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Accelerated knowledge discovery from omics data
by optimal experimental design
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Ilias Tagkopoulos 2,3✉

How to design experiments that accelerate knowledge discovery on complex biological

landscapes remains a tantalizing question. We present an optimal experimental design

method (coined OPEX) to identify informative omics experiments using machine learning

models for both experimental space exploration and model training. OPEX-guided exploration

of Escherichia coli’s populations exposed to biocide and antibiotic combinations lead to more

accurate predictive models of gene expression with 44% less data. Analysis of the proposed

experiments shows that broad exploration of the experimental space followed by fine-tuning

emerges as the optimal strategy. Additionally, analysis of the experimental data reveals 29

cases of cross-stress protection and 4 cases of cross-stress vulnerability. Further validation

reveals the central role of chaperones, stress response proteins and transport pumps in

cross-stress exposure. This work demonstrates how active learning can be used to guide

omics data collection for training predictive models, making evidence-driven decisions and

accelerating knowledge discovery in life sciences.
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The scientific method of formulating, testing, and ultimately
accepting hypotheses has been the way we have advanced
science for centuries1–3. Through hypothesis-driven and

discovery-based science, we have been able to study an organism’s
physiology intimately, fueled by technological advances in
structural biology4, omics5, automation6, computational model-
ing, and big data analysis7,8. In computational science, we are
witnessing the age of predictive and prescriptive analytics in a
wide spectrum of disciplines, including biology, biotechnology,
and medicine, with large, consistent, and informative datasets
being essential for computational learning9–16.

Through human history, data are viewed as a means to test
hypotheses or discover associations and phenomena, and less as a
means to train computational methods across the various biolo-
gical dimensions17. In the era of prediction, experimental design
methods, such as those based on optimal experimental design
(OED), also known as active learning, have the potential to
accelerate scientific exploration18–20. OED is a class of algorithms
originating from the 1950s that aims to guide data collection21.
OED methods usually formulate a sampling problem as an
optimization problem, which aims to identify the next experiment
(s) to perform so that a specific objective is maximized, and a set
of constraints are met22. These methods usually balance
exploration (global search, maximizing coverage of the experi-
mental space) and exploitation (local search, refining existing
solutions) objectives. Depending on the problem, mutual infor-
mation23, Fisher information24, predictive variance25, general-
ization error26,27, and margin28 have been used as part of the
objective function29. OED methods have been applied extensively
in various industries, including aerospace engineering30, seismic
source inversion31, sensor placement32, and more recently in
material science22,33,34. In biology, OED methods have recently
been used in protein design35, drug discovery36–39, assay panel
selection40, system biology41–47, and synthetic biology48. The
systems biology applications of OED have been largely focused on
uncovering the underlying gene regulatory or signaling network,
usually involving a few dozen genes49,50. In contrast, our focus is
on optimal training of predictive machine learning models from
genome-scale transcriptional profiling experiments, which aim to
capture the expression of thousands of genes. Although never
used for omics experiments, OED methods can be especially
useful in exploring the experimental space efficiently across a
multitude of design dimensions and providing a method to
produce training data that carry the maximum information
content for training a predictive model.

Towards this goal, we design an optimal experimental design
(coined OPEX) framework to guide omics experimentation by
selecting the most informative experiments to perform. OPEX
consists of two essential modules, a machine learning model and a
utility metric that evaluates the information of an unobserved
datapoint. Here we use Gaussian process (GP) as the model of
gene expression51, both because it is a nonparametric method and
it predicts a distribution rather than a point estimate. From the
predicted distribution, we use two metrics, entropy, and mutual
information32, to evaluate the utility of each candidate experiment.

In its core, OPEX assesses the information content distribution
and model uncertainty across the experimental space to identify
the next batch of experiments (Fig. 1). We apply OPEX in the
exploration of the transcriptional interplay in Escherichia coli
when exposed to biocides and antibiotics and demonstrate how it
traverses experimental space in a way that the model achieves the
same predictive performance with fewer experiments. Further-
more, through analysis of the transcriptional profiling and fitness
results, we identify several cases of cross-stress protection (vul-
nerability), where E. coli treated with a biocide is more (less)
protected to antibiotics than expected52,53.

Results
Active learning accelerates discovery and model training. We
applied OPEX on the unexplored space of biocide and antibiotic
interactions, where we performed genome-wide transcriptional
profiling of E. coli under sequential biocide–antibiotic stress
combinations (see “Methods”). We selected four antibiotics based
on their diverse mechanisms of action and ten biocides based on
their widespread use in hospitals and households (Fig. 2a). GPs
were trained to model the genome-wide gene expression for all
combinations and then used OPEX to guide 30 cycles of
experimentation (i.e., the gene expression dataset in Supple-
mentary Data 1). Each OPEX cycle resulted in a different
biocide–antibiotic combination to explore (Fig. 2a), with the GP-
based model being retrained with each new dataset obtained.
OPEX used 44% less data to achieve the same accuracy early on
(iteration 15 vs. 27, p value= 2:2 ´ 10�16, Fig. 2b, Supplementary
Fig. 1) and led to a better model (22% less mean average error,
p value= 6:7 ´ 10�97, Fig. 2c) compared to when the experiments
were picked at random or by expert sampling (see “Random
sampling and expert sampling” section of “Methods”). OPEX was
found to be robust to noise, batch size, and dataset heterogeneity
(see Section 4.1.2 of Supplementary Information, Supplementary
Figs. 2–9, and Supplementary Data 2). Similar results were
observed when running OPEX on all the genes of E. coli (Section
4.2.5 in Supplementary Information, Supplementary Figs. 10–13)
or implementing OPEX by a Query-by Committee approach
(Supplementary Table 2). The performance of expert sampling
was always worse than that of random sampling (Supplementary
Fig. 14) regardless of the level of exploration.

Broader exploration followed by fine-tuning as a strategy. We
inspected how OPEX selects the next experiment to perform and
the reason for its superior performance. We found that the distance
amongst gene expression profiles for consecutively selected condi-
tions first increases (the first ten conditions, R2= 0.31, p value
<0.046) and then rapidly decreases (R2= 0.77, p value= 6.7 × 10−7,
Fig. 2e). No such pattern was observed with random or expert
sampling (Fig. 2d and Supplementary Figs. 15, 16). OPEX works by
balancing the need to explore under-sampled experimental neigh-
borhoods to that of picking conditions to sample for which the
model is less confident, even when those are in a well-sampled area.
The gain from a broader exploration and then a fine-tuning strategy
is maximized when a balanced trade-off between exploration and
exploitation exists (Section 4.2.3 of Supplementary Information,
Supplementary Fig. 17). We investigated the behavior of OPEX
without exploration as the prediction error goes up at the last few
iterations. For details, see Supplementary Figs. 18–20.

OPEX accelerates the discovery of gene expression clusters.
Next, we applied OPEX to evaluate how previous exposure to
biocides would affect E. coli’s survival in four antibiotics with
diverse modes of action. We found that biocide–antibiotic com-
binations are clustered in three groups based on their conditions,
with two of those clusters corresponding to Rifampicin and
alcohols, respectively (Fig. 3a, b, and Supplementary Fig. 21).
OPEX-guided modeling was able to predict the gene expression
profile and cluster membership of the unobserved conditions
accurately early on (accuracy of 96.5% ± 1.9% using OPEX vs.
93.3% ± 3.3% using random sampling at iteration 15, p value=
2.4 × 10−6), hence accelerating knowledge discovery and out-
performing models that were trained based on either random or
expert sampling (Fig. 3c).

Exposure to biocides confers cross-stress protection. Interest-
ingly, both strong cross-stress protection and cross-stress
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vulnerability were observed (Fig. 4 povidone-iodine/kanamycin
and norfloxacin/chlorophene). Cross-stress protection (vulner-
ability) is the phenomenon where exposure of an organism to a
given stressor increases (decreases) its fitness when subsequently
exposed to a different stressor53,54. Here, we introduce the cross-
stress protection index (CSPI) to indicate any cross-stress pro-
tection or vulnerability (see “Methods”). Out of 40 cross-stress
combinations, we identified cross-stress protection in 29 cases
(avg. fitness increase by 38.4 ± 10.4%), and cross-stress vulner-
ability in 4 cases (avg. fitness decrease by 2.3 ± 0.44%), as shown
in Fig. 4.

Chaperons and membrane proteins are involved in cross-stress.
To establish the potential DEGs contributing to cross-stress

behavior between biocides and antibiotics, we analyzed the
extreme condition pairs, with the highest and lowest fitness in our
dataset. The povidone-iodine/kanamycin combination had the
highest cross-stress protection (13.0 ± 2.1% fitness increase), with
only five DEGs (htpG, dnaK, groL, groS, and clpB) with a mini-
mum two-fold increase over the control, all of which were cha-
perones (Fig. 5a, b). Both antimicrobials target cell proteins
(Supplementary Table 1). Povidone-iodine acts non-selectively on
cell proteins, resulting in oxidation, coagulation, and loss of
function54, while kanamycin, an aminoglycoside, interferes with
protein synthesis by binding to ribosomes55. Hence, a response
focused on assisting protein refolding and ensuring functional
conformation would act synergistically to increase fitness in such
antimicrobial combination. Our results are in accordance with
previous reports that the upregulation of chaperones facilitates
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cell survival against aminoglycosides56. We further validated the
genetic basis of cross-stress protection by single knockouts (p
values of 0.007–0.021, Fig. 5c). The knockout of cpxP, a chaper-
one54, which was not differentially expressed in povidone-iodine
and kanamycin combination, was used as a negative control.

Similarly, the most striking case of cross-stress vulnerability was
the application of chlorophene succeeded by norfloxacin (2.7 ±
2.2% fitness decrease). We identified 12 upregulated and 9
downregulated genes exclusively in such combination (Fig. 5d, e).
We focused on downregulated genes (gstA, dadA, yhiI, gorA, and
cspD) that have been shown previously to interfere with the cellular

states, including inhibition of DNA replication, stress response,
drug detoxification, and export57–63. Given their importance in cell
protection and stress response, such downregulation could be
driving the lower fitness (cross-stress vulnerability) observed
compared to other antimicrobial combinations. Knockout mutant
experiments validate their statistically significant role in the
observed cross-stress vulnerability cases (Fig. 5f; gstA, p value=
0.0043; dadA, p value 0.0007; yhiI, p value= 0.004). The knockout
of baeS, a gene involved in adaption to envelope stress61, which was
differentially expressed in the chlorophene and norfloxacin
combination, was used as a negative control.
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Discussion
Our results argue that active learning and optimal experimental
design can be applied to omics data collection to accelerate bio-
logical discovery significantly. We present an active learning
method, OPEX, which can prioritize experimentation of unex-
plored neighborhoods over experimental conditions with high
confidence in its predictions. When applied to unobserved
combinations of antiseptics and antibiotics, OPEX led to a more
accurate model faster and accelerated the process of discovering
knowledge about the clustering of the 40 culture conditions.
OPEX can be applied to cases where culture conditions are
defined by continuous variables to encode for effects such as
dosage and temporal changes, as we demonstrated with the use of
synthetic data how this can be achieved with OPEX (Sections
2.5.1 and 2.5.3 in Supplementary Information). OPEX out-
performed random sampling despite various levels of skewness
and noise in synthetic gene expression data (Section 4.1.2 in
Supplementary Information). We envision that OPEX can be
generalized to other studies in which the relationship between
cultural conditions and biological assays is of interest (e.g., to find
the optimal culture condition for maximizing the production of
specific enzymes).

The modular design of OPEX allows the integration of dif-
ferent machine learning models and OED sampling strategies. To
that end, we used OPEX with different query-by committee
strategies together with various machine learning methods
(neural networks, linear regression, and support vector regres-
sion) and achieved comparable results (Sections 2.1 and 4.2.6 in
Supplementary Information). This work has demonstrated how
active learning can be applied in omics experimentation and can
be a precursor of predictive techniques that will guide

experimentation, data processing, and discovery in life sciences at
a faster pace. Considering the increase in data-driven biological
research, and ease of access to corresponding data from public
databases, paradigm-shifting applications of OPEX-like frame-
works in biotechnology are on the horizon.

Methods
Culture conditions, RNA extraction, and transcriptomics. Escherichia coli
MG1655 was grown in minimal media (M9) with 0.4% w/v glucose for 12 h (mid to
late exponential growth, optical densitiy (OD600) ~0.8) at 37 °C. Next, 30 µL were
added to 3 mL M9 0.4% glucose tubes containing one of ten biocides or no biocide.
The concentrations used were sub-inhibitory. After 7–12-h growth, when cells
reached mid to late exponential phase (OD600 0.6–1.0), the appropriate volume of
one out of four antibiotics was added, and the tubes were incubated for an addi-
tional hour. Tubes without any antimicrobial (antibiotic or biocide) served as
controls. To stop bacterial growth and stabilize cellular RNA, 1.5 mL of ice-cold
Phenol/Ethanol (5% (v/v) phenol in ethanol) was added to per 3 mL sample. The
cells were pelleted by centrifugation at 3166 g at 4 °C for 10 min and stored at
−80 °C until further use. All experiments were performed in triplicate.

Total RNA was extracted from the bacterial samples using the RNeasy mini kit
(Qiagen), and any possible DNA contamination was removed by performing on-
column DNAse digestion (Qiagen). mRNA was enriched by removing ribosomal
RNA using the capture oligonucleotide mix (MICROBExpress, Invitrogen). RNA-
Seq libraries were prepared using the KAPA Stranded RNA-Seq Library Preparation
Kit for Illumina platforms (Kapa Biosystems), and instructions suggested by the
manufacturer were followed. Double size selection of libraries was performed using
Agencourt AMPure XP magnetic beads (Beckman Coulter), where cDNA fragments
ranging from 200 to 500 bp were enriched. The concentration for each sample
library was determined with Qubit 2.0 fluorometer (Invitrogen). The DNA
concentration of the final pooled library was determined with the Bioanalyzer DNA
high sensitivity assay (Agilent, DNA Technologies Core, UC Davis). Sequencing was
performed with HiSeq4000 SR50 (DNA Technologies Core, UC Davis).

RNA-Seq data analysis. Adapters and low-quality reads were removed from the
raw reads by Trimmomatic64 followed by alignment to the reference genome of E.
coli MG1655 by Bowtie265. Then, the bam files generated by Bowtie2 were fed into
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FeatureCounts66, yielding the number of transcripts for each gene in any given
biological replicate. The number of transcripts for each gene was then converted to
count per million (CPM) after dividing by the library size of the replicate. Finally,
the gene CPM values for each replicate were normalized using the means of the
corresponding gene CPM values from the control sample replicates. In all figures
related to the performance of OPEX except Supplementary Figs. 10–13, only the
genes that have CPM larger than 100 in half of the replicates were used67.

Modeling gene expression using GPs. We modeled the expression level of a gene
under an experimental condition by a GP, considering that gene expression levels
under similar conditions are similar. When predicting expression level under a new

experimental condition, a GP model generates a probability density function. The
function is then used by OPEX, to calculate a utility score to estimate the utility of
performing wet-lab experiments for this new condition to improve model pre-
dictions. For mathematical details, see Section 1.2.1 in Supplementary Information.
The mlegp package is used to train the GP presented here68. We also tested other
data-driven models for gene expression prediction including feed-forward neural
network, linear regression, and support vector regression (Section 2.1 in Supple-
mentary Information).

OPEX algorithm. OPEX was initialized with 15 randomly selected conditions and
their corresponding gene expression profiles. We ensured to include each antibiotic

Native protein

50S

23S

Stress

GroE

GroES

Folding

3'
5' DnaJ

DnaK

GrpE

Polypeptide

Chaperon

binding

Chaperon

binding

YhiI: transport system

YhiI: Putative ABC transport 

system

D-alanine

Cell wall cross-linking

DadA

DadA: Alanine degradationQorA: Oxidative-stress in 

Staphylococcus aureus
Quinone

Semiquinone redical

O2

O2
.

QorA

1/2 NADPH 
+H+

1/2 NADP+

GlutathioneToxic compound

Glutathione conjugate

GstA

Export pump

GstA: DetoxifierCspD: DNA replication inhibiton

CspD

Refolding

d

Partially folded

Protein

cb

a

e

Toxin activityStress response Detoxification
Mechanical stress 
responseDrug resistance

dnaK clpB

Strain

cpxPhtpGWT

f

3

6

9

12

15

O
D

16
H
/O

D
0H

dadAgstAyhiIcspDqorAWT

Strain

baeS
2

4

6

8

10

12

O
D

16
H
/O

D
0H

Δ
(Negative Control)

Δ Δ
(Negative Control)

ClpB HtpG

dadA

–1.5

–1.0

–0.5

0.0

0.5

Gene

Norfloxacin
Norfloxacin after chlorophene

lo
g 

F
C

2

0.0

0.4

0.8

1.2

1.6

Δ Δ Δ

Δ Δ Δ ΔqorA cspD yhiI gstA

dnaK htpg clpB groL groS

Gene

Kanamycin
Kanamycin after povidone iodine

lo
g 

F
C

2

Fig. 5 The genetic basis of cross-stress behavior. a The protein folding pathway and key proteins corresponding to genes that were found to be
differentially expressed in the povidone-iodine/kanamycin combination, which exhibits the highest cross-protection across all cases (fitness increase of
65.1 ± 10.4%). b All differentially upregulated genes in the povidone-iodine/kanamycin combination, compared to kanamycin only, which have all been
identified as chaperons (n= 3, biological replicates). c Fitness change of single knockout mutants in kanamycin for each differentially expressed chaperon.
The red line denotes the fitness of WT; ΔdnaK, ΔhtpG, ΔclpB are the three differentially upregulated chaperons (p value of 0.007, 0.02, and 0.001,
respectively); ΔcpxP is a non-differentially expressed chaperon used as a negative control (p value of 0.396, n= 9, biological replicates). d Differentially
downregulated stress-related genes with more than twofold change exclusively in the chlorophene/norfloxacin combination, which exhibits the highest
cross-vulnerability across all cases (fitness decreases by 13.4 ± 12.9%). e Expression profiles of potential genes involved in cross-vulnerability. (n= 3,
biological replicates). f Fitness change of single knockout mutants, with yhil (p value= 0.004), gstA (p value= 0.007), and dadA (p value= 0.007)
knockout mutants having a lower fitness than WT after norfloxacin exposure, supporting the cross-vulnerability due to chlorophene conditioning leading to
downregulation. ΔbaeS (p value of 0.479) is a differentially expressed gene, which is involved in adaption to envelope stress, was used as a negative
control (n= 8, biological replicates). Black circles in b and e represent raw data points. Boxes in c and f represent the standard error of the mean (SEM),
the middle line represents the mean value, and the whisker line extends to the minimum and maximum values. An error bar represents an SEM. The
p values were calculated by the one-sided Wilcoxon rank-sum test.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18785-y ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:5026 | https://doi.org/10.1038/s41467-020-18785-y | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


and biocide at least once in the initial dataset. In each iteration, OPEX trains a
predictive model for predicting gene expression levels for all the remaining con-
ditions. Next, utility scores (based on entropy or mutual information) are calcu-
lated for each condition using the predicted distribution of gene expression levels.
OPEX can switch between exploration (conditions are randomly selected) and
exploitation (conditions are selected by using a predictive model). In this work, we
use GP as the predictive model, and consecutive switching between exploration and
exploitation strategies in OPEX, with different switching frequencies also explored
(Section 4.2.3 of Supplementary Information). We also tested other OED
approaches by replacing the predictive model and the utility function of OPEX
with alternative choices (Sections 2.1 and 4.2.5 in Supplementary Information).

Random sampling and expert sampling. For comparison with the OPEX strategy,
we considered a random sampling strategy and three different expert sampling
strategies by consulting independent chemists and biologists. Random sampling
and the top performing expert sampling strategy are used as the baseline for
evaluating the performance of OPEX. The utility functions used by the three expert
sampling strategies are: (a) the pairwise structural similarity among the ten biocides
and four antibiotics, (b) the similarity in the biological mechanism of the biocides
and antibiotics, and (c) the relative dominance among the antibiotics and biocides.
The expert sampling strategy (a) had the best performance (Supplementary Fig. 14)
and was used as a benchmark in Fig. 2. These strategies follow the same workflow
as described above for OPEX except that the utility function is either random
sampling function or informed by expert knowledge and not by the GP model. In
the random sampling strategy, the following culture condition is selected randomly
from unobserved conditions. In expert sampling, the devised utility function cal-
culates condition similarities based on their molecular fingerprints, biological mode
of action, or the expected level of impact from the antibiotic on cellular tran-
scription. After condition similarities are calculated, the condition that is most
dissimilar to observed conditions is selected for the next iteration. For details, see
Sections 2.2 and 2.3 in Supplementary Information.

Fitness measurements. Fitness experiments were performed with E. coli MG1655
in sublethal concentrations of all four antibiotics, pretreated with and without any
of the ten biocides, in three replicates. Briefly, fresh colonies of MG1655 were
transferred to 1-ml LB broth and grown overnight at 37 °C in an incubator shaker.
The subsequent day, 5-µl culture was transferred to 2 ml of 0.4% glucose
M9 minimal medium and grown for 12 h at 37 °C in an incubator shaker. After
12 h, 5 µl culture was transferred to 0.4% glucose M9 supplemented with or
without biocide and then were grown overnight at 37 °C. The next day, 5 µl of
grown culture was transferred to 195 µl of 0.4% glucose M9 medium supplemented
with or without antibiotic, in a 96 well plate. Growth profiles were measured at
37 °C in a plate reader (BioTek HTX) at 600 nm. At 16 h, ODs reached stationary
phase. The OD values at 0 and 16 h were used to calculate the CSPI.

Cross-stress protection index (CSPI). We introduce the CSPI as the normalized
ratio of fitness (measured by OD at 16 h) between the treated and untreated cells to
capture the effect of cross-stress protection:

Cross� stress protection index ¼ ODbiocide treated16hð Þ
ODbiocide treated0hð Þ � ODbiocide untreated16hð Þ

ODbiocide untreated0hð Þ :
A CSPI larger than 1 corresponds to cases where the fitness, measured here by

growth curves, of biocide-exposed cells is higher in the presence of the antibiotic to
cells that have not been exposed to the biocide (i.e., a case of cross-stress protection).
In a similar fashion, a CSPI of <1 corresponds to a cross-stress vulnerability.

Statistical validation. To evaluate the hypothesis that GP model achieves average
MAE of 0.147 for GE predictions earlier when using OPEX compared to random
sampling (as illustrated in Fig. 2b top left), we used a one-sided paired t test with 50
degrees of freedom corresponding to 50 different random initial conditions. To
evaluate the hypothesis that MAE of predicted GE for a given gene across
remaining conditions is lower for OPEX compared to when random sampling is
employed (as illustrated in Fig. 2c), we used a one-sided paired t test where the
degrees of freedom is equal to the number of genes. To evaluate the significance of
trends observed in Fig. 2e (increase in exploration of GE landscape until iteration
10 followed by decrease), we used the F-test value corresponding to the fitted linear
models. When evaluating the hypothesis that predicted cluster memberships for
remaining conditions are more accurate when OPEX is used compared to random
sampling (Fig. 3c), we used a one-sided paired t test with 50 degrees of freedom
corresponding to 50 different random initial conditions. To evaluate the hypothesis
that relative fitness is lower for the knockout strain compared to wild-type (Fig. 5c,
f), we used a one-sided Wilcoxon rank-sum test with nine samples each.

Data availability
The RNA-Seq data are available in Gene Expression Omnibus under the ID GSE144604.

Code availability
The R code for OPEX is available at https://github.com/IBPA/OPEX.

Received: 31 December 2019; Accepted: 27 August 2020;

References
1. O’Malley, M. A., Elliott, K. C., Haufe, C. & Burian, R. M. Philosophies of

funding. Cell 138, 611–615 (2009).
2. Waters, C. K. The nature and context of exploratory experimentation: an

introduction to three case studies of exploratory research. Hist. Philos. Life Sci.
29, 275–284 (2007).

3. Elliott, K. C. Varieties of exploratory experimentation in nanotoxicology. Hist.
Philos. Life Sci. 29, 313–336 (2007).

4. Renaud, J.-P. et al. Cryo-em in drug discovery: achievements, limitations and
prospects. Nat. Rev. Drug Discov. 17, 471–492 (2018).

5. Soon, W. W., Hariharan, M. & Snyder, M. P. High-throughput sequencing for
biology and medicine. Mol. Syst. Biol. 9, 640 (2013).

6. King, R. D. et al. The automation of science. Science 324, 85–89 (2009).
7. Hyduke, D. R., Lewis, N. E. & Palsson, B. Ø. Analysis of omics data with

genome-scale models of metabolism. Mol. Biosyst. 9, 167–174 (2013).
8. Gehlenborg, N. et al. Visualization of omics data for systems biology. Nat.

Methods 7, S56–S68 (2010).
9. Libbrecht, M. W. & Noble, W. S. Machine learning applications in genetics

and genomics. Nat. Rev. Genet. 16, 321–332 (2015).
10. Camacho, D. M., Collins, K. M., Powers, R. K., Costello, J. C. & Collins, J. J.

Next-generation machine learning for biological networks. Cell 173,
1581–1592 (2018).

11. Angermueller, C., Pa¨rnamaa, T., Parts, L. & Stegle, O. Deep learning for
computational biology. Mol. Syst. Biol. 12, 878 (2016).

12. Wang, X., Zorraquino, V., Kim, M., Tsoukalas, A. & Tagkopoulos, I.
Predicting the evolution of escherichia coli by a data-driven approach. Nat.
Commun. 9, 1–12 (2018).

13. Alipanahi, B., Delong, A., Weirauch, M. T. & Frey, B. J. Predicting the
sequence specificities of dna-and rna-binding proteins by deep learning. Nat.
Biotechnol. 33, 831–838 (2015).

14. Carlin, D. A. et al. Kinetic characterization of 100 glycoside hydrolase mutants
enables the discovery of structural features correlated with kinetic constants.
PloS ONE 11, e0147596 (2016).

15. Yu, K.-H., Beam, A. L. & Kohane, I. S. Artificial intelligence in healthcare. Nat.
Biomed. Eng. 2, 719–731 (2018).

16. Ching, T. et al. Opportunities and obstacles for deep learning in biology and
medicine. J. R. Soc. Interface 15, 20170387 (2018).

17. Kim, M., Rai, N., Zorraquino, V. & Tagkopoulos, I. Multi-omics integration
accurately predicts cellular state in unexplored conditions for escherichia coli.
Nat. Commun. 7, 1–12 (2016).

18. Raccuglia, P. et al. Machine-learning-assisted materials discovery using failed
experiments. Nature 533, 73–76 (2016).

19. Melnikov, A. A. et al. Active learning machine learns to create new quantum
experiments. Proc. Natl Acad. Sci. 115, 1221–1226 (2018).

20. Ren, F. et al. Accelerated discovery of metallic glasses through iteration of machine
learning and high-throughput experiments. Sci. Adv. 4, eaaq1566 (2018).

21. Lindley, D. V. On a measure of the information provided by an experiment.
Ann. Math. Stat. 27, 986–1005 (1956).

22. Fedorov, V. V. Theory of Optimal Experiments (Elsevier, 2013).
23. Caselton, W. F. & Zidek, J. V. Optimal monitoring network designs. Stat.

Probab. Lett. 2, 223–227 (1984).
24. Lindner, P. F. O. & Hitzmann, B. Experimental design for optimal parameter

estimation of an enzyme kinetic process based on the analysis of the fisher
information matrix. J. Theor. Biol. 238, 111–123 (2006).

25. Yu, K., Bi, J. & Tresp, V. Active learning via transductive experimental design. In
Proc. 23rd iNternational Conference on Machine Learning, 1081–1088 (2006).

26. Sugiyama, M. Active learning in approximately linear regression based on
conditional expectation of generalization error. J. Mach. Learn. Res. 7,
141–166 (2006).

27. Cohn, D. A. Neural network exploration using optimal experiment design. In
Proc. Advances in Neural Information Processing Systems, 679–686 (1994).

28. Schohn, G. & Cohn, D. Less is more: active learning with support vector
machines. In Proc. ICML, 2, 6 (2000).

29. Settles, B. Active learning literature survey. Technical Report (Department of
Computer Sciences, University of Wisconsin-Madison, 2009).

30. Unal, R., Lepsch, R. & McMillin, M. Response surface model building and
multidisciplinary optimization using d-optimal designs. In Proc. 7th AIAA/
USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and
Optimization, 4759 (1998).

31. Long, Q., Motamed, M. & Tempone, R. Fast Bayesian optimal experimental
design for seismic source inversion. Comput. Methods Appl. Mech. Eng. 291,
123–145 (2015).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18785-y

8 NATURE COMMUNICATIONS |         (2020) 11:5026 | https://doi.org/10.1038/s41467-020-18785-y | www.nature.com/naturecommunications

https://github.com/IBPA/OPEX
www.nature.com/naturecommunications


32. Guestrin, C., Krause, A. & Singh, A. P. Near-optimal sensor placements in
gaussian processes. In Proc. 22nd International Conference on Machine
Learning, 265–272 (2005).

33. Balachandran, P. V., Kowalski, B., Sehirlioglu, A. & Lookman, T. Experimental
search for high-temperature ferroelectric perovskites guided by two-step
machine learning. Nat. Commun. 9, 1–9 (2018).

34. Lookman, T., Balachandran, P. V., Xue, D. & Yuan, R. Active learning in
materials science with emphasis on adaptive sampling using uncertainties for
targeted design. npj Comput. Mater. 5, 1–17 (2019).

35. Romero, P. A., Krause, A. & Arnold, F. H. Navigating the protein fitness
landscape with gaussian processes. Proc. Natl Acad. Sci. 110, E193–E201 (2013).

36. Naik, A. W., Kangas, J. D., Langmead, C. J. & Murphy, R. F. Efficient
modeling and active learning discovery of biological responses. PLoS ONE 8,
e83996 (2013).

37. Smith, K. & Horvath, P. Active learning strategies for phenotypic profiling of
high-content screens. J. Biomol. Screen. 19, 685–695 (2014).

38. Naik, A. W., Kangas, J. D., Sullivan, D. P. & Murphy, R. F. Active machine
learning-driven experimentation to determine compound effects on protein
patterns. Elife 5, e10047 (2016).

39. Murphy, R. F. An active role for machine learning in drug development. Nat.
Chem. Biol. 7, 327–330 (2011).

40. Wei, K., Libbrecht, M. W., Bilmes, J. A. & Noble, W. S. Choosing panels of
genomics assays using submodular optimization. Genome Biol 17, 229 (2016).

41. Bandara, S. et al. Optimal experimental design for parameter estimation of a
cell signaling model. PLoS Comput. Biol. 5, 5 (2009).

42. Vanlier, J., Tiemann, C. A., Hilbers, P. A. & van Riel, N. A. A Bayesian
approach to targeted experiment design. Bioinformatics 28, 1136–1142 (2012).

43. Ruess, J., Parise, F., Milias-Argeitis, A., Khammash, M. & Lygeros, J. Iterative
experiment design guides the characteriza- tion of a light-inducible gene
expression circuit. Proc. Natl Acad. Sci. 112, 8148–8153 (2015).

44. Balsa-Canto, E., Alonso, A. A. & Banga, J. R. Computational procedures for
optimal experimental design in biological systems. IET Syst. Biol 2, 163–172
(2008).

45. Kreutz, C. & Timmer, J. Systems biology: experimental design. FEBS J 276,
923–942 (2009).

46. Apgar, J. F., Witmer, D. K., White, F. M. & Tidor, B. Sloppy models,
parameter uncertainty, and the role of experimental design. Mol. Biosyst. 6,
1890–1900 (2010).

47. Sverchkov, Y. & Craven, M. A review of active learning approaches to
experimental design for uncovering biological networks. PLoS Comput. Biol.
13, e1005466 (2017).

48. Bandiera, L. et al. On-line optimal input design increases the efficiency and
accuracy of the modelling of an inducible synthetic promoter. Processes 6, 148
(2018).

49. Atias, N., Gershenzon, M., Labazin, K. & Sharan, R. Experimental design schemes
for learning boolean network models. Bioinformatics 30, i445–i452 (2014).

50. Yeang, C.-H. et al. Validation and refinement of gene-regulatory pathways on
a network of physical interactions. Genomebiology 6, R62 (2005).

51. Rasmussen, C. E. Gaussian processes in machine learning. In Summer School
on Machine Learning, 63–71 (Springer, 2003).

52. Zorraquino, V., Kim, M., Rai, N. & Tagkopoulos, I. The genetic and
transcriptional basis of short and long term adaptation across multiple stresses
in escherichia coli. Mol. Biol. Evol. 34, 707–717 (2017).

53. Dragosits, M., Mozhayskiy, V., Quinones-Soto, S., Park, J. & Tagkopoulos, I.
Evolutionary potential, cross-stress behavior and the genetic basis of acquired
stress resistance in escherichia coli. Mol. Syst. Biol. 9, 643 (2013).

54. Lachapelle, J.-M. et al. Antiseptics in the era of bacterial resistance: a focus on
povidone iodine. Clin. Pract. 10, 579–592 (2013).

55. Salian, S. et al. Structure-activity relationships among the kanamycin
aminoglycosides: role of ring i hydroxyl and amino groups. Antimicrob.
Agents Chemother. 56, 6104–6108 (2012).

56. Zhou, X. et al. Structural basis for two-component system inhibition and pilus
sensing by the auxiliary cpxp protein. J. Biol. Chem. 286, 9805–9814 (2011).

57. Yamanaka, K., Zheng, W., Crooke, E., Wang, Y.-H. & Inouye, M. Cspd, a
novel dna replication inhibitor induced during the stationary phase in
escherichia coli. Mol. Microbiol. 39, 1572–1584 (2001).

58. Maruyama, A. et al. Oxidative-stress-inducible qora encodes an
nadphdependent quinone oxidoreductase catalysing a one-electron reduction
in staphylococcus aureus. Microbiology 149, 389–398 (2003).

59. Kim, Y.-M. et al. Chlorothalonil-biotransformation by glutathione stransferase
of escherichia coli. J. Microbiol. 42, 42–46 (2004).

60. Kanai, T., Takahashi, K. & Inoue, H. Three distinct-type glutathione
stransferases from escherichia coli important for defense against oxidative
stress. J. Biochem 140, 703–711 (2006).

61. Kim, Y. & Wood, T. K. Toxins Hha and CspD and small rna regulator Hfq are
involved in persister cell formation through mqsr in Escherichia coli. Biochem.
Biophys. Res. Commun. 391, 209–213 (2010).

62. Saier, M. H. Jr. et al. The transporter classification database (tcdb): recent
advances. Nucleic Acids Res 44, D372–D379 (2016).

63. Odermatt, P. D., Arjes, H. A., Chang, F. & Huang, K. C. Who’s your dada?
dalanine levels regulate bacterial stiffness. mBio 9, e02127–18 (2018).

64. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for
illumina sequence data. Bioinformatics 30, 2114–2120 (2014).

65. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–359 (2012).

66. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics 30,
923–930 (2014).

67. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edger: a bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139–140 (2010).

68. Dancik, G. M. Mlegp: maximum likelihood estimates of gaussian processes. R
package version 3 (2013).

Acknowledgements
We want to thank expert participants and various labs in the UC Davis Genome Center
for help in identifying expert or commonly used methodologies for experiment selection.
This work was supported by NSF ABI award 1743101, NSF OCI award 1516695, and
XSEDE award TG-BCS180014 for computational resources, and an unrestricted gift from
Mars Inc. to I.T.

Author contributions
The OPEX algorithm was designed by X.W., I.T., and A.E. X.W. performed all com-
putational analysis. B.M.P.P. and N.R. performed the wet-lab validation and all experi-
ments. X.W., B.M.P.P., N.R., A.E. and I.T. wrote the manuscript. I.T. conceived and
supervised all aspects of the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18785-y.

Correspondence and requests for materials should be addressed to I.T.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18785-y ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:5026 | https://doi.org/10.1038/s41467-020-18785-y | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-020-18785-y
https://doi.org/10.1038/s41467-020-18785-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Accelerated knowledge discovery from omics data by optimal experimental design
	Results
	Active learning accelerates discovery and model training
	Broader exploration followed by fine-tuning as a strategy
	OPEX accelerates the discovery of gene expression clusters
	Exposure to biocides confers cross-stress protection
	Chaperons and membrane proteins are involved in cross-stress

	Discussion
	Methods
	Culture conditions, RNA extraction, and transcriptomics
	RNA-Seq data analysis
	Modeling gene expression using GPs
	OPEX algorithm
	Random sampling and expert sampling
	Fitness measurements
	Cross-stress protection index (CSPI)
	Statistical validation

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




