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Evolution occurs when selective pressures from the environment shape inherited variation over time. Within the laboratory,
evolution is commonly used to engineer proteins and RNA, but experimental constraints have limited the ability to reproduc-
ibly and reliably explore factors such as population diversity, the timing of environmental changes and chance on outcomes.
We developed a robotic system termed phage- and robotics-assisted near-continuous evolution (PRANCE) to comprehensively
explore biomolecular evolution by performing phage-assisted continuous evolution in high-throughput. PRANCE implements
an automated feedback control system that adjusts the stringency of selection in response to real-time measurements of each
molecular activity. In evolving three distinct types of biomolecule, we find that evolution is reproducibly altered by both ran-
dom chance and the historical pattern of environmental changes. This work improves the reliability of protein engineering and

enables the systematic analysis of the historical, environmental and random factors governing biomolecular evolution.

tory and the environment on evolutionary outcomes. The

long-term evolution experiment set the gold standard for
characterizing genomic evolution at scale: tracking 12 separate
Escherichia coli populations over 65,000 generations'?. However, it
has proven difficult to gather datasets of similar scope for the evolu-
tion of individual biomolecules. Laboratory protein evolution tra-
ditionally uses discrete rounds of targeted in vitro mutagenesis and
selection®, sacrificing throughput, replicates and trajectory length in
favor of restricting mutations to a single gene or pathway within an
otherwise fixed environment. High-throughput molecular evolu-
tion methods are needed to quantify the effects of history and envi-
ronmental selection pressures on single-gene evolution’ and enable
more robust biomolecular engineering.

Continuous directed evolution methods accelerate the process of
diversification and selection by coupling gene function to the fitness
of a rapidly replicating organism, such as a bacteriophage®, mam-
malian virus®” or a yeast plasmid®’. The power of these techniques
comes from the ability to rapidly cycle through dozens of genera-
tions, and they have been used to quantify mutation rate'’, track
evolution pathways®'' and rapidly engineer diverse proteins includ-
ing highly specific nanobodies’ and improved CRISPR effectors'”.
While valuable additions to the biomolecule evolution toolkit'*-**,
these experiments are laborious, limited by low throughput and dif-
ficult to execute with precise environmental control. Extracting fun-
damental insights about biomolecular evolution and systematically
producing evolved biomolecules with desired activities requires
comprehensively sampling the parameters known to influence the
results of evolution—including the initial genotype'*~'® and the evo-
lution environment'*—in high replicate®.

We present a new approach that combines the speed of con-
tinuous evolution, precise control of the environment and the
throughput required to evolve many independent populations in
parallel. Whereas classic evolution ‘replay’ experiments” and existing

B iologists have long sought to understand the effects of his-

continuous evolution methods® evolve a single population con-
tained within a continuous-flow bioreactor (Fig. 1a), we developed
a high-throughput plate-based method and applied it to a widely
used evolution technique, phage-assisted continuous evolution
(PACE)®. In our method, evolving bacteriophage populations are
housed within 96-well plates on a high-throughput liquid-handling
system, which is controlled using Python? to achieve the same host
bacteria flow-through rates as continuous-flow bioreactors. This
system enables continuous evolution in 96-plex using commonly
available robotic equipment and open-source software®. It offers
several distinct advantages over existing methods"~"* including
scalability to hundreds of parallel populations, historical sampling
in 96-well plate format, real-time monitoring of any molecular fit-
ness output rather than just growth effects'>* and precise temporal
and chemical control of the environment. We use this platform to
identify improbable mutations in a single molecular evolution by
performing the experiment in 96-plex, and next demonstrate that
the inclusion of controls, replicates and many diverse initial geno-
types increases the likelihood of successful evolution and improves
interpretation of results. Further, miniaturization enables us to pre-
cisely fine-tune the chemical environment of each experiment using
reagent-limiting compounds®. Using real-time activity monitoring,
we implement a feedback control system in which the stringency
of the bacterial host strain is autonomously adjusted in response to
measurements of biomolecule activity, robustly producing evolved
variants by eliminating failures associated with improper selec-
tion strength. When combined with high-throughput sequencing,
we are also able to distinguish both contingent and deterministic
evolution outcomes. Finally, we present an optimized method using
limited consumables, capable of week-long multi-path experi-
ments with only once-per-day researcher intervention. Thus, the
high-throughput continuous evolution platform we describe
enables systematic exploration of the factors responsible for evolu-
tionary outcomes.
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Fig. 1| Design and validation of high-throughput evolution. a, Overview of continuous evolution. b, PRANCE method summary for up to 96 simultaneous
experiments. Movements by robotic pipette (black arrow) and plate reader interactions (red arrow) are shown. ¢, Propagation of T7 RNAP-encoding
phage on bacteria expressing plll and luxAB driven by a T7 promoter. d, Real-time monitoring of T7 RNAP-expressing phage propagation by monitoring
activity-dependent luminescence monitoring from cultures sourced either from a turbidostat (left) or from a culture stored at 4 °C (right). AU,

arbitrary units.

Results

Development of a systematic evolution platform. We began by
developing a 96-well plate-based method, wherein 500-ul cultures
of evolving M13 bacteriophage (Fig. la) are serially diluted with
fresh host bacteria twice per hour using an automated liquid handler
(Fig. 1b). To enable the pipetting speeds required to approximate
continuous flow, we developed a robotic Python interface® that pre-
cisely times the distribution of bacteria, the addition of chemical
stimuli, the sampling of populations for real-time monitoring and
historical sample preservation (Extended Data Fig. 1). Integrated
real-time measurement of luminescence, fluorescence and turbidity
enables activity-dependent fitness tracking, which we show is more
precise than monitoring turbidity alone'® (Extended Data Fig. 2),
Thus, a fluorescent or luminescent reporter can be coupled to either
the presence of phage or to the direct activity of the evolving bio-
molecule itself. We refer to this platform as PRANCE.

Each evolution round is initiated by sterilizing a bacterial cul-
ture reservoir (Extended Data Fig. 3) and adding culture to each
population (Fig. 1b and Extended Data Fig. 1b). Bacterial cultures
can be sourced from an active turbidostat or chemostat, enabling
high-volume experiments, or from preprepared bacterial stock
stored at 4 °C, enabling experiments that use many bacterial cultures
(Fig. 1b). Accessory molecules (for example, chemical mutagens,
stimuli, small molecules) are then pinned to each population, which
are monitored in real time by an integrated, automated plate reader
that measures not only the population density, but also the fluo-
rescence and luminescence of each population at discrete 30-min
intervals. Samples are preserved in 96-well format and retained for
downstream analyses such as sequencing of accumulated changes,
or in vitro and in vivo activity measurements (Fig. 1b). The system

56

also incorporates error handling, failure-mode prevention and
wireless experimenter communication, (Extended Data Fig. 4),
and is optimized for minimal human intervention (Extended Data
Fig. 1c,d). The fast iteration time of PRANCE enables dozens of
rounds of evolution per day, comparable to traditional PACE, with
the ease and throughput of a plate-based format.

We first demonstrated the real-time activity-monitoring capa-
bility by propagating M13 bacteriophage encoding T7 RNA poly-
merase (RNAP) in place of the pIII phage coat protein using host
bacteria expressing plIII and a luminescence reporter (luxAB)
under the control of a T7 promoter in 48 independent populations
(Fig. 1c). We observed T7 RNAP-dependent luminescence in all
samples in less than 4 hours from both 37 and 4 °C culture (Fig. 1d),
showing that PRANCE can reproducibly monitor real-time report-
ers of fitness.

Multiplexing identifies previously inaccessible genotypes. While
current directed evolution methods suffice when the primary goal is
to engineer a single functional protein, they are limited in their ability
to probe the randomness and reproducibility of any given biomol-
ecule evolution and characterize the ensemble of possible outcomes.
We wondered if a well-studied evolution>'*"" could provide new out-
comes if sufficiently sampled. First, to measure the stochasticity of
evolution, we evolved the T7 RNAP to initiate on the T3 promoter
and performed the evolution in 90-plex. In this experiment, host
bacteria contain an inducible mutagenesis plasmid** and an acces-
sory plasmid-containing pIII and luxAB under the control of the T3
promoter (Fig. 2a). With 500-pl populations typically harboring 10
infected cells per ml experiencing high mutagenesis, each popula-
tion should traverse single-mutation fitness valleys to explore a large
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Fig. 2 | Quantifying the stochasticity of biomolecular evolution. a, Strategy for evolving T7 RNAP to recognize the T3 promoter, in which expression of plll
is driven by the T3 promoter on an accessory plasmid and the evolving T7 RNAP is encoded on the replicating phage genome. b, Real-time luminescence
monitoring of 90 simultaneous populations with six no-phage controls. €, Histogram of times required to acquire mutations permitting the T7 RNAP to
recognize the T3 promoter, obtained from the inflection point of logistic regressions of each population (Extended Data Fig. 5, Methods and Data analysis).
Smoothed fit is calculated with a kernel density estimate (black dashed line) or logistical distribution fit (red). d, Mutations observed from 12 representative
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population are shown, filled-in boxes indicate a mutation at a given location and are colored by ‘fraction’ referring to the mutational frequency within the
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2. e, Frequency of mutations arising that exhibited evolution of early (—1o, t <22 h), mid (mean, t=24h) and late (+1c, t> 25h) time points. *** indicates

time-dependent chi-square P=0.0037.

fraction of double mutants each day*’. We inoculated 96 total pop-
ulations with or without T7 RNAP-expressing ApIII phage (with
six no-phage controls) and tracked their progress in real time with
luminescence (Fig. 2b). We found that bacteria sourced from 4°C
and mutagenized on-deck perform similarly (Extended Data Fig. 5a)
and tracked absorbance depression (Extended Data Fig. 5b). This
high-throughput exploration of the evolution of the T7 RNAP, with
>5X% more parallel populations than the largest previously reported
experiment'’, allowed us to measure the frequency and reproducibil-
ity of the emergence of different genotypes. Both novel and previously
reported mutations were observed. In addition, we quantified the
elapsed evolution times and found the distribution to be logistically
distributed (goodness of fit, CvM stat 0.017, Kolmogorov-Smirnov
test 0.046) (Fig. 2c and Extended Data Fig. 5¢,d), consistent with only
a single mutation (N748D/S or M219R) being required for improved
activity (Fig. 2d). The single M219R mutation, which exhibits
substantially delayed emergence relative to N748D (chi-square
P=0.0037) (Fig. 2e), has not been previously reported despite the
many previous iterations of the T7 RNAP evolution. This may be
partly due to N748D/S resulting from a transition mutation (A — G),
whereas M219R results from a transversion mutation (T — G), which
occurs less frequently*. Thus, systematic high-replicate evolution
allows for the extensive profiling of evolutionary reproducibility”
and enables deeper sampling of less accessible genotypes that cannot
be readily identified from a single population.

Miniaturization enables reagent-limited evolution. As traditional
PACE uses continuous flow to constantly refresh host bacteria and
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consumes large quantities of media, it has previously been infea-
sible to evolve biomolecules in environments that require small
molecules that are difficult to synthesize or are new”. PRANCE
reduces each bioreactor volume by 100-fold, thus making small
molecule-dependent environments more feasible and controllable.
To demonstrate these capabilities, we modified an established evo-
lution of the pyrrolysine aminoacyl-synthetase (PyIRS) to incorpo-
rate noncanonical amino acids (ncAAs)*, using substantially lower
quantities of ncAAs than previously reported. To enable multiplex-
ing of diverse transfer RNA (tRNA)-PyIRS pairs, we encoded a
PylRS variant and a UAG-containing tRNA™ within the M13 phage
genome and inserted a UAG amber stop codon within the pIII
phage coat protein along with a luciferase reporter expressed from
host bacteria (Fig. 3a). Thus, phage proliferation and luminescence
are both directly coupled to suppression of the UAG amber codon
via ncAA incorporation (Fig. 3b).

We used three pyrrolysine synthetases—chPylRS, an evo-
lution intermediate (chPylRS-IP)* and an evolved variant
(chPylRS-IPYE)*—and quantified their ability to incorporate
Boc-lysine as measured by ncAA-dependent kinetic luminescence
activity (Fig. 3c) and amber codon-dependent phage enrich-
ment (Fig. 3d). We then used PRANCE to evolve the PylRSs to
incorporate Boc-lysine by inoculating eight populations with
phage encoding either chPylRS and chPyIRS-IP in quadruplicate.
Aminoacyl-synthetase (AARS) evolution is prone to the emergence
of ‘cheaters) that is promiscuous charging of canonical amino acids”.
To monitor the emergence of nonspecific AARSs, we included eight
populations with phage encoding each variant but in the absence
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variant mutations in both chPyIRS and chPyIRS-IP at incorporating Boc-lysine into an inducible TAG-luxAB reporter, compared to no-ncAA and no-IPTG
controls. Data are presented as mean values +s.e.m. for n=8 biologically independent samples.

of ncAAs; phage propagation under these conditions would indi-
cate the evolution of nonspecific charging of canonical amino acids.
Together, we monitored luminescence and absorbance across a total
of 24 populations over 36h of evolution. We observed propagation
of both chPylRS- and chPylRS-IP-encoding phage in the presence
of Boc-lysine (Fig. 3e), and identified novel genotypes with previ-
ously unidentified mutations (Fig. 3f,g). The lack of luminescence
in the absence of ncAA indicates that cheater AARSs are unlikely
to emerge under the evolution conditions used (Fig. 3¢). Thus, the
inclusion of control populations—typically neglected in directed
evolution experiments due to throughput limitations—enabled the
extraction of additional information previously unobtainable. This
capability can be used to determine whether or not negative selec-
tion against promiscuous activity” is necessary. Additionally, the
automated addition of Boc-lysine to 12 evolving populations over
36h of PRANCE consumed less than 100mg of total compound,
nearly ten times less than what would have been required for a sin-
gle population within a bioreactor. Given this substantial reduction
in reagents, PRANCE enables multiplexed and well-controlled evo-
lution experiments with fine control over the chemical environment
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using molecules that are too expensive (for example, 4-azido-Phe,
$2,500 per gram®) or rare (for example, pyrrolysine®) to be used
with traditional continuous-flow bioreactors.

Simultaneous evolution of dozens of biomolecules. Previously,
we used PACE to evolve tRNAs™ capable of decoding quadruplet
codons’** toward the goal of engineering a four-base codon trans-
lation system™**. To evolve new quadruplet tRNAs (qtRNAs), we
inserted a quadruplet codon (AGGG) into pIII and generated a
variety of qtRNA-encoding, pIlI-deficient phage (Fig. 4a). In the
absence of a functional qtRNA, the quadruplet codon generates
a frameshift, truncating pIIl and precluding phage propagation
(Fig. 4b). The success of qtRNA evolution can depend on which tRNA
paralog is used to initiate evolution, highlighting the importance of
studying a variety of starting genotypes. Here, we used PRANCE
to simultaneously identify many functional qtRNAs by subject-
ing a full set of 20 different paralogs to evolution within a single
experiment. We first replicated the evolution of six TAGA-decoding
qtRNAs, and observed similar genotypes as previously described®
(Extended Data Fig. 6). Next, we initiated PRANCE by seeding 48
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plll-2x). f, The transfer function that determines the efficiency of phage propagation as a function of biomolecule activity for each AP, measured using
phage-bearing qtRNAs at different starting activities (Phe, His, Ser, Arg). Starting activity is quantified as percentage of WT, or the luminescence generated
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stringency of the environment. i, Real-time luminescence measurements of evolving qgtRNAs with feedback-controlled selection stringency intervals.

populations in an optimized configuration (Extended Data Fig. 7)
with phage encoding 20 different qtRNA paralogs corresponding
to every canonical amino acid containing a library of randomized
anticodons (NNNN) (20 populations); phage encoding eight dif-
ferent qtRNA paralogs (Ala, Glu, Gly, His, Arg, Ser, Thr and Trp)
each with directed AGGG frameshift anticodons (24 populations)
or no-phage controls (four populations).

We then tracked luminescence of all 48 populations over 36h
and found that phage encoding Gly, His, Ser, Arg, Thr and Trp
qtRNA paralogs successfully decoded quadruplet codons (Extended
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Data Fig. 6e). Indeed, when subcloned, several of the isolated
qtRNAs exhibited improved activity (Fig. 4c,d), although further
characterization would be required to determine the amino acid
identity of the evolved qtRNAs*. These results are consistent with
the observation that only some tRNAs are capable of improvements
to this biomolecular activity, highlighting the importance of gen-
otype diversification in the success of evolution. Notably, a single
PRANCE experiment evolved multiple AGGG-decoding qtRNAs,
which would have previously required dozens of individual PACE
experiments.
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Feedback evolution of activity-diverse biomolecules. Although
we successfully identified AGGG-decoding qtRNAs with improved
activity, we also observed a high failure rate. Many of the qtRNAs
with low initial activity (Ala, Cys, Asp, Phe and so on) never evolved,
but rather experienced an experimental failure mode referred to as
‘washout’ in which the effective population size decreases to zero
(Extended Data Fig. 6e). Additionally, we observed that qtRNAs
with high initial activity (Arg, Trp) maintained population size and
triggered luminescence but did not acquire mutations. These results
indicate that selection was too stringent in some cases and too
lenient in others—both common directed evolution failure modes.
We hypothesized that the ability to dynamically tune selection
stringency in accordance with population fitness would improve
the likelihood of successfully evolving biomolecules from diverse
starting points, by both reducing the possibility of phage washout
and maintaining selection pressure on high-activity variants. To
improve likelihood of evolution success, we developed a feedback
control system*>*® that adjusts the stringency of selection by modi-
fying the host bacterial strain in response to a real-time analysis of
molecular activity-dependent luminescence. As a model system, we
selected four qtRNA paralogs (Phe, His, Ser and Arg) that decode
the TAGA quadruplet codon, are known to have improved variants
and differ greatly in initial activity. We sought to use feedback con-
trol to evolve all four qtRNAs in a single experiment.

First, we characterized three bacterial APs that confer different
levels of selection pressure. The most ‘lenient’ of these APs encodes
T7 RNAP containing two quadruplet codons, with the T7 promoter
driving production of pIII and luxAB (Fig. 4e). We also character-
ized more stringent APs containing either one (moderate) or two
(stringent) quadruplet codons directly in pIII (Fig. 4e) and found
that these APs adequately cover phage enrichment space (Fig. 4f).
We next evolved these qtRNAs on each of the three individual bac-
terial sources separately, under static selection. The variant with
the highest initial activity, qtRNA*%,, .., only evolves under high
selection pressure. Conversely, under lenient pressure all phage
propagate, but only the qtRNAs with the lowest initial activity expe-
rience selection and acquire mutations (Fig. 4g). None of the three
levels of stringencies could evolve all four qtRNAs. To customize
selection pressure, we implemented automated feedback control
in which the bacterial source of each population is adjusted in
response to real-time measurements of fitness as measured by lumi-
nescence (Fig. 4h and Methods). This strategy successfully propa-
gated phage populations encoding all four qtRNAs to the end of
the 36-hour experiment (Fig. 4i). Additionally, by measuring clonal
variant activity from each of the eight feedback-controlled popula-
tions using a luciferase reporter, we found that all eight populations
had evolved qtRNA variants with improved translation efficiency
(Fig. 5a). Thus, feedback control avoided phage washout in all cases
while simultaneously exposing high-activity qtRNAs to more chal-
lenging evolution environments, in a short time window, without
researcher intervention. These results demonstrate that feedback
control is more robust and less failure prone, enabling the evolution
of biomolecules with diverse activities.

Evolution outcomes are determined by temporal dynamics. It
is well established that selection stringency can affect the trajec-
tory of evolution'®”, but the importance of the timing of those
changes has remained largely unexplored. In nature, changes in
the physical environment are complex, and can be random or even
exhibit mutual dependence with population fitness (for example,
in predator-prey dynamics®). Thus, we wondered how static ver-
sus dynamic selective environments would affect the trajectory of
single-biomolecule evolution within the laboratory. Due to the small
size of qtRNAs, we used next-generation sequencing to characterize
the evolutionary history of 32 populations as they were subjected
to different temporal perturbations to their selective environment.
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We tracked the genotypic abundance relative to population size of
four qtRNA paralogs over 36 hours, under four selection schedules in
duplicate as they underwent evolution under static (lenient or strin-
gent), dynamic yet unresponsive (discrete) or feedback-controlled
(responsive) stringency modulation.

We found that the selective environment affects whether and
how quickly evolved variants reach fixation in a population. For
example, the variant qtRNA*%,, ., U43 can only be evolved using
stringent selection because the tRNA genotype initiating that evolu-
tion has high initial fitness (Fig. 5a,b). Accordingly, all qtRNA*, .,
evolution experiments arrive at a convergent solution, but the speed
of evolution depends on how quickly the stringent selective environ-
ment is introduced (Fig. 5b). Further, gtRNA™®, .., qtRNAM, -,
and qtRNAS, ., are each vulnerable to washout at high stringency
due to lower overall fitness (Fig. 5c—e); thus, evolution only occurs
for these qtRNAs in environments that are initially lenient. During
qtRNA™e, ., evolution, an accessible and convergent single-point
mutant (32 A) arises that is highly fit in lenient and moderate selec-
tive environments, resulting in purification and population size
growth in those environments (Fig. 5d). The qtRNA"*, ., evolu-
tion is more complex, containing several variants with elevated
fitness composed of mutations to base 32 together with modifica-
tions in the variable loop (Fig. 5e,g). Finally, the synergistic epista-
sis between mutations in qtRNAS*, .. (Fig. 5a) makes purification
of the highly improved qtRNAS*,, ;,A32-C38 mutant’ less robust:
only one responsive environment completely purified this variant
(Fig. 5¢). Together, these data show how the unique fitness land-
scape of each biomolecule determines the dynamics of its evolution
in different selective environments.

We also observed that the dynamics of environmental changes
can affect the phylogenetics of evolution. Unlike Arg and
Phe-qtRNA evolution, which each appear to deterministically con-
verge on particular high-activity variants irrespective of changes in
stringency timing (Fig. 5b,d), we found that the genotypes result-
ing from qtRNA™<, ., evolution are particularly sensitive to his-
torical changes in the environment. The discrete selection schedule
resulted in wide genotypic variety, with seven unique genotypes
each reaching >10% of phage population share at some point
during evolution (Fig. 5f). In this schedule, the arbitrary intro-
duction of moderate stringency (f=12h) reproducibly enriches
intermediately active variants (C32 or G32) and their phylogenetic
descendants with variable loop mutations (G32-A48, C32-A48,
C32-A48, C32-A47) (Fig. 5g), before converging on a globally opti-
mal variant. Conversely, we see that during responsive evolution,
where moderate stringency is delayed until the population is suf-
ficiently fit (t=18h), a single active point mutant (A45) emerges as
the predominant variant without widely exploring other genotypes
at high population abundance (Fig. 5e,f). These data show that
seemingly small perturbations to the historical selective environ-
ment, whether arbitrary or in response to a changing ecosystem,
can drive purification of distinct genetic variants that are either
moderately or highly fit*. Collectively, these results demonstrate
that although single-biomolecule evolution may appear determin-
istic on simple fitness landscapes with a sharp peak, more complex
landscapes may produce outcomes contingent on seemingly incon-
sequential events”.

Long-running evolution with PRANCE. The longevity of most
PACE experiments (>100hours) requires the platform to be
capable of performing long-running, multi-trajectory evolution
experiments. Due to the large quantities of consumables used by
liquid-handling robots, the need for frequent researcher interven-
tion (for tip-replenishing) and the ongoing tip shortage result-
ing from the COVID-19 pandemic®, we developed an optimized
method capable of sterilizing and reusing tips on the robot deck
(Supplemental Video 1). This optimized method uses approximately
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five boxes of tips per day, and can be run for over a week at a time
with user intervention only once every 24hours. During method
optimization, we observed that different robotic configurations
introduce varying amounts of cross-contamination when propagat-
ing highly active phage (Extended Data Fig. 8a,b). To demonstrate
the capabilities of this method, we first validated that tip reuse and
sterilization introduced no quantifiable cross-contamination within
12hours (Extended Data Fig. 8c), indicating that tips could be
replenished once or twice per day.

We then used this technique to enable a 10-day evolution in
which we evolved T7 RNAP to bind eight new promoters (Fig. 6a,b).
During this experiment, we tested three techniques to maintain
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large population sizes during long-running experiments: allowing
the evolution to proceed without intervention (no pulse); spiking
the population with bacteria expressing pIII under the phage shock
promoter (psp) that enable activity-independent phage propagation
periodically every 12h (12h pulse) or spiking only before transi-
tions to new evolution stringency (pretransition pulse). We evolved
32 populations for 240hours (10days) in a single, uninterrupted
experiment (Fig. 6c). During this time, no cross-contamination
in the eight no-phage control wells was detected. We found that
the phage titer maintenance schemes affected the genotypes that
evolved (Fig. 6d). To quantify activity, individual variants con-
taining all of the dominant mutations from each replicate (Fig. 6d
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and Supplementary Table 3) were subcloned into plasmid reporter
constructs in which LuxAB was driven by the TP6, —3 variant or
—5 variant promoter. The activities of 24 total subclones were then
quantified by luminescence and compared to wild-type (WT) T7
RNAP on each respective promoter (Fig. 6e and Extended Data
Fig. 9). Most variants obtained in the T7 — T3 — —3/=5 trajecto-
ries were found to exhibit between 10 and 20-fold higher activities
than WT T7 RNAP on the same promoter. In addition, we found
that the stringency conditions interacted with the evolution goals;
for example, the reduced population size of ‘No pulse’ in the SP6
trajectory was the only condition that converged on mutations to
E222, a residue associated with nonspecific promoter binding'"
(Fig. 6e). The highest activity variant obtained from —3 variant evo-
lution (prepulse, population no. 2, Fig. 6e) was also the only popula-
tion to reach saturation with a novel E218A mutation even though
many populations obtained the M219R/K solutions described
above (Fig. 6f). Thus, PRANCE enables the seamless exploration of
complex, multi-mutational pathways that evolve over the course of
many days and require several intermediate evolution goals.

Discussion

PRANCE provides a number of advances over existing meth-
ods. The platform has higher throughput, supporting hundreds
of diverse evolution conditions simultaneously. The 100X volume
reduction and robotic compound pinning capabilities support evo-
lution in chemical environments that were not previously practical
due to reagent cost® or synthesis limitations®, e.g., those involving
the use of small-molecule fluorescent reporters of metabolism*,
pH* or CO,*, or supplementation with complex intermediates®.
Further, the system can be used with either continuously grown or
chilled host cells to enable evolution at diverse temperatures. The
universal 96-well format enables sample preservation for imme-
diate or downstream analysis of historical genotypic and pheno-
typic changes. Additionally, the system is capable of performing
feedback-controlled evolution: we demonstrated feedback control
triggered by luminescence, and the system is extensible to many
activity-dependent fluorescent reporters (transcription, quorum
sensing, solubility, protease activity, splicing and so on) as well as
any measurement that can be integrated robotically, such as PCR,
binding measurements or orthogonal in vitro assays. Similarly, the
system is amenable to experimentation with other feedback control
algorithms® or machine learning-guided adaptive control. With
the improved availability and decreasing cost of high-throughput
equipment, this approach is an increasingly accessible option for
many laboratories. Finally, although we demonstrate the use of
this platform with bacteriophage, we believe that it is practicable to
accommodate continuous evolution platforms in eukaryotes such as
yeast>'® or possibly mammalian-virus systems®’.

From a strictly engineering perspective, our results highlight
how multiplexed evolution enables engineering that is compre-
hensive, robust and systematic. With PRANCE, we sampled all
parameters known to affect evolution outcomes: the initial geno-
type, the evolution environment and events that happen by chance.
Evolution in high throughput thus improves our ability to sample
the ensemble of possible outcomes. For example, even though
the evolution of T7 RNAP has been extensively reported>'®'!,
we continued to identify novel genotypes with systematic par-
allel sampling. We observed that initiating experiments with a
diverse set of tRNA paralogs was a robust strategy for evolving
highly active variants and further identified that feedback control
enables side-by-side evolution of biomolecules with diverse ini-
tial activity, in the absence of preexisting knowledge. Finally, we
found that populations evolving with differentially timed strin-
gency perturbations can yield distinct solutions, highlighting the
use of examining many evolution schedules. By improving the reli-
ability of laboratory evolution, PRANCE enables the reinvention
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of directed evolution as a more robust and reproducible engineer-
ing discipline.

Systematic evolution could be of great use to disciplines rang-
ing from natural evolution to epidemiology. Indeed, this platform
is capable of collecting datasets about molecular evolution that
approach the size and scope of the long-term evolution experi-
ment dataset of whole-genome evolution” by examining numerous
individual populations and environments over many generations.
By performing a single evolution with many replicates, we can
characterize the reproducibility and stochasticity of single events,
a longstanding challenge for evolutionary biologists. As selection
schedules reconstitute the natural process of evolving related bio-
molecules in different selective environments, PRANCE also offers
the opportunity to better understand the relationship between time,
stringency, the environment and the traversal of a fitness landscape.
More generally, the ability to systematically explore evolutionary
outcomes across many populations may help resolve controver-
sial questions in evolutionary biology, such as the friction between
determinism and contingency. For example, we find that the tim-
ing as well as the nature of environmental changes can reproducibly
affect the genotypic outcomes of individual biomolecules (that is,
contingency), but outcomes vary according to the particular selec-
tive landscape (that is, determinism). Thus, PRANCE provides
the opportunity to answer fundamental questions in evolutionary
biology, recapitulate naturally occurring environmental changes
and simulate perturbations to these environments—all within
the laboratory.
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Methods

See Supplementary Table 4 for part numbers and all plasmids used in these
experiments.

Plaque assays. Manual plaque assays. S2060 cells were transformed with the
accessory plasmid of interest. Overnight cultures of single colonies grown in
2XYT media supplemented with maintenance antibiotics were diluted 1,000-fold
into fresh 2XYT media with maintenance antibiotics and grown at 37 °C with
shaking at 230 r.p.m. to an optical density (ODy,,) of roughly 0.6-0.8 before use.
Bacteriophage were serially diluted 100-fold (four dilutions total) in H,O. Then,
100 pl of cells were added to 100 pl of each phage dilution, and to this 0.85ml

of liquid (70 °C) top agar (2XYT media+0.6% agar) supplemented with 2%
Bluo-Gal was added and mixed by pipetting up and down once. This mixture was
then immediately pipetted onto one quadrant of a quartered Petri dish already
containing 2 ml of solidified bottom agar (2XYT media + 1.5% agar, no antibiotics).
After solidification of the top agar, plates were incubated at 37 °C for 16-18h. See
Supplementary Table 4 for catalog numbers.

Robotics-accelerated plaque assays. The same procedure was followed as above,
except that plating of the plaque assays was done by a liquid-handling robot
(Hamilton Robotics) by plating 20 pl of bacterial culture and 100 pl of phage
dilution with 200 pl of soft agar onto a well of a 24-well plate already containing
235 pl of hard agar per well. To prevent premature cooling of soft agar, the

soft agar was placed on the deck in a 70 °C heat block. Source code from our
implementation can be found at https://github.com/dgretton/roboplaque.

Phage enrichment assays. S2060 cells were transformed with the accessory plasmid
of interest as described above. Overnight cultures of single colonies grown in 2XYT
media supplemented with maintenance antibiotics were diluted 1,000-fold into Davis
Rich Media (DRM) media with maintenance antibiotics and grown at 37°C with
shaking at 230r.p.m. to ODj, roughly 0.4-0.6. Cells were then infected with bacterio-
phage at a starting titer of 10° pfuml~". Cells were incubated for another 16-18h at
37°C with shaking at 230 r.p.m. Supernatant was filtered (as described) and stored

at 4°C. The phage titer of these samples was measured in an activity-independent
manner using a plaque assay containing E. coli bearing pJC175e (as described).

A complete list of catalog numbers can be found in the Supplementary Table 4.

Measurement of biomolecule activity using luciferase reporter. S2060 cells

were transformed with the luciferase-based activity reporter and biomolecule
expression plasmids. Overnight cultures of single colonies grown in DRM media
supplemented with maintenance antibiotics were diluted 500-fold into DRM media
with maintenance antibiotics in a 96-well 2-ml deep well plate, with or without
isopropyl-B-p-thiogalactoside (IPTG) inducer. The plate was sealed with a porous
sealing film and grown at 37 °C with shaking at 230 r.p.m. for 1 h. Next, 175 pl of
cells were transferred to a 96-well black-walled clear-bottom plate, and then 600 nm
absorbance and luminescence were read using an ClarioSTAR plate reader (BMG
Labtech) over the course of 8h, during which the cultures were incubated at 37°C.

Equipment set-up for PRANCE. Media. DRM* is used for PRANCE and all
experiments involving plate reader measurements due to its low fluorescence and
luminescence background. 2XYT media, a media optimized for phage growth, is
used for all other purposes, including phage-based selection assays and general
cloning. See Supplementary Table 4 for media catalog numbers. Antibiotics (Gold
Biotechnology) were used at the following working concentrations: carbenicillin,
50 pg ml™’; spectinomycin, 100 pgml™; chloramphenicol, 40 pg ml~'; kanamycin,
30 pg ml~; tetracycline, 10 pgml~" and streptomycin, 50 pg ml=".

General robotic equipment and configuration. A Hamilton Microlab STARIet
eight-channel base model was augmented with a Hamilton CO-RE 96 Probe Head,
a Hamilton iSWAP Robotic Transport Arm and a Dual Chamber Wash Station.
Air filtration was provided by an overhead high-efficiency particulate air filter fan
module integrated into the robot enclosure. A BMG CLARIOstar luminescence
multi-mode microplate reader was positioned inside the enclosure, within reach of
the transport arm.

Mini peristaltic pump array. Up to seven miniature 12-V, 60 mlmin~' peristaltic
pumps (fish tank pumps) were actuated by custom motor drivers. A Raspberry Pi
mini single-board computer received instructions over a local internet protocol
address and commanded the motor drivers via I*C. A complete list of catalog
numbers can be found in the Supplementary Table 4.

Bacterial reservoir. We implemented a self-cleaning bacterial reservoir consisting of
the pump array and a custom 3D-printed corrugated reservoir (Extended Data Fig.
1): see Supplementary Table 4 for the .stl file. Following each filling of the bacterial
reservoir with fresh bacteria and liquid exchange (below), remaining culture was
drained from the reservoir and the reservoir was automatically rinsed with 5%
bleach once and water four times. The reservoir is seated on a Big Bear Automation
Microplate Orbital Shaker, which shakes the reservoir throughout all self-cleaning
steps to achieve uniform diffusion.
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Software. A general-purpose driver method was created using MicroLab STAR
VENUS ONE software and compiled to Hamilton Scripting Language (hsl) format.
Instantiation of this method and management of its local network connection

was handled in Python. The Pyhamilton Python*’ package provided an overlying
control layer. Interfaces to the CLARIOstar plate reader, pump array and orbital
shaker were encapsulated in supporting Python packages. We used Git to develop
and version control the packages and the specific Python methods used for each
experiment; our software implementation can be found on github at https://github.
com/dgretton/std-96-pace.

PRANCE experimental set-up. Mutagenesis functionality plating test. To avoid
premature induction of the mutagenesis plasmid (which can mutagenize the muta-
genesis plasmid itself and lead to loss of inducible mutagenesis) all bacteria containing
mutagenesis plasmids are repressed with 20mM glucose, and were not grown to
higher density than ODyy,=1.0. To confirm mutagenesis plasmid functionality, a
bacterial culture sample or four single-colony transformants were picked and resus-
pended in DRM, and were serially diluted and plated on 2XYT media+ 1.5% agar
with appropriate antibiotics (at half of the usual concentrations) with either 25 mM
arabinose or 20 mM glucose. Bacteria containing functional mutagenesis plasmid 6
(MP6) will exhibit smaller colonies on the arabinose plate relative to the glucose plate.

PRANCE host bacterial strain preparation. To prepare host bacterial strains, the
accessory plasmid of interest and mutagenesis plasmid (MP6)** were transformed
into S2060 cells as described. During MP6 transformation, cells were recovered
with DRM to ensure MP6 repression and were streaked on 2XYT media+1.5%
agar with appropriate antibiotics (at half of the usual concentrations) and 20 mM
glucose. Transformants were picked for the mutagenesis functionality plating

test (above), and those same transformants were grown at 37 °C with shaking

at 230 r.p.m. to ODy, 0.4. This culture was used to seed a PRANCE culture in a
manner dependent on the specific PRANCE experiment:

« To initiate a turbidostat, prepared host bacteria were used to seed DRM sup-
plemented with 25 pgml™ carbenicillin and 20 pgml~' chloramphenicol in a
turbidostat (implemented by a standard turbidity probe and glassware vessel).
The bacteria were grown with stirring at 37°C to ODg,,=0.8.

o To initiate chemostats, prepared host bacteria were used to seed 150 ml of
DRM supplemented with appropriate antibiotics (at half of the usual concen-
trations) in three separate chemostat vessels. The chemostat cultures were kept
at roughly 100-150 ml and grown with stirring at 37 °C. The flow-through and
volume of the turbidostats were manually adjusted as needed to maintain the
target ODyy, =0.8 in all chemostats.

o To prepare chilled bacterial culture for use in PRANCE, an overnight culture of
prepared host bacteria was diluted 1:1,000 into 2 X 600 ml of DRM in two sepa-
rate 21 baffled flasks with appropriate antibiotics (at half of the usual concentra-
tions). The bacteria were grown at 37 °C with shaking at 230 r.p.m. to ODj, of
roughly 0.3-0.4. The two 600-ml cultures were combined and stored at 4°C for
up to 4 days before being situated in a 4°C refrigerator adjacent to the robot.

MP6 functionality is also confirmed at the end of the experiment with the
arabinose/glucose plating test (above).

Anticipated mutagenesis rates. Use of the MP6 mutagenesis plasmid increases the
mutation rate to two mutations per kilobasepair*. For example, when evolving
tRNAs (roughly 75 basepairs), during a single round of phage genome replication

in a PRANCE experiment, a tRNA will experience 0.15 mutations per replication

in the tRNA itself. This generates a double-mutant rate of 0.023 double mutants per
replication, providing an opportunity to traverse single-mutant fitness valleys. To
approximate, the average phage replicates roughly 24 times per day at steady state’
and consequently generates roughly 0.55 double mutants per phage per day within the
tRNA. PRANCE experiments typically harbor around 10° infected cells per ml. Thus,
for 0.5-ml populations, we expect each experiment to visit roughly 2.5 107 double
mutants per day, which should reliably cover the 24,975 unique possible two mutants:

(75bp choose 2) x 37 total 2 — mutants = 24, 975 unique 2 — mutants

General PRANCE implementation. Host bacteria were pumped from their source
(turbidostat, chemostat or refrigerated chilled culture) into the on-deck bacterial
reservoir. Arabinose was added to the reservoir to a final concentration of 10mM
to induce mutagenesis. Then, 250 pl of bacteria were robotically transferred to each
replicate (500 pl per replicate) in deep 96-well plates situated on the deck of the
liquid-handling robot, which was kept at 37 °C. To avoid edge effects, replicates are
placed in every other column (Extended Data Fig. 7). This liquid exchange occurs
every 30 min continuously throughout the duration of the experiment, generating
a flow-through rate of 1 volh™ in each replicate. After allowing mutagenesis
induction for 1h, each replicate was inoculated with selection phage to a starting
titer between 10° and 10® pfuml’, with appropriate replicates set aside as no-phage
controls. Sampling and plate reading of replicate waste liquid was automatically
carried out every 1-4h as described. After completion of PRANCE, the phage
supernatant from select replicates was filtered and plaqued; clonal plaques were
expanded overnight, filtered and Sanger sequenced.
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Semicontinuous flow using pipetting. To perform liquid exchange, every 30 min,
automated pipetting was used to exchange liquid in on-deck replicates. The
procedure consisted of tip pickup, aspiration of fresh bacterial culture, dispense of
new culture into replicate vessels, mixing of liquid, aspiration of waste, dispense of
waste into the waste reservoir and tip disposal.

Automated plate reading. At specified times, 175 pl of the waste samples are
deposited into plate reader plates. To read the plates, the plate gripper transports
the plate to the integrated plate reader for absorbance at an OD of 600 nm and
fluorescence or luminescence measurements as required.

Choosing number of replicates. Consult Extended Data Fig. 1 to select a
configuration (number of populations, bottlenecking fraction and hands-off
time) that meets your experimental requirements. There are two primary limiting
factors: the amount of time the robot requires to perform each necessary step
within a given time frame, and the number of consumable reagents (tips, plates
and so on) that can be physically staged on the deck of the robot. For every
individual PRANCE run, we select and tune the method configurations depending
on the requirements of each individual experiment (Supplementary Table 1). All
of our experiments are run at an effective flow-through rate of 1volh™, with a
bottlenecking fraction of 0.5. A configuration we frequently preferred consisted
of 48 evolving populations, requiring experimenter intervention once every 13h.
Alternatively, when operating at maximum capacity (1volh™, 96 populations)
PRANCE requires intervention once every 7 h. The tradeoff between populations
and hands-off time will depend on the capacity of your robot deck.

Automated tip sterilization and reuse. During the COVID-19 pandemic, supplies of
consumable labware involved in viral diagnostic tests became constrained™, including
supplies of pipette tips for Hamilton robots. Due to the number of liquid-handling
steps involved in a typical evolution, it is preferable to reuse the same tips over the
course of an evolution rather than replace each tip after every liquid-handling step.
This is done to avoid adding to the extensive backlog of constrained supplies, to
avoid spending time manually reloading new tips onto the deck and to increase the
available deck space for increasingly advanced evolution methods. To implement tip
reuse, tips must be cleaned and sterilized with bleach after every liquid-handling step
to avoid cross-contamination between replicates. Water rinses are performed after
sterilization to prevent bleach carryover into replicates. The equipment required to
implement this protocol are the Hamilton washer module for pumping fresh water
and 10% bleach into basins, and four 500-ml reservoirs for holding 10% bleach (first
basin) or tap water (remaining three). Tip washing and sterilization are performed

at two distinct points during each robotic cycle. The first point is after bacteria is
moved from holding wells to replicates containing M13 phage using the 96-channel
head. The 96-channel head then dispenses residual liquid from the previous step

into the bleach basin on the Hamilton washer module, then submerges the tips in a
bleach reservoir on the robot deck. The 96-channel head next aspirates and dispenses
freshly pumped water from the water basin on the Hamilton washer module as a
rinsing step. Finally, the 96-channel head performs consecutive rinses on each water
reservoir on-deck to remove any residual bleach. The second point where tip washing
and sterilization occurs is after moving culture from viral replicates to reader plates
with the eight-channel head. Immediately after each dispense to a reader plate, the
eight-channel head performs the same series of actions previously described for the
96-channel head. To allow for adequate drying time after each wash, the

robot script rotates through five 96-tip racks, ensuring washed tips will not be reused
for at least one whole robotic cycle. Luminescence assays were performed on the
above protocol to validate the absence of cross-contamination and bleach carryover
between wells. Before inoculation, fresh tips were used and sterilized. To assess the
effectiveness of tip sterilization, tips were submerged directly in phage-containing

T7 RNAP, sterilized and then used to maintain psp-pIII bacteria cultures using a
high-throughput turbidostat method as previously described””. They were compared
to no-phage contamination negative controls, and bacteria inoculated with the same
phage as positive controls, in 24 replicates. This protocol may be used to implement
pipette tip sterilization and reuse for general experimental protocols run on Hamilton
robots, including COVID-19 quantitative PCR sample preparation.

Next-generation sequencing. qtRNA were amplified off of phage populations
(four qtRNA evolution experiments, two replicates, ten time points, four evolution
conditions) with primers barcoding for qtRNA and time points. Barcoded samples
were pooled and sequenced as Illumina paired end reads.

Data analysis. To calculate evolution times for each data point were calculated
from the inflection point of the data fit to a weighted n-parameters logistic
regression with the nplr package in R. Distribution of total evolution times
calculated by fitting univariate distributions to data by maximum likelihood
estimation, and the goodness of fit Kolmogorov-Smirnov, Cramer-von Mises
statistics were calculated with the fitdistrplus package in R".

Feedback controller calculation. For each individual replicate, luminescence is
first normalized to absorbance. Each replicate reading is then smoothed over
an interval of n=3 and stringency adjustment is triggered after three sequential

events in which the reading is 36 over background. Background is quantified as the
average of no-phage controls (luminescence/absorbance). The second stringency
adjustment (moderate — stringent) is triggered similarly, following a 12h delay to
allow for luminescence equilibration.

Phylogenetic trees. Phylogenetic lineages were identified with R packages ade4*,
ape”, adegenet™ and phyloseq’' and visualized with ggtree™.

Muller plots. Parent lineages were identified from phylogenetic trees and then used

to generate muller plots with the R package ggmuller™. For visualization purposes,
abundance was adjusted for population size by scaling the fraction by the total amount
of luminescence at each given time point. Actual sequencing abundance fraction
percentages are presented of each replicate per population are shown in Fig. 5f.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All data are publicly available at https://doi.org/10.17632/h9294f9y6p.1 (https://data.
mendeley.com/datasets/h9z94f9y6p/1). Source data are provided with this paper.

Code availability
All code will be made available via github, see https://github.com/dgretton/std-
96-pace and https://github.com/dgretton/roboplaque.
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Extended Data Fig. 1| PRANCE optimization. (a) Robotic manipulations operate in a loop, which repeats every 30 minutes. (b) Culture source fluidics
(media, turbidostat/static culture, waste) are peripherally separated from the robot. The maximum flow-through rate is determined by the frequency with
which the robot exchanges liquid (operations per hour), as well as the fraction of the standing volume of the population that is exchanged during each
operation (the bottlenecking fraction). There is a trade-off between the maximum flow rate and the extent of bottlenecking. (¢) The number of populations
that can be serviced assuming 2 robot operations per hour (ops/hr) impacts the experimenter-free/hands-off operation time of the robot. (d) Larger robot
decks can fit more tip carriers, more tips, and therefore require less frequent servicing.
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respectively. Luminescence data from Fig. 2b. (b) Comparison of real-time luminescence tracking (top) and corresponding phage titer as measured by
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Extended Data Fig. 3 | Reservoir diagrams. Schematics of the 8-channel and 96-channel media reservoirs. These were printed on a Form 3 resin 3D
printer. See the Supplementary Table 4 for .stl files for each.
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Extended Data Fig. 5 | Stochasticity of T7 RNAP evolution. Validating T7 mutagenesis with cool PRANCE. MP-containing bacteria were provided with
either 1) induction prior to cooling to 4 C, 2) given no inducer, or 3) induced on the robotic deck at 37 C and their luminescence was tracked for 30 hours
to validate that mutagenesis behaved similarly to induction of cultures directly from a turbidostat (see Fig. 1d). (b) Real-time absorbance depression
monitoring of 90 simultaneous directed evolution experiments with 6 no-phage controls, fit with a binomial regression of the total data. (c) Logistic
regression of each luminescence trace during T7 RNAP evolution to bind the T3 promoter, used to calculate the average evolution times (Supplemental
Methods). (d) Goodness-of-fit estimates of a logistic distribution of the total T7 evolution time data.
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-decoding qtRNAs. (b) Representative results for
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Extended Data Fig. 7 | Edge effects. Comparison between 96 replicates implemented in a densely packed 96-well plate (left) and 96 replicates split over

two plates to reduce edge effects (right). Data plots the minimum time to phage detection via luminescence monitoring (below). Both plates above are
normalized to their internal max value.
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Extended Data Fig. 8 | Tip contamination, sterilization and reuse. To assess the maximum amount of possible cross-contamination, T7 RNAP-containing
phage were inoculated into cultures containing pT7-psp-LuxAB bacteria in a grid-like pattern with 48 phage-containing wells and 48 no-phage-containing
wells. PRANCE steps were performed with either (a) the 96-head channel or (b) the 8-channel pipettor. Use of the 96-well head gave less
cross-contamination events, which we attributed to lower fly-over events. (c) To assess the impact of tip-sterilization and reuse in the optimized robotic
method and configuration (Supplemental Video 1), robotic tips were submerged in either water or T7 RNAP-containing phage and then sterilized prior to
being used to maintain high-throughput bacterial cultures containing pT7-psp-LuxAB?. Sterilized tips were also used to propagate bacteria inoculated
with T7 RNAP phage as a positive control to ensure that bleach carryover did not affect phage propagation. No cross contamination was observed in the
serialized tip condition over 12 hours, indicating that tips could be reused for a minimum of 12 hours without being replaced.
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Extended Data Fig. 9 | Kinetic Luminescence Activity Assays of —3, —5, and TP6 Promoter Variants. To quantify the relative activities of each variant
(independent of possible phage backbone mutations), phage from each replicate at time point t =10 days were isolated and each T7 RNAP variant was
cloned into an IPTG-inducible reporter construct. Subcloned variants were transformed into S2060 cells containing LuxAB driven by either the (a) —3
variant, (b) —5 variant, or (c) TP6 promoter and grown overnight to an OD > 1. Bacteria were then diluted 1:100 and grown to an OD of exactly 1.2 in DRM
using a high-throughput robotic turbidostat method as described previously?’. Once the bacteria reached an OD of 1.2 (approximately 2 hours), cells were
induced with either TmM IPTG or [-] IPTG controls (n=3 for each condition). Bacteria were autonomously maintained at an OD of 1.2 for the duration

of the experiment and luminescence readings were taken once every 45 minutes for 10 hours. Fold change in luminescence (as shown in Fig. 6E), was
calculated by averaging the luminescence in each turbidostat once the luminescence reached equilibrium (t > 8 hours) and then normalized to the average
luminescence of the [-] IPTG controls within the same time window. WT T7 RNAP was used as a control for each respective promoter reporter construct

(n=6 for each WT control).

NATURE METHODS | www.nature.com/naturemethods


http://www.nature.com/naturemethods

nature research

Last updated by author(s): Nov 16, 2020

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
(s8]

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|Z| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|Z| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [ KX [][]C]

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Custom code is available on GitHub.

Data analysis All final analysis code will be made available via Github.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data will be made publicly available at DOI:10.17632/h9z94f9y6p.1 (https://data.mendeley.com/datasets/h9z94f9y6p/1)

=
Q
=i
-
=
()
=
D
wv
D
Q
=
@)
o
=
D
o
¢}
=.
>
(e]
wv
e
)
Q
=
A




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size for each individual experiment with respective controls n's is documented in Supplemental Table 1.

=
Q
=i
(=
=
(D
=
D
W
(D
Q
=
(@)
o
=
(D
o
©)
=
>
«©
%)
C
3
Q
=
<

Data exclusions  No data was excluded from the analysis.

Replication All attempts at replication were successful, excluding instances which has hardware malfunctions or extraneous issues (power outages, wifi
syncing issues etc.). A complete list of possible hardware failure modes is detailed in Supplementary Figure 4.

Randomization  Not applicable

Blinding Not applicable

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XX X X X X X
Oooodoog




	Systematic molecular evolution enables robust biomolecule discovery

	Results

	Development of a systematic evolution platform. 
	Multiplexing identifies previously inaccessible genotypes. 
	Miniaturization enables reagent-limited evolution. 
	Simultaneous evolution of dozens of biomolecules. 
	Feedback evolution of activity-diverse biomolecules. 
	Evolution outcomes are determined by temporal dynamics. 
	Long-running evolution with PRANCE. 

	Discussion

	Online content

	Fig. 1 Design and validation of high-throughput evolution.
	Fig. 2 Quantifying the stochasticity of biomolecular evolution.
	Fig. 3 Controlling the chemical environment in high-throughput evolution.
	Fig. 4 Feedback-controlled evolution of diverse starting genotypes.
	Fig. 5 Varying the timing of environmental changes yields diverse evolution trajectories.
	Fig. 6 Long-term evolution.
	Extended Data Fig. 1 PRANCE optimization.
	Extended Data Fig. 2 Relationship between real-time monitoring data and phage titer.
	Extended Data Fig. 3 Reservoir diagrams.
	Extended Data Fig. 4 Failure mode analysis.
	Extended Data Fig. 5 Stochasticity of T7 RNAP evolution.
	Extended Data Fig. 6 TAGA-qtRNA and AGGG-qtRNA PRANCE.
	Extended Data Fig. 7 Edge effects.
	Extended Data Fig. 8 Tip contamination, sterilization and reuse.
	Extended Data Fig. 9 Kinetic Luminescence Activity Assays of −3, −5, and TP6 Promoter Variants.




