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Abstract

The elimination of the expression of cellular functions that are not needed in
a certain well-defined artificial environment, such as those used in industrial
production facilities, has been the goal of many cellular minimization projects.
The generation of a minimal cell with reduced burden and less host-function
interactions has been pursued as a tool to improve microbial production
strains. In this work, we analysed two cellular complexity reduction strategies:
genome and proteome reduction. With the aid of an absolute proteomics data
set and a genome-scale model of metabolism and protein expression (ME-
model), we quantitatively assessed the difference of reducing genome to the
correspondence of reducing proteome. We compare the approaches in terms
of energy consumption, defined in ATP equivalents. We aim to show what is
the best strategy for improving resource allocation in minimized cells. Our
results show that genome reduction by length is not proportional to reduc-
ing resource use. When we normalize calculated energy savings, we show
that strains with the larger calculated proteome reduction show the largest
resource use reduction. Furthermore, we propose that reducing highly ex-
pressed proteins should be the target as the translation of a gene uses most
of the energy. The strategies proposed here should guide cell design when
the aim of a project is to reduce the maximum amount or cellular resources.

INTRODUCTION

Biological complexity is a challenge to understand and
model, many synthetic biology projects are based on
the idea that to improve production hosts or chassis
we need to reduce the inherent biological complexity.
Starting from a simplified organism has enormous po-
tential to reduce detrimental host-function interaction,
therefore, there have been many efforts to reduce
microbial genomes (Fredens et al.,, 2019; Michalik
et al., 2021) potentially also reducing the complexity of
microbial production hosts. The idea of a simple cell
with the minimal set of functions needed to grow and to
perform a programmed synthetic biology function has
been placed as the cornerstone of the establishment
of a quasi-universal synthetic biology chassis. Many
complexity reduction approaches are mainly based on

genome reduction, focused on finding the minimal set of
genes that are able to sustain life, however many of such
strains have shown growth defects (Choe et al., 2019).

Building bottom-up synthetic genomes should pro-
vide us with the ability to better understand and design
a minimal cell, however to date those projects have
shown to be challenging. In the last iteration of a bot-
tom-up synthetic genome, many genes with unknown
functions had to be added to the minimal cell in order
to produce a viable cell (Hutchison et al., 2016). Top-
down projects have mainly focused on reducing parts
of the genome using different approaches, however,
the cellular resource consumption of eliminated genes-
proteins-functions has not been considered.

In this work, we aim to compare bacterial complexity
reduction approaches using Escherichia colias a model
organism. We formalize the calculations of the saved
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IS GENOME REDUCTION THE BEST STRATEGY?

resources of eliminating genes when those genes are
transcribed and translated (to a median value). We cal-
culated the theoretical liberated resources in terms of
energy and proteome liberation for a defined growth en-
vironment. We show that resource reallocation efforts
can be optimized if they are focused on a few genes
producing highly expressed dispensable proteins. We
then propose that resource allocation reduction strate-
gies should be focused on the proteome rather than on
the genome.

EXPERIMENTAL PROCEDURES
Data processing of strains

We processed the information of nine strains with a
minimized genome (Hashimoto et al., 2005; Hirokawa
et al., 2013; Karcagi et al., 2016; Mizoguchi et al., 2008;
Park et al., 2014; Pésfai et al., 2006) and a strain with
a minimized proteome (Lastiri-Pancardo et al., 2020)
(Table 1). We obtained the eliminated genes of the
minimized genome strains from their most recent ar-
ticles. If they reported genome elimination ranges,
these coordinates were mapped against the informa-
tion from their parental strain in the GenBank database
(Sayers et al., 2019; the Escherichia coli str. K-12 sub-
str. MG1655 genome, version NC_000913.3 and the
Escherichia coli str. K-12 substr. W3110 genome, ver-
sion AP009048.1).

Calculation of the proteome reduction of
each analysed strain

To calculate the amount of proteome that a certain
strain is reducing we assumed that the removed protein-
coding genes produce the amount of protein measured
in the absolute proteomics data set in the same growth
condition (Schmidt et al., 2016). The amount of saved
proteome was calculated in femtograms per cell,
however, it was expressed in percentage of the total
measured proteome to facilitate comparison amongst
strains and conditions. The used data set comprises
95% of proteome coverage by mass (around 2300
proteins in each condition). Proteins with no data in
a certain condition were not considered by these
analyses since their proteome contribution may be
considered negligible.

Estimation of replication,
transcription and translation costs

To have a normalized basis for comparison amongst
different cellular process we performed calculations on

a gene with an average length of 950bp as defined by
Lynch & Marinov, 2015. We calculate the energetic cost
of the replication, transcription or translation of a gene
of 950 pb with the iJLE1678-ME model of E. coli. In
order to perform these calculations, we simulated the
change in biomass composition by increasing the ge-
nome, the transcriptome or the proteome size by a unit
equivalent of a gene of 950 pb (or its gene product).
Once the biomass composition was modified in the
model we used fixed the growth rate, glucose uptake
rate and oxygen uptake rate to simulate batch growth
on a minimal medium and we used ATP maintenance
(ATPM) as the objective function to calculate the dif-
ferences on unaccounted for energy by changing the
biomass composition of each cellular process. The cal-
culated change in ATPM is the cost of producing DNA,
RNA or protein. As the abundance of proteins can span
several orders of magnitude and in order to set the
translation level of this average gene, we used the me-
dian contribution to the proteome of a gene. This is that
a 950 pb gene would be translated to reach 0.042% of
the proteome and 22.4 Kbp of the genome are needed
to produce 1% of the proteome.

Analysis of the cellular resources in
terms of ATP from each eliminated gene
with the ME model and proteomic data

To calculate total replication, transcription and protein
production costs for each minimized strain, first, we
used the amount of genome, transcriptome and calcu-
lated proteome corresponding to each reduced strain.
We used the cellular composition reported in Bremer
and Dennis 1996 (Dennis & Bremer, 2008) to compen-
sate for growth-dependent changes in cellular compo-
sition, we also compensated the genome equivalents
considering the genome equivalents at a given growth
rate (e.g. at 0.69h™" we estimate 1.63 genomes per cell).
The iLE1678-ME model was used by fixing the growth
rate, the glucose uptake rate and the oxygen uptake
rate, we used the ATP maintenance (ATPM) as the ob-
jective function for the proteome simulation, whereas
for the other simulations, we maintained the default ob-
jective of dummy protein production. Then, changing
the amount of DNA in the cell, changes in the number
of transcribed genes, and changes in protein produc-
tion respectively. ME-model simulations calculated the
changes in ATP consumption, then it was converted
to cost per Mb depending on the length of the gene
(data obtained from NCBI) as well as the percentage of
proteome they represented in a specific condition from
the quantitative proteome data of Schmidt et al., 2016.
Detailed computational simulations can be reproduced
using the code and data provided in the accompanying
github repository.
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IS GENOME REDUCTION THE BEST STRATEGY?

RESULTS

In this work, we aimed to analyse genome or proteome
reduction projects with a resource allocation approach.
First, to have a basis for comparison we normalized
DNA replication, RNA transcription and protein trans-
lation into ATP equivalents. Then, as our results con-
firmed what has been shown before: translation is the
main driver of cellular resource consumption (Lynch
& Marinov, 2015; Wagner, 2007), we analysed how
much of the proteome was reduced assuming that the
eliminated genes were expressed at the same magni-
tude as in the absolute proteomics data set (Schmidt
et al., 2016) in the same growth condition (Figure 1).

In order to have a normalized comparison amongst
the analysed cellular processes we used two different
calculations that rendered a similar result. We used the
Lynch & Marinov, 2015 equations, which calculate the
energetic cost, measured in units of ATP hydrolyses,
associated with the replication, transcription, and trans-
lation of an average gene of 950 bp length as previously
defined (Lynch & Marinov, 2015). We also simulated the
resulting decrease in unaccounted for energy (ATPM)
with a ME-model (Lloyd et al., 2018) when we increase
the genome, the transcriptome or the proteome by an
equivalent of a gene of 950bp. For calculation basis,
we set the median contribution to the proteome by a
950 pb gene to be 0.042% of the proteome (see experi-
mental procedures). Therefore, from ME-model simula-
tions, we obtain (that 1% of proteome represents a cost
of 3.76x107* and of 3.16x 10~ mmol ATP gDW h™") for
replication and transcription, respectively. Whereas
translation represents 1.65x10™" mmol ATP gDW h™".

As we show above, the normalized energy cost of
the production of the proteome is three and two or-
ders of magnitude higher than the production of the
genome or transcriptome respectively. In order to
compare the reduction in resource allocation amongst
several genome or proteome-reduction approaches
we took the information of nine genomes reduced and
one proteome-reduced strain of E. coli (Table 1). The
MDS (Multiple-Deletion Series) set of strains (Karcagi
et al.,, 2016; Posfai et al.,, 2006) are derived from
MG1655. In that set of strains, genes were eliminated
when they are not present in close relatives, mobile
elements and also genes with unknown and non-
essential functions were eliminated (such as flagella).
The A16 strain and MS56 were designed to minimize
the MG1655 genome as much as possible aiming to
obtain a simple and highly controllable cell with non-
essential genes and unneeded genome fragments re-
moved (Hashimoto et al., 2005; Park et al., 2014). The
MGF (Minimum Genome Factory) strains, derived from
W3110, were designed to eliminate genomic regions
that do not hybridize with other genomes and regions
that were eliminated in other E. coli reduction projects.
They also eliminated genes with unknown functions

et al. (2013), Nakayasu et al. (2020)
et al. (2013), Nakayasu et al. (2020)
Lastiri-Pancardo et al. (2020), de la Cruz

Hashimoto et al. (2005), Hirokawa
et al. (2020)

Hashimoto et al. (2005), Hirokawa

Reference

too burdensome

* Non-productive mutants of protodeoxyviolacein as it was
and 53%)

« Better growth rate and cell yield in rich medium
* Increased production of violacein (18%) and pDNA (33%

» Better growth rate and cell yield in rich medium
» No auxotrophy phenotype

* More stable genome
* No auxotrophy phenotype

» Higher proteomic budget

Phenotype

Eliminated genes

(Number)
~1700
~1400

Eliminated
genome (%)

35.80
30.90
0.004

Eliminated

Background genome (mb)

DGF298 DGF/W3110

~1.67x 1072

1.6
1.38

(Continued)

BW25113

TABLE 1
Strain
DGF327
PFC
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Wild type E. coli

Genome

Absolute
Proteomics data

Genome minimized strains

MG1655
A16, MS56, MDS69

MGF02, DGF298
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Proteome minimized strain
BW25113
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FIGURE 1 Flow chart of the study. (A) The data included for this analysis came from five MG1655 and W3110 derivatives with their

genomes minimalized. In addition, data from a proteome-minimized Escherichia coli K12 BW25113 derivative was used. (B) Comparison of
the amount of proteome that corresponds to the deleted genes in the minimized strains, based on the absolute proteomics data set (Figure 3
for full detail). (C) Calculation of the equivalent ATP consumption in the wild type (WT) provided by the genes that were removed from the
minimized genome strains using a metabolism and expression model of E. coli and proteomics data. The consumption was evaluated for
protein, RNA and DNA production. A pie chart displays the average consumption for each category of the genome-minimized strains.

(Mizoguchi et al., 2008). Based on MGF strains, DGF
strains (Designed Genome Factory) were generated
by removing insertion sequences and toxin-antitoxin

systems. Previously removed regions from MGF
strains, causing growth defects such as auxotrophies
were restored in this project (Hirokawa et al., 2013). For
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995

better visualization of the results, we selected the strain
with the highest genome reduction as a representative
of the project the strain with the highest reduction.
The MDS69 strain represented the MDS strains, the
DGF298 strain represented the DGF strains, and the
MGFOQ2 strain represented the MGF strains. Finally, we
compare genome-reduced strains to PFC a proteome-
reduced strain created by our group (Lastiri-Pancardo
et al., 2020). In this project, we applied the ReProMin
method, which identifies the minimal set of genetic in-
terventions that maximize the savings in cell resources
(Figure 1B).

We used the Schmidt et al., 2016 absolute proteomic
data set to calculate the amount of proteome that would
be reduced if we assume that the eliminated genes are
being expressed at the same magnitude as in the mea-
sured proteomes (Figure 2A). Genes with no proteomic

information in the data set are not considered since they
belong to the 5% of the proteome that is not measured,
therefore, we assume that they represent a small con-
tribution to the proteome. In order to set a fixed condi-
tion for our comparisons, we used glucose M9 minimal
medium as the main analysed growth condition.

All the studied strains from genome reduction proj-
ects range from 8 to 35% genome reduction, however,
strains were designed and constructed with different
approaches, and the per cent of genome reduction is
not always proportional to the number of reduced genes
(Table 1, Figure 3). As mentioned above, here we fo-
cused on the potential resource savings. First, we need
to notice the uneven distribution of the contribution of
each gene to the total proteome (Figure 2B). The plot-
ted mass contribution of the measured proteins to the
proteome in femtograms per cell (fg/cell) spans seven

(A) Released Proteome Percentage
% PFC () A16 @ MS56 @ MDS69 il MGF298 [l MGF02
14.0% 5 W
12.0% - m
10.0% 5 o s B [ |
8.0%» [ |
1= ™ _ = o m_
6.0% 1 o = = Py = o ® O
4.0%-."...'. °o®
® 09 ()
2.0%
x * *k Kk Kk *k kK Kk Kk Kk *x %
0.0%» .
¢ I
[ A O A I
o ¢ Y QN3 L L vy N X
- 86882 5388 ®SES O
§3558838% T -
~ECEG] = E 5 £ 8 3 9
F VU 0 5<% PR
2 ® fine O 8 o
$ 2 gz
- g >
Y o E o
85 2§
£ U5
v ©
o &
(B) ©)
Proteome Distribution (Glucose) Proteome Distribution in K12 Strains (Glucose)
» MG1655 W3110
1754 W< 0.1fg I 80 | | |
150 >0.1fg I I I
>
« g |1 HUT
0
g qg)wo 85.6% & 2404 94.0% . oo | [ | 5.0
2 75 o -
w = ﬂ
50 20+ = H L
25 | = =y
0 0 o
6 5 4 3 2 -1 0 1 6 -5 -4 -3 - .
I°g1o(fg) - (.1 fg log,,(fg)

FIGURE 2 Proteome calculations on genome-reduced strains. We used the strains with the smallest genome of each project, and the
Schmidt et al., 2016 proteome data set. (A) Percentage of the released proteome in 12 conditions, sorted by specific growth rate. This is the
percentage released if we assume that the eliminated genes are being expressed at the same magnitude as in the data set. (B) Proteome
mass distribution (log,, fg) per gene on glucose minimal medium growth condition. On the right of the dotted line are the per cent of proteins
that have a mass over 0.1 fg. (C) Proteome mass distribution (log,, fg) per from the deleted genes of the genome reduced strains in glucose
minimal medium growth condition. On the right of the dotted line are the per cent of proteins that have a mass over 0.1 fg.
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orders of magnitude (from 1% to 1 fg/cell). Only 14.4%
of the measured genes (344) code for a protein that
contributes more than 0.1 fg/cell (many of those code
for highly expressed essential genes, such as tufA or
metE). This means that few highly expressed genes
will be responsible for the greater proteome reduction,
therefore it demonstrates that the relation between ge-
nome size reduction and potential resource savings is
not proportional (Figure 3).

As has been previously stated, our main focus con-
dition is glucose minimal medium, in this condition the
calculated proteome reduction of the analysed strains
spans from 2.45% to 8.40%. The A16 strain showed
the largest calculated proteome savings (8.4%) and the
MDS69 strain was the one with the smallest calculated
proteome savings (2.45%). It is worth mentioning that
the A16 strain is not the most genome-reduced one,
it is the DGF298, however, in that specific condition,
the A16 strain presents the highest potential proteome
reduction. In another remarkable case, for chemostat
growth at the 0.12h™" dilution rate, the DGF298 pres-
ents a larger proteome reduction than the A16 strain
and the largest calculated here (14%, Figure 2A).

We mentioned above that translation (the biosynthe-
sis of the proteome) takes 96% of the energy, when
compared on a per gen (950bp) basis, whereas tran-
scription takes 3.9% and replication just around 0.1% of
the total energy (Table 2). Therefore, translation is the
main focus of this work. Here, we were also interested
in comparing the differences in resource allocation—in
terms of normalized flux of ATP in mmol ATP-g DW™"
*h—when we calculate the amount of saved energy
equivalents. To that end, we used the iLE-1678-ME
model to calculate the cost of producing the actual
normalized amount of genomic DNA, the transcripts
(mRNASs) and the proteins eliminated in each analysed
strain. In Figure 4, we show the contribution of each
cellular process to the total of saved energy for each
strain. These calculations confirmed that translation is
the main driver of energy savings ranging from 54 to
84% of saved ATP equivalents. We also showed that

. FIGURE 3 Representative
8 *PFC strains with their genome reduction in
A16 comparison to their calculated proteome

® MS56 reduction in the M9 glucose growth
condition. The insert represents the

o MD569 proteome-reduced PFC strain.

I DGF298

B MGF02

TABLE 2 Calculated ATP cost for each cellular process to
produce a protein from a 950bp gene.

Per
Process ATP cent
Replication 4180.58 0.23
Transcription 71,359.04 3.93
Translation 1,737,983.23 95.83
Total 1,813,522.86 100

the strains, that according to our calculations, have the
greater amount of saved proteome also save the great-
est amount of energy. Comparing genome reduction
approaches to a proteome reduction-oriented project
we show that a strain with only three transcription fac-
tors eliminated that resulted in a theoretical proteome
reduction of 0.5%, presents a similar calculated re-
source reduction use than the MSD12 strain with an 8%
genome reduction (Figure 4). The proteome-reduced
strain showed increases around 20% in the production
of fluorescent protein reporters and in violacein from
a heterologous metabolic pathway (Lastiri-Pancardo
et al., 2020). These results show that if we compare re-
source savings by the number of removed nucleotides
in each project, the proteome reduction approach is
more effective than the genome reduction approaches.
However, it is also noteworthy that most of the genome-
reduced strains have greater savings than the only
proteome-reduced strain analysed here.

DISCUSSION

Reduction of cellular complexity is a complicated
endeavour that needs to be tackled from many per-
spectives. The bottom-up approach has proven to be
challenging as the definition of minimal gene sets still
escapes from our full understanding (Glass et al., 2017).
In that regard, top-down approaches may be easier to
adopt, therefore more widely used. Considering the
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resource use of the genes to eliminate will improve the
success of the minimized strains, since reducing less
genes with higher contribution to resource use should
result in higher budget benefits with less phenotypic
defects.

Here, we formalize the calculations of the saved re-
sources of eliminating genes when those genes are
transcribed and translated (to a median value). Gene
expression is highly variable in terms of transcript and
proteins produced per gene, in order to have a basis
for calculation we used median values of gene expres-
sion. This certainly introduces a large bias in our cal-
culations, however, we provide a coarse estimate of the
amount of saved resources for each process. Also, the
order of magnitude of change of the resource expen-
diture amongst the different processes analysed here,
highlight that besides those large possible differences
in gene expression, the amount of saved resources
is much larger for translation than for transcription or
DNA replication. Moreover, with less gene deletions,
the minimized cell behaviour will become more pre-
dictable, and our proteomic data-based calculations
should be more accurate, as several gene deletions
can dramatically alter protein concentrations. Using a
genome-scale model of metabolism and expression
(ME-model), we are able to account for “distant” pro-
cesses such as the need of macromolecular machinery
(such as ribosomes) that carry out each process thus
incurring a cost.

Many analyses have shown that translation is
the major driver of resource consumption of the cell
(Kepp, 2020; Lynch & Marinov, 2015; Wagner, 2007).
Here, we show that genome reduction does not have a
direct correspondence into resource consumption re-
duction. Our presented findings show that if a cell min-
imization project aims to reduce the use of resources
of the non-used cellular functions then the proteome
should be the target. We show that the protein con-
centration in E. coli spans seven orders of magnitude,
finding the most expressed non-essential proteins is a
pretty simple endeavour that should yield a significant
reduction in resource consumption with a less compli-
cated genome editing strategy.

The idea that a minimized genome will yield a
minimized cell may not be totally accurate since the
mere bearing of a gene does not mean that it will be
expressed, and the translation level of a gene can be
highly variable. The use of absolute proteomics data
sets has proven to be very informative in resource
optimization, unfortunately, quantitative absolute pro-
teomics is a quite challenging technique with a large
equipment investment cost, therefore those proteome-
wide data sets are scarce.

Using a data set with 95% of proteome coverage
by mass (2300 genes approximately) leaves many
genes outside of our analysis. Although those genes
may have a reduced expression and therefore not a

great contribution to the total saved resource, those
genes may be of great importance to cellular fithess
and should not be considered dispensable (Price
et al., 2018). In addition, the minimization design should
consider the trade-off between strain robustness and
resource reduction, by accounting for the fitness con-
tribution of the candidate genes to eliminate, such as
the quasi-essential genes on the environment of inter-
est. Genome reduction projects have been carried out
in other E. coli backgrounds (non-K12), however, the
lack of absolute proteomic information limits the ap-
plication of our method to those strains (Umenhoffer
et al., 2017). Absolute proteomic data sets, gene es-
sentiality, cost and fitness contribution of each gene
in a genome may provide the data needed to better
design minimized strains with a resource allocation
approach for E. coli strains of different lineage and
other microbes of interest.

Improving the understanding of mRNA degradation
can play a critical role in optimizing metabolic engineer-
ing strategies (Roux et al., 2021). Targeting mRNA deg-
radation has been shown to enhance protein production
without competing for cellular resources in the host
strain (Mao & Inouye, 2012; Venturelli et al., 2017; Wu
et al., 2020). However, due to the variability of mMRNA
degradation rates between genes, it can be challenging
to model this process for an “average gene”. Despite
this, considering the impact of mMRNA degradation on
resource utilization is important in order to fully un-
derstand the effects of gene modification on cellular
behaviour and potentially improve our calculation meth-
ods. Overall, MRNA degradation has great potential as
a target for metabolic engineering to improve the per-
formance of bacterial cell factories.

Large-scale fermentations generate stressful con-
ditions, such as substrate availability gradients. The
regulatory response to those stressful conditions has
a cost, as it demands protein expression and it has
been shown to increase ATP maintenance demands by
40%-50% (LOoffler et al., 2016). A successful approach
has been to target those specific stress responses that
consume resources. The resulting minimized strains
showed a lower maintenance coefficient and increase
the production yield of GFP in simulated large-scale bi-
oprocesses (Ziegler et al., 2021).

In this work, we provide a straightforward path to
pursue when designing a strain with a higher potential
to divert resources to a function of interest whilst per-
forming fewer genetic interventions. Those resource-
minimized strains should perform better as microbial
production hosts than their non-improved counterparts
(de la Cruz et al., 2020; Mizoguchi et al., 2008; Park
et al,, 2014).
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