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ABSTRACT OF THE THESIS 

 

Evolution of E. coli Under Oxygen-Limited Conditions Reveals Minimal Hypoxic Specific 

Adaptation 

 

by 

 

Connor A. Olson 

 

Master of Science in Bioengineering 

 

University of California San Diego, 2020 

 

Professor Bernhard Palsson, Chair 

 

 Adaptive laboratory evolution (ALE) has become an increasingly common method in 

recent years, but only a few experiments have adapted Escherichia coli to low-oxygen 

conditions (Finn et al., 2017; Puentes-Téllez et al., 2013; Wang et al., 2019). This is 

surprising, given its nature as a facultative anaerobe and the dramatic shift from respiration to 

https://paperpile.com/c/Wf4fT0/3RtC+oGSy+q1gC
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mixed-acid fermentation that is observed (Clark, 1989). Here, a preexisting automated 

platform is used to adapt E. coli K-12 MG1655 to oxygen limitation, and the resulting strains 

are compared to those previously evolved aerobically. Additionally, an automated workflow 

is developed to measure the uptake and secretion rates of common E. coli substrates and 

products. Although mixed acid fermentation was observed during ALE, the resulting strains 

had similar genotypes to those adapted aerobically. Mutations in both cases focused on 

mitigating strain defects, increasing flux through central metabolism, or reducing stress 

response. Differences in growth, carbon uptake, and fermentation product secretion rates were 

the largest under aerobic growth between the strains having an hns/tdk intergenic mutation 

and those without, regardless of the oxygen level during adaptation or the presence and 

absence of other mutations. Similar differences were observed for growth under oxygen-

limited conditions, but the magnitude of the changes was much smaller and not statistically 

significant. Although the oxygen-limited adapted strains generally lacked this intergenic 

mutation, two mutations not found in the aerobic ALEs may function in a similar capacity. 

Overall, it appears that the strains were adapted primarily to the media conditions, regardless 

of oxygen levels.  

 

 

https://paperpile.com/c/Wf4fT0/pahy
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1. Introduction 

Microbial metabolic engineering has been a growing field in recent years, owing partially 

to increased interest in the alternative production of fuels, plastics, and other commodity 

chemicals (Murphy, 2012). The design of industrially useful strains is a complex problem, given 

the large scale of the genome of even simple microbes and the complexity of regulatory 

networks. One rational design method to help alleviate this is the creation and use of constraint-

based genome scale reconstruction models, which use a mathematical representation of a cell’s 

metabolic network to compute fluxes through various pathways (Orth et al., 2010; Thiele & 

Palsson, 2010). These models are fairly well developed, with some having undergone numerous 

detailed updates (J. M. Monk et al., 2017), and they have ultimately been used to design strains 

with several different phenotypic properties (McCloskey et al., 2013). However, these methods 

can result in unexpectedly poor phenotypes (McCloskey et al., 2013), and occasionally lead to 

false predictions of gene essentiality (Guzmán et al., 2018). Such results typically arise from 

incomplete or inaccurate biochemical information and annotations (J. Monk et al., 2014).      

 Adaptive laboratory evolution (ALE) is a complementary experimental procedure to 

computational rational design techniques, and allows for the discovery of fitness increasing 

mutations in microbes under specified growth conditions and selection pressures (Dragosits & 

Mattanovich, 2013). As shown in Fig. 1, ALE experiments typically consist of the culturing of 

cells in either a chemostat or sequential batch cultures, during which fitness-increasing mutations 

may occur and fix in the population (Dragosits & Mattanovich, 2013). Such experiments are 

often continued for a set period or until a desired phenotype is achieved. However, this technique 

can be performed for extended periods of time, as in one particularly famous example that has 

run for over 60,000 generations (Good et al., 2017). By using combinations of “omics” 

https://paperpile.com/c/Wf4fT0/PqO7
https://paperpile.com/c/Wf4fT0/fcIC+8lID
https://paperpile.com/c/Wf4fT0/fcIC+8lID
https://paperpile.com/c/Wf4fT0/GuRh
https://paperpile.com/c/Wf4fT0/7ZBN
https://paperpile.com/c/Wf4fT0/7ZBN
https://paperpile.com/c/Wf4fT0/SssO
https://paperpile.com/c/Wf4fT0/p3FE
https://paperpile.com/c/Wf4fT0/7LPq
https://paperpile.com/c/Wf4fT0/7LPq
https://paperpile.com/c/Wf4fT0/7LPq
https://paperpile.com/c/Wf4fT0/puZt
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technologies such as genomics, transcriptomics, or metabolomics to compare the genotypes and 

phenotypes of the ending and starting strains, it is possible to understand the mechanisms of 

adaptation at several different levels (McCloskey et al., 2018), even with little a priori 

knowledge about the results. The number of ALE experiments has grown rapidly along with the 

related usage of omics data (Hansen et al., 2017), and databases now list hundreds of different 

studies encompassing a wide variety of organisms and culture conditions (Van den Bergh et al., 

2018). ALE experiments have proven to be particularly useful in metabolic engineering. They 

can be used to directly develop useful strain properties such as better stress tolerance, improved 

product yields, increased growth rates, and uptake of new substrates (Hansen et al., 2017; 

Sandberg et al., 2019), and they are now a part of strain design cycles (Sandberg et al., 2019). 

ALE has periodically been used to study adaptation of E. coli to oxygen limitation. E. 

coli is a facultative anaerobe that can undergo either respiration or mixed acid fermentation, 

depending on whether an electron acceptor is available (Clark, 1989). Along with altered 

mutation rates and spectra under low-oxygen conditions (Maharjan & Ferenci, 2018; 

Shewaramani et al., 2017), this can lead to distinct ALE results. For example, it was found that 

E. coli evolved under glucose limitation acquired mutations in different glucose uptake systems 

at different oxygenation levels (Manch et al., 1999). Another study found that E. coli with a 

phosphotransferase system knockout must evolve anaerobically to maintain growth in anaerobic 

environments (Balderas-Hernández et al., 2011). Others have successfully adapted E. coli to 

aerobic, low-aerobicity, anaerobic, or alternating aerobocity regimes on rich media (Puentes-

Téllez et al., 2013)) or minimal media (Finn et al., 2017; Wang et al., 2019). Ultimately, these 

studies found varied mutations related to rich media adaptation, fermentation, transcription, and 

many other cellular functions. The primary mutations and adaptive mechanisms found in these  

https://paperpile.com/c/Wf4fT0/kL6v
https://paperpile.com/c/Wf4fT0/7gbf
https://paperpile.com/c/Wf4fT0/36AM
https://paperpile.com/c/Wf4fT0/36AM
https://paperpile.com/c/Wf4fT0/7gbf+ZNhj
https://paperpile.com/c/Wf4fT0/7gbf+ZNhj
https://paperpile.com/c/Wf4fT0/ZNhj
https://paperpile.com/c/Wf4fT0/pahy
https://paperpile.com/c/Wf4fT0/aQ9l+WReB
https://paperpile.com/c/Wf4fT0/aQ9l+WReB
https://paperpile.com/c/Wf4fT0/8IzG
https://paperpile.com/c/Wf4fT0/D5Fk
https://paperpile.com/c/Wf4fT0/oGSy
https://paperpile.com/c/Wf4fT0/oGSy
https://paperpile.com/c/Wf4fT0/q1gC+3RtC
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Figure 1: An overview of the ALE experimental setup. (a) A representation of a batch culture ALE 

experiment showing both the periodic cell transfers that occur and the fixation of beneficial (adaptive) 

mutations in the population over time. Figure created using BioRender (BioRender, n.d.) (b) A growth 

rate trajectory of an ALE experiment carried out in a constant environment, with markers indicating 

points of interest where a beneficial mutation has likely been fixed in the population. Data in (b) was 

adapted from (Sandberg et al., 2016).   

 

studies vary based on the chosen culture media, starting strains, and other environmental 

conditions. Thus, it may be difficult to rationally predict how a strain adapts to low-oxygen 

conditions. As a result, if a strain is intended to be fermented industrially, low-oxygen ALE  may 

provide a more productive final design than can be accomplished using computational methods. 

 To meet the increased demand for ALE experiments, particularly in the realm of batch 

culture experiments, robotics and other automation methods have been incorporated over the last 

decade. Automation can be used to maintain batch culture cells in exponential growth phase 

without large passage bottlenecks, thus decreasing the real-time needed for adaptation (LaCroix 

et al., 2015, 2017). Culturing conditions can also easily be dynamically adjusted in such 

platforms, enabling continuously increasing stress from sources such as antibiotics (Salazar et 

al., 2020), toxic compounds (Mohamed et al., 2017), or ultraviolet light (Shibai et al., 2019), 

https://paperpile.com/c/Wf4fT0/0SAl
https://paperpile.com/c/Wf4fT0/0SAl
https://paperpile.com/c/Wf4fT0/0SAl
https://paperpile.com/c/Wf4fT0/npK4
https://paperpile.com/c/Wf4fT0/SqN0+TasR
https://paperpile.com/c/Wf4fT0/SqN0+TasR
https://paperpile.com/c/Wf4fT0/YsQr
https://paperpile.com/c/Wf4fT0/YsQr
https://paperpile.com/c/Wf4fT0/Ukfd
https://paperpile.com/c/Wf4fT0/SIwl
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among others. As the number of ALE experiments continues to grow, it seems likely that 

automation will become more common, and there is now at least one open-source evolution 

device (Wong et al., 2018). 

 In this thesis, a simple method is deployed on a previously developed automated ALE 

platform to enable low-oxygen conditions during evolution, and it succeeds in causing mixed-

acid fermentation and near oxygen depletion during E. coli K-12 MG1655 (MG1655) growth. 

Whole genome resequencing of 16 replicate experiments after up to 779 generations of culturing 

reveals minor mutational differences from those previously evolved under aerobic conditions 

(LaCroix et al., 2015; Sandberg et al., 2016). Differences are primarily found in RNA 

polymerase mutations, the lack of a fitness increasing hns/tdk intergenic insertion, and the 

existence of a large-scale duplication. Phenotypes of several of the oxygen-limited and 

aerobically evolved strains were compared using an automated exo-metabolomics workflow 

developed and implemented in this thesis. It was found that the strains with the hns/tdk intergenic 

mutations grew significantly faster and had higher glucose uptake under aerobic conditions. 

While differences also observed under oxygen-limited growth, they were of a much smaller 

magnitude and not statistically significant. These results suggest that the adaptive mechanisms 

here are largely oxygen level independent and are primarily focused on adaptation to the media 

conditions. This may imply that a stricter oxygen-limited environment is ultimately needed to 

explore E. coli adaptation during mixed-acid fermentation. 

 

 

 

 

https://paperpile.com/c/Wf4fT0/uvkw
https://paperpile.com/c/Wf4fT0/SqN0+npK4
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2. Results 

2.1. Implementation and Validation of an Automated Filtration Device 

 Based on glucose uptake rate (GUR) and acetate production rate (APR) increases 

previously found when evolving MG1655 under aerobic conditions (LaCroix et al., 2015; 

Sandberg et al., 2016), it was determined that monitoring changes in GUR and common 

MG1655 fermentation product secretion rates (acetate, formate, ethanol, lactate, succinate) 

would be important during an oxygen-limited ALE. While an automated method has been 

deployed for the execution of ALE experiments, the measurement of these exo-metabolomics, as 

shown in the top workflow of Fig. 2, is largely a manual process. Although described in more 

detail in the Materials and Methods, the protocol for these measurements requires periodic 

recording of the 600-nanometer optical density (OD600) of a culture and simultaneous filtration 

into HPLC vials. This is a labor-intensive process that can take 6-18 hours to complete, 

depending on the growth rate of the strains being characterized. To ensure valid results, this 

process also requires careful, precise replication of the culturing process found in the automated 

ALE device. 

To correct these issues, an addition to the automated ALE device was implemented to 

enable filtration of exo-metabolomics samples. As shown in the bottom workflow of Fig. 2, the 

device uses compressed gas to sterilize cell culture aliquots through a 0.22 µm filter into a 96-

well plate, which can be directly run on an HPLC for metabolomic quantification. Samples are 

filtered one at a time, and the device simultaneously measures OD600 values to allow for the 

calculation of growth, uptake, and secretion rates. This design results in large reductions of 

experimenter labor and allows for samples to be easily taken while evolution experiments are 

still running. The new workflow was validated by comparing exo-metabolomics data generated  

https://paperpile.com/c/Wf4fT0/SqN0+npK4
https://paperpile.com/c/Wf4fT0/SqN0+npK4
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Figure 2: Flow diagram for the exo-metabolomics characterization of bacterial cultures, commonly used 

on ALE strains to quantify the growth rate and uptake or secretion rates of various compounds. The top 

workflow represents the standard method of periodically filtering samples by hand, while the bottom 

workflow represents the automated method developed in this thesis. Figure created with 

BioRender(BioRender, n.d.). 

 

manually to that generated with the automated device. Shown in Fig. 3, characterization of a 

wild-type MG1655 strain grown in glucose supplemented M9 minimal medium under aerobic 

conditions showed no significant differences in growth rate, GUR, or APR between the two 

sampling methods. In order to validate this device for metabolites other than glucose and acetate, 

the exo-metabolomics characterization experiment was repeated with the stirring rate of the 

cultures reduced from 1100 rpm to 300 rpm. This alteration reduced the culture vortex size and 

the oxygen transfer rate into the medium, and the results are also reported in Fig. 3. The growth 

rate, GUR, and FPR, although not found to have significant differences in a paired sample t-test 

with a Bonferroni corrected significance level of 0.05, had two tailed p-values of 0.0178, 0.0121, 

and 0.0193. The mean relative changes from the manual measurements to the automated 

measurements (±95% CI) were -4 ± 3%, 6 ± 5%, and 4 ± 4%, respectively. These differences are 

relatively small, and do not seem to be indicative of a methodological error with the automated 

setup. On the other hand, the ethanol production rates are strikingly different, with the automated 

https://paperpile.com/c/Wf4fT0/0SAl
https://paperpile.com/c/Wf4fT0/0SAl
https://paperpile.com/c/Wf4fT0/0SAl
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samples producing on average only 21 ± 3% of the ethanol recorded in the manual samples (p < 

0.000001). It had previously been observed that the samples filtered in the automated device 

experienced some level of evaporation (data not shown), likely due to the compressed air used in 

the filtration process. While this is corrected in the samples using a calibration peak in the 

medium (see materials and methods), volatile compounds such as ethanol apparently experience 

severe evaporation from the compressed gas. As a result, future automated exo-metabolomics 

measurements in this thesis will not report on the production rate of ethanol, even if it is 

expected to be observed.  
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Figure 3: Comparison of the automated and manual characterization methods for aerobic and oxygen-

limited cultures of E. coli K-12 MG1655 grown on glucose supplemented M9 minimal medium at 37°C. 

Mean values and data points for growth (a) and uptake and secretion (b) rates are reported for both 

methods and conditions, with error bars representing 95% confidence intervals. Biological replicate sizes 

were n = 3 and n = 6 for the aerobic and oxygen-limited data, respectively. Ethanol production values 

were fitted with only 2 points and may be less accurate than depicted. In paired sample two tailed t-tests 

with a Bonferonni corrected significance level of 0.05, only the oxygen-limited ethanol production 

differences were found to be significantly different (p<0.000001). It is worth noting that the oxygen-

limited growth rate, glucose uptake rate, and formate production rate would be considered significantly 

different at an uncorrected significance level of 0.05. 
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2.2. Implementation and Testing of Low-Oxygen Culturing Methods 

As seen in Fig. 3(b), lower stirring rates of the E. coli cultures clearly caused activation 

of fermentation pathways. However, the reported mean growth rate of 0.52±0.02 hr-1 (mean ± 

95% CI) is faster than the 0.38 ± <0.01 previously reported under fully anaerobic conditions 

(McCloskey et al., 2014). This suggests that the high initial oxygen levels found here are causing 

the cultures to not grow fully anaerobically, although the previously reported cultures were also 

not physiologically adapted (see materials and methods). To explore the oxygen dynamics in this 

environment, growth characterization experiments with simultaneous percentage dissolved 

oxygen (DO) measurements were carried out. In Fig. 4, a glucose M9 evolved MG1655 strain 

was grown in the previously utilized 300 rpm stirring condition. The DO levels decreased below 

the 1% detection limit of the probe, indicating that oxygen in the media was being consumed as 

quickly as it was being supplied. Linear regression of the natural logarithm transformed OD600 

versus time was performed over the exponential growth region for replicates 1 and 2, and the 

respective OD600 values at the time 1% DO was reached were estimated to be 0.07 (95% PI: 

0.05 to 0.11) and 0.08 (95% PI: 0.03 to 0.25). While these estimates have fairly high 

uncertainties, it is visually apparent that the oxygen in the medium is depleted well before the 

stationary growth phase is reached at an OD600 between 0.20 and 0.25.   

It was hypothesized that reducing the initial oxygen levels in the tubes might induce a 

growth state closer to that observed under a fully anaerobic environment. This was tested by 

performing another growth curve characterization of wild-type MG1655 in conditions identical 

to those previously used, but with the media initially sparged with nitrogen gas. The  

https://paperpile.com/c/Wf4fT0/KAal
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Figure 4: Dissolved oxygen levels measured over the course of low flask stirring E. coli growth on M9 

minimal medium, both with and without initial nitrogen gas sparging. The cultures sparged with nitrogen 

were wild-type MG1655, while the others were a glucose evolved MG1655 strain. Oxygen levels were 

depleted under both conditions well before the stationary growth phase was reached. Both replicates with 

sparging recovered DO to 60-65% of initial levels within 1 hour.   

 

results, also shown in Fig. 4, indicate that while the initial DO is largely reduced, it recovers 

quickly to near full saturation. Within one hour of starting the experiment, replicates 1 and 2 had 

recovered to DO levels of 65.2 +/- 0.4%  and 61.7 +/- 0.4%, respectively. OD600 values at the 

time the DO reached the detection limit were again determined through regression, and for 

replicates 1 and 2 these values were 0.06 (95% PI: 0.03 to 0.10) and  0.07 (95% PI: 0.06 to 0.09). 

The oxygen in the culture vessel is clearly still being depleted at a similar OD600, before the 

stationary growth phase begins. It appears that the oxygen level in the tubes recovers too quickly 

from the sparging for it to have a major impact on the depletion time.  

To inspect phenotypic changes that may occur from nitrogen sparging, the oxygen-

limited characterization was repeated with measurement of growth rate, GUR, and  
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Figure 5: Manual characterization of the mean growth rates (a) and exo-metabolomics (b) for MG1655 

under various oxygen-limited culture conditions. Error bars represent 95% confidence intervals, with 

biological replicate size n=3 for the oxygen-limited condition and n=4 for all other conditions. There is no 

lactate secretion data shown for the nitrogen sparging condition, as too little data existed to produce an 

accurate fit. None of the conditions displayed significant differences in any of these traits using Welch’s 

one-way ANOVAs at a Bonferroni corrected significance level of 0.05, although the uncorrected p-value 

for succinate was 0.01.    

 

common MG1655 fermentation products. The characterization was completed with and without 

nitrogen sparging, and with a stopper placed on the top of a nitrogen sparged tube. The results 

are reported in Fig. 5 and indicate that there was little visually discernible change. In a 

Bonferroni corrected series of Welch’s one-way ANOVAs, there was also no statistically 

significant change in growth rate or exo-metabolomics between any of the three conditions. 

Succinate production would be considered significantly different without the applied Bonferroni 

correction (p = 0.01). However, the largest change between means for the succinate data occurs 

between the oxygen-limited and nitrogen sparging with plugged lid conditions and is -10 ± 7% 

(±95% CI). Given the low succinate production rate (<1.5 mmol*gDW-1*hr-1) compared to the 

other metabolites measured, it seems likely that this isn’t indicative of a phenotypic change 
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between conditions. Combined with the data in Fig. 4, it is clear that initial oxygen removal from 

the tube had very little impact on the growth phenotype of MG1655 and that putting a plug on 

the top of the tube did little to slow oxygen transfer into the medium.    
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2.3. ALE and Whole Genome Resequencing 

 Based on these results, an oxygen-limited ALE was run with reduced stirring and without 

nitrogen sparging of the culture vessels. Eighteen populations of MG1655 in glucose 

supplemented M9 media were grown simultaneously on an automated culturing platform for 

approximately 2.4x1012 -3.0x1012 cumulative cell divisions (CCD), while being maintained 

continuously in the exponential growth phase. The fitted growth trajectories, a subset of which 

are shown in Fig. 6, reveal that all populations experienced increases in growth rate, with a mean 

growth rate increase (± standard deviation) of 30 ± 7%.   

 

Figure 6: Growth rate trajectories from the subset of the oxygen-limited ALE populations that are 

phenotypically characterized later in this work. The growth rate increased for every population over the 

course of the evolution experiment. The dashed trajectory is adapted from a previous aerobic MG1655 

evolution experiment under otherwise identical conditions(Sandberg et al., 2016). A description of how 

these trajectories were created can be found in the Materials and Methods, and trajectories for all 

populations are provided in the supplemental materials. 

 

Whole genome resequencing was performed on clonal isolates of each population. For 

the 16 endpoint clones and 26 intermediate clones sequenced, more than 75 unique single 

https://paperpile.com/c/Wf4fT0/npK4
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nucleotide polymorphisms (SNP), small insertion or deletions (INDEL), or mobile element 

insertions (MOB) were discovered compared to the wild-type strain. The mean (± standard 

deviation) number of these mutations found in the endpoint sequences was 3.1 ± 2.3, with a 

minimum of 2 and a maximum of 14. The sample with 14 mutations had 7 more than the second 

most mutated endpoint. This hypermutator phenotype is possibly due to a nonsynonymous SNP 

in mutY, a glycosylase that prevents oxidation induced transversions of guanine (de Oliveira et 

al., 2014).  

 To help identify the mutations most likely to be causal for the observed fitness increases, 

those which occurred in genes or genetic regions mutated across more than one population were 

inspected and reported in Table 1. In order to narrow down which of these “converged” 

mutations may relate to adaptation to oxygen limitation, they were compared to those found in 

two previous aerobic MG1655 experiments (LaCroix et al., 2015; Sandberg et al., 2016) in Fig. 

7. Interestingly, most of the highly mutated regions in the aerobic evolution are also mutated in 

the oxygen-limited samples. The most frequent of these are frameshift mutations in the pyrE/rph 

region, which have been shown to correct a well-known pyrimidine starvation phenotype in 

MG1655 by upregulating pyrE (Conrad et al., 2009; Jensen, 1993; LaCroix et al., 2015). It is not 

surprising that this mutation occurs in both evolutions, as it is primarily an adaptation to the 

pyrimidine lacking M9 medium. Correcting this deficiency apparently has such a large impact on 

fitness that the sole oxygen-limited population to not have the 82 bp frameshift mutation (#9) 

includes pyrE in a 139 kb duplication that is discussed later.  

RNA polymerase is also commonly mutated in both experiments. The aerobic 

populations almost exclusively saw mutations in the beta subunit, encoded by rpoB. These 

mutations were determined to be causal for fitness increases (LaCroix et al., 2015), and are  

https://paperpile.com/c/Wf4fT0/u7So
https://paperpile.com/c/Wf4fT0/u7So
https://paperpile.com/c/Wf4fT0/SqN0+npK4
https://paperpile.com/c/Wf4fT0/jlcA+80N7+SqN0
https://paperpile.com/c/Wf4fT0/SqN0
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Table 1: Key mutations found in the oxygen-limited experiment. An * in the lineages column indicates 

that the mutation appeared in only midpoint sequences, while ** indicates that the mutation appeared in 

both midpoint and endpoint sequences. For the large duplications, the full list of genes duplicated is 

provided in the supplemental material. For samples 1 and 2, only endpoint isolates were resequenced. For 

all other samples, endpoint and 1 or 2 midpoint clonal isolates were resequenced. 

 

Gene Mutation n Lineages Appeared In 

yadN coding (284‑286/585 nt) 2 1,12* 

hns/tdk intergenic (-112/-493)(-416/-189) IS1 1 6 

yobF coding (141‑144/144 nt) 1 2 

yobF/yebO intergenic (‑35/+632) 2 16 

 intergenic (‑449/+221)  9** 

purT E115* (GAG→TAG) 2 12 

 V366G (GTG→GGG)  6 

pyrE/rph Δ82 bp 15 (all except 9)** 

yihM coding (181‑190/981 nt) 2 16 

 G242G (GGT→GGA)  15 

rpoB R10P (CGT→CCT) 9 13 

 D444Y (GAT→TAT)  4**,16* 

 H551N (CAC→AAC)  5* 

 V661L (GTA→CTA)  8 

 L671P (CTG→CCG)  6* 

 E672K (GAA→AAA)  11,17 

 T1184K (ACG→AAG)  12 

rpoC coding (1173/4224 nt) 10 9* 

 H419P (CAC→CCC)  5,9,11*,14 

 N720H (AAC→CAC)  15 

 N720S (AAC→AGC)  6 

 N762H (AAC→CAC)  1 

 G766C (GGT→TGT)  16 

 G766A (GGT→GCT)  2 

 coding (3619/4224 nt)  7 

rhsB-rhsA  Large Duplication 5 5,7,10,11*,14 

yhhI-rhsA Large Duplication 7 (7,10,12,13,14,15,16)* 

yhjV-nepI Large Duplication 1 9** 
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Figure 7: Comparison of key mutations found in the oxygen-limited ALE and previous aerobic ALEs 

under otherwise identical conditions(LaCroix et al., 2015; Sandberg et al., 2016). The values in 

parenthesis indicate the number of independent lineages that the gene was mutated in. A genetic region 

was considered mutated if a mutation occurred in any midpoint or endpoint sample for a lineage. 

 

believed to shift cellular resource allocation from stress tolerance and environmental hedging 

towards growth functions(Utrilla et al., 2016). It was additionally found that two of the rpoB 

mutations, E546V and E672K, caused similar transcriptomic changes, potentially due to a 

common structural mechanism(Utrilla et al., 2016). The oxygen-limited ALEs also had many 

RNA polymerase mutations, although they were almost equally split between the beta (rpoB) and 

beta prime (rpoC) subunits. It was hypothesized that these might have a similar phenotypic 

impact as the aerobic ALE rpoB mutations, as the specific mutations frequently changed between 

midpoint and endpoint sequences for each population and an E672K SNP occurred twice. This 

was investigated further by mapping these mutations to the E. coli RNA polymerase structure in 

Fig. 8. From the plots, it is visually apparent that the mutations found in both ALE conditions 

appear in similar spots in 3D space, and that the rpoC mutations are typically spatially close to 

the rpoB mutations. Although this suggests that they have a similar phenotypic impact, it is 

unclear why the low-oxygen ALEs favor mutations in rpoC. 

https://paperpile.com/c/Wf4fT0/SqN0+npK4
https://paperpile.com/c/Wf4fT0/ToUF
https://paperpile.com/c/Wf4fT0/ToUF
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Figure 8: Locations of the SNPs found in RNA polymerase during the ALE experiments, colored based 

on either experiment type (a) or RNA polymerase subunit (b). Highlighted are the original side-chains in 

the mutated residues, mapped to a core enzyme model of E. coli K-12 RNA polymerase (PDB id: 

3LU0)(Opalka et al., 2010). If a residue was mutated in both the aerobic and oxygen-limited conditions 

(such as RpoB residue 672), it is colored for the aerobic experiment. 
 

The aerobic evolutions also had frequent hns/tdk intergenic IS element insertions. These 

were previously shown to occur alongside an upregulation of hns, which was theorized to be 

adaptive by increasing repression of stress response mechanisms in the cell (LaCroix et al., 

2015). A similar mutation occurred in only a single oxygen-limited ALE replicate (#6). 

However, ten of the oxygen-limited ALE experiments did experience a ~137-146 kb duplication 

involving 112-134 genes (see supp. material). The duplicated regions were generally similar for 

all of the experiments except #9, which was shifted downstream by approximately 75 kb to 

include pyrE/rph. It seems likely that these duplications had some type of fitness impact, based 

on the frequency of their occurrence. However, even when comparing just the 59 genes that were 

always included in the duplications, it isn’t obvious what the mechanism might be. A very 

https://paperpile.com/c/Wf4fT0/UJPK
https://paperpile.com/c/Wf4fT0/SqN0
https://paperpile.com/c/Wf4fT0/SqN0
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similar region was found to be duplicated in a previous evolution of MG1655 to growth on D-

lyxose. The proposed benefit in that case was an upregulation of pyrE and xylB, with the 

xylulokinase encoded by xylB potentially catalyzing a step in D-lyxose metabolism (Guzmán et 

al., 2019). Despite being included in the duplications here, it seems unlikely that an upregulation 

of xylB is fitness increasing in the current evolution, given the lack of D-xylose or D-lyxose in 

the media. Another gene that was always included in the duplications was cspA, and this may 

possibly be contributing to increased fitness. CspA is an RNA chaperone and transcription anti-

terminator (Bae et al., 2000; Jiang et al., 1997) that has been shown to be expressed following 

passage from stationary phase to fresh medium and during early to mid-logarithmic growth 

(Anna Brandi & Pon, 2012; Czapski & Trun, 2014). Another recorded function of CspA is as a 

positive regulator of hns transcription(A. Brandi et al., 1994; La Teana et al., 1991). It is possible 

that the large duplication is being used to upregulate cspA, potentially to control hns expression. 

However, the duplication does not consistently occur within evolutionary replicates or in all 

replicates, and transcriptomics data is required to explore this further. 

 There are a few key mutations that were found only in the oxygen-limited ALEs. The 

most interesting are those in the yobF/yebO region, and the cspC gene immediately upstream of 

them. cspC has previously been shown to be subject to a number of fitness increasing loss of 

expression mutations in K-12 E. coli strains, including an IS150 insertion 61 bp downstream of 

cspC in the yobF gene (Rath & Jawali, 2006). Similar mutations were also found here, 

specifically two IS5 insertions in yobF or the yobF/yebO intergenic region. This region has also 

mutated in previous adaptations of MG1655 to alternating substrates or ionic liquids, including 

an identically located IS5 insertion in one case (Mohamed et al., 2017; Sandberg et al., 2017). 

Like the previously discussed CspA, CspC is a transcription anti-terminator (Bae et al., 2000), 

https://paperpile.com/c/Wf4fT0/Quva
https://paperpile.com/c/Wf4fT0/Quva
https://paperpile.com/c/Wf4fT0/9Ike+Rtpw
https://paperpile.com/c/Wf4fT0/ESg7+ctWp
https://paperpile.com/c/Wf4fT0/Kv3p+qnYW
https://paperpile.com/c/Wf4fT0/zbl6
https://paperpile.com/c/Wf4fT0/9cyz+Ukfd
https://paperpile.com/c/Wf4fT0/Rtpw
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and is also believed to be a positive regulator of the stress response protein RpoS (Bae et al., 

2000; Phadtare & Inouye, 2001). It seems plausible that the mutations are causing a loss of cspC 

expression in some of the oxygen-limited ALE strains. This could cause a decrease in cellular 

stress response, like other mutations previously discussed. The other key genes mutated in the 

oxygen-limited ALE had either unknown functions (yihM), or functions that didn’t seem 

particularly important to the oxygen-limited condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/Wf4fT0/Rtpw+Ma4Y
https://paperpile.com/c/Wf4fT0/Rtpw+Ma4Y
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2.4. Physiological Characterizations 

 In order to explore the phenotypic differences for strains evolved in the different 

conditions, a variety of clonal endpoints with different combinations of the most commonly 

converged mutations, shown in Table 2, were characterized for growth rates and exo-

metabolomics rates under both aerobic and oxygen-limited conditions. As can be seen in Fig. 

9(a-d), all evolved strains had higher growth rates, GUR, and acid secretion rates, and lower 

biomass yields, compared to wild-type MG1655. In both oxygen conditions, the evolved strains 

had strong correlations between GUR and acid secretion rates (R2>0.85), and weak correlations 

between GUR and biomass yield (R2 <0.45). This confirms what was previously found for the 

aerobically evolved strains during aerobic growth conditions(LaCroix et al., 2015; Sandberg et 

al., 2016). The increased growth rates, GUR, and acid secretion rates were found to be the result 

of a proportional increase in flux through many central carbon pathways (Long et al., 2017). As 

mentioned previously, this is at least partially due to RNA polymerase mutations which shift 

cellular resource allocation from stress tolerance and environmental hedging towards growth 

functions(Utrilla et al., 2016). Additionally, the weak correlations between biomass yield and 

GUR or growth rate (data not shown) have been previously demonstrated to result from a two-

dimensional rate yield tradeoff involving all three properties(Cheng et al., 2019). It is interesting 

that these trends continue to hold for all strains characterized under the oxygen-limited 

conditions, and for the strains evolved under oxygen limitation in both characterization 

conditions. 

These characterizations also provide insight into the physiological impacts of some of the 

observed mutations. When grown aerobically, the 4 strains with hns/tdk intergenic mutations had 

higher mean growth rates, GUR, and APR, and lower mean BMY compared to the strains lacking  

https://paperpile.com/c/Wf4fT0/SqN0+npK4
https://paperpile.com/c/Wf4fT0/SqN0+npK4
https://paperpile.com/c/Wf4fT0/Jj73
https://paperpile.com/c/Wf4fT0/ToUF
https://paperpile.com/c/Wf4fT0/8QnD
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Table 2: Key mutations found in the physiologically characterized strains. Full mutational data for strains 

from the oxygen-limited experiment can be found in the supplemental materials, and mutational data from 

the aerobically evolved strains has been previously reported(LaCroix et al., 2015; Sandberg et al., 2016). 

 

Strain # 

Non-

Key 

Mut. 

Gene Mutated (Mutation) 

5 2 pyrE/rph 

(Δ86 bp) 

rpoC (H419P)   Large Dup. 

(rhsB-rhsA) 

6 1 pyre/rph 

(Δ86 bp) 

rpoC (N720S) hns/tdk 

(intergenic  IS1) 

purT (V366G)  

8 1 pyre/rph 

(Δ86 bp) 

rpoB (V661L)    

9 2 pyre/rph  

(large dup.) 

rpoC (H419P)  yobF/yebO 

(intergenic T→A) 
Large Dup. 

(yhjV-nepI) 

15 1 pyre/rph 

(Δ86 bp) 

rpoC (N720H)  yihM (G242G)  

AER-2016-4 3 pyre/rph 

(Δ86 bp) 

rpoB 

(G1189C) 

   

AER-2016-6 4  rpoC (coding 

+9 bp)  

hns/tdk 

(intergenic IS2) 

  

AER-2015-4 0 pyre/rph 

(Δ86 bp) 

rpoB 

(P1100Q) 

hns/tdk 

(intergenic IS1) 

corA (coding Δ5 

bp)  

 

AER-2015-9 5 pyre/rph 

(Δ86 bp) 

rpoB (E672K) hns/tdk 

(intergenic IS1) 

ygaZ (E49*) ygeW 

(S200R) 

 

these mutations. Most strikingly, the mean APR was 60 ± 20% (±95% CI) larger in the mutated 

strains.All of these values were statistically significant at a significance level of 0.05 in 

Bonferroni corrected Welch’s t-tests. Along with the previous tests of these mutants (LaCroix et 

al., 2015), this provides evidence that these intergenic mutations are indeed causal for aerobic 

fitness increases. In aerobic growth comparison of the aerobically vs. oxygen-limited evolved 

strains, the aerobically evolved strains had faster growth rates, GUR, and APR, and lower mean 

BMY. These changes all occurred at a lower magnitude than in the hns/tdk mutant comparison. 

https://paperpile.com/c/Wf4fT0/SqN0+npK4
https://paperpile.com/c/Wf4fT0/SqN0
https://paperpile.com/c/Wf4fT0/SqN0


22 
 

Except for acetate production, the differences were not statistically significant in similar Welch’s 

t-tests. These results are likely explained by the fact that 3 of the hns/tdk mutant strains were 

evolved aerobically. Unfortunately, this also obfuscates the potential impact of the other 

mutational differences between the aerobic and oxygen-limited strains. In comparisons of rpoB 

and rpoC mutants, the rpoB mutants had slightly higher mean GR, GUR, and APR, and lower 

BMY. These changes occurred at a lower magnitude than the aerobic and oxygen-limited 

comparisons, and relatively high errors caused none of them to be statistically significant. This 

data provides further evidence that the rpoB and rpoC mutations are likely serving similar 

phenotypic purposes. 

 

In the oxygen-limited condition, the hns/tdk mutants continued to display similar 

differences as during the aerobic characterizations, but at a much lesser magnitude. The APR, for 

instance, was only increased by 1±5%. This seems to be partially caused by an outlier: the #6 

strain from the 2016 ALE has a much lower oxygen limited growth rate, GUR, and APR than the 

other hns/tdk mutant strains. This is likely due to its unique rpoC insertion and lack of pyrE/rph 

deletion, which apparently have a negative impact on growth rate under oxygen-limitation. When 

this strain was removed from the analysis, the differences between the hns/tdk mutant strains and 

those without these mutations increased. For example, the differences between the APRs 

increased to 3 ± 5%. In either case, none of these measurements were statistically significant, and 

the magnitudes of the differences remained small. Furthermore, the comparisons between the 

aerobic and oxygen-limited evolved strains and the rpoB vs. rpoC mutant strains continued to 

yield no significant differences. In this condition, the oxygen-limited evolutions had a slightly 

lower growth rate, but higher GUR and APR than the aerobically evolved strains. The 
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uncertainties on the measurements in this case are too high to elucidate phenotypic differences 

based on the genotypes. 

 

Figure 9: Physiological measurements of the 9 strains reported in Table 2. Mean values of biological 

triplicates (n = 6 for the aerobic wild-type) are given for each strain under both aerobic and oxygen-

limited conditions, with error bars representing 95% confidence intervals. The solid black lines represent 

linear regressions of the evolved strain data in each condition, and R2 values are provided for each fit. No 

aerobic samples are shown in (c), as formate was not produced.   
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Sections 2 and 3 are, in part, co-authored/unpublished material. Olson, Connor A.; 

Sandberg, Troy E.; Mohamed, Elsayed T.; Radi, Mohammad; Lacroix, Ryan A.; Feist, Adam M.; 

Palsson, Bernhard. The thesis author was the primary investigator and author of this material.  
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3. Discussion 

 Automation was used in this work to evolve 16 replicates of MG1655 under oxygen-

limited conditions and constant exponential growth. Although other evolution experiments have 

explored anaerobic or mixed-oxygen conditions in E. coli (Finn et al., 2017; Puentes-Téllez et 

al., 2013; Wang et al., 2019), this is, to the author’s knowledge, the first to maintain the cells in 

continuous exponential growth batch cultures. This provides a simpler selection pressure, as the 

cells do not gain a fitness advantage from improving stationary or lag phase. Such a growth 

environment is enabled by automated methodology, as unreasonable work schedules or 

excessively high passage bottlenecks are otherwise required (LaCroix et al., 2017). These 

automated capabilities were expanded to include the measurement of non-volatile metabolite 

uptake and secretion. In addition to reducing needed labor, this improved measurement accuracy 

by allowing for exact recreations of ALE growth conditions. Here, this enabled rapid 

measurement of fermentation products from the evolved strains. However, it would only require 

modification of the final detection method to adapt this to other exo-metabolomic compounds, 

making this workflow more generally applicable. As a result of these methods, the data in this 

thesis serves as an example of the utility of integrated automation in adaptive evolution. 

 The oxygen-limited evolved strains had clear similarities to those previously evolved 

aerobically: two of the three key mutated regions in the aerobic experiment were similarly 

mutated under the low-oxygen-condition, and the third was mutated in at least one of the strains. 

This is not particularly surprising, as these genes have also been shown to mutate in MG1655 

evolved in M9 media under high temperature, alternating substrates, or toxic ionic liquid induced 

stress (Mohamed et al., 2017; Sandberg et al., 2014, 2017). However, it does reinforce the role 

these mutations play in adapting MG1655 to growth on M9 glucose medium. The most 

https://paperpile.com/c/Wf4fT0/3RtC+oGSy+q1gC
https://paperpile.com/c/Wf4fT0/3RtC+oGSy+q1gC
https://paperpile.com/c/Wf4fT0/TasR
https://paperpile.com/c/Wf4fT0/Ukfd+CLxS+9cyz
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important key mutation found primarily in the aerobic strains, an hns/tdk intergenic mutation, 

was found in only a single oxygen-limited population. This was shown to improve growth rate 

under aerobic conditions, and also potentially improves this to a much lesser degree under 

oxygen limitation. The lesser improvement under oxygen limitation may have slowed the fixing 

of this mutation among the evolved populations, and it is possible that this would have appeared 

in more replicates if evolved for a longer period of time. Mutations also appeared more 

frequently on the ß’ subunit of RNA polymerase than in the aerobic evolution. It was not clear 

why this happened, as they appear to be in a similar region as the observed ß subunit mutations 

and induced similar growth and exo-metabolomic rates. One possibility is that oxygen-limited 

growth may favor mutations on the ß’ strand, due to different mutational distributions and rates 

that occur under anaerobic conditions(Shewaramani et al., 2017).  

The key mutations unique to the populations in this work, primarily a yobF/yebO 

intergenic mutation and a 137-146kb duplication, had no observed phenotypic changes. 

However, they had both been observed in previous MG1655 ALE experiments. This provided 

some guidance as to what their function may be and demonstrates the value of databases of 

mutations for ALE experiments. In this case, they may be serving to alternatively regulate stress 

response mechanisms, although the exact nature and impact of this was not clear. However, it is 

clear the conditions in this experiment ultimately failed to generate distinct oxygen limitation 

specific mutations. This suggests that E. coli may have an “adaptive repertoire” of  genes or 

genetic regions that are commonly mutated to invoke certain phenotypic changes, although a 

significant amount of follow-up work would be required to show this more clearly. Finally, this 

work demonstrates the importance of strain and growth condition considerations in microbial 

evolution. Of the three other E. coli anaerobic or oxygen-limited ALEs, only rpoB, in a single 

https://paperpile.com/c/Wf4fT0/aQ9l
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W3110 strain, was found to be mutated in common with the populations here (Finn et al., 2017; 

Puentes-Téllez et al., 2013; Wang et al., 2019). This is almost certainly due to the differences in 

media, starting strain, or oxygenation levels. Some of these experiments used rich media 

(Puentes-Téllez et al., 2013), and they all used different starting strains, including one that had 

previously been evolved for 10,000 generations aerobically (Finn et al., 2017). In this case, 

keeping a consistent starting strain and media among the various experiments made it easier to 

interpret the function of mutations, and this should be considered in future evolution 

experiments. This also provides evidence for the value of ALE in industrial strain engineering, as 

computationally predicting the varied differences in adaptive responses among these experiments 

would likely be difficult. 

There were a few limitations to this work. Although the automated filtration device was 

able to detect elucidate differences between strains, it was only able to do so for the hns/tdk 

intergenic mutation which  had a large apparent aerobic fitness impact. This is partially due to 

these mutations being in a variety of genotypic backgrounds containing various key and non-key 

mutations. Adding these mutations stepwise into the wild-type strain would alleviate this. 

Additionally, some of the mutations may cause distinct RNA expression level changes, despite 

not strongly altering the growth rate or exo-metabolomics. These could be easily explored by 

taking transcriptomics measurements, and this would add more detailed evidence for the 

genotype to phenotype relationships observed here. Finally, it is possible that the adaptive 

similarities to the aerobic evolutions are caused by the oxygen limitation not being severe 

enough. Although mixed acid fermentation occurred, oxygen levels in Fig. 4 were observed to 

not run out until the mid-log phase. Although significant methodology changes would be 

required, rerunning this ALE under fully anaerobic conditions may yield differing results. 

https://paperpile.com/c/Wf4fT0/q1gC+oGSy+3RtC
https://paperpile.com/c/Wf4fT0/q1gC+oGSy+3RtC
https://paperpile.com/c/Wf4fT0/oGSy
https://paperpile.com/c/Wf4fT0/q1gC
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Despite this, the experiments presented here still provide interesting insight into the response of 

MG1655 to partial oxygen limitation. 

Sections 2 and 3 are, in part, co-authored/unpublished material. Olson, Connor A.; 

Sandberg, Troy E.; Mohamed, Elsayed T.; Radi, Mohammad; Lacroix, Ryan A.; Feist, Adam M.; 

Palsson, Bernhard. The thesis author was the primary investigator and author of this material.  
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4. Materials and Methods 

4.1. Culturing Conditions and Adaptive Laboratory Evolution 

Aerobic liquid cultures were grown in 35 mL volume culture tubes with a working 

volume of 15 mL and were continuously stirred at 1100 rpm to maximize aeration. Oxygen-

limited cultures were grown in the same culture tubes, but with a working volume of 30 mL. 

Additionally, the stirring rate was maintained at 300 rpm, the lowest rate that still resulted in the 

culture being uniformly mixed. Unless otherwise mentioned, no method was employed to reduce 

the initial oxygen levels in the cultures, and the caps of the culturing tubes permitted gas 

exchange. Under both conditions, cultures were maintained at 37°C.  

All cultures were grown with glucose supplemented M9 minimal media, which consisted 

of 4 g/L D-(+)-Glucose, 0.1 mM CaCl2, 2 mM MgSO4, 1x trace elements solution, and 1x M9 

salts solution. The trace elements were prepared as a 4000x solution consisting of 27 g/L 

FeCl3•6H2O, 1.3 g/L anhydrous ZnCl2, 2 g/L CoCl2•6H2O, 2 g/L Na2MoO4•2H2O, 0.75g/L 

anhydrous CaCl2, 0.91 g/L CuCl2•2H2O, and 0.5 g/L H3BO3, dissolved to the final volume in a 

mixture containing 10% by volume concentrated HCl and the remainder Milli-Q water (EMD 

Millipore, Burlington MA). M9 salt solution was prepared as a 10x mixture consisting of 68 g/L 

anhydrous Na2HPO4, 30 g/L KH2PO4, 5 g/L NaCl, and 10 g/L NH4Cl dissolved in Milli-Q water. 

All stock solutions and the final medium were well mixed and sterile filtered through a 0.22 µm 

PVDF membrane.      

Cultures for adaptive laboratory evolution were started by inoculating from independent 

E. coli K-12 MG1655 (ATCC:47076) colonies on LB agar plates. The cultures were grown on an 

automated platform used in previous evolution experiments (Sandberg et al., 2016), which 

maintained the cultures in continuous exponential growth. This was accomplished by 

https://paperpile.com/c/Wf4fT0/npK4
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periodically measuring the 600-nanometer optical density (OD600) of each culture and passing 

0.5% (150 µL) to a tube containing fresh medium when the OD600 reached approximately 0.2. 

Population samples were saved on a weekly basis by mixing 800 µL from a recently completed 

tube with 800 µL of 50% glycerol and were stored at -80°C. Clones were obtained from a 

selection of these population samples by isolating colonies on LB agar plates. After overnight 

growth in liquid M9 minimal media at 37°C, clones were saved with the same method utilized 

for the population samples.  

 Growth rates were automatically fitted over the exponential growth region by linear 

regression of the natural logarithm of OD600 versus time. Growth trajectory plots were 

generated for each population by fitting a cubic, monotonically increasing spline with 3 to 8 

knots to the growth rate data. Tubes with poorly fitted growth rates were filtered out before the 

spline fitting.      

4.2. Growth Rate Characterization and Exo-metabolomics Measurements  

 Cultures for automated characterizations were started by inoculating 3mL of M9 medium 

from frozen glycerol stocks maintained at -80°C, and were aerobically grown overnight at 37°C. 

These overnight cultures were passaged at 1% by volume (150 µL or 300 µL) to new culturing 

vessels and were grown on the same automated platform used for the ALE experiment. They 

were maintained in exponential growth for two consecutive flasks (approximately 10 

generations) prior to characterization, in order to better reproduce growth rates seen during ALE 

experiments. Growth rates in ALE experiments have previously been observed to increase for the 

first few generations after exiting stationary phase (LaCroix et al., 2015; Sandberg et al., 2014), 

and this “physiological adaptation” may be related to a reduction in protein production cost 

during that time frame (Shachrai et al., 2010). During the third consecutive flask, OD600 values 

https://paperpile.com/c/Wf4fT0/SqN0+CLxS
https://paperpile.com/c/Wf4fT0/mnuw
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were measured every 45-60 minutes. If exo-metabolomics measurements were desired, culture 

aliquots were sterile filtered with compressed air through a 0.22 µm 96-well filter plate at the 

same time OD600 measurements were taken.  

 Manual characterization experiments were carried out similarly to the automated ones, 

using identical culture vessels. The cultures were also passed twice in the exponential growth 

phase before beginning the characterization. However, OD600 measurements were taken by 

hand, and exo-metabolomics samples were taken with 0.22 µm syringe filters. For 

characterizations comparing the automated and manual filtration methods, the manual cultures 

were maintained identical to the automated ones. The cells were maintained in the exponential 

growth phase for two passages in the automated device, and then were simultaneously passed to 

two culture vessels, one of which was sampled automatically and the other manually.  

Growth rates were fitted by performing linear regression on the natural log of OD600 vs. 

time during the exponential phase. Exo-metabolomic samples were run on a 1260 infinity series 

HPLC (Agilent Technologies, Santa Clara, CA) with an HPX-87H column (Bio-Rad, Hercules, 

CA), and metabolite values were quantified by comparison to calibration curves. Significant 

sample evaporation was observed in the automated sampling only, likely due to the use of 

compressed air. Metabolite values for these samples were corrected by comparing the area of the 

phosphate peak in each sample to that of unfiltered media from the same bottle used for the 

characterization. This peak was observed to not significantly change during manual growth 

experiments, and so it could be used to quantify evaporation during automated experiments. 

Uptake and secretion rates were determined by multiplying the slope from linear regression of 

metabolite concentration vs. dry cell weight concentration by the exponential growth rate, both 

fitted over the same time points. Unless otherwise stated, a minimum of 3 time points were used 
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for all fittings. Statistical analysis of characterizations was performed using the Real Statistics 

Resource pack for Microsoft Excel (Zaiontz, 2020). 

4.3. Dissolved Oxygen Measurements 

 Characterizations for dissolved oxygen measurements were started by passing 150 µL of 

a densely grown culture into two duplicate flasks, and were then grown on the automated ALE 

platform using the previously described oxygen-limited protocol. OD600 values were 

periodically sampled. Non-invasive percent dissolved oxygen measurements were taken every 15 

seconds, at approximately the middle depth of the culture media, using an oxygen sensitive 

fluorescent pad read by a laser-based oxygen meter (SP-PSt3_NAU & OXY-10, PreSens, 

Regensburg DE). For experiments starting at low-oxygen levels, culture tubes were sparged with 

nitrogen gas before passing cells. 

4.4. Whole Genome Resequencing 

For endpoint clonal samples, genomic DNA was isolated using a fungal/bacterial 

preparation kit (Zymo Research, Irvine CA) according to manufacturer instructions, and a 

Nanodrop 1000 (Thermo Fisher Scientific, Waltham MA) was used to check DNA purity and 

concentration. DNA sequencing libraries were prepared using a Kapa Hyperplus Kit (Roche, 

Basel, CH) following the manufacturer’s protocol, with 100 ng of genomic DNA as an initial 

input. The library concentration was quantified with a Qubit assay (Thermo Fisher Scientific, 

Waltham MA), and the size distribution was checked on a TapeStation system (Agilent 

Technologies, Santa Clara, CA). Pooled libraries were run on a MiSeq instrument (Illumina, San 

Diego, CA), in a paired-end format with 300 bp read lengths. 

Midpoint clonal DNA sequencing libraries were also prepared using a Kapa Hyperplus 

kit, with 5 ng of genomic DNA as an initial input. The manufacturer’s protocol was modified for 

https://paperpile.com/c/Wf4fT0/5CaZ
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use on an Echo 550 acoustic liquid handling robot (Labcyte Inc., San Jose, CA) and a Mosquito 

liquid-handling robot (SPT Labtech, Boston, MA). Sequencing adapters were based on a 

previous protocol(Glenn et al., 2019), and the initial genomic DNA was extracted with a 

KingFisher Flex Purification device (Thermo Fisher Scientific, Waltham, MA). Pooled libraries 

were sequenced on a HiSeq 4000 instrument (Illumina, San Diego, CA).     

 In both cases, mutations were identified using breseq v0.33.1(Deatherage & Barrick, 

2014), utilizing wild-type E. coli K-12 MG1655 as the reference sequence (NCBI Reference 

NC_000913.3). A full list of all identified mutations is included in the supplemental material, 

and is also publicly available at aledb.org (Phaneuf et al., 2019). Visualization of RNA 

polymerase mutations was performed by highlighting mutated residues on an E. coli K-12 

MG1655 core enzyme model (PDB ID: 3LU0)(Opalka et al., 2010) using the NGLview package 

for Python 3(Nguyen et al., 2018).  
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