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Introduction: Biological Systems: Ensembles
of Complex Molecular Interactions

ost important properties of a cell or an ensemble of
Mcells are the result of a complex integration of met-

abolic pathways, biophysical interactions, and regu-
latory/signal transduction events involving the products of
“genes”, sometimes a handful, but in most cases dozens,
hundreds or more. The term “gene” here is used to represent
a coding nucleic-acid polymer, largely DNA (but could also
be RNA, like in retroviruses) that results eventually in the
production of a functional RNA, which could be either trans-
lated into a protein or act as a regulatory, biophysical or cat-
alytic RNA. In most cases, these genes and their interactions
are not precisely known, and in fact, the complexity of their
combinatorial interactions (discussed later), may prevent
complete resolution by humans and their tools, in the fore-
seeable future at least. These genes and the resulting interac-
tions give rise to complex biological or cellular phenotypes,
i.e., “observable states”. Virtually every observable biologi-
cal phenotype is a complex phenotype.

Complex phenotypes span all autonomous or semiautono-
mous biological systems from the simplest ones (small
phages or viruses) to the most complex, hierarchically, ones:
physical or temporal ensembles of cells. A manifestation of
a physical cell ensemble is an organ of an animal body (e.g.,
brain, heart or bone marrow), while a temporal ensemble
would be a cellular differentiation process, such as the devel-
opment of mature blood cells from hematopoietic stem cells
in the bone marrow. Temporal and physical cell ensembles
lead also to simple and complex ecosystems, including
microbiota (the “totality” of microbes in a particular environ-
ment, such as the microbiota of the human gut; the corre-
sponding set of genomes is referred to as the microbiome),
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and, to the extreme of complexity, the whole geobiosphere.
There are also phenotypes that may not exist in nature, but
which can be developed using the existing biological capa-
bilities of the geobiopshere.

Understanding biological systems and their complexity and
using this understanding to purposefully alter biological sys-
tems, from the simplest to the most complex, or to create
new totally synthetic or semisynthetic biological or hybrid
(biological/nonbiological) ensembles is the purview of bio-
logical engineering. Here, “biological engineering” is meant
to encompass metabolic engineering, cell engineering, bio-
medical engineering, environmental engineering, and several
other related “engineering” disciplines or fields dealing, in
part at least, with biological systems. Tools or approaches
such as genetic engineering, systems biology, synthetic biol-
ogy, are engaged in the analysis as well the synthesis facets
of biological engineering. What biological engineers deal
with is the analysis and purposeful modification of the reac-
tion space and the biophysical space of biological systems.
This takes place at different scales from the macro to the mo-
lecular scales of biological systems. At almost all scales, fun-
damental principles of chemistry, biophysics, transport and
interfacial phenomena, macromolecular science, and many
others are at work here, and, thus, chemical and biological/
biomolecular engineering, as integrative disciplines, have a
major role to play in the development and growth of biologi-
cal engineering. Historically, the scale of endeavor started at
the macro scale (as for example in biochemical (or fermenta-
tion) engineering, a field developed by chemical engineers,
two giants of chemical engineering, RH Wilhelm' and EL
Gaden2) and moved in time, over the last 50+ years to the
current molecular-level scale. The frequently used term bio-
molecular engineering is precisely used to stress the current
molecular-level state of art in the field. In the last 10-15
years, the development of computational and experimental
genetic and genomic tools have reached a level of sophistica-
tion that make it possible now to start contemplating the ex-
ploration of the biological capabilities of the geobiosphere
for beneficial applications in biological engineering, and this

AIChE Journal



is the focus of this Perspective article. What are these capa-
bilities of the geobiosphere, and what could be assessed and
possibly used in the context of biological engineering, and,
yes, synthetic biology.

Engineering complex phenotypes: from bioprocessing to
medical engineering of the human microbiota

Engineered complex phenotypes are those we deem as
potentially useful to humans or the health of a subsystem of
the geobiosphere. In the rest of this work, the term complex
phenotype will mean a desirable phenotype we desire to
understand and/or develop in the context of biological, cellu-
lar or metabolic engineering. Here, these terms are used in
their broadest, most fundamental sense of “engineering”: to
“alter purposefully” any or all components of a biological
entity or ensemble.

Microbial Examples. Microbial examples of engineered
phenotypes are abundant,”™ but in this Perspective the
author would like to focus on some that underline challeng-
ing contemporary problems that have not yet had satisfactory
solutions. One example is when one desires to endow a
“platform” organism (e.g., Escherichia coli or Saccharomy-
ces cerevisiae) with a desirable biosynthetic or catabolic
pathway or a biophysical program that another organism
may possess. Such a pathway may involve several enzyme-
coding as well as regulatory genes, but what these genes are
may not be known, or are only partially known. A more spe-
cific example would be to endow E. coli with a pathway for
the degradation of a toxic organic compound (such, as, e.g.,
anthropogenic halogenated hydrocarbons”).

Another example is the ability to endow a platform orga-
nism with a “biophysical” program (e.g., a robust membrane
system) that would enhance the organism’s resistance to sol-
vents or other toxic chemicals, and which some other orga-
nism may possess.” The latter could include a Lactobacillus
species10 or Pseudomonas putida,11 both of which exhibit
significantly higher resistance to solvents, or Radiococcus
radiodurans, which exhibits remarkable resistance to ioniz-
ing radiation and toxic chemicals.'> Tolerant strains would
be important in bioprocessing and advanced bioremediation
applications, where, in addition to maximizing the flux for a
desirable product, the robustness and prolonged productivity
of the cells, under realistic bioprocessing conditions, are
equally important issues. Endowing cells with such desirable
capabilities will likely require several or many genes or
genetic loci from other organisms, most of which are likely
not precisely known.

Mammalian Examples. Mammalian examples are also
many, but one stands out for ingenuity and impact, and for
which Shinya Yamanaka was awarded the 2012 Nobel prize
in Medicine: to reprogram adult, differentiated human or
mammalian cells using a set of transcription factors (TFs) to
bring them “back” to a potent embryonic-stem (ES)-cell like
state.'> These are known as iPS (induced pluripotent stem)
cells. Reprogramming is achieved at low frequency by intro-
ducing a set of TFs (originally four: Oct3/4, Sox2, c-Myec,
and KIf4; other combinations have been since explored)
under ES cell culture conditions. Once selected after reprog-
ramming, iPS cells exhibit phenotypic characteristics of ES
cells including the expression of canonical ES genes and
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markers. iPS have since been widely explored as a source of
many differentiated cell types for applications in regenera-
tive medicine and in vitro toxicology. ES cells engage a dis-
tinct set of TFs, each of which controls a distinct set of
genes (known as the regulon of each TF), whose orchestrated
action leads to the totipotency of ES cells in their ability to
generate every cell type of an animal. The ingenuity of
Yamanaka’s approach derives from the bold hypothesis
(which was viewed as simplistic at the time) that the forced
expression of a small set of ES TFs would lead to the correct
orchestration of events to reconstitute the ES phenotype and
potency in adult cells. This potent example gives rise to
many important questions. What does underlie the ability of
the cell to engage this, rather crude, expression of few TFs
to reconstitute a complex phenotype hitherto viewed as
uniquely associated with the primordial ES state, and perma-
nently lost once differentiation ensues? How do cells rewire
their cellular program to achieve this remarkable feat? How
does empowering simplicity overtake and stabilize the cellu-
lar complexity? One senses that these fundamental questions
will occupy the minds and hands of generations of scientists,
including engineers, exploring biological complexity and the
rise of complex phenotypes.

Examples of Heterogeneous Cellular Ensembles. Exam-
ples involving ensembles of different cell types beyond cells
of the same origin as in tissues are also growing in scope
and impact. A case of tremendous complexity, but also inter-
est in understanding and treating human disease is that of
understanding and “engineering” the human microbiota.'*!3
There are at least 10 times more microbial cells than human
cells in the average adult human body, and this is enormous,
in both numbers and variety, and population of microbes
(frequently viewed now as another “organ”) is indispensable
for the development and health of the human body. Humans
and animals are not alone with their own cells. They have
developed, evolutionarily, to adapt to, coexist with, benefit
from and, frequently, suffer from the microbes that live
within (e.g., in the gut) and on them (skin). The best under-
stood case is the physiology of the gut, which has evolved to
depend on the presence of microbes for its function and
health. The gut and other human microbiota modulate the
development of innate and adaptive immunity, the biology
(nutrition, cycling, apoptosis and transformation to neoplastic
states) of the cells in the gut, intestinal barrier functions,
immune tolerance and the susceptibility to infection. The
dynamic state of the microbiota ensures a healthy homeosta-
sis, but perturbations can lead to chronic or acute disease
states, several of which (gastroenteritis, clostridium difficile
associated colitis, irritable-bowel syndrome, among others)"®
are now viewed as requiring “engineering” of the microbiota
employing established (antibiotics) and new tools (pre- or
probiotics, cell therapies). While there seems to be a devel-
oping rational basis for such “ engineering”, a detailed mo-
lecular or mechanistic basis is not likely in the foreseeable
future due to the complexity of the system, but mapping at
least of the complexity will be an essential first step.

In most if not all these paradigms, and all other complex
phenotypes, even when the “engineering” involves a
“deterministic” set of genetic interventions, like the expression
of a sequence of genes coding for the enzymes of a novel
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Figure 1. A partial and simplified depiction of the complex
interactions among the major transcriptional regu-
lators (transcription factors (TFs) and sigma fac-
tors (SFs)) of C. acetobutylicum based on the
model organism of endospore formers, B. subtilis.
Each TF or SF (depicted as the spheres with multiple
connections to other TF or SF spheres) controls alone
(and sometimes in collaboration with other TFs and SFs)
a set of genes (depicted as small colored spheres in sym-
metrical conical formation emanating from the larger
spheres of the same color depicting a TF or SF) known
as its regulon. The level of activity of each TF or SF acti-
vates a different subset (from 0 to 100%) of the genes of
its regulon, and with different expression strength. Thus,
a multitude of phenotypic states can be generated leading
to many possible phenotypic outcomes, and, thus,
increased stochasticity and population heterogeneity.

pathway, even from clonal cells, i.e., starting from single cells
of the modified organism, there will be variation in the exhib-
ited phenotype, and, thus, selection and adaptation will be nec-
essary to arrive to a desirable phenotypic state. A well-known
example is the aforementioned generation of the iPS cells,”
which are rare, thus, requiring isolation by stringent selection.
These phenomena derive from several sources that have as
their foundation stochastic and nonstochastic events in a cell,
whereby a small variation in the expression of a gene and/or
the corresponding protein, like a transcriptional regulator, can
lead to dramatically different phenotypic outcomes. Figure 1
depicts a very simplified version of the complex interactions
among the major transcriptional regulators (TFs and sigma fac-
tors (SFs) of Clostridium acetobutylicum, based on the model
organism of endospore-forming bacteria, Bacillus subtilis.
Many TFs and SFs in these two and all organisms are
expressed in a bimodal (early low, later high) or multimodal
pattern and this allows them to alter the expression of the genes
they control, i.e., their regulon. This derives from the fact that
the promoters (the DNA sequence in front of a gene where a
TF or SF binds to initiate transcription) of the genes in a single
regulon vary enough on purpose so that the binding of the TF
or SF will vary, thus, allowing to tune the expression of each
gene according to the level of expression of the TF or SF.
Thus, one can generate a multitude of phenotypic states, as can
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be readily visualized by the reader when assessing the possible
states that can be generated in the system of Figure 1.

In a number of cases, stochastic and nonstochastic events
along these principles can give rise to bistability or multi-
stability, bet hedging and epigenetic inheritance,'”'® to name
some of the most explored phenomena in this fast-evolving
field. This is a form of biological “plasticity” that has been
anecdotally known for many years, but which can be now
interrogated at the molecular level with the precision that
modern genetic and genomic tools can afford. When the phe-
notype engages heterogeneous cell populations, such as the
aforementioned microbiota, phenotypic outcomes can vary
enormously, spatially and temporally. So, in the development
of these complex phenotypes, one follows a more demanding
path toward its “optimization”, a path that has been visually
abstracted in Figure 2. Here, engaging a variety of interven-
tions (A, B, C...), the state of the population exhibiting a de-
sirable complex phenotype (as represented, e.g., by its
metabonome, typically defined as the set of biological ele-
ments of a biological system that provide a complete descrip-
tion of its metabolic state) moves up the “desirability” scale.
Interventions may involve changes in environmental or culture
conditions (e.g., use of nutrients or small molecules); genetic
modifications (precise genetic changes, but also those resulting
from accumulation of mutations); epigenetic selectivity; and,
more generally, clonal selection for a selectable trait.

Where Do Complex Biological Traits Come
from: Reaction and Nonreaction Based
Capabilities of the Geobiosphere’s Plastic
“Genome”

Complex biological traits are the result of a coordinated
set of steps, many reaction based (the metabolic pathways of
a cell and all cells), but many also are based on nonreactive
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Figure 2. In engineering complex phenotypes, a population
of cells whether originally homogeneous or even
deriving from a single cell leads soon to increas-
ing heterogeneity.

The heterogeneity can be narrowed or directed toward a
more desirable phenotypic state (as assessed for example
by the ensemble’s metabonome) by interventions, A, B,
C,... Interventions may involve changes in: environmen-
tal or culture conditions (e.g., use of nutrients or small
molecules), genetic modifications (precise genetic changes,
but also those resulting from accumulation of mutations),
epigenetic selectivity, and, more generally, clonal selec-
tion for a selectable trait.
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interactions, broadly known as biophysical interactions: self-
or assisted assembly of membranes, organelles, and cellular
programs (e.g., the stress-response system) that engage bio-
physical interactions such as; protein-protein and protein-
DNA interactions. How did cells evolve to engage this com-
plexity, how do they manage this complexity with such re-
markable coordination and efficiency, and what can we learn
from that to allow us to engineer this complexity? These are
fundamentally the core ideas and principles that drive modern
biology and bioengineering, whereby we tackle parts of these
big questions that are amenable to investigation with the state-
of-the-art tools of the era. In evolutionary context, simple pri-
mordial, self-sustaining biological processes gave rise to
increasing complexity by engaging a larger repertoire of large
and small molecules and their interactions and driven by evolu-
tionary adaptation. This biological complexity has now devel-
oped such an enormous and plastic, self-sustaining and ever
evolving capability to generate new phenotypes that transcends
for now the capabilities of the human mind to comprehend it.

One perhaps can size these capabilities by considering the
largest class of cells in the geobiosphere, the simplest
microbes, namely the prokaryotes (bacteria), which, because
of their relatively fast growth and diversity, constitute an enor-
mous incubator of evolution. Each one of these simple
microbes is a separate genetic-engineering laboratory, continu-
ously evolving and responding to the changing geobiosphere,
whether due to human or nonhuman activities (e.g., driven by
geological events or by sun-driven weather changes), to give
rise to new catalytic and biophysical capabilities and new phe-
notypes, including new cells and cellular ensembles, and in
the long term new plant and animal species. This pool of capa-
bilities, combined with those of other microbes (e.g., archaea
or lower eukaryotes like fungi), and all eukaryotes (i.e., cells
and their ensembles such as those in plants, and animals), con-
stitute a dynamic and enormously potent machine for generat-
ing new capabilities. It is now accepted that microbial
diversity has no limits in the context of human comprehen-
sion. The ongoing evolutionary process is faster, more plas-
tic, and productive that we will ever be able to assess:
trillions of organisms’ continuously evolving, and giving
rise to new complex traits and species. This could be
viewed as the geobiosphere’s “plastic and expanding
genome”, or at least this is the author’s preferred way in
describing it. It is not a “fixed” genome, but rather a plas-
tic and expanding one. How big is this genome? The next
section will address this question.

The Unimaginable Richness of the
Metagenome. Part 1: What is Metagenomics
and How Big is the Metagenomic Space?

The aim here is to provide a sense of the size the genomic
space of the geobiosphere by briefly addressing some simple
questions. How many organisms are there? How big is the di-
versity they encompass? These fundamental questions deserve
and have received serious considerations,'® but there is no suffi-
cient space in this Perspective for an extensive analysis. Instead,
some numbers will provide the essential part of the answers.

The number of prokaryotes on earth is estimate to be 4-6
X 10, involving an estimated 10° to 10® separate genospe-
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cies.”® Most of this microbial diversity cannot be readily
captured as it is estimated that only less than 1% (0.001—
0.01% from seawater, 0.25% from fresh water, 0.25% from
sediments, 0.3% from soil) of them can be cultivated,”’ and
this fraction is unlikely to change in the foreseeable future.
So, this diversity can only be explored through metagenom-
ics, which is both an evolving set of research methods and
tools as well as a research field."” The methods and tools of
metagenomics aim to overcome the two major problems of
the unculturability and genomic diversity of the geobio-
sphere. Metagenomics, as a science, seeks to understand
biology at the “aggregate level”,"? transcending the individ-
ual organism to focus on the genes in ensembles of cells, as
they develop naturally or synthetically in various spaces and
subspaces in natural or synthetic habitats, in animals, ...in
the geobiosphere in general. The tools are both experimen-
tal*?>?* and computational,z“’25 and for now at least, it is
accepted a priori that the complexity of the systems, which
metagenomics aims to study, is such that these systems “can
only be sampled, never completely characterized”." The key
experimental tool is the construction and screening of meta-
genomic libraries.”>****® One samples a specific part of
the geobiosphere (e.g., an ocean habitat, an area polluted by
humans with xenobiotics, the human gut, the microbiota of
an animal’s skin; selection can be applied previously to sam-
ple more specific cell ensembleszg), extracts the DNA, and
cuts the DNA into appropriate size. One then inserts these
DNA pieces into an expression vector (a plasmid or a fos-
mid) that would allow the expression of the genes on these
DNA pieces into a screening host (typically Escherichia
coli, but not only), and transforms this vector library into the
screening host to construct the metagenomic library in the
microbial host. This library is then screened by an appropri-
ate assay for any screenable trait, such as an enzymatic ac-
tivity, a cellular trait (e.g., tolerance to a toxic chemical) or
a catabolic activity (e.g., the ability of the cell containing a
library fragment to degrade a specific chemical). The key hy-
pothesis is that the host organism has the ability to transcribe
(produce the mRNA for) and translate (produce the protein
from the mRNA) the foreign genes on the metagenomic
DNA fragments. We discuss this crucial hypothesis later.

So, what could we sample metagenomically? It is best to
start with a “small” example and calculation. It has been
estimated that there are 10 trillion (10'%) genes in 1 g of
soil, and because these are derived from at least 10* micro-
bial species (different types of cells), one can estimate that
there are at least 1 million different genes in 1 g of soil.*
This number is actually about 3—4 million since a typical
prokaryotic genome codes for about 4,000 genes. To esti-
mate the number of genes in the geobiosphere, if we take
the number (see earlier) of distinct bacterial genospecies to
be 10%, with an average number of 4 X 10° genes per geno-
species, we could estimate a total of 4 X 10" prokaryotic
genes. If one includes also the large number of genes from
archaea, lower (i.e., microbial, like fungi) and higher (plants
and animals) eukaryotes, and viruses (their number is enor-
mous; larger than those of bacteria; see earlier), the total
number of distinct genes in the geobiosphere likely exceeds
a trillion (10'%). Although many of these genes may code for
similar functionalities (e.g., similar enzymes catalyzing the
same or similar reactions), this number of genes constitutes
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Figure 3. Example of bond-electron matrix (BEM) for the reacting portions of phenylpyruvate and glutamate (reactants) and
phenylalanine and 2-oxoglutarate (products) along with the reaction operator matrix for the EC 2.6.1 generalized
enzyme reaction (based on the enzyme commission (EC) classification system).

The reaction operator matrix is added to the BEM of the reactants to produce the BEM of the products. Negative number in the op-
erator matrix represents bonds broken and positive number represents bonds created in the 2.6.1 reaction. (Reprinted with permission

from Ref. 31).

an unimaginable richness, which when viewed from the reac-
tion-space point of view, it is a staggering number to con-
template let alone understand and use. Given this enormous
number of genes, one would readily accept as a lemma that
a protein that can catalyze whichever reaction is biologically
possible already exists, but is most likely undiscovered. As a
result, the author dares to suggest that whatever is biologi-
cally “reaction possible”, by whatever sequence of individual
steps (as in a cellular pathway), it probably already exists,
albeit perhaps not assembled in a single organism. What
does “reaction possible” mean? This is a problem that has
occupied the author’s mind for many years since his gradu-
ate-school years, and although he has not had the expertise
and the opportunity to work on it, he is happy that this prob-
lem has been fundamentally resolved by dear colleagues and
friends of his, as discussed in the following section.

What is biologically “reaction possible”: let us BNICE

Hatzimanikatis and coworkers®'~? aimed to develop a reli-

able computational framework that would allow the identifi-
cation of all possible biochemical reaction pathways for the
production of any given biochemical compound from a given
set of starting compounds. Earlier efforts by Mavrovouniotis
and coworkers™ had set the stage for exploring this impor-
tant problem. The work of Hatzimanikatis and coworkers®'*
constitutes a major extension of computational chemistry
tools that make possible to identify every possible reaction
for a given set of chemical reaction rules and starting com-
pounds.34 The computational framework, named biochemical
network integrated computational explorer (BNICE), address
this core problem in synthetic metabolic biochemistry.
BNICE is based on chemical reaction rules, knowledge of
enzyme-catalyzed reactions, and the outcomes are assessed
further for thermodynamic feasibility and efficiency. BNICE
employs the graph-theoretic matrix representation of bio-
chemical compounds™ and enzyme reaction rules. Molecules
are coded as a bond-electron matrix (BEM),* whereby each
atom in a molecule is represented by a row (or a column),
while the other elements of the BEM represent the bond
properties between atoms. Enzyme reactions are represented
using a similar approach. Figure 3 depicts examples of this
BEM representation. Following identification of all possible
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enzymatic steps that lead to the targeted chemical, thermody-
namic analysis estimates the energetic efficiency of all these
possible pathways. The authors have applied this approach to
analyze both biosynthetic®’ and catabolic pathways.*® For
example, they examined the biosynthesis of aromatic amino
acids (Figure 4) to identify almost 75,000 novel biochemical
routes from chorismate (a core metabolic intermediate in
amino acid biosynthesis) to phenylalanine, and more than
350,000 routes from chorismate to tyrosine.® The pathways
that can be generated by BNICE involve compounds that
exist in biological databases and chemical databases but also
novel compounds. Thus, BNICE can be used to explore a
broader (one would argue the broadest possible) biochemical
reaction landscape and identify novel biochemical routes and
compounds that remain to be discovered experimentally. To
recap, computational tools like BNICE and extensions
thereof can be used to explore and map the broad reaction
space that is spanned by biological reactions (as we under-
stand them on the geobiosphere), and can prioritize their
thermodynamic efficiency, while adding constraints of path-
way length but also additional constraints, such as those that
come from metabolomics. Such constraints could include
ranges of intracellular metabolite/intermediate concentra-
tions, toxicity of the intermediate chemicals, segregation/
compartmentalization into organelles, etc. Noting that bio-
logical systems can readily couple energy generation (e.g.,
from ATP hydrolysis) to energy needs aiming to carry out
efficiently endergonic (energy requiring) reactions, the reac-
tion landscape that can be explored is enormous. So, to
come back to the basic assertion, in view of the trillion-like
genes in the geobiosphere, a large fraction of which code
enzyme-catalyzed reactions, it is quite likely that any predicted
reaction and pathway by BNICE, or any other robust computa-
tional scheme in the future, likely already exists in the geobio-
sphere, or it can be “induced” to develop under evolutionary
pressure. One can then extrapolate this logical conclusion to
genes that code for biophysical traits and capabilities.

A related capability and field: can we expand the explorable
genome-engineering space? Can we make microbial alloys?

Genome engineering aims to move the concept of meta-
bolic or cell engineering to genome-scale modifications and
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Figure 4. Alternative pathways for the biosynthesis of aro-
matic amino acids from chorismate: to phenylala-
nine (A), tyrosine (B) and tryptophan (C), with
length equal to the length of the original path-
way. Chorismate (Chr), phenylalanine (Phe), tyro-
sine (Tyr), and tryptophan (Trp). Solid-line boxes
(A) or squares (B and C) indicate compounds that
exist in the KEGG database, dashed line boxes (A)
or circles (B and () indicate compounds that exist
in the CAS database, and dotted-line boxes (A) or
triangles (B and () indicate novel compounds not
found in KEGG or CAS databases. The structures
of the compounds in the tyrosine (B) and trypto-
phan (C) pathways can be found in Ref. 31.
Shaded pathways indicate the pathways that cor-
respond to the native pathways; portions of the
shaded native pathway outlined in black represent
dissected reactions. (Reprinted with permission
from Ref. 31).

complex traits derived from designed or evolved genetic
changes, such as accumulation of beneficial mutations under
selective pressure. Beyond classical mutagenesis, the first and
still prototypical genome engineering method is whole ge-
nome shuffling (WGS). In WGS, mutant strains from a parent
organism are generated by some mutagenic process and are
then recombined (based on regions of homology) by repeated
protoplast fusions. Thus, WGS aims to combine in a single-
strain desirable gene mutations in order to generate improved
bacterial phenotypes that can be screened for /. Genomic di-
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versity can also be increased by techniques like global tran-
scription machinery (gTME),41 where a transcription factor is
mutated to influence the entire transcriptome, multiplex auto-
mated genome engineering (MAGE),* whereby in vivo ho-
mologous recombination accelerates the rate of evolution, or
trackable multiplex recombineering (TRMR)* that combines
recombineering (genetic engineering mediated by DNA
recombination processes) at specific locations with barcodes
that can be traced using DNA-microarray analysis.

However, all these techniques engage and manipulate only
the genome of the host organism, and, thus, can only explore
intrinsic genetic diversity. New, exogenous genetic programs
or pathways are, thus, not accessible. Heterologous genes can
be introduced via genomic libraries to enlarge the genomic
space beyond a single species, but the genetic information on
these libraries must be recognized by the host. This is then
virtually identical to the process of screening metagenomic
libraries. Can we develop novel capabilities based on “gene
sets or programs” from two or more distinctly different
organisms, or the metagenome? Can we develop genome en-
gineering strategies aiming to explore the genetic diversity of
unrelated genomes or the metagenome? Can we develop
hybrid organisms combining programs and cellular machi-
neries from different genomes? Such organisms would not
merely combine the properties of the parents, but rather
would have novel properties that derive from some combina-
tion of the two or more genomes, analogous to the properties
of an alloy or amalgam when we combine metal and nonme-
tal elements. It would be then appropriate to call them micro-
bial alloys. I will discuss in the following example.

The Unimaginable Richness of the
Metagenome, Part 2: The Staggering
Barriers in Exploring the Diversity of the
Geosphere’s Genome

To regroup, effective functional screening of metagenomic
libraries can unlock the hidden potential of the genetic diver-
sity in nature and lead to the identification of novel or potent
enzymatic and biophysical activities, which could be used to
engineer superior organisms or ensembles of organisms (as
in microbiota) for biotechnological applications.** So, how
does one explore and use this exceptional potential of the
geobiosphere’s genome? While metagenomics is clearly the
only means (for now at least), the current limitations of the
methods and the science are prohibitive. To make progress
in this field, the author believes that the following three key
problems must be resolved.

Problem one: the ability to express genes from metage-
nomic libraries in screening hosts. “Just as staggering as
these potential riches are, so are the barriers to discovery of
genes by functional screening. The approach is grossly lim-
ited by the ability of the organism that is hosting the metage-
nomic library to express genes from anonymous organisms
represented in the library.”' This sobering statement refers
to but one of the major difficulties in exploring the genomic
diversity of the geobiosphere: the ability to express genes
from metagenomic libraries in screening hosts, the most
widely used and most likely to be used in the near future
being E. coli. The expression difficulty is largely attributed
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Figure 5. The CoGeL concept and technology. Multiple libraries with compatible origins of replication (blue: p15A ori, green:
colE1 ori, red: F ori) and different insert sizes (plasmid &3.5 kb, fosmid &35 kb) are constructed and transformed in
a desired host (dual plasmid: blue and green, plasmid-fosmid combination: red and green). Cells containing two
CoGels are screened for a specific phenotype, here shown as serial transfers under selective pressure, e.g. increas-
ing concentrations of a toxic chemical (stressant) when selecting for a resistance phenotype. After enrichment, sin-
gle clones are isolated by plating and nonchromosomal DNA is extracted. Genes on the selected clones can be
identified by sequencing the identified library inserts. (Reprinted with permission from Ref. 45).

to the ability of the transcriptional machinery of the host or-
ganism to recognize the promoters from the metagenome
and possibly also translate metagenomic transcripts.'” How-
ever, it was concluded that “... it is essential to develop
techniques that enable E. coli to express a greater array of
genes (e.g., providing alternative sigma factors or tRNAs)
and to screen libraries in bacteria from other divisions.”"”
The author and his collaborators have recently developed
a strategy to overcome this limitation by engineering hybrid
strains that possess a transcriptional machinery capable of
recognizing promoters from nonself (heterologous) DNA.
Such strains can then be employed for screening heterol-
ogous DNA libraries to express foreign genes, thus, enlarg-
ing the sampling space that can be engaged in functional
metagenomics and, as already discussed, also in genome en-
gineering. Their hypothesis is that by expressing a heterol-
ogous sigma factor, the core RNA polymerase (RNAP) that
transcribes genes into mRNAs of the host (here E. coli) can
be recruited to initiate transcription from heterologous pro-
moters. As a proof of concept, they demonstrated that by
expressing sigma factors in E. coli from the phylogenetically
distant Lactobacillus plantarum, they enabled E. coli to rec-
ognize a large fraction of promoters from L. plantarum
genomic libraries. In order to assess in a quantitative and
high-throughput way, the fraction of heterologous promoters,
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and notably of L. plantarum promoters, that could be recog-
nized by the native or engineered E. coli RNAP to initiate
transcription, they constructed two promoter GFP-trap libra-
ries. These libraries allow an accurate quantitation of the
number of library inserts that contain a promoter that can be
recognized by the native or engineered RNAP of E. coli.
They also showed that one can express several heterologous
SFs in E. coli, thus, advancing the concept that it is possible
to engineer E. coli strains capable of recognizing many if
not most of the promoters and thus express a large fraction
of genes from metagenomic libraries. The author calls such
strains transcriptional alloys (Tr alloys) because the RNAP
complex of these strains behaves neither as the original
RNAP of the E. coli host nor like the RNAP complex of the
SF- “donor” host. Instead it has properties from both host
and donor, and such properties are analogous to the proper-
ties of metallic alloys: different from either metal or nonme-
tal components of the metallic alloy.

Problem two: how to capture the combinatorial complex-
ity in metagenomic (or genomic) libraries. Complex pheno-
types arise in cells from interactions among genes,
pathways, signaling events and cellular programs under
changing environmental conditions. In screening either
metagenomic or genomic libraries, what is identified is a
single genetic locus made up or one of a few genes (for
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Figure 6. (A) Generating and optimizing intracellular sensors for small molecules by protein engineering (adapted from Ref.
53), and (B) using such a sensor to screen a targeted metagenomic library to identify genes that maximize the (in-
tracellular) production of a small molecule (here: meso-2,6-Diamino-pimelate; mesoDAP) of the lysine biosynthesis
pathway as a hypothetical goal.

(A) Protein engineering is used to develop a regulatory protein to recognize a small molecule (“effector”’; here mesoDAP is used as
a specific example). A diverse library of appropriate genes is constructed and expressed in a host strain to produce a large and
diverse library of variants of the regulatory protein (RP). This library is then exposed to the small molecule (effector) of interest. If
the effector molecule binds one of the variants of RP to “activate” it, the activated RP binds to P, to enable expression of the re-
porter gene (e.g., a fluorescent protein like green fluorescent protein, GFP). Thus, desirable variants can be isolated by a screening
method such as fluorescence-activated cell sorting (FACS; see part B). Enhanced responses and optimization of the RP properties,
such as affinity and selectivity for the effector molecule, are achieved through iterative cycles of this process. P..,: promoter to
which the activated RP can bind to enable expression of the reporter. (B) In this hypothetical example based on the lysine biosyn-
thesis pathway in E. coli and similar organisms, the goal is the identify genes from an enriched metagenomic library that can
enhance the flux to and intracellular accumulation of mesoDAP, the important precursor to lysine as well as peptidoglycan biosyn-
thesis. A sensor system for mesoDAP is developed as in A, and is used to screen the metagenomic library using GFP as the reporter
protein. Screening is carried out through the flow cytometry (FC)-based FACS, whereby clones with strong GFP fluorescence signal
are isolated and sequenced to identify genes from the metagenomic library that lead to enhanced mesoDAP synthesis in the cells.

plasmid-borne libraries) or more genes on large DNA frag-
ments (35 kb) of fosmid libraries. Standard, i.e., single
genomic or metagenomic libraries cannot capture interac-
tions among distantly located loci on a chromosome (and/or
multiple chromosomes for metagenomic libraries) necessary
to create or improve a complex phenotype, such as a novel
pathway or biophysical trait like those we discussed previ-
ously. This derives from the fact that each library cell con-
tains one type of library vector and thus one DNA
fragment. For plasmid-borne libraries, the insert size can be
up to 6-8 kb of DNA or in the case of fosmid libraries
about 35 kb of contiguous DNA. This inability to have
multiple DNA fragments (library inserts) in a single cell
(clone) combined with the DNA-fragment size limitation
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constrains the combinatorial genomic space that can be
sampled and hinders the identification of beneficial interac-
tions among distantly-located genetic loci.

To overcome these limitations, the author and his collabo-
rators developed and demonstrated a novel strategy and tech-
nology, that of the coexisting genomic libraries (CoGeLs)*
(Figure 5). CoGeLs enable two (and more, but practically
only a few) genomic (and/or metagenomic) libraries to coex-
ist in one cell thus allowing to screen for necessary or coop-
erative gene interactions in the development or improvement
of a screenable phenotype. Genomic fragments normally dis-
tantly located in a genome or multiple genomes can be
expressed together in a single cell and screened for benefi-
cial interactions. For small-insert plasmid-based libraries, the
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number of binary (let alone trinary) combinations of DNA-
fragment inserts to be screened is very large because even
single-insert libraries require a large number of individual
clones to achieve a desired genome-coverage probability.
This limitation can be overcome by utilizing a fosmid library
(ca. 35-kb insert size) in combination with a coexisting plas-
mid library, and/or by using enriched libraries. Thus, the
number of individual CoGeL clones necessary for a desirable
genome-coverage probability is reduced by one order of
magnitude. The use of this technology was demonstrated by
developing desirable complex traits (reconstitution of an
incapacitated pathway, tolerance to acid and solvent stress)
that depend on interacting genomic loci.*>*°

Problem three: the screening assays are core to the suc-
cess in exploring the genomic or metagenomic diversity.23 In
principle, any assay for any enzyme or cellular trait that can
be implemented in the context of library screening would
advance the cause. Typical assays include screens for enzy-
matic activities of proteases, lipolytic enzymes, polysaccha-
ride degrading enzymes, and generally hydrolytic activities.
Others include assays that result in the change of color or
fluorescence of a compound. Perhaps the easiest and cleanest
assays are those based on survival and cell growth (null, low
or high) of the host cell under some screening condition,
such exposure to a stressant or toxin, like acid stress, oxida-
tive stress, toxic solvents or xenobiotics.”* ¢ Similarly ro-
bust assays are those that screen to identify one or more
genes that can complement known defects in a pathway or
biophysical trait (e.g., a missing component of the cell’s
stress response system) of the host cell.*> However, a major
need exists to develop general and easy to adapt assays to
screen for more complex traits, such as novel pathways, bio-
chemical intermediates or final metabolic products, and do
so in a high-throughput fashion. An example would be the
use of flow cytometry in combination with specific screens
based on “sensor” chemicals or fluorescence assays. FC-
based assays,”' as well as microfluidic-based assays>> hold
great promise, but much work remains to be done to make
such assays are easy to adapt, validate and use. A relatively
new research activity that will have a large impact in resolv-
ing this problem is the design and implementation of syn-
thetic-biology based in vivo assays that can be made to sense
small molecules in the cell.”*>* The concept of “optimizing”
an intracellular sensor for a small molecule, and using such
a sensor for targeted screening of a metagenomic library to
identify genes that maximize the production of small mole-
cule is illustrated in Figure 6.

The same set of issues prevents the expansion of the usable
genomic space that can be explored in the context of genome
engineering,*>>*%> whereby, so far, as already discussed in
the previous section, the genomic diversity that can be gener-
ated and screened for useful phenotypes is confined to muta-
tional perturbations of single genomes.*' ™

Epilogue: Just a Beginning

Metagenomics and genome engineering crossing the boun-
daries of a single genome are at an infant state of develop-
ment. From basic scientific endeavors to engineering and
technological applications, a virtually inexhaustible space of
reaction and biophysical capabilities awaits exploration. As
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this exploration develops, many new, unimaginable for now
questions will arise that will get to the core of issues of the
design principles of biological processes and self-sustaining
life. How did biology and life processes develop? How did
biological complexity arise and how does it “stabilize” bio-
logical entities? How do phenotypes “prevail”’? How do cells
assemble ab initio novel pathways and biophysical entities,
and many more? As noted earlier, chemical and biological/
biomolecular engineering, as integrative disciplines, will be
an integral part of this exploration, of this journey.
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