoted to protein synthesis).
However, as noted in their main text, as well as shown in their Supplemental Figure S9A, the accuracy
in quantitation is significantly lower for individual proteins (particularly low abundance proteins) as
compared to their quantitation of average protein sector abundance. We have dug into that data fur-
ther as described in the next paragraph, but ultimately have decided not to include it due to the low
dynamic range that is apparent for many of the individual strains and growth condition data sets.

Since the relative protein abundances for each protein was not reported by the authors, we first
attempted to follow their approach to estimate these using their proteomic data (obtained from Pro-
teomeXchange, PXD001467) and used this to reproduce their calculations of sector-specific protein
abundances (Figure 2 of [Hui et al., 2015]). We were able to calculate relative protein abundances
across the different proteome sectors that were in good agreement across their various growth con-
ditions (though not an exact match, possibly due to some differences in the choice of sector-specific
genes to include). In Figure R3(A) we plot that result for the R-sector proteins as an example. This
gave us confidence that we were handling the data similarly to that described in their work. Next, in
order to gain some insight into the accuracy and sensitivity of the quantified protein abundances, we
compared these relative abundances to the measurements from [Schmidt et al., 2016]. Figure R3(B)
shows a representative example of this, where we have compared their relative abundances from a
single growth condition to one from [Schmidt et al., 2016] with a similar growth rate. While there
is a positive correlation for the higher abundance proteins for proteins with copy numbers of about

12



50,000 per cell or higher, a significant fraction of the proteins appear to have copy numbers that were
below the measurement’s sensitivity. The low dynamic range was observed for the majority of sample
measurements we compared and we have decided not to pursue this data set further.

Figure R3. Analysis of proteomic data from Hui et al.. (A) Estimation of the R-sector proteomic fraction
were calculating following the approach described in the work of Hui et al. 2015. Here we reproduce Figure
2(C) of their work using the proteomic data deposited on ProteomeXchange. (B) Comparison from relative
protein abundances from Hui et al. 2015 (strain NCM3722, glucose; used in their A-lim measurements) to
those measured in Schmidt et al., 2016 (strain BW25113, minimal media with 2.2 g/L glycerol and amino
acid supplement). Both relative protein abundances and absolute protein copies per cell are shown for the
data from Schmidt et al., 2016.

Reviewer Comment

3) The last part of the work (associated to Fig 6) uses a framework that is claimed to apply to size
predictions (assuming optimality), but is not sufficiently explained. The framework is very similar to
previous considerations in studies by Hwa and coworkers (especially by Stefan Klumpp, not cited),
as well as in a previous study by the Bruggeman/Teusink group (cited, but not in this part). Basically
they include a Michaelis-Maenten for charged / uncharged tRNAS in the standard framework for the
first growth law. Since the volume enters the expression of the translation rate through concentrations,
a cell volume appears, and obtains an expression relating raa (an amino acid rate related to the nutrient
quality of standard theories). One can then optimize lambda = rt R / Npeb as a function of R, V, Npeb,
raa, but the optimum versus cell size V is not shown or explained in either main text or SI.

Author Response

We apologize that this part of the text was not sufficiently clear and have made edits to improve the
text. Our main motivation for this last section was in relation to the question raised in the introduction,
which was ’Why do cells modulate the absolute numbers and relative ratios of their molecular con-
stituents in response to changes in growth rate or nutrient availability?’. Given the robust correlation
between cell size, ribosome abundance, and h# orii that has been shown experimentally (e.g. most ex-
tensively in [Si et al., 2017]), and the strict dependence of growth rate l on ribosome activity (through
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elongation rate rt and active ribosome copy number faR), put simply, one intent of that section was
to better highlight that in order to grow faster, a cell will need to get larger in order to increase R.
As suggested by the reviewer in a later comment, perhaps some of the comments that were made are
more speculative and we have now moved some of the text to the Discussion section.

In the updated version of the manuscript, we have now more explicitly stated that we use an
empirical relation between ribosome copy number R and cell volume V present in the proteomic data
to inform our model and plots as presented in Figure 6 of the original manuscript. We have also
replaced Figure 6(A) of the original manuscript [now, Figure 7(A)] to show this empirical relationship
between ribosome abundance R and cell volume V. Furthermore, we have added a new portion to
our supplemental information (see the SI section on ”Derivation of a Minimal Model”) where we relax
this constraint. A key feature of this new section is the addition of Figure S12 (presented here as Figure
R4) where we allow the ribosomal mass fraction FR and the cell volume V to be independently tuned.
In making these plots, we assume a constant peptide bond density of ⇡ 109 peptide bonds per fL
and use FR as a way to tune the ribosome copy number without getting into parameter regimes that
are non-physical. A key result of this analysis is that it explicitly shows that when the amino acid
supply rate rAA is very small [Figure R4 (A - B)] there is a very different dependence between cell
volume, ribosomal copy number and growth rate, when compared to large values of rAA. For small
rAA, the growth rate is maximized when the ribosome mass fraction is very large and cell volume
is very small. The white lines in Figure R4 show contours of constant growth rate, indicating that
to maintain a specific growth rate, any increase in FR must be met with an increase in the total cell
volume V. When the amino acid supply rate rAA is large – the translation limited regime, Figure R4
(D), that is more representative of laboratory grown cells using nutrient-rich media – the effect of cell
volume is minimized and the growth rate is determined primarily by the ribosomal mass fraction
FR. We appreciate the reviewer suggesting we clarify this section of the work as we believe it has
significantly strengthened and better focused the latter sections of the revised manuscript.

Regarding the framework associated with Figure 6 and its novelty, we appreciate the reviewers
concern and we have edited this section of the revised manuscript to more articulately convey why
we think the approach is novel. We arrived at this formalism following an attempt to make sense
of discrepancies that appeared to exist between experimental data and the phenomenological models
from Hwa and others, as well as the notable deviations that appear in the scaling trends expected for
ribosomal abundance (in the compiled proteomic data) and cell size ( [Zheng et al., 2020]) for growth
rates l < 0.7 hr�1. For example, from the work of [Klumpp et al., 2013], the prediction for ribosomal
abundance appear inconsistent with measurements at slower growth conditions, and prediction of
elongation speed upon addition of sublethal doses of chloramphenicol are opposite in direction to
the more recent experimental measurements from their group ( [Dai et al., 2016]). We have amended
the text to clarify this section and also better acknowledge how it relates to the work noted by the
reviewer (with further discussion also added to Supplemental Section ”Derivation of Minimal Model
for Nutrient-Mediated Growth Rate Control”).

Reviewer Comment

4) This point above should be clarified, but in any case, this theory (based on an assumption of op-
timization) would not integrate considerations on growth of different sectors (including surface) and
cell division that could be very important to determine how coordination between cell growth and
cell size is achieved. Regarding this the authors do not cite a recent work by the Banerjee group (Ser-
banescu and coworkers), and also the biorxiv by Panlilio et al, which establish along the same lines
how a divisor protein in the ”P sector” could make the link.
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Figure R4. Growth rate as a function of R and V. The solution to Equation 3 of the main text is plotted
for four different amino acid supply rates as a function of cell volume V and ribosomal mass fraction FR.
White lines correspond to contours of constant growth rate. In all four plots, Npep scales with the cell
volume (y-axis) assuming a constant peptide bond density of ⇡ 109 peptide bonds per fL.
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Author Response

We thank the reviewer for bringing the recent work from the Banerjee group ( [Serbanescu et al., 2020])
to our attention. We agree that this as well as the recent work from [Panlilio et al., 2020] are worthy
of mentioning, and on lines 607-610 of the discussion we have provided additional note of their work
and the link between cell size and such ’P-sector’ proteins.

Reviewer Comment

5) The entire paragraph entitled ”Nutrient-mediated growth rate control dictates both ribosomal con-
tent and cell size” could be moved to discussion. It concerns more closely hypotheses than validated
results, the statements on cell size appear unjustified (see above), and the original part is very close to
existing approaches.

Author Response

As noted in response to comment 3), we have made substantial edits to the text to clarify the text and
the analysis performed. We have also moved some of the text of the section into the Discussion (lines
574-587), along with what we believe is a more appropriate referencing to prior literature.

Reviewer Comment

6) The paragraph on maximum growth rate also has limited novelty and appears to use fairly standard
arguments. Ultimately, some of the main points seem associated with well-known results, and my
feeling is that these statements need a bit of toning down and more comprehensive (and more fair)
reference to published works (both classic and more recent).

Author Response

As noted in our responses above, we believe our revised text does a better job toward more compre-
hensive and fairer referencing of published work, with some toning down of the text. If the reviewer
remains unsatisfied on this point, we hope they can provide us with additional clarification and we
would be happy to better address their concern.

Reviewer Comment

Minor comment. The (repeated) Fermi estimates of the first part become heavy for the reader. Since
they are based on roughly the same principles (basically that total amount ¿= rate x time), it would
be good to start the results with an initial section that describes the principle of the estimate more
formally. [From QJ: It my preference that this be a conceptual description that is not math-heavy.]
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Author Response

We agree with the suggestion and have now included a section titled ’The ”order-of-magnitude esti-
mation protocol”’ after the introduction that provides a conceptual overview of the approach we have
employed throughout each estimate. In addition, we have added an additional figure (Figure 2 in
the updated text), where in part (A) we guide the reader through our order-of-magnitude estimation
protocol, and then in part (B) provide specific examples on carbon transport, lipid synthesis, and ATP
synthesis that were previously in Supplemental Table S1.

References
Adhikari et al., 2020. Adhikari, S., Nice, E. C., Deutsch, E. W., Lane, L., Omenn, G. S., Pennington, S. R.,

Paik, Y.-K., Overall, C. M., Corrales, F. J., Cristea, I. M., Van Eyk, J. E., Uhlén, M., Lindskog, C., Chan,
D. W., Bairoch, A., Waddington, J. C., Justice, J. L., LaBaer, J., Rodriguez, H., He, F., Kostrzewa, M.,
Ping, P., Gundry, R. L., Stewart, P., Srivastava, S., Srivastava, S., Nogueira, F. C. S., Domont, G. B.,
Vandenbrouck, Y., Lam, M. P. Y., Wennersten, S., Vizcaino, J. A., Wilkins, M., Schwenk, J. M., Lundberg,
E., Bandeira, N., Marko-Varga, G., Weintraub, S. T., Pineau, C., Kusebauch, U., Moritz, R. L., Ahn, S. B.,
Palmblad, M., Snyder, M. P., Aebersold, R., and Baker, M. S. (2020). A high-stringency blueprint of the
human proteome. Nature Communications, 11(1):5301.

Arike et al., 2012. Arike, L., Valgepea, K., Peil, L., Nahku, R., Adamberg, K., and Vilu, R. (2012). Com-
parison and applications of label-free absolute proteome quantification methods on Escherichia coli.
Journal of Proteomics, 75(17):5437–5448.

Basan et al., 2015. Basan, M., Zhu, M., Dai, X., Warren, M., Sévin, D., Wang, Y.-P., and Hwa, T. (2015).
Inflating bacterial cells by increased protein synthesis. Molecular Systems Biology, 11(10):836.

Beck et al., 2011. Beck, M., Schmidt, A., Malmstroem, J., Claassen, M., Ori, A., Szymborska, A., Herzog,
F., Rinner, O., Ellenberg, J., and Aebersold, R. (2011). The quantitative proteome of a human cell line.
Molecular Systems Biology, 7(1):549.

Dai et al., 2016. Dai, X., Zhu, M., Warren, M., Balakrishnan, R., Patsalo, V., Okano, H., Williamson, J. R.,
Fredrick, K., Wang, Y.-P., and Hwa, T. (2016). Reduction of translating ribosomes enables Escherichia
coli to maintain elongation rates during slow growth. Nature Microbiology, 2(2):16231.

Elf and Ehrenberg, 2005. Elf, J. and Ehrenberg, M. (2005). Near-critical behavior of aminoacyl-tRNA
pools in E. coli at rate-limiting supply of amino acids. Biophysical Journal, 88(1):132–146.

Garin et al., 2001. Garin, J., Diez, R., Kieffer, S., Dermine, J.-F., Duclos, S., Gagnon, E., Sadoul, R., Ron-
deau, C., and Desjardins, M. (2001). The Phagosome Proteome: Insight into Phagosome Functions.
Journal of Cell Biology, 152(1):165–180.

Hui et al., 2015. Hui, S., Silverman, J. M., Chen, S. S., Erickson, D. W., Basan, M., Wang, J., Hwa, T., and
Williamson, J. R. (2015). Quantitative proteomic analysis reveals a simple strategy of global resource
allocation in bacteria. Molecular Systems Biology, 11(2).

Klumpp et al., 2013. Klumpp, S., Scott, M., Pedersen, S., and Hwa, T. (2013). Molecular crowding limits
translation and cell growth. Proceedings of the National Academy of Sciences, 110(42):16754–16759.

Kubitschek et al., 1984. Kubitschek, H. E., Baldwin, W. W., Schroeter, S. J., and Graetzer, R. (1984). Inde-
pendence of buoyant cell density and growth rate in Escherichia coli. Journal of Bacteriology, 158(1):296.

Li et al., 2014. Li, G.-W., Burkhardt, D., Gross, C., and Weissman, J. S. (2014). Quantifying absolute
protein synthesis rates reveals principles underlying allocation of cellular resources. Cell, 157(3):624–
635.

Lin and Amir, 2018. Lin, J. and Amir, A. (2018). Homeostasis of protein and mRNA concentrations in
growing cells. Nature Communications, 9(1):4496.

17



Mergner et al., 2020. Mergner, J., Frejno, M., List, M., Papacek, M., Chen, X., Chaudhary, A., Samaras,
P., Richter, S., Shikata, H., Messerer, M., Lang, D., Altmann, S., Cyprys, P., Zolg, D. P., Mathieson, T.,
Bantscheff, M., Hazarika, R. R., Schmidt, T., Dawid, C., Dunkel, A., Hofmann, T., Sprunck, S., Falter-
Braun, P., Johannes, F., Mayer, K. F. X., Jürgens, G., Wilhelm, M., Baumbach, J., Grill, E., Schneitz, K.,
Schwechheimer, C., and Kuster, B. (2020). Mass-spectrometry-based draft of the Arabidopsis proteome.
Nature, 579(7799):409–414.

Müller et al., 2020. Müller, J. B., Geyer, P. E., Colaço, A. R., Treit, P. V., Strauss, M. T., Oroshi, M., Doll, S.,
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