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Controlled Continuous Evolution of Enzymatic Activity Screened at
Ultrahigh Throughput Using Drop-Based Microfluidics
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Abstract: Enzymes are highly specific catalysts deliver-
ing improved drugs and greener industrial processes.
Naturally occurring enzymes must typically be optimized
which is often accomplished through directed evolution;
however, this is still a labor- and capital-intensive
process, due in part to multiple molecular biology steps
including DNA extraction, in vitro library generation,
transformation, and limited screening throughput. We
present an effective and broadly applicable continuous
evolution platform that enables controlled exploration
of fitness landscape to evolve enzymes at ultrahigh
throughput based on direct measurement of enzymatic
activity. This drop-based microfluidics platform cycles
cells between growth and mutagenesis followed by
screening with minimal human intervention, relying on
the nCas9 chimera with mutagenesis polymerase to
produce in vivo gene diversification using sgRNAs tiled
along the gene. We evolve alditol oxidase to change its
substrate specificity towards glycerol, turning a waste
product into a valuable feedstock. We identify a variant
with a 10.5-fold catalytic efficiency.

Introduction

Enzyme-catalyzed transformations are applied in a diverse
range of fields, including drug synthesis, household products
and research and industrial processes.[1] Enzymes can be
designed to convert waste products into valuable materials
or help degrade waste that is not otherwise biodegradable,

making them very environmentally friendly. Enzymatic
catalysis is highly specific and efficient yet can operate with
very high turnover while still under mild conditions without
using toxic materials of any sort. Typically, enzymes found
in nature require adaptations to function optimally in a
specific application. Enzyme activity can be optimized
through fully guided methods like rational computational
design or through trial-and-error-based methods like di-
rected evolution.[1a] Despite the great strides made in ration-
al design-based methods, they are still too complex to be
applicable in many cases. Instead, directed evolution
remains a powerful and widely used technique to optimize
enzymes for tailored applications. It entails generating
genetic diversity and selection of variants with desired
phenotype.[2] Typical directed evolution Schemes comprise
multiple rounds, with each round requiring several steps
including DNA extraction, in vitro library generation, trans-
formation, and screening.[3] Such screening for enzyme
variants of higher activity can be done at a very high
throughput using droplet microfluidics, where the enzymatic
activity of a single bacterial or yeast cell can be measured at
throughputs of more than 107 variants per day, yielding
significantly improved variants.[4]

Despite the success of directed evolution, it is, however,
still a labor- and capital-intensive process.[1c] Converting this
labor-intensive, stepwise process of directed evolution into a
more streamlined and continuous process would make it
much more broadly applicable. To achieve such continuous
evolution, both gene diversification and selection or screen-
ing must occur in an autonomous fashion.[3b] One method to
select for enzymatic activity with minimal user input is by
creating conditions under which the target enzyme catalyzes
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a rate-limiting conversion for cellular growth.[5] Growth-
based selection makes faster growth a proxy for higher
enzymatic activity. While this approach enables high screen-
ing throughput, it often requires intricate genetic designs to
couple cellular or viral growth to the trait to be evolved.
Instead, directly assaying enzymatic activity is desired in
most cases.[6] Many approaches exist to directly assay
enzymatic activity; however, they often rely on cell lysis and
measuring enzymatic activity in lysate or purified protein.
Cell lysis, however, is incompatible with a continuous
process. To overcome this limitation, the target enzyme
must be either secreted or displayed on the cell surface.[7]

Another crucial part of directed evolution is gene
diversification. Ideally, only the target sequence is mutated,
minimizing the chance that off-target mutations give rise to
the selected phenotype without improving the desired
phenotype. Off-target mutations in the promoter region can,
for example, increase the expression levels instead of the
enzymatic activity.[8] Such mutations give rise to increased
enzymatic turnover, which is the selected phenotype, with-
out improving enzymatic activity, which is the desired
phenotype. These effects can lead to false positives and false
negatives in the selection process. In addition, introducing
targeted mutations increases the throughput of screening
schemes by orders of magnitude because no screening
capacity is wasted on off-target mutations. In vivo gene
diversification can generate genetic diversity without the
need for ex vivo molecular biology steps; instead, it relies on
DNA modifying enzymes expressed in the cell. It has been
shown that nCas9 can be used as a targeted gene
diversification tool, however, it has not been applied to
evolving traits, such as enzymatic activity, unrelated to cell
growth.[3b,9] Development of a method for continuous
directed evolution which does not require complex molec-
ular biology and can screen directly for enzymatic activity at
high throughput would greatly simplify directed evolution
workflows and significantly improve our ability to tailor
enzyme activity for specific applications.
In this paper, we develop a continuous evolution plat-

form to evolve enzymes at ultrahigh throughput based on a
direct measurement of enzymatic activity. We study the
sugar oxidizing enzyme, alditol oxidase from Streptomyces
coelicolor, and change its substrate specificity towards
glycerol, changing a waste product into glycerate, a valuable
feedstock.[10] Genetic diversity is generated with the combi-
nation of improved versions of the nCas9 based EvolvR in
vivo gene diversification system and single-guide RNAs
(sgRNAs) tiled along the full length of the gene.[9] From the
generated genetic diversity, we sort the cells expressing
variants with the highest enzymatic activity each round. We
use a single microfluidic chip that mixes cells with reagents,
incubates the cells for the duration of the reaction, and sorts
the best variants. This system enables continuous passage of
cells between single-cell in-droplet screening, and growth
and diversification, with minimal intervention. We achieve a
screening throughput of >2×106 variants per day and can
run the continuous evolution over multiple days, providing
an efficient means of identifying improved variants with a
single mutation. Seeding the continuous evolution platform

with hits identified in this initial screen yields multiple
variants with significantly improved activity through addi-
tional mutations. We exploit this system to isolate rare
mutations which greatly improve the oxidation of glycerol
with molecular oxygen catalyzed by alditol oxidase.

Results and Discussion

Sugar oxidizing enzymes are used in applications ranging
from drug delivery to blood glucose detection.[11] Many
applications require tailoring the substrate specificity to the
specific application. Here we develop and apply an efficient
continuous evolution platform to change the substrate
specificity of alditol oxidase from Streptomyces coelicolor
towards glycerol, producing an alternative to the chemical
oxidation, turning a waste product into a valuable feedstock,
glycerate.[10] To develop an effective and efficient continuous
evolution platform, we combine a system that introduces
mutations in a targeted fashion into the gene of interest in
vivo with a comprehensive microfluidic device that encapsu-
lates single cells in droplets, adds substrate, incubates for a
controlled period, and sorts cells, based on enzymatic
activity, directly into fresh growth medium enabling further
diversification. To generate genetic diversity, we introduce a
mutagenic polymerase. To introduce mutations more effec-
tively, we use a fusion of a nicking CAS9 (nCas9) to a
mutagenic polymerase (nCas9-PolI) enabling us to target
the mutations through the introduction of a single guide
RNA (sgNRA), see Figure 1A.[9] To assay enzymatic
activity, we use an ice-nucleation-protein (INP) based
enzyme display system, from Pseudomonas syringae, which
is transported to the outside of the cell, allowing contact
with the substrate, see Figure 1B.[7,12] Enzymatic activity is
determined from the fluorescence level detected using a
photomultiplier tube, enabling screening of drops above a
threshold fluorescence level. To operate the continuous
evolution, we use a lab-on-a-chip system that automates cell
encapsulation, incubation, and screening.
Generating genetic diversity with nCas9-PolI requires

adding a sgRNA to the plasmid to target the mutations to a
specific DNA sequence. To initialize diversification, plas-
mids containing the nCas9-PolI with a sgRNA and the target
gene are co-transformed into E. coli. With both the muta-
genesis system and target gene present, mutations accumu-
late in the target gene during growth. To measure the
mutation rate under different conditions, we use a green
fluorescent protein (GFP) with an early stop codon, and a
sgRNA targeting the nCas9-PolI to the stop codon. The
mutation rate can be estimated by measuring the fraction of
cells that gain fluorescence with a flow cytometer 24 hours
after co-transforming the GFP and mutagenesis constructs.
With the initial mutagenesis conditions, about 0.03% of cells
contain a mutation after 24 hours.[9] To avoid screening
unmutated sequences, we optimize the mutagenesis system
by varying the temperature since lower temperatures
increase the binding affinity of DNA polymerase I to
DNA.[13] Therefore, we reason that a lower temperature
might have a positive impact on the window of mutagenesis
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downstream of the sgRNA binding site. Consistent with our
expectations, reducing the growth temperature from 37 °C to
28 °C increases the fraction of fluorescent cells after 24 hours
more than 30-fold, from 0.03 to roughly 1% (Figure S1).
Initial experiments show that inducing the expression of
nCas9-PolI with anhydrotetracycline led to lower mutation
rates, suggesting that lower expression could improve
mutation rates. Thus, to further optimize the system, we
lower the expression of nCas9-PolI by using different
promotors (Table S1) that affect the mutation rate, the
mutation window, and the growth speed to varying
degrees.[14] The doubling time of E. coli containing different
promoter constructs varies from 1.3 hours to 2.8 hours at
28 °C, while the mutation rate, as measured by the fraction
of GFP positive cells, varies from 0.0 to 6.3%, with no
apparent correlation between growth and mutation rates
(Figure S2–6). We, therefore, use all promoters and PolI

constructs which show a GFP positive cell fraction of >1%
after 24 h.
To screen beneficial mutations in AldO, we establish a

fluorescence-based activity assay. In the assay, AldO is
expressed tethered to E. coli by an INP and converts the
substrate glycerol with molecular oxygen to glycerate and
hydrogen peroxide. The hydrogen peroxide that is generated
is then converted to a fluorescence signal by the horseradish
peroxidase mediated conversion of Amplex™ UltraRed into
a fluorescent product. We measure activity with and without
expression inducer, arabinose, for both wild-type AldO and
inactivated variant, AldO G43D. We detect increase in
fluorescent signal only for the wild-type AldO in presence of
inducer, confirming that signal is a result of enzyme activity
(Figure 1C). The accumulated fluorescent product is quanti-
fied on a single-cell level by a custom microscope setup with
a 543 nm excitation laser thereby stratifying cells based on
their enzymatic activity (Figure 1D).

Figure 1. Activity-based continuous evolution platform. A) Overview of the in vivo genetic diversification construct. A nicking CAS9 makes a single-
strand break in the template DNA and a mutagenic PolI extends the nicked strand, generating genetic diversity in the downstream sequence. B)
Multiple constructs with tiled sgRNAs are transformed to ensure mutations occur along the target gene. C) AldO tethered to the cell’s surface with
ice nucleation protein is active and only expressed in the presence of the inducer, arabinose. AldO G43D is an inactivated mutant. D) Schematic
overview of the continuous evolution platform. Single cells are encapsulated in �5 pL aqueous drops containing assay reagents, followed by an
on-chip incubation for about 15 minutes. After the incubation step, drops containing cells with active alditol oxidase will be fluorescent. The AldO
oxidizes glycerol with molecular oxygen, forming glyceraldehyde and H2O2, which is a co-substrate in the horseradish catalyzed oxidation of Amplex
UltraRed™ into a fluorescent product. The fluorescent signal of each drop is proportional to the amount of glycerol oxidized by the AldO displayed
on the cell’s surface. Drops with a fluorescent signal above the set threshold, are merged with a stream of growth medium and the recovered cells
are grown for �20 h, before being subjected to another round of selection.
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The assay is used in a custom lab-on-a-chip microfluidic
device that is operated under steady-state conditions to
screen for the best performing AldO variants. During the
operation of the device, drop making, incubation, and
sorting occur at the same frequency, ensuring consistency in
the incubation time and allowing the chip to operate
continuously. At the drop-making junction, AldO-express-
ing cells are mixed with assay regents and encapsulated in
monodisperse droplets that are about 5 pL in volume (Fig-
ure S7). The drops produced flow into the incubation line
where the reaction takes place, generating a fluorescence
signal proportional to the enzymatic activity. The sorting
module at the end of the incubation line merges those drops
that are above a fluorescence threshold directly with PBS
solution in an adjacent channel, allowing the system to be
operated continuously. The system is operated at a cell
loading of around 1 cell per 12 drops, reducing the
frequency of double-loaded drops to below 1 per 300 drops.
The chip operates at 1500–1800 dropss� 1, thus probing �5×
105 cellsh� 1. The measured sorting enrichment is >98%. A
typical experiment is run for 3 to 4 hours and screens about
2×106 cells. Screening at the single-cell level leads to a
weaker genotype-to-phenotype linkage because the cells are
at different growth stages and stochastic noise in gene
expression is not averaged over a population. We overcome
this limitation by screening at ultrahigh throughputs,
effectively screening the same enzyme variant across multi-
ple cells. More importantly, we run our continuous evolution
platform for multiple days; this increases the diversity while
also averaging stochastic noise over sequential rounds of
screening.
To ensure that mutations occur along the whole AldO

gene, we design eight sgRNAs with high specificity scores[15]

which are tiled along the AldO gene, about 150 base pairs
apart, as shown in Figure 1B. With this layout, the mutation
windows are spaced roughly evenly along the whole length
of the AldO gene. Continuous evolution is initiated by co-
transforming a pair of plasmids, the first containing the

nCas9-PolI construct together with one of the targeting
sgRNAs and the second containing the AldO target plasmid.
The cells are first grown for 24 hours to allow gene
diversification to occur and then screened. The top �0.5%
of best-performing cells are sorted, resulting in about 500–
5000 isolated cells (Figure 2A). The selection criterion at
this stage is not very stringent to ensure that many mutants
are selected. These selected cells are grown overnight and
subjected to another round of screening the next day where
the top 0.5% are again selected. At this point, many copies
of each of the mutants selected in the first round is screened,
thereby increasing their contribution to newly selected cells,
while, at the same time, new mutations from the second
round are also selected. This process is repeated for four
days which further enriches the most active mutants while
also selecting newly mutated variants. After the four rounds
the cells are re-transformed to prevent the accumulation of
off-target mutations that lead to excessively slow cell
growth. The whole process of continuous diversification and
selection followed by retransformation is repeated two more
times for three days each, for a total of 10 rounds. To
validate the progress of the continuous evolution, a
population of evolved AldO variants after five days is
compared to AldO WT which is co-transformed with the
mutagenesis plasmid and grown for one day without being
subjected to screening. When passed through the continuous
evolution chip, the evolved population displays an extended
tail at the higher end of the activity distribution, compared
to the unevolved population as shown in the histogram of
detected fluorescence intensities plotted in Figure 2A.
However, the mean activity of the cell-containing drops
stays unchanged, underlining the importance of multiple
selection rounds to enrich the most active variants. On the
3rd, 5th, 7th, and 9th evolution day, the plasmid DNA is
isolated and the AldO plasmids are re-transformed into cells
in the absence of the mutagenesis plasmid and plated onto
agar. Single colonies are transferred to separate wells of a
96-well plate and clonally expanded to remove stochastic

Figure 2. Activity-based continuous evolution of Alditol oxidase. A) A representative comparison of the activity distribution of the starting
population and the activity distribution after 5 days of continuous evolution. The evolved population has many more cells at the high end of the
activity distribution. B) Validated activities of cell samples along the continuous evolution trajectory, displaying the enrichment of variants that have
increased activities compared to WT AldO.
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noise associated with single-cell assays. A fluorescence-
based validation assay is performed using a plate reader to
measure activity. The AldO variants taken further along the
continuous evolution trajectory, display an extended tail at
the higher end of the activity distribution and a larger
variance (Figure 2B), similar to the results of the assay
performed in the continuous evolution chip.
To confirm the efficiency of our continuous evolution

process, we sequence plasmids after the 3rd, 5th, 7th, and 9th

days of evolution using a Pacbio sequencer to obtain long
reads. We restrict our analysis to highly accurate plasmid
consensus sequences with the correct AldO gene length and
focus only on nucleotide substitutions. The number of WT
nucleotide sequences decreases dramatically by the 3rd day
and even more by the 5th day; thereafter, there is a slow but
steady decrease until the 9th day of continuous evolution as
shown by the blue bars in Figure 3A. However, single
nucleotide mutations can also lead to silent contributions to
the amino acid sequence, and thus the number of WT amino
acid sequences decreases slightly after the 3rd day but then
actually begins to increase by the 9th day. Accumulation of
silent mutations in WT sequence may result in higher
expression levels. Also, buy this time in selection process a
big portion of sequences are already mutated and the

mutational burden is increasing, resulting in a higher
number of inactive mutants. Nevertheless, the result is an
increase in the fraction of WT amino acid sequences, but no
WT DNA sequencies. By comparison, the number of AldO
variants with different amino acid sequences per 1000
analyzed full gene length sequences increases dramatically
on the 3rd day but then decreases significantly on the
subsequent days, as shown in Figure 3B. This reflects the
initial increase in mutations followed by the sorting of the
best variants. By the 9th day, only eight variants remain per
1000 sequences analyzed, reflecting the efficiency of the
ultrahigh-throughout droplet microfluidics-based screening
system in sorting the most active variants. Analysis of
mutation distribution after 3rd day of evolution also shows
that sgRNA guides are positioned such that mutations are
introduced throughout the entire gene sequence, with
slightly lower frequency in the beginning and the end of the
gene. However, this slight bias is very well addressed with
microfluidics-based high throughput screening (Figure S7).
To follow the continuous evolution of amino acid

sequences, we compile a table whose columns list the top 14
mutated amino acid positions, each of which is greater than
1% of the total at some point. The rows of the table list the
mutation in each position after the 3rd, 5th, 7th, and 9th day of

Figure 3. Full gene length sequencing analysis of AldO through continuous evolution process. A) Representation of percentage of WT nucleotide
and amino acid sequences through the continuous evolution process. B) Representation of the decrease in the number of different variants,
normalized by 1000 analyzed sequences, through the continuous evolution process. C) Heatmap representation of the most abundant mutations
(appearing as at least 1% of total analyzed sequences) through the continuous evolution process. The scale from white to dark blue indicates an
increase in the number of gene copies containing that substitution.
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evolution and screening. The color map reflects the
abundance of the mutation with darker colors representing
more mutations. Beneficial mutations appear immediately
upon the first diversification step, followed by their enrich-
ment during the subsequent screening and their substitution
with more active variants later in the process, as shown in
Figure 3C. One of the most abundant mutations in the early
stages of continuous evolution is F274Y which is represented
as 2.50% of all sequences after the 3rd day and is enriched to
4.92% after the 5th day; however, the appearance of more
beneficial mutations ultimately reduces the representation
of F274Y to 0.46% after the 7th day. Another variant,
F278 C, is only 0.04% of total analyzed sequences after the
3rd day but is enriched to 11.41% after the 9th day. This same
enrichment process is observed for another variant, V147 A,
which first appears after the 5th day and rises to 9.59% of all
analyzed sequences after the 9th day.
To further characterize the most enriched variants we

express them, as well as WT AldO and previously reported
variant V125M V133M A244T G399R (M1) (17) in soluble
form and purify them using a NiNTA matrix (Figure S12).
We measure steady-state kinetic parameters for glycerol as a
substrate using ABTS-HRP coupled assay. The most
significant improvement in both catalytic parameters is
observed for F278 C variant where 1.8-fold improvement in
kcat and 5.8-fold decrease in KM value result in 10.5-fold
higher specificity constant for glycerol as a substrate when
compared with WT enzyme. We report two additional
variants with improved specificity for a glycerol as a
substrate: A74T and V147 A. These variants exhibit 2.55
and 1.96-fold improvement in specificity constants (Table 1).
Two significantly enriched variants: F274 C and A74T
F274 C could not be expressed in soluble form. This
presumably reflects the difference between the surface
displayed state, which is the basis for the selection and the
intracellular expression.
In this study, we develop and implement a continuous

evolution platform that enables controlled exploration of
fitness landscape to evolve enzymes at ultrahigh throughput
based on direct measurement of enzymatic activity. The
mutation rate of the continuous evolution process is very
low compared to the more commonly used error prone PCR
workflow; it is still 5–6 times higher than background level.
We set the mutational burden of the dCAS9-PolI construct
at 10� 4 mutationsbase pair� 1 generation� 1. However, because
the process is continuous, the cells undergo many divisions
thereby increasing the overall mutational burden consider-
ably. Moreover, each mutation is most likely a single

mutation, which has the highest probability of yielding a
beneficial result. Studies on TEM-1 beta-lactamase estimate
that 7% of single mutations are beneficial whereas only
0.07% of double mutations are beneficial.[16] By comparison,
mutations generated by error-prone processes follow Pois-
son statistics and only the average mutation rate can be
influenced experimentally.[17] To ensure that the majority of
mutations are single mutations yielding the highest like-
lihood of beneficial results requires a low average mutations
rate and hence most genes are unmutated. If instead the
mutational burden is increased, most variants have multiple
mutations and are mostly less active or completely inactive
compared to the starting point. Thus, the continuous
evolution process, is in fact, an efficient way of generating
beneficial variants consisting of a single mutation. By
converting the directed evolution process from stepwise to
continuous, we can easily cycle cells many times between
diversification and screening without the necessity of
developing selection-based assays. The many cycles allow
for a gradual exploration of the fitness landscape, albeit only
in the vicinity of the seeded sequence(s).
As the continuous evolution proceeds the population is

increasingly shifted to improved variants raising the average
activity level; as a result only variants with increasing activity
will be selected as the evolution proceeds. For example, one
variant that appears very early in continuous evolution
F274Y initially becomes more prevalent in first few rounds,
but ultimately does not persist as the evolution proceeds.
This is because catalytic efficiency is not significantly greater
than the WT are ultimately reduced as variants that are
significantly improved, such as F278C, begin to dominate
the population. Thus, this leads to an efficient way of
exploring the space of variants with single mutations.
To explore a larger region of the fitness landscape and to

obtain even better performance requires variants with multi-
ple mutations. The continuous evolution process is more
efficient in exploring variants with a single mutation,
although some variants with two mutations do appear, such
as A74T F274C. To increase the likelihood of obtaining
variants with the second mutation using continuous evolu-
tion, we use a purifying selection to remove all contributions
from the WT to the screen, thereby eliminating the silent
mutations that become dominant. Instead, we choose four
initial variants that each have one mutation, enabling the
dCAS9-PolI to add a second mutation in a controlled
manner. After three rounds following the purifying selec-
tion, we do find a variant the has an additional mutation,
but its activity is only improved when is displayed on the cell

Table 1: Steady-state kinetics parameters for AldO WT and selected variants.

Variant kcat [10
3 s� 1] KM [mM] kcat/KM [104 s� 1M� 1] Improvement [fold]

WT 4.29 288.3 1.49 1
F278C 7.81 49.95 15.64 10.5
A74T 6.80 178.7 3.81 2.55
V147A 6.41 219.7 2.92 1.96
F274Y 3.90 266.3 1.44 0.97
V125M, V133M, A244T, G399R (M1) 2.24 72.91 3.073 2.1

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202303112 (6 of 8) © 2023 Wiley-VCH GmbH

 15213773, 2023, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202303112 by H

arvard U
niversity, W

iley O
nline L

ibrary on [04/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



surface, but not when it is expressed as a soluble protein.
Additional rounds of continuous evolution may lead to
variants with improved activity that can be translated to a
soluble enzyme.
Nevertheless, this continuous evolution process provides

an efficient method to explore the fitness landscape in a
controlled manner.[18] Moreover, this continuous evolution
method with our microfluidics platform enables a very large
number of cells to be screened without the need for in vitro
molecular biology steps. We are able to identify a variant
that is 10.5 times more catalytically efficient than the WT.
The best variant we find is AldO F278 C. By cycling cells

between screening, growth, and mutagenesis, we mimic
natural evolution but at a pace that is orders of magnitude
faster, yielding a 10.5-fold improved AldO variant within
days. By contrast, screening for the same improvement in
glycerol oxidation rate by AldO using traditional multi-step
error-prone PCR and combinatorial mutagenesis resulted in
only a 2.4-fold improvement (Table 1).[10] These results
highlight the power of the ultrahigh-throughput continuous
evolution approach introduced here to identify beneficial
mutations. Importantly, the result of our study is not just a
more active AldO variant, but a highly efficient E. coli-
based whole-cell biocatalyst suitable for direct biotechno-
logical applications.[7,12]

In this work, we demonstrate the power of activity-
based, continuous evolution to improve enzymatic activity
towards alternative substrates. Using current setup, accumu-
lation of off-target mutations in E. coli cells over the time
leads to slower cell growth. We overcome this issue by
isolating plasmids 3 times during evolution process and
transforming fresh cells. This could also be addressed by
using engineered E. coli cells with reduced and stabilized
genome and removed genes for stress-induced diversity
generated DNA polymerases, resulting in lower mutation
rates.[19] It would also be of interest to investigate how
quickly different enzyme variants can be adapted to new
selection pressures. In addition, to achieve further improve-
ments of the variants, the purifying selection could be
applied multiple times, until the desired activity or a physical
constraint is reached. In an industrial setting, the continuous
evolution method could be seeded with multiple enzyme
variants which occur in nature as input. By choosing more
diverse input sequences, no variant will be too dominant in
the higher end of the activity distribution. The continuous
evolution platform enables these questions to be addressed
at a throughput not possible thus far. In addition, applying
eight separate sgRNAs allows targeting of the full AldO
gene; however, it would also be possible to use our strategy
to identify selected regions of the gene sequence that are
important for increased activity toward the desired substrate
and start a new continuous evolution process with only
sgRNAs targeting these regions. Also, to achieve higher
mutation rates with multiple mutations throughout the
whole gene without the need for re-transformation of cells
with new sgRNA all sgRNA-coding genes could be ex-
pressed from the same plasmid in the same cell. Although,
the nCas9-EvolvR in vivo gene diversification system can be
uncoupled from microfluidics, low mutation rates in absence

of a high throughput screening platform would result mostly
in measurements of WT enzyme variants or would require
development of complex selection-based assays where the
actual activity of the enzyme cannot be measured but only
assessed as a function of cell survival or death.

Conclusion

We demonstrate a novel continuous evolution platform for
improvement of enzymatic activity that functions at ultra-
high throughput. Using a combination of cell surface display,
nCas9-mutagenic polymerase and drop microfluidics-based
cell sorting we change specificity of alditol oxidase towards
glycerol, converting a waste product into a valuable feed-
stock. Demonstrated platform enables controlled explora-
tion of enzyme fitness landscape and results in a variant with
over 10-fold higher than WT catalytic efficiency after only
10 days of evolution, with minimal human input. Developed
methodology enables both full gene-length and targeted
mutagenesis and is easily translatable to many industrially
important enzymes.
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