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Abstract

Synthetic biology has a natural synergy with deep learning. It can be used to generate large data sets to train models,
for example by using DNA synthesis, and deep learning models can be used to inform design, such as by generating
novel parts or suggesting optimal experiments to conduct. Recently, research at the interface of engineering biology
and deep learning has highlighted this potential through successes including the design of novel biological parts, pro-
tein structure prediction, automated analysis of microscopy data, optimal experimental design, and biomolecular
implementations of artificial neural networks. In this review, we present an overview of synthetic biology-relevant clas-
ses of data and deep learning architectures. We also highlight emerging studies in synthetic biology that capitalize
on deep learning to enable novel understanding and design, and discuss challenges and future opportunities

in this space.

ynthetic biologists are beginning to take advantage of
deep learning methods, powered by advances in synthe-

sis and sequencing and the promise of automation. As a

field, synthetic biology applies engineering principles to the de-
sign and construction of biological components and systems for
use in a wide variety of industrial, agricultural, pharmaceutical,
and environmental applications.! For synthetic biology domains
where it is currently possible to generate large high-quality data
sets, emerging results demonstrate the potential of coupling
deep learning with engineering biology. Deep learning is a
class of machine learning methods that commonly uses models
with multiple layers of artificial neurons to “learn” the relationship
between input and output data. Examples include models that
predict the activity of parts such as promoters based on sequence
data or highly accurate protein structure prediction algorithms.>™
The goal is to develop a model that, when trained on many
representative examples, can generalize to make predictions
about output given an input it has never seen before. A key fea-
ture of deep learning models is that by passing information se-
quentially between layers in an artificial neural network (ANNs),
these models can progressively extract information from the
input data.® For instance, when analyzing a microscopy image,
early layers in the network may extract low-level features such

as horizontal or vertical edges, whereas later layers synthesize
this information to recognize patterns or shapes of cells within
the image.”® In addition, deep learning networks can encode
complex nonlinear relationships between input values. For ex-
ample, a deep learning model that predicts a protein’s function
from its sequence, can learn that certain combinations of amino
acids act synergistically, increasing activity over the levels
expected given the contributions of individual amino acids.’

To drive future progress at the interface of synthetic biology
and deep learning, there are several challenges that need to be
overcome. From a training standpoint, synthetic biologists are
not traditionally taught deep learning methods and it can be dif-
ficult to keep pace with two rapidly advancing fields in parallel.
In addition, synthetic biology data sets have field-specific con-
straints. In some domains there is an abundance of data, as in
the case of natural sequence information, but these data sets
are limited in their diversity, as nonfunctional sequences or
those that result in very high expression are typically underrepre-
sented. In contrast, other applications are severely limited in the
amount of data available due to practical constraints in imple-
mentation and testing of synthetic biology constructs.

Despite these challenges, recent results hint at the excellent
potential of applying deep learning to synthetic biology, and
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the goal of this review is to cover topics in deep learning
through the lens of engineering biology applications. Although
we focus in this review explicitly on deep learning, we note that
only a subset of synthetic biology data currently satisfies the vol-
ume requirements necessary for training these models. Further-
more, not all synthetic biology problems demand hierarchical or
nonlinear models. For an excellent review that covers machine
learning more generally and its application to various aspects
of biology, we direct readers to the recent article by Greener
et al."® For reviews of machine learning applied to metabolic en-
gineering, we refer the interested reader to Kim et al, Presnell
and Alper, and Lawson et al."'"'? Finally, for the use of machine
learning in microbiome studies, we recommend the recent re-
view by Marcos-Zambrano et al.™

This review aims to support synthetic biologists in under-
standing and utilizing deep learning approaches in their re-
search, both by providing an overview of methods and also
summarizing the state of the art at the intersection of engi-
neering biology and deep learning. We begin by describing
classes of data that are relevant to synthetic biology and ex-
plain how they can be represented mathematically so they
can serve as inputs for a deep learning model. Next, we review
common deep learning network architectures that are relevant
for engineering biology applications. We then present recent
advances that use deep learning to enable synthetic biology,
highlighting examples from parts design, structure-based
learning, imaging, and other domains. We also review recent
works that engineer biomolecular implementations of deep
learning networks. Finally, we discuss synthetic biology-
specific challenges and potential approaches for mitigating
these issues.

Classes of Data Relevant to Synthetic Biology

and Their Representation

A properly trained deep learning network can take an input and
use it to accurately predict an output. Input data are typically
represented as matrices or vectors of numbers. These mathe-
matical representations are essential for converting biological
problems into ones that are amenable to model training. Iden-
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FIG. 1.
(A) One-hot encoding of sequence data.
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tifying the optimal data representation for a particular problem
is critical to the development of high-performing and generaliz-
able models, as the representation codifies which information is
fed into the model, and constrains the set of learning algorithms
which can be applied.

Practitioners must make careful choices about data represen-
tations to ensure that the independent variables pertinent to the
problem are represented, whereas limiting the number of irrele-
vant or confounding variables, which a model would have to
learn to ignore. Furthermore, smart selection of data representa-
tions can allow the practitioner to leverage the structure of these
representations to reduce the problem space and increase data
efficiency. Here, we describe common types of synthetic biology-
relevant data and how they can be represented numerically.

Sequence data

Thanks to the rapid expansion of sequencing capabilities,’> one
area where we have vast quantities of data is in sequence space.
This can include DNA, RNA, or amino acid sequences. These data
are typically represented as matrices using embeddings, or func-
tions that map sequence elements to vectors. The most basic
embedding is one-hot encoding, so-called because in each em-
bedding vector only a single element is “hot,” taking on a value
of one, whereas all the rest are zero. For example, a sequence
given by a string of nucleic acids (e.g., ATTGGTCA) is converted
into a matrix where the rows represent the possible values, such
as A, T, G, or C, and the columns represent the position within
the sequence (Fig. 1A).

Thus, a 50-mer can be represented by a 4 x50 matrix. Equiv-
alently, protein sequence data can be represented using one-
hot encoding for each amino acid, such that a 300 amino acid
sequence is represented as a 20 x 300 matrix. One-hot encoding
is straightforward, but in certain cases it can limit the represen-
tational power of the model by disregarding the idea that cer-
tain amino acids might behave similarly at a given point in
the sequence, for example, in terms of their hydrophobicity.
Embeddings of amino acids learned from large unlabeled pro-
tein data sets have been shown to outperform one-hot encod-
ings in certain protein engineering tasks.'®"”
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Classes of synthetic biology-relevant data and their mathematical representation.

(B) Graph-structured molecular data encoded as node (atom) features, edge (bond) features, and a node adjacency matrix.

(C) Images represented as matrices for each color channel.

(D) Time-series data. GFP, green fluorescent protein; OD, optical density.
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Sequence representations can be used on their own, or cou-
pled with additional biophysical features. For example, in a pro-
moter calculator model, La Fleur et al'® used a combination of
one-hot encodings of —35 and —10 sites in addition to features
corresponding to the energetic contributions from distinct parts
of the sequence as input to the model.

Molecular structure data

The structure of molecules, at both the small and macromolec-
ular scales, can be described geometrically in several ways,
either in a string-based representation such as SMILES' or
derivatives,®® or a learned embedding thereof.?’ Alternatively,
a molecule can be represented through its structural formula,
and this formula can be encoded as a graph (Fig. 1B) upon
which graph-based learning methods can be directly applied.
Nodes in the graph are the atoms in the molecule, with a set
of node features defining the atomic identity and properties,
such as atomic mass and charge.?> Edges can be defined as
the bonds between atoms in the molecule, optionally with
edge features and edge weights.

For example, edge features might include bond type,?? and
edges might be weighted by bond length.® This allows the
structural formula of a molecule to be fully defined as a set of
node features, a set of edge features, and an adjacency matrix,
which encodes which nodes are connected to each other. This
approach has the advantage of explicitly including important
concepts such as atomic locality into the learning framework
and imposing the molecular geometry onto the algorithm
throughout, and has led to significant recent progress in the
drug discovery field, summarized nicely by Wieder et al.>*

Alternatively, molecules can be treated as objects in three-
dimensional space by giving their constituent atoms explicit
coordinates alongside their existing node features. These coor-
dinates and node features can be used in machine learning
workflows. Note that these concepts can be abstracted to a
higher-level view of molecular structure, for example, by defin-
ing nodes as nucleotides in DNA and RNA structures, and amino
acids in proteins.

Image data

Synthetic biology experiments can also generate image data,
such as microscopy files. In this case, the pixels are represented
in the rows and columns in the matrix, where the numerical
entries in this matrix correspond to grayscale values within
the image (Fig. 1Q). If the image contains multiple color chan-
nels, the dimensions expand to include these values. For exam-
ple, a color image that is 400 X600 pixels is represented by a
400x 6003 object that has data associated with the red,
green, and blue color channels.

Time-series, -omics, and other data

Time-series data, such as readouts from a plate reader, can also
be fed into deep learning networks. In this case, data points are
represented as a vector of numbers, with each entry in the vec-
tor corresponding to the value at a specific time point (Fig. 1D).
It is also possible to expand this to include multiple types of
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data. For example, plate reader data measuring green fluores-
cent protein expression and optical density for 100 time points
can be represented as a 2 x 100 matrix.

More generally, synthetic biology applications can generate a
variety of “-omics” data sets, such as genomic, transcriptomic,
proteomic, or epigenetic data, which can be represented
using categorical encodings, or with numerical values such as
those associated with biochemical properties, of which the
one-hot encoding described earlier is one example.

Network Architectures and Common Building Blocks
for Deep Learning Models
ANNs are a type of machine learning algorithm inspired by the
way biological neural networks work. In ANNs, an artificial neu-
ron is a mathematical function that is used to simulate the
behavior of a biological neuron. ANN models are used to recog-
nize patterns, classify data, and perform other specific tasks.
Deep learning is a subset of machine learning that uses net-
works with multiple layers of artificial neurons to learn complex
patterns in data. There are a myriad of deep learning architec-
tures, and in this review we introduce some of the more com-
mon representations that have been used in synthetic biology
applications to-date. These include traditional deep learning
networks such as multilayer perceptrons, convolutional neural
networks (CNNs) that are widely used in computer vision and
have also proven useful for sequence analysis, and networks
that take into account the order or importance of information
such as recurrent neural networks (RNNs) and transformers.
For additional information about these topics, Goodfellow
et al® offer a comprehensive treatment and LeCun et al* pro-
vide a concise review. We also discuss networks that are well
suited for exploiting the geometry of biochemical structures,
such as graph neural network approaches. We note that this is
not a comprehensive list of modeling approaches—for example,
techniques such as reinforcement learning®® and generative
models?’ also have great potential for synthetic biology. In ad-
dition to the network architecture, there are key considerations
about model training, validation, and testing that are critical to
performance. We briefly introduce these ideas in the Supple-
mentary Information S1 and provide citations to more in-
depth content.

Multilayer perceptrons

A traditional ANN architecture uses a set of “neurons,” where
each neuron takes in a series of numerical inputs. These inputs
are multiplied by parameters called weights, and a constant
known as the bias is added. This number is then passed through
a nonlinear function to become the output of the neuron
(Fig. 2A). Historically, researchers used a sigmoid for the nonlin-
ear function, but most modern implementations of deep learn-
ing networks use a rectified linear unit (ReLU) for the neurons
within the hidden layers of the network for reasons of computa-
tional efficiency. Typically, there are many neurons, where the
same inputs are multiplied by different weights for each neuron.
For example, if the inputs correspond to DNA sequence informa-
tion, the weights adjust how each nucleotide factors into
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FIG. 2. Deep learning network architectures.

(A) A single artificial neuron takes in inputs, which are multiplied by weights and added to a bias term. This value is then fed into a nonlinear
function such as the RelLU, shown in the diagram.

(B) A multilayer perceptron network consists of multiple hidden layers, where each neuron is fully connected to the neurons in the layers
around it.

(C) The convolution operation passes a filter over data, such as an image. The values in the filter determine what operation the convolution
implements, such as edge detection. A representative example of a vertical edge detector for light to dark transitions is shown, where
applying this filter to an image region with this light—dark pattern will produce a large value. This could be used in combination with other
filters to detect edges.

(D) CNNs use multiple sequential convolution filters, typically in concert with other operations, where the weights are the values in the filters.
(E) Comparison of information flow in layers of different network architectures. Information flows left to right unless otherwise noted. In fully
connected networks, such as in a multilayer perceptron, each input is connected to each output, with each connection having a learned
weight (weights not shown for simplicity). Convolutional layers only connect outputs to inputs in their local region. Connections share
weights across the set of outputs, acting as filters applied across the entire input. RNNs process each element of the input in turn, passing
information from each iteration to the next. Transformers are fully connected, but have their weights generated from the input data. For each
output, a query is generated from the respective input (red), which is compared with each of the inputs to determine the attention paid to
each input. CNN, convolutional neural networks; ReLU, rectified linear unit; RNN, recurrent neural network.
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determining the ultimate output, such as transcriptional activity.
In cases where the input is a multidimensional array, it can be
unwrapped into a vector (e.g., a 4x50 matrix unwrapped into
a 200-dimensional vector).

Multilayer perceptrons stack sets of neurons together in fully
connected networks such that the output of one layer feeds into
the next layer (Fig. 2B). This hierarchical structure allows for
identification of low-level features in early layers and more com-
plex features in later layers. The depth contributed by multiple
sequential layers is where the term “deep” comes from in the
name “deep learning.” In the multilayer perceptron architecture,
each output of a neuron is fully connected to all the nodes in the
next layer downstream. Internal layers in the network are known as
hidden layers, and the final layer is referred to as the output layer.
The output layer is special in that it often collapses to a single value
or a small number of values, in contrast to the earlier layers which
have many outputs. For example, in a network that maps promoter
sequence data to a transcriptional activity, the output could be a
single number quantifying transcriptional activity.

Convolutional neural networks

CNNs can preserve local positional information about how
nearby data are organized in relation to each other. In addition,
they use a parameter sharing structure, where the same model
weights are applied across the entire input. Because of this,
CNNs are especially appropriate for tasks such as image process-
ing, where adjacent pixels contain related information, and
where operations such as edge detection should be performed
uniformly across the image. For each convolutional layer in the
network, the input is convolved with a filter (or filters), and then
passed through a nonlinear activation function. Filters can be
used to detect specific patterns.

In traditional filter-based analysis tasks the numerical values
in the filter are hand-selected to specify properties that a user
deems likely to be important, for example, edge detection
(Fig. 2Q). In contrast, CNNs use filter parameters as the weights
of the model, which are learned by the network (Fig. 2D).
CNNs typically use a series of convolution steps to perform se-
quential analysis operations that can abstract features, such as
patterns or color gradients. Convolution layers are often inter-
spersed between layers that perform other mathematical oper-
ations, such as pooling, which is used to concentrate
information by reducing the dimensionality of the data. CNNs
can also include elements of other network architectures, such
as following convolutional layers by fully connected layers.

Recurrent neural networks

RNNs are a class of models designed for use with sequential data.
They operate by iterating over the data sequence, and recursively
updating the model’s internal state (or memory) based on the
content of the internal state and the next value in the input se-
quence (Fig. 2E). Classically, these networks have been used for
language processing, where the order of words is important for
context and meaning. Similarly, these networks are appropriate
for processing biological time-series data or sequence informa-
tion. For example, when processing DNA sequences, the relative
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positioning of start and stop codons is highly significant for deter-
mining protein expression. However, the recursive nature of these
networks presents several limitations. Most importantly, simplistic
RNNs do not learn long-term dependencies between elements
that are far apart in sequence space due to the vanishing gradi-
ents problem,®® and their recursive nature prohibits parallelism
in implementation, limiting their scalability.

A critical improvement to the performance of RNNs came
with the development of long short-term memory (LSTM) net-
works.?? LSTM models were designed with the aim of improving
the limited temporal memory of RNNs by adding a long-term
memory state to the model, where the model must make ex-
plicit decisions to remove or add information to the long-term
memory. For example, if a model is trying to predict whether
a protein will be translated from a given mRNA, the presence
of a stop codon would likely be placed into long-term memory
and kept there until a downstream start codon is identified. Fur-
ther details about LSTM models can be found in the review by
Van Houdt et al*® and an example of their application in syn-
thetic biology is included in Angenent-Mari et al.>' Numerous
variants of the LSTM exist>’; of notable mention for the inter-
ested reader is the gated recurrent unit.>®

Transformers

The transformer is a more recent model developed for sequen-
tial data, which eliminates the problems of limited memory
encountered with RNN variants, whereas also being more com-
putationally efficient and parallelizable through the elimination
of recurrence. The transformer has demonstrated paradigm-
shifting performance on sequence-based tasks, outperforming
RNNs and LSTMs across the board.>* Transformers have even
demonstrated the ability to outperform CNNs on computer
vision problems, although they were not originally designed
for such tasks. This transformative performance is achieved by
avoiding the concept of model memory, and instead allowing
the model to view and generate outputs for every position in
the entire sequence of data at once.

For each output, the model selects which parts of the se-
quence to draw information from. This is achieved through
what is known as an “attention” mechanism, where the model
can learn what information is important at each point in the se-
quence, and focus on passing that information forward (Fig. 2E).
For example, a model predicting the behavior of a small RNA
that might form secondary structures is likely to place a lot of at-
tention on sequences that are complementary to the sequence
of interest (e.g., outputs for “CGA” will include a lot of informa-
tion from another part of the sequence containing “UCG"). The
mathematical details of the attention mechanism are beyond
the scope of this review, but the reader is encouraged to read
Vaswani et al** and Chaudhari et al*® for further details.

Graph neural networks and geometric approaches

Methods for learning on sequence and image data take advan-
tage of the regular Euclidean structure of the data and the nat-
ural concept of spatial locality that it imparts. Other structured
data, such as structural formula graphs of molecules, secondary
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structure graphs of DNA and RNA, or atomic coordinate data for
proteins, do not have these same structural properties. However,
they do have their own symmetries and definitions of locality,
which can be used to construct learning frameworks. Graph
neural networks were designed specifically to generalize the in-
formation flow in Euclidean neural networks to graph structure,
defining a scalable and generalizable approach for passing in-
formation between nodes through the irregular edge connec-
tions between them, which act to encode the structure’s locality.
This allows for the learning of high-quality representations of
structured data, which can be used to perform node labeling or
edge prediction tasks, or pooled together across the structure
and fed into a multilayer perceptron to perform classification or
regression at the molecule scale. Bronstein et al*” present a com-
prehensive and detailed primer for viewing machine learning
from a geometric perspective, and Zhou et al*® provide a break-
down of the specifics of graph neural network development.

Synthetic Biology Applications

In this section, we turn to examples of deep learning as applied
to synthetic biology research (Fig. 3A). We review recent prog-
ress on the design of biological parts, structure-based learning,
imaging applications, optimal experimental design, and biomo-
lecular implementations of neural networks.

>
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Design and modeling of biological parts

Researchers have made significant recent progress in using deep
learning to predict the function of biological “parts,” such as pro-
moters, ribosome binding sites (RBSs), and 5" and 3” untranslated
regions (UTRs).2*'*9~%6 Because these parts are often constrained
in length—for example, ~ 50 nucleotides for a 5" UTR sequence
or ~300 for a promoter—it is possible to use DNA synthesis to
generate large randomized or semirandomized libraries, where
function can be measured with massively parallelized reporter as-
says coupled with next-generation sequencing. The ability to syn-
thesize large libraries represents an ideal example of how
synthetic biology approaches can generate the training sets re-
quired for data-hungry models.

For example, Sample et al*' developed a deep learning
model, Optimus 5-Prime, which accurately predicts how the 5’
UTR sequence controls ribosomal loading. Although data sets
from endogenous human 5" UTRs do exist that relate sequence
to translation efficiency,*’*® these natural data sets are not ideal
for model training because sequences with deleterious effects
are likely to be underrepresented in natural examples, and en-
dogenous transcript data are not sufficiently diverse to capture
a broad range of expression levels.

To circumvent these issues, Sample et al synthesized and an-
alyzed data from a 280,000-member library consisting of ran-
dom 50-nucleotide 5" UTR sequences upstream of the coding
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FIG. 3. Synthetic biology applications enabled by deep learning.
(A) Examples of relevant inputs to deep learning networks and their associated output predictions. Many models are implemented

computationally; however, biomolecular implementations also exist.

(B) Deep learning can be used to make predictions given a new input. Models can also be used in reverse to generate novel designs given

a desired output.
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sequence for green fluorescent protein. Data from transfected
HEK293T cells were used to train the Optimus 5-Prime model,
where the inputs to the model were one-hot encoding repre-
sentations of the 5° UTR sequence and the output was the
mean ribosome load values. The researchers used a CNN and
the model had excellent performance, explaining up to 93%
of the mean ribosome loading values in the test set.

Similar approaches, which combine DNA synthesis, massively
parallel reporter assays, and deep learning, have been used for
promoter designs. Synthetic biologists have traditionally used a
relatively small number of native promoters in their construct
designs. Although artificial promoter libraries exist,**™" they
are often derivatives of existing sequences, such as those
achieved through mutagenesis, which limits diversity. Further-
more, there is a dearth of very strong promoters, as they are un-
derrepresented in natural contexts. Using massively parallel
reporter assays, Kotopka and Smolke? characterized a library
of promoter variants. The design preserved conserved se-
quences within the promoter and randomized the remainder
(~80% of the sequences).

This highlights a potential approach for accessing larger
sequence spaces, by using a combination of rational and
randomized designs. The researchers used a combination of
fluorescence-activated cell sorting and high-throughput DNA
sequencing (FACS-seq) to bin cells by expression levels and
then sequenced the promoter regions within each bin. These
data were used to train a CNN, where the model accepts DNA
sequence as input and outputs an activity prediction. Overall,
the model predictions generalized well to test data, achieving
R* values >0.79 for all libraries, representing a significant
achievement given these complex sequences. This approach
of using massively parallel reporter assays is widely generaliz-
able. For example, Jores et al’? built synthetic promoters for
plant species, including Arabidopsis, maize, and sorghum, and
trained a CNN to predict promoter strength.

Massively parallel reporter assays are not the only way to gen-
erate large data sets, and other approaches may be less prone to
biases that can be introduced in processing. For example, Holl-
erer et al used genetic reporters to create a large data set that
directly links sequence to function, applying it to develop a
deep learning model that predicts translation activity of an
RBS with high accuracy.** The researchers built a library of
300,000 bacterial RBSs and placed them upstream of a site-
specific recombinase that flips a particular DNA sequence lo-
cated in a region adjacent to the recombinase.

By sequencing the region containing both the RBS and the
recombinase sites, the researchers could assess function by
measuring what proportion of constructs had undergone re-
combination for each RBS sequence. They used this data set
to train a ResNet>® (a CNN variant), ultimately yielding a model
that predicted RBS function with high accuracies (R*=0.927). It
is worth noting that the general approach used to create a phys-
ical DNA-recorded link between gene regulatory element func-
tion and DNA sequence is not restricted to RBS optimization,
and could be employed for a variety of other tasks including
transcriptional or translational biosensor design or the optimiza-
tion of promoter sequences. Despite the excellent potential of
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using synthetic sequences to generate diverse libraries, there
are some limitations to this approach. Studies using deep learn-
ing to generate novel synthetic parts have frequently encoun-
tered the issue that using purely randomized sequences
results in many parts that do not work. The flip side of natural
elements being biased in their representation is that purely ran-
dom parts are also likely to have low rates of success.

Researchers have circumvented this problem by employing
semi-rational methods, such as interspersing regulatory ele-
ments known to yield functional promoters with randomized se-
quences? and using model predictions to select libraries that are
enriched for elements with intermediate or strong function.*? In
addition, the length of the sequence will ultimately place limits
on the diversity of the library. The ability to synthesize and se-
quence longer regions may lead to decreased coverage and
data quality that is biased in the case of longer sequences. In ad-
dition, researchers must make trade-offs between the length of
sequencing reads, library size, and sequencing depth.

The benefits of focusing on specific sequence regions as
“parts” needs to be balanced with the fact that gene regulation
is complex. For example, Zrimec et al** showed that interactions
between coding and noncoding regions are important for deter-
mining gene expression levels. Although they demonstrated
that DNA sequences can be used to predict mRNA abundance
directly with some accuracy (R*=0.6 on average across a
broad range of model organisms, including Saccharomyces cer-
evisiae, Arabidopsis thaliana, Homo sapiens, and others), what
was notable from their deep learning results was that it was
the interaction between regulatory motifs and not necessarily
the motifs themselves that determined mRNA abundance.
These results serve as a critical reminder that biological parts
do not exist in isolation.

Generative approaches for new synthetic parts

For synthetic biology applications it is often desirable for a model
to be not just predictive (e.g., from sequence to predicted perfor-
mance), but also generative (e.g., from desired performance to se-
quence, Fig. 3B). Non-deep learning examples have proved very
valuable to the engineering biology community. For example,
the RBS calculator’® can generate novel designs based on a ther-
modynamic model, and synthetic 5" UTR sequences have been
successfully made based on genetic algorithms.*'

Mechanistic modeling approaches are very powerful; however,
they require expert knowledge of which features contribute to
performance. Generative approaches based on deep learning
models are an exciting area for development, as these tools are
moving toward the ability to work backward, such as from spec-
ifications about translation efficiency to candidate sequence de-
signs. For example, in their study on yeast promoters, Kotopka
and Smolke? used a CNN model to implement sequence-design
strategies, ultimately showing that the best algorithms yielded
strong synthetic constitutive and inducible promoters.

However, traditional approaches to design optimization can
be prone to practical pitfalls, including computational ineffi-
ciency and a propensity to get stuck at local optimization min-
ima. Furthermore, these algorithms have no constraints on
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sequence diversity, which can be problematic in cases where
many distinct library variants need to be generated. Deep gen-
erative models have the potential to address these gaps, and in-
clude models such as variational autoencoders, autoregressive
models, and generative adversarial networks.”’®*’ In an example
of this approach, Linder et al®® developed a deep exploration
network framework. Their approach optimized fitness for the
desired function, whereas also explicitly maximizing sequence
diversity by using a similarity metric that penalizes sequence
similarities that exceed a threshold.

Generative models have also begun to see success in the field
of peptide engineering for simple problems dealing with short-
chain peptides, including the design of antimicrobial pep-
tides.’®°® We point the interested reader toward the recent re-
view by Wan et al®' for further details.

Structure-based applications

Rapid progress in the field of geometric deep learning has
facilitated an explosion of research into structure-to-function
learning in biotechnology. Perhaps the most high-profile case
is that of DeepMind'’s AlphaFold 2 protein structure prediction
model,>®? which boasts protein structure prediction accuracy
high enough to be usable as a replacement for costly and
time-consuming protein crystallography. The model takes the
protein sequence and multiple sequence alignments to similar
proteins as inputs, and performs learning on three different
data structures: a sequence-level representation, a pairwise nu-
cleotide interaction representation, and the atom-level 3D struc-
ture of the protein generated by the model.

The 3D structure is represented by a cloud of unconnected
nodes corresponding to the backbone elements of each of
the nucleotides, each with their corresponding amino acid
side chains. A geometrically equivariant attention mechanism
is used to take advantage of the rotational and translational
symmetries inherent in the geometry of 3D space. Other appli-
cations of interest in the protein space are protein engineering
and sequence-function mapping.”®>"%” For example, Gelman
et al® demonstrated that deep networks, such as convolutional
networks, can accurately make predictions about function for
new uncharacterized sequence variants when trained on data
from deep mutational scanning assays.

The problem of predicting 3D RNA structure is made more dif-
ficult by the lack of existing structural data as compared with the
protein folding problem. Although >100,000 protein structures
have been characterized, high-fidelity structures only exist for
a handful of RNA structures. One interesting technique for over-
coming this limitation has been deployed by Townshend et al,®®
where they reframe the problem not as one of predicting the
RNA structure end-to-end with a deep learning model, but in-
stead using deep learning to score the structural predictions
generated by the FARFAR2 algorithm. This facilitated a massive
amplification of the available data set, which consists of only 18
RNA structures. It is trivial to generate thousands of candidate
structures for each of the RNA molecules in the training data
set, and instead learn to predict the similarity between candi-
date structures and the ground truth. The structural scoring
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function learned, dubbed the Atomic Rotationally Equivariant
Scorer (ARES), achieves significantly improved accuracy com-
pared with existing non-machine learning techniques.

Structural learning on small molecule graphs has expanded
rapidly in recent years in the fields of drug discovery®®’°® and
drug repurposing.”’ For example, Stokes et al’? employed
graph neural networks to predict antibiotic behavior in small
molecules in combination with screening assays, identifying a
novel drug called halicin as an effective antibiotic in mouse
models. Other fields, such as those concerning the simulation
of molecular dynamics, have seen similar growth and interested
readers are pointed to Noé et al”> for further details.

Imaging and computer vision applications
Computer vision is an area where deep learning has enabled
exceptional progress.”* In the context of synthetic biology, im-
aging applications can include automated detection of proper-
ties within an image, such as colony formation on a plate or
analysis of microscopy data. Two examples of image analysis
tasks include classification (e.g., identify if a colony exists or
not) and segmentation (e.g., identify the sets of pixels corre-
sponding to each cell in an image). Classification is the simpler
of these tasks and classic CNN algorithms from computer
vision were developed for this type of task, such as LeNet-5,”
AlexNet,” and ResNets.>® These classic algorithms traditionally
involved deep neural networks with many parameters (e.g.,
AlexNet uses ~ 60 million parameters). More compact versions,
such as MobileNetv2”® (~ 3 million parameters) have emerged
to reduce this complexity, offering a practical alternative.
Segmentation, or identifying the exact location of an object
within an image, is a more complex task but is particularly helpful
for quantification. For example, segmentation is useful for detect-
ing the location of cells within a microscopy image so that fluo-
rescence values can be extracted. The field experienced a major
breakthrough with the introduction of the U-Net algorithm,77
a CNN that performs exceptionally well on biomedical data.
Examples of notable deep learning algorithms that are relevant
for single-cell resolution data include DeepCell,”® DeLTA,”%%°
Yeaz?®' MiSiC2? and CellPose®® Image analysis algorithms are
also capable of handling more advanced analysis tasks, such as
tracking cells from frame-to-frame within time-lapse images
and working with 3D image data. For more comprehensive cov-
erage of algorithms for image analysis we point readers to re-
views by Jeckel and Drescher®* and Moen et al

Optimal experimental design

Data labeling for synthetic biology problems is often very ex-
pensive compared with other fields, requiring specialist knowl-
edge of the problem and sometimes full laboratory-based
data collection pipelines. This cost is a particular problem for
deep learning models, which require significant training data.
This motivates interest in ensuring that practitioners do not
waste time and resources labeling data that do not provide
much additional information to a model. The selection of spe-
cific data to label, or experiments to perform, is a form of opti-
mal experimental design referred to in the machine learning
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community as active learning. Taking such an approach with
deep learning problems can significantly reduce the cost of
data set creation.2%®” We provide an introduction to key ideas
in optimal experimental design and active learning in the Sup-
plementary Information S1.

Deep learning methods for optimal experimental design are
not yet widely used in engineering biology; however, the poten-
tial of laboratory automation and preliminary results based on
simulation suggests that this is a fertile area for future research.
Treloar et al®® used deep reinforcement learning to control a sim-
ulated chemostat model of a microbial coculture growing in a
continuous bioreactor. The authors demonstrated that a satisfac-
tory control policy can be learned in a single 24 h experiment by
running five bioreactors in parallel and that deep reinforcement
learning can be used to decide on the best sequence of inputs
and control actions to apply to a continuous chemostat so as to
maximize the product output of a microbial coculture bioprocess.

This constitutes a computational example of deep learning-
driven optimal experimental design where reinforcement learn-
ing is used to infer near-optimal sequences of inputs to a biore-
actor to control a complex system. Future efforts in optimal
experimental design can build upon existing approaches from
machine learning, such as those that have been deployed for
metabolic engineering applications.'>#%-%3

Biomolecular implementations

of deep learning networks

Although deep learning models are typically implemented using
computers, several recent studies have demonstrated that ANN
mimics can be constructed using biomolecular components.
These designs engineer biochemical systems and living cells
that can perform computations and “learn” to solve simple
benchmark optimization problems. One of the key reasons
why this is possible comes from the fact that inducible gene re-
sponses to chemical inducers typically resemble a sigmoidal
function of the concentration of the inducers, and can thus
serve as the nonlinear function in the neuron model.

Based on this, Moorman et al®* presented the theoretical archi-
tecture of a biomolecular neural network, that is, a dynamical
chemical reaction network that faithfully implements ANN com-
putations, and demonstrated its use for classification tasks. The au-
thors emphasized the usefulness of molecular sequestration for
achieving negative weight values and of the sigmoidal activation
function in its elemental unit called a biomolecular perceptron.
Following up on this, Samaniego et al® theoretically demon-
strated that interconnected phosphorylation/dephosphorylation
cycles can operate as multilayer biomolecular neural networks.

As an application, they designed signaling networks that theo-
retically behave as linear and nonlinear classifiers. In a study by Sar-
kar et al,”® a single-layer ANN was experimentally implemented in
Escherichia coli cells, demonstrating the use of engineered bacteria
as ANN-enabled wetware that can perform complex computing
functions such as multiplexing, de-multiplexing, encoding, decod-
ing, majority functions, or Feynman and Fredkin gates. In Li et al”’
ANNs were implemented in consortia of bacteria communicating
through quorum-sensing molecules.
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These engineered consortia were then used to recognize 3x3
binary patterns. Prakash et al®® developed memregulons, a new
class of genetic switches acting as both memory systems and
logic gates, and engineered them in E. coli cells to implement
a reinforcement learning algorithm that allows engineered bac-
teria to play the tic-tac-toe game. Learning was achieved by per-
sistently modifying the relative expression of memregulons
through the application of external chemicals after each training
game was won or lost. Bacteria learn by playing against other
players or other bacteria in an unsupervised manner.

In the study by Sarkar et al,” simple genetic circuits distributed
among various bacterial populations were used to solve chemically
generated 2 X 2 maze problems by selectively expressing four dif-
ferent fluorescent proteins, demonstrating the possibility of using
engineered bacteria to perform distributed cellular computations
and optimizations. In van der Linden et al,'® the authors geneti-
cally implemented a perceptron capable of binary classification.
This was achieved through the use of toehold switch riboregula-
tors to construct a synthetic in vitro transcription and translation-
based weighted sum operation circuit coupled to a thresholding
function. This synthetic genetic circuit was then used for binary
classification, that is, the expression of a single output protein
only when the desired minimum number of inputs is exceeded.

Using metabolic components, Pandi et al'®' presented an ap-
proach for biological computation through metabolic circuits
implemented in both whole-cell and cell-free systems. The
implementation relies on metabolic transducers used to build
metabolic perceptrons, which are analog adders that implement
a linear combination of the concentrations of multiple input me-
tabolites with adjustable weights. Based on this, the authors
built two four-input metabolic perceptrons that were used for
binary classification of metabolite combinations, thereby laying
the groundwork for rapid and scalable multiplex sensing
through metabolic perceptron networks.

Following up on this, Faure et al'%? recently showed that artificial
metabolic networks can be used to implement RNNs that can be
trained to predict growth rates or the consensual metabolic behav-
ior of an organism in response to its environment. As the proposed
artificial metabolic networks can optimize various objective func-
tions, they could be used to obtain optimal solutions in various in-
dustrial applications, such as searching for the optimum media for
the bioproduction of compounds of interest or to engineer
microorganism-based decision-making devices for the multiplexed
detection of metabolic biomarker or environmental pollutants.

Such biological manifestations of ANNs and machine learning
paradigms implemented at the biomolecular level open ave-
nues for new research into the engineering of living cells for
solving complex computing, decision-making, and optimization
problems.

Opportunities for Reducing Experimental

Data Set Requirements

Deep learning models can be notoriously data-hungry, which
poses a major challenge for domains of synthetic biology
where it is challenging to generate large data sets. However,
there are several potential paths around this through methods
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such as transfer learning or with the use of simulated data, data
augmentation strategies, or approaches that incorporate con-
straints based on physical models. We introduce these ideas
and discuss their potential role in synthetic biology applications
in the Supplementary Information S1.

Conclusions

Research at the intersection of synthetic biology and deep learn-
ing holds great promise for the design of novel sequences and
constructs, the automation of data analysis, optimal experimen-
tal design, and many other applications. Although we have fo-
cused this review on deep learning methods, it is worth
noting that simpler models can have distinct advantages.
Deep learning models can effectively be black boxes due to
the number or parameters and complexity of the architectures
involved, reducing the interpretability of the model.

Before turning to deep learning models, it is often advisable
to try more straightforward machine learning approaches to un-
derstand their performance first. For example, Sample et al*'
tested a linear regression model on their 5° UTR data set,
which served as a useful point of comparison with their CNN-
based results. It will also be helpful to understand the trade-
offs between performance and complexity for specific applica-
tions, and studies aimed at exploring this are likely to be valu-
able. For instance, Nikolados et al'®® compared models of
increasing complexity to compare their ability to predict protein
expression from DNA sequence. Finally, the amount of data
available also places important constraints on whether deep
learning approaches are appropriate, as deep models require
large training sets.

Overall, deep learning methods have already had a substan-
tial impact on the field of synthetic biology and we anticipate
significant advances in this area moving forward. In this review,
we have aimed to provide an overview of approaches and appli-
cations for deep learning in synthetic biology. We have also
highlighted challenges and opportunities that exist for working
with biological data sets, with the goal of helping researchers in
engineering biology incorporate deep learning methods and in-
sights into their toolset.

Authors’ Contributions

All authors contributed substantially to the writing and editing
of the article, with overall project management by M.J.D. with
help from G.-B.S.

Acknowledgments
We thank Owen O’Connor and Caroline Blassick for their helpful
comments.

Author Disclosure Statement
No competing financial interests exist.

Funding Information

This study was supported by the National Science Foundation
grant MCB-2143289 to M.J.D. and the Royal Academy of Engi-
neering Chair in Emerging Technologies for Engineering Biology
to G.-B.S. (RAE GiET 1819\5).

369

Supplementary Material
Supplementary Data S1

References

1. Meng F, Ellis T. The second decade of synthetic biology: 2010-2020. Nat
Commun 2020;11(1):1-4; doi: 10.1038/541467-020-19092-2.

2. Kotopka BJ, Smolke CD. Model-driven generation of artificial yeast pro-
moters. Nat Commun 2020;11(1):2113; doi: 10.1038/541467-020-15977-4.

3. Jumper J, Evans R, Pritzel A, et al. Highly accurate protein structure predic-
tion with AlphaFold. Nature 2021;596(7873):583-589; doi: 10.1038/
$41586-021-03819-2.

4. de Jongh RPH, van Dijk ADJ, Julsing MK, et al. Designing eukaryotic gene
expression regulation using machine learning. Trends Biotechnol
2020;38(2):191-201; doi: 10.1016/j.tibtech.2019.07.007.

5. Eslami M, Adler A, Caceres RS, et al. Artificial intelligence for synthetic bi-
ology. Commun ACM 2022;65(5):88-97; doi: 10.1145/3500922.

6. Goodfellow |, Bengio Y, Courville A. Deep Learning. MIT Press: Cambridge,
MA; 2016.

7. Krizhevsky A, Sutskever |, Hinton GE. ImageNet classification with deep
convolutional neural networks. Commun ACM 2017;60(6): 84-90;
doi:10.1145/3065386.

8. Zeiler MD, Fergus R. Visualizing and Understanding Convolutional Networks.
In: Computer Vision—ECCV 2014. (Fleet D et al. eds.) Springer Interna-
tional Publishing: Switzerland; 2014; pp. 818-833

9. Gelman S, Fahlberg SA, Heinzelman P, et al. Neural networks to learn protein
sequence-function relationships from deep mutational scanning data.
Proc Natl Acad Sci U S A 2021;118(48):2104878118; doi: 10.1073/
pnas.2104878118.

10. Greener JG, Kandathil SM, Moffat L, et al. A guide to machine learning for
biologists. Nat Rev Mol Cell Biol 2022;23(1):40-55; doi: 10.1038/541580-
021-00407-0.

11. Kim GB, Kim WJ, Kim HU, et al. Machine learning applications in systems
metabolic engineering. Curr Opin Biotechnol 2020;64:1-9; doi: 10.1016/
j.copbio.2019.08.010.

12. Presnell KV, Alper HS. Systems metabolic engineering meets machine
learning: A new era for data-driven metabolic engineering. Biotechnol J
2019;14(9):e1800416; doi: 10.1002/biot.201800416.

13. Lawson CE, Marti JM, Radivojevic T, et al. Machine learning for metabolic
engineering: A review. Metab Eng 2021;63:34-60; doi: 10.1016/
jymben.2020.10.005.

14. Marcos-Zambrano LJ, Karaduzovic-Hadziabdic K, Loncar Turukalo T, et al.
Applications of machine learning in human microbiome studies: A review
on feature selection, biomarker identification, disease prediction and
treatment. Front Microbiol 2021;12:634511; doi: 10.3389/
fmicb.2021.634511.

15. Slatko BE, Gardner AF, Ausubel FM. Overview of next-generation sequencing
technologies. Curr Protoc Mol Biol 2018;122(1):e59; doi: 10.1002/cpmb.59.

16. Heinzinger M, Elnaggar A, Wang Y, et al. Modeling aspects of the language
of life through transfer-learning protein sequences. BMC Bioinformatics
2019;20(1):723; doi: 10.1186/512859-019-3220-8.

17. Villegas-Morcillo A, Makrodimitris S, van Ham RCHJ, et al. Unsupervised
protein embeddings outperform hand-crafted sequence and structure
features at predicting molecular function. Bioinformatics 2020;37(2):162-
170; doi: 10.1093/bioinformatics/btaa701.

18. La Fleur T, Hossain A, Salis HM. Automated model-predictive design of
synthetic promoters to control transcriptional profiles in bacteria. bioRxiv
2021;2021.09.01.458561; doi: 10.1101/2021.09.01.458561.

19. Weininger D. SMILES, a Chemical language and information system. 1.
Introduction to methodology and encoding rules. J Chem Inf Comput Sci
1988;28(1):31-36; doi: 10.1021/ci00057a005.

20. Krenn M, Hase F, Nigam A, et al. Self-Referencing Embedded Strings
(SELFIES): A 100% robust molecular string representation. Mach Learn Sci
Technol 2020;1(4):045024; doi: 10.1088/2632-2153/aba9%47.

21. Gémez-Bombarelli R, Wei JN, Duvenaud D, et al. Automatic chemical design
using a data-driven continuous representation of molecules. ACS Cent Sci
2018;4(2):268-276; doi: 10.1021/acscentsci.7b00572.

22. Yang K, Swanson K, Jin W, et al. Analyzing learned molecular representations
for property prediction. J Chem Inf Model 2019;59(8):3370-3388; doi:
10.1021/acs.jcim.9b00237.

23. Hao Z, Lu C, Hu Z, et al. ASGN: An Active Semi-Supervised Graph Neural
Network for Molecular Property Prediction. arXiv [csLG]; 2020; doi:
10.1145/3394486.3403117.



370

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

45,

46.

47.

48.

Wieder O, Kohlbacher S, Kuenemann M, et al. A compact review of molec-
ular property prediction with graph neural networks. Drug Discov Today
Technol 2020;37:1-12; doi: 10.1016/j.ddtec.2020.11.009.

LeCun Y, Bengio Y, Hinton G. Deep learning. Nature 2015;521(7553):436—
444; doi: 10.1038/nature14539.

Sutton RS, Barto AG. Reinforcement Learning, Second Edition: An Intro-
duction. MIT Press: Cambridge, MA; 2018.

Bond-Taylor S, Leach A, Long Y, et al. Deep generative modelling: A com-
parative review of VAEs, GANs, normalizing flows, energy-based and
autoregressive models. IEEE Trans Pattern Anal Mach Intell 2021 (In Press);
doi: 10.1109/TPAMI.2021.3116668.

Bengio Y, Simard P, Frasconi P. Learning long-term dependencies with
gradient descent is difficult. IEEE Trans Neural Netw 1994;5(2):157-166;
doi: 10.1109/72.279181.

Hochreiter S, Schmidhuber J. Long short-term memory. Neural Comput
1997;9(8):1735-1780; doi: 10.1162/neco0.1997.9.8.1735.

Van Houdt G, Mosquera C, Napoles G. A review on the long short-term
memory model. Artif Intell Rev 2020;53(8):5929-5955; doi: 10.1007/
$10462-020-09838-1.

Angenent-Mari NM, Garruss AS, Soenksen LR, et al. A deep learning ap-
proach to programmable RNA switches. Nat Commun 2020;11(1):5057;
doi: 10.1038/541467-020-18677-1.

YuY, Si X, Hu C, et al. A review of recurrent neural networks: LSTM cells and
network architectures. Neural Comput 2019;31(7):1235-1270; doi:
10.1162/neco_a_01199.

Cho K, van Merriénboer B, Gulcehre C, et al. Learning Phrase Representa-
tions Using RNN Encoder—Decoder for Statistical Machine Translation. In:
Proceedings of the 2014 Conference on Empirical Methods in Natural
Language Processing (EMNLP) Association for Computational Linguistics:
Doha, Qatar; 2014; pp. 1724-1734.

Vaswani A, Shazeer N, Parmar N, et al. Attention Is All You Need. 31st Con-
ference on Neural Information Processing Systems; 2017.

Dosovitskiy A, Beyer L, Kolesnikov A, et al. An Image Is Worth 16x16 Words:
Transformers for Image Recognition at Scale. arXiv [csCV]; 2020.

Chaudhari S, Mithal V, Polatkan G, et al. An attentive survey of attention models.
ACM Trans Intell Syst Technol 2021;12(5):1-32; doi: 10.1145/3465055.
Bronstein MM, Bruna J, Cohen T, et al. Geometric Deep Learning: Grids,
Groups, Graphs, Geodesics, and Gauges. arXiv [csLG]; 2021.

Zhou J, Cui G, Hu S, et al. Graph neural networks: A review of methods and
applications. Al Open 2020;1:57-81; doi: 10.1016/j.aiopen.2021.01.001.
Gilliot P-A, Gorochowski TE. Sequencing enabling design and learning in
synthetic biology. Curr Opin Chem Biol 2020;58:54-62; doi: 10.1016/
j.cbpa.2020.06.002.

Cuperus JT, Groves B, Kuchina A, et al. Deep learning of the regulatory
grammar of yeast 5" untranslated regions from 500,000 random se-
quences. Genome Res 2017;27(12):2015-2024; doi: 10.1101/
gr.224964.117.

Sample PJ, Wang B, Reid DW, et al. Human 5" UTR design and variant effect
prediction from a massively parallel translation assay. Nat Biotechnol
2019;37(7):803-809; doi: 10.1038/s41587-019-0164-5.

Hollerer S, Papaxanthos L, Gumpinger AC, et al. Large-scale DNA-based
phenotypic recording and deep learning enable highly accurate
sequence-function mapping. Nat Commun 2020;11(1):3551; doi: 10.1038/
s41467-020-17222-4.

Valeri JA, Collins KM, Ramesh P, et al. Sequence-to-function deep learning
frameworks for engineered riboregulators. Nat Commun 2020;11(1):5058;
doi: 10.1038/541467-020-18676-2.

. Wang Y, Wang H, Wei L, et al. Synthetic promoter design in Escherichia coli

based on a Deep Generative Network. Nucleic Acids Res
2020;48(12):6403-6412; doi: 10.1093/nar/gkaa325.

Groher A-C, Jager S, Schneider C, et al. Tuning the performance of synthetic
riboswitches using machine learning. ACS Synth Biol 2019;8(1):34-44; doi:
10.1021/acssynbio.8b00207.

Kim DJ, Kim J, Lee DH, et al. DeepTESR: A deep learning framework

to predict the degree of translational elongation short ramp for gene
expression control. ACS Synth Biol 2022;11(5):1719-1726;

doi: 10.1021/acssynbio.2c00202.

Floor SN, Doudna JA. Tunable protein synthesis by transcript isoforms in
human cells. Elife 2016;5:210921; doi: 10.7554/eLife.10921.

Blair JD, Hockemeyer D, Doudna JA, et al. Widespread translational
remodeling during human neuronal differentiation. Cell Rep
2017;21(7):2005-2016; doi: 10.1016/j.celrep.2017.10.095.

49.

50.

51.

52.

53.

54,

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

BEARDALL ET AL.

Redden H, Alper HS. The development and characterization of synthetic
minimal yeast promoters. Nat Commun 2015;6(1):7810; doi: 10.1038/
ncomms8810.

Alper H, Fischer C, Nevoigt E, et al. Tuning genetic control through promoter
engineering. Proc Natl Acad Sci U S A 2005;102(36):12678-12683; doi:
10.1073/pnas.0504604102.

Blount BA, Weenink T, Vasylechko S, et al. Rational diversification of a promoter
providing fine-tuned expression and orthogonal regulation for synthetic
biology. PLoS One 2012;7(3):e33279; doi: 10.1371/journal.pone.0033279.
Jores T, Tonnies J, Wrightsman T, et al. Synthetic promoter designs enabled
by a comprehensive analysis of plant core promoters. Nat Plants
2021;7(6):842-855; doi: 10.1038/541477-021-00932-y.

He K, Zhang X, Ren S, et al. Deep Residual Learning for Image Recognition.
In: Proceedings of the IEEE Conference on Computer Vision and Pattern
Recognition; 2016; pp. 770-778.

Zrimec J, Borlin CS, Buric F, et al. Deep learning suggests that gene expression
is encoded in all parts of a co-evolving interacting gene regulatory structure.
Nat Commun 2020;11(1):6141; doi: 10.1038/541467-020-19921-4.

Salis HM, Mirsky EA, Voigt CA. Automated design of synthetic ribosome
binding sites to control protein expression. Nat Biotechnol
2009;27(10):946-950; doi: 10.1038/nbt.1568.

Kingma DP, Welling M. Auto-Encoding Variational Bayes. arXiv [statML]; 2013.
Goodfellow |, Pouget-Abadie J, Mirza M, et al. Generative adversarial nets.
Adv Neural Inf Process Syst 2014;27: https://papers.nips.cc/paper/2014/
hash/5ca3e9b122f61f8f06494c97b1afccf3-Abstract.html

Linder J, Bogard N, Rosenberg AB, et al. A generative neural network for
maximizing fitness and diversity of synthetic DNA and protein sequences.
Cell Syst 2020;11(1):49-62.e16; doi: 10.1016/j.cels.2020.05.007.

Tucs A, Tran DP, Yumoto A, et al. Generating ampicillin-level antimicrobial
peptides with activity-aware generative adversarial networks. ACS Omega
2020;5(36):22847-22851; doi: 10.1021/acsomega.0c02088.

Das P, Wadhawan K, Chang O, et al. PepCVAE: Semi-Supervised Targeted
Design of Antimicrobial Peptide Sequences. arXiv [g-bioQM]; 2018.

Wan F, Kontogiorgos-Heintz D, de la Fuente-Nunez C. Deep generative
models for peptide design. Dig Discov 2022;1(3):195-208; doi: 10.1039/
D1DD00024A.

Senior AW, Evans R, Jumper J, et al. Improved protein structure prediction
using potentials from deep learning. Nature 2020;577(7792):706-710; doi:
10.1038/541586-019-1923-7.

Bedbrook CN, Yang KK, Robinson JE, et al. Machine learning-guided chan-
nelrhodopsin engineering enables minimally invasive optogenetics. Nat
Methods 2019;16(11):1176-1184; doi: 10.1038/s41592-019-0583-8.

Wu Z, Kan SBJ, Lewis RD, et al. Machine learning-assisted directed protein
evolution with combinatorial libraries. Proc Natl Acad Sci U S A
2019;116(18):8852-8858; doi: 10.1073/pnas.1901979116.

Biswas S, Khimulya G, Alley EC, et al. Low-N protein engineering with data-
efficient deep learning. Nat Methods 2021;18(4):389-396; doi: 10.1038/
$41592-021-01100-y.

Lu H, Diaz DJ, Czarnecki NJ, et al. Machine learning-aided engineering of
hydrolases for PET depolymerization. Nature 2022;604(7907):662-667; doi:
10.1038/541586-022-04599-z.

Ferruz N, Hocker B. Controllable protein design with language models. Nat
Mach Intell 2022;4(6):521-532; doi: 10.1038/542256-022-00499-z.
Townshend RIL, Eismann S, Watkins AM, et al. Geometric deep learning of RNA
structure. Science 2021;373(6558):1047-1051; doi: 10.1126/science.abe5650.
Gaudelet T, Day B, Jamasb AR, et al. Utilizing graph machine learning within
drug discovery and development. Brief Bioinform 2021,;22(6):bbab159;
doi: 10.1093/bib/bbab159.

Sun M, Zhao S, Gilvary C, et al. Graph convolutional networks for compu-
tational drug development and discovery. Brief Bioinform 2020;21(3):919-
935; doi: 10.1093/bib/bbz042.

Issa NT, Stathias V, Schiirer S, et al. Machine and deep learning approaches
for cancer drug repurposing. Semin Cancer Biol 2021;68:132-142; doi:
10.1016/j.semcancer.2019.12.011.

Stokes JM, Yang K, Swanson K, et al. A deep learning approach to antibiotic
discovery. Cell 2020;180(4):688-702.e13; doi: 10.1016/j.cell.2020.01.021.
Noé F, Tkatchenko A, Miiller K-R, et al. Machine learning for molecular
simulation. Annu Rev Phys Chem 2020;71:361-390; doi: 10.1146/annurev-
physchem-042018-052331.

Voulodimos A, Doulamis N, Doulamis A, et al. Deep learning for computer
vision: A brief review. Comput Intell Neurosci 2018;2018:7068349; doi:
10.1155/2018/7068349.



SYNTHETIC BIOLOGY AND DEEP LEARNING

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Lecun Y, Bottou L, Bengio Y, et al. Gradient-based learning applied to
document recognition. Proc IEEE 1998;86(11):2278-2324; doi: 10.1109/
5.726791.

Sandler M, Howard A, Zhu M, et al. Mobilenetv2: Inverted Residuals and
Linear Bottlenecks. In: Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition; 2018; pp. 4510-4520.

Ronneberger O, Fischer P, Brox T. U-Net: Convolutional Networks for Bio-
medical Image Segmentation. In: Medical Image Computing and
Computer-Assisted Intervention—MICCAI 2015 (Navab N, Hornegger J,
Wells W, Frangi A eds.) Springer International Publishing; 2015;

pp. 234-241

Van Valen DA, Kudo T, Lane KM, et al. Deep learning automates the
quantitative analysis of individual cells in live-cell imaging experiments.
PLoS Comput Biol 2016;12(11):e1005177; doi: 10.1371/journal.pcbi
.1005177.

Lugagne J-B, Lin H, Dunlop MJ. DeLTA: Automated cell segmenta-
tion, tracking, and lineage reconstruction using deep learning.

PLoS Comput Biol 2020;16(4):e1007673; doi: 10.1371/journal
.pcbi.1007673.

O’Connor OM, Alnahhas RN, Lugagne J-B, et al. DeLTA 2.0: A deep
learning pipeline for quantifying single-cell spatial and temporal
dynamics. PLoS Comput Biol 2022;18(1):e1009797; doi: 10.1371/journal
.pcbi.1009797.

Dietler N, Minder M, Gligorovski V, et al. A convolutional neural network
segments yeast microscopy images with high accuracy. Nat Commun
2020;11(1):5723; doi: 10.1038/541467-020-19557-4.

Panigrahi S, Murat D, Le Gall A, et al. Misic, a general deep learning-
based method for the high-throughput cell segmentation of com-

plex bacterial communities. Elife 2021;10:65151; doi: 10.7554/eLife
.65151.

Stringer C, Wang T, Michaelos M, et al. Cellpose: A generalist algorithm for
cellular segmentation. Nat Methods 2021;18(1):100-106; doi: 10.1038/
s41592-020-01018-x.

Jeckel H, Drescher K. Advances and opportunities in image analysis of
bacterial cells and communities. FEMS Microbiol Rev 2021;45(4):fuaa062;
doi: 10.1093/femsre/fuaa062.

Moen E, Bannon D, Kudo T, et al. Deep learning for cellular image
analysis. Nat Methods 2019;16(12):1233-1246; doi: 10.1038/s41592-019-
0403-1.

Gal Y, Islam R, Ghahramani Z. Deep Bayesian Active Learning with Image
Data. In: Proceedings of the 34th International Conference on Machine
Learning; 2017.

Kirsch A, van Amersfoort J, Gal Y. BatchBALD: Effcient and Diverse Batch
Acquisition for Deep Bayesian Active Learning. In: 33rd Conference on
Neural Information Processing Systems; 2019.

Treloar NJ, Fedorec AJH, Ingalls B, et al. Deep reinforcement learning for the
control of microbial co-cultures in bioreactors. PLoS Comput Biol
2020;16(4):21007783; doi: 10.1371/journal.pcbi.1007783.

Radivojevic T, Costello Z, Workman K, et al. A machine learning automated
recommendation tool for synthetic biology. Nat Commun
2020;11(1):4879; doi: 10.1038/541467-020-18008-4.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

371

Zhang J, Petersen SD, Radivojevic T, et al. Combining mechanistic and
machine learning models for predictive engineering and optimization of
tryptophan metabolism. Nat Commun 2020;11(1):4880; doi: 10.1038/
s41467-020-17910-1.

Medlock GL, Papin JA. Guiding the refinement of biochemical knowledge
bases with ensembles of metabolic networks and machine learning. Cell
Syst 2020;10(1):109-119.e3; doi: 10.1016/j.cels.2019.11.006.

Nandi S, Subramanian A, Sarkar RR. An integrative machine learning strategy
for improved prediction of essential genes in Escherichia coli metabolism
using flux-coupled features. Mol Biosyst 2017;13(8):1584-1596; doi:
10.1039/c7mb00234c.

Culley C, Vijayakumar S, Zampieri G, et al. A mechanism-aware and mul-
tiomic machine-learning pipeline characterizes yeast cell growth. Proc
Natl Acad Sci U S A 2020;117(31):18869-18879; doi: 10.1073/
pnas.2002959117.

Moorman A, Samaniego CC, Maley C, et al. A Dynamical Biomolecular Neural
Network. In: 2019 IEEE 58th Conference on Decision and Control (CDC);
2019; pp. 1797-1802.

Samaniego CC, Moorman A, Giordano G, et al. Signaling-Based Neural
Networks for Cellular Computation. In: 2021 American Control Conference
(ACQ); 2021; pp. 1883-1890.

Sarkar K, Bonnerjee D, Srivastava R, et al. A single layer artificial neural
network type architecture with molecular engineered bacteria for re-
versible and irreversible computing. Chem Sci 2021;12(48):15821-15832;
doi: 10.1039/d1sc01505b.

Li X, Rizik L, Kravchik V, et al. Synthetic neural-like computing in microbial
consortia for pattern recognition. Nat Commun 2021;12(1):3139; doi:
10.1038/541467-021-23336-0.

Prakash S, Racovita A, Varela C, et al. Engineering adaptive gene circuits in
Bacteria Mastering Game Playing by reinforcement learning. Biophys J
2021;120(3):262a; doi: 10.1016/j.bp;j.2020.11.1683.

Sarkar K, Chakraborty S, Bonnerjee D, et al. Distributed computing with
engineered bacteria and its application in solving chemically generated

2 x 2 maze problems. ACS Synth Biol 2021;10(10):2456-2464; doi: 10.1021/
acssynbio.1c00279.

van der Linden AJ, Pieters PA, Bartelds MW, et al. DNA input classification by
a riboregulator-based cell-free perceptron. ACS Synth Biol
2022;11(4):1510-1520; doi: 10.1021/acssynbio.1c00596.

Pandi A, Koch M, Voyvodic PL, et al. Metabolic perceptrons for neural
computing in biological systems. Nat Commun 2019;10(1):3880; doi:
10.1038/541467-019-11889-0.

Faure L, Mollet B, Liebermeister W, et al. Artificial Metabolic Networks:
Enabling Neural Computation with Metabolic Networks. bioRxiv
2022;2022.01.09.475487; doi: 10.1101/2022.01.09.475487.

Nikolados E-M, Aodha OM, Cambray G, et al. From Sequence to Yield: Deep
Learning for Protein Production Systems. bioRxiv 2021;2021.11.18.468948;
doi: 10.1101/2021.11.18.468948.

Received: April 27, 2022
Accepted: July 14, 2022
Issue Publication Date: August 18, 2022



