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Metabolic network modeling of microbial communities provides an in-depth understanding of community-wide metabolic and regulatory
processes. Compared to single organism analyses, community metabolic network modeling is more complex because it needs to account
for interspecies interactions. To date, most approaches focus on reconstruction of high-quality individual networks so that, when
combined, they can predict community behaviors as a result of interspecies interactions. However, this conventional method becomes
ineffective for communities whose members are not well characterized and cannot be experimentally interrogated in isolation. Here, we
tested a new approach that uses community-level data as a critical input for the network reconstruction process. This method focuses on
directly predicting interspecies metabolic interactions in a community, when axenic information is insufficient. We validated our method
through the case study of a bacterial photoautotroph—heterotroph consortium that was used to provide data needed for a community-
level metabolic network reconstruction. Resulting simulations provided experimentally validated predictions of how a photoautotrophic
cyanobacterium supports the growth of an obligate heterotrophic species by providing organic carbon and nitrogen sources.
J. Cell. Physiol. 231: 23392345, 2016. © 2016 The Authors. Journal of Cellular Physiology Published by Wiley Periodicals, Inc.

The role of microbial communities has been increasingly
recognized in a multitude of scientific disciplines, including: soil
ecology, environmental engineering, agriculture, food safety,
and human health. Researchers have been keen to reveal the
organizational principles in microbial communities and to
predict their response to environmental cues, which requires a
mechanistic understanding of interspecies interactions. Such
understandings are also essential for designing and engineering
microbial ecosystems for controllable outputs (Bernstein and
Carlson, 2012; Lindemann etal., 2016). Advancements in multi-
omics analyses have significantly expanded the volume of
biological data at hand, as well as our collective biological
knowledge. However, experimental determination of diverse
forms of microbial interactions in a community still remains a
challenge. As a complementary tool, metabolic network
analysis provides comprehensive predictions that can serve as
ab initio hypotheses on cross-species metabolite exchanges
(Song et al., 2014; Biggs et al., 2015; Cardona et al., 2016).
Reconstruction of reliable microbial community networks is
a challenging task. Even in the single-species case, genome-scale
metabolic network reconstruction is an iterative process that
takes a substantial period of time (Thiele and Palsson, 2010).
Community modeling is a more challenging process due to the
increased complexities involving interacting, non-independent
species. A conventional practice to build community metabolic
networks focuses on the reconstruction of high-quality
individual networks so that their combination provides
quantitative predictions of metabolic interactions and
community behaviors (Shoaie et al., 2015). This approach

becomes ineffective; however, if sufficient data required for

curating individual networks are not available. This is often the
case with environmental communities whose member species
are not axenically cultivable or do not grow on defined media,

This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.

Conflicts of interest: None.

Contract grant sponsor: U.S. Department of Energy (DOE), Office
of Biological and Environmental Research (BER);

Contract grant numbers: DE-AC02-06CH 1 1357, FWP 56812.
Contract grant sponsor: Linus Pauling Distinguished Postdoctoral
Fellowship, a Laboratory Directed Research program at Pacific
Northwest National Laboratory.

*Correspondence to: Hyun-Seob Song, Biological Sciences
Division, Earth and Biological Sciences Directorate, Pacific
Northwest National Laboratory, Richland, WA 99352.
E-mail: hyunseob.song@pnnl.gov

Manuscript Received: 8 May 2016
Manuscript Accepted: 16 May 2016

Accepted manuscript online in Wiley Online Library
(wileyonlinelibrary.com): 17 May 2016.
DOI: 10.1002/jcp.25428

© 2016 THE AUTHORS. JOURNAL OF CELLULARDPHYSIOLOGY PUBLISHED BY WILEY PERIODICALS, INC.

2339


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

2340

HENRY ET AL

for which we may lack high-quality complete genome
sequences.

To address this issue, we proposed an approach that directly
refines metabolic networks at a community level. Community
metabolic network reconstruction is primarily driven by a
community-level data, which is readily collectible even when
member species are not isolable or individually cultivable. For
testing the proposed approach, we considered a binary
consortium composed of a Thermosynechococcus elongatus BP-1
and Meiothermus ruber Strain A (hereafter T. elongatus and
M. ruber, respectively) as a model photoautotroph—heterotroph
consortium. We evaluated the qualities of resulting networks
with a focus on automated reconstruction and refinement of
draft networks. For this purpose, we used the DOE Systems
Biology Knowledgebase (KBase) platform (www.kbase.us).
Below, we describe reconstruction workflows for single species
and extension of such protocols to the building of models of
microbial communities, using our case study for illustration.

Protocols of network reconstruction from single
genomes

Current sequencing methods are unable to read a whole
genome at a time, so all sequencing protocols first shear DNA
into smaller fragments that the sequencer can read. To
reassemble these fragments, many copies of the genome must be
fragmented. That way, the shreds from one copy might overlap
with the shreds from another copy so that the original DNA
sequence can be reconstructed (Lander and Waterman, 1988).
These contiguous stretches of overlapping fragments are called
contigs. If the sequencing is deep enough, then these contigs can
be assembled into one or more scaffolds that cover the full
genome. Next, we need to know where genes are located and
what their functions are. The most important genes to identify
for a metabolic reconstruction are those that function as
enzymes and transporters. The set of all reactions catalyzed by
these enzymes comprises the intracellular metabolic network,
and the transported substrates define the interface with the
extracellular environment. The final step—formulation of a
biomass synthesis equation—creates a testable metabolic
model. If the metabolic network can produce all the essential
compounds necessary for biomass from a set of extracellular
metabolites, this is a prediction that the organism can grow in
that nutrient condition. If we remove a reaction or transporter
from the network, and it is no longer capable of producing
biomass, then this is a prediction that the gene encoding that
function is essential. By proceeding in this manner, metabolic
network predictions of biomass production can be validated
against growth or no-growth phenotype observations.
Procedures for network reconstruction of single genomes were
summarized in Table SI.

Strategies for community network construction

Community networks can be constructed from individual
species’ genomes in many different forms. At the simplest level,
we can take a mixed-bag (or gene-soup) approach by treating a
microbial community as a single supra-organism (Abubucker
et al., 2012; Faria et al,, 2016). The metabolic pathways and
transmembrane transport reactions, resulting from all
members, are combined by ignoring species boundaries. The
mixed-bag network has one cytosolic compartment and one
extracellular compartment, analogous to a single species
prokaryotic network. The primary usage of the mixed-bag
approach is to analyze environment-community interactions.
Construction of a mixed-bag network requires the full genome
sequences of all member species or a deep metagenome
sequence. The growth conditions of the microbial community
are also useful but species level resolution is not required.
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Prediction of cross-species metabolic interactions requires
species-resolved network modeling. This can be achieved by
treating species networks as compartments of a community,
the structure of which is similar to those of eukaryotic
metabolic networks where inter- and intra-compartmental
activities are assumed to be in a quasi-steady state. To predict
non-steady-state microbial interactions, we require multi-
species dynamic models that account for kinetics of nutrient
uptake and metabolite production for individual species. By
overlaying species-resolved kinetic expressions we can
interrogate the dynamic interplay between members in a
community. Multi-species metabolic modeling (for a
compartmentalized or kinetically connected model) starts with
the construction of metabolic models for the individual species
comprising the community. The methods of obtaining species-
resolved networks depend on the nature of the microbial
community involved. For a defined community composed of
isolated and cultivable microbes, we can use a single-organism
pipeline like the ModelSEED (Henry et al., 2010), RAVEN
(Agren et al., 2013), or COBRA (Thiele and Palsson, 2010) to
produce a separate model of each species. In contrast, for an
undefined community derived from natural environment, we
need a process to build species-level metabolic models from
the metagenomics data by separating out the assembled contigs
into species-level bins and subsequently performing gene
calling, annotation, and model building on each bin. In Figure I,
we illustrated the three alternative approaches for building
microbial community metabolic models described in this
section.

A binary consortium to model
photoautotroph-heterotroph communities

With a focus on steady state analyses (i.e., methods shown in
Fig. IB and C), we will explore the advantages and
disadvantages of the various strategies for constructing
microbial community models through the use of a model
microbial consortium, comprised of the photoautotrophic
cyanobacterium T. elongatus and an obligate aerobic
heterotroph M. ruber. Cyanobacteria are essential
contributors to primary productivity in natural ecosystems and
are frequently associated with dependent populations of
heterotrophic bacteria. These phototrophic-heterotrophic
communities are of keen interest to biologists seeking to
uncover mechanisms of interaction that drive global
biogeochemical cycles (e.g., involving C, N, and O,). They are
also attractive bioprocess hosts because of their inherent
robustness, diverse metabolisms, and fast growth rates. We
selected these specific taxa to demonstrate community
modeling because of the obligate dependency of M. ruber on
T. elongatus, when cultured under autotrophic conditions.
Depending on the environment, M. ruber relies upon
cyanobacterial derived organic-carbon, fixed nitrogen,
vitamins, and O,.

T. elongatus BP-1 is a thermophilic, unicellular cyanobacterium
that has been studied extensively (Onai et al., 2004; Zhang et al.,
2005; Arai and Kino, 2008; Abed et al., 2009; Eberly and Ely,
2012). Hence, itis a model cyanobacterium and has a completely
sequenced and annotated genome (Nakamura et al., 2002). T.
elongatus was isolated from a cyanobacterial mat environment
near Beppu, Japan (Yamaoka et al., 1978). M. ruber Strain Ais an
aerobic, heterotrophic, thermophile that was isolated from an
enrichment culture originally sampled from the cyanobacterial
mat inhabiting Octopus Spring in Yellowstone National Park
(WY, USA) (Thiel et al,, 2015). It shares 98.6% nucleotide
identity to the 16S rRNA gene sequence of M. ruber DSM 1279
(Loginova etal., 1984) and displays strong functional relatedness
with regard to central carbon and energy metabolism genes
(Thiel etal., 2015). Similar to M. ruber DSM 1279, Strain A lacks


www.kbase.us

COMMUNITY DATA-DRIVEN METABOLIC NETWORK MODELING

Species 1

\_ Compartment 2 /

Species 2

N (©)
Compartment 1

Fig. 1.

Alternative strategies for building community metabolic models for a binary consortium: (A) multi-species dynamic modeling,

(B) compartmentalized network modeling, (C) mixed-bag network modeling. Colors represent metabolic pathways that are specifically associated with
species | (purple) and species 2 (green), and that are common in both organisms (orange). Solid and open circles indicate extracellular and intracellular
metabolites; solid line boxes represent compartments outside of which the quasi-steady state assumption may not hold, and dashed line boxes represent
compartments outside of which the steady-state assumption continues to hold. In A, r,’s and r,’s denote exchange rates that are kinetically modeled.

the nitrate assimilatory pathway. Hence, it depends upon
reduced N-sources produced by T. elongatus when growingin an
environment that is depleted of fixed/reduced nitrogen.

Reconstruction of single species metabolic models using
the KBase platform

Before we can construct a community model of T. elongatus
and M. ruber, we first need to construct individual metabolic
models for each of these species. The KBase platform offers
two alternative pipelines for the generation and refinement of
metabolic models from sequence data as described in the
following. One pipeline enables the direct reconstruction of a
new draft model from a genome sequence, consisting of four
steps: (i) import of the genome into KBase; (ii) structural and
functional annotation of the genome using the RAST
annotation algorithm (Aziz et al., 2008); (iii) reconstruction of
a draft metabolic model using the ModelSEED algorithm
(Henry et al,, 2010); and (iv) gapfilling the model on a
specified growth condition using optimization-based
approaches (Dreyfuss et al., 2013; Latendresse, 2014). The
final gapfilling step can be performed iteratively on multiple
media conditions if a capacity for growth under multiple
conditions has been confirmed experimentally.

We applied this pipeline to build a model of the heterotrophic
member from our example community, M. ruber (https://narrative.
kbase.us/narrative/ws.|3807.0bj.1). We created three versions of
our M. ruber model: (i) an ungapfilled version (dMr729); (ii) a version
gapfilled on a rich LB media in which M. ruber is known to grow
(IbMr729); and (jii) a version gapfilled on glucose minimal media
(mmMr729), on which it is known not to grow.

Table | shows the number of reactions, genes, transporters,
transportable metabolites, and gapfilled reactions contained in
each model. Flux balance analysis (FBA) of the model gapfilled
on LB media predicted that this species lacks a capacity to
synthesize several vitamins/cofactors (niacin, pantothenate,
riboflavin, and heme) and amino acids (proline, valine,
isoleucine, lysine, and histidine). These results are largely (albeit
not totally) consistent with experimental data on the nutrients
required for culturing M. ruber Strain A. While this result is
encouraging, it is also well-established that draft models
constructed directly from genome sequence data typically
require substantial curation before they can be truly predictive
(Thiele and Palsson, 2010).
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Fortunately, it is not always necessary to start from scratch
when building a model from a genome sequence. KBase offers an
alternative pipeline in cases where a curated model already
exists for a close relative of the genome of interest. This pipeline
consists of five steps: (i) import the genome; (i) annotate the
genome; (iii) import a curated model and genome of a closely
related species; (iii) perform bi-directional all-versus-all BLAST
comparison of the genes in the primary genome and the well-
curated relative; (iv) propagate the curated model to the
genome of interest based on bi-directional best gene hits; and
(v) optionally gapfill the model on a specified growth conditions
using optimization-based approaches. We applied this second
pipeline in KBase to build a model of T. elongatus based on the
previously published iJN678 model of Synechocystis sp. PCC 6803
(Nogales et al., 2012) (https://narrative.kbase.us/narrative/
ws. 13806.0bj.1). As it is known that T. elongatus is autotrophic,
we only generated two versions of this model (Table I): (i) an
ungapfilled model (dTe583) and (ii) a model gapfilled on
autotrophic media (aTe583).

Reconstruction of consortium metabolic models using
the KBase platform

Now that we have single species models constructed for both
of the members of our example consortium, we can combine
these models into either a mixed-bag community model

(Fig. 1C) or a compartmentalized community model (Fig. | B).
As before, we applied the KBase platform to build both model
types. When constructing a mixed-bag model, the reactions
from each single-species model are merged together into a

TABLE I. Statistics on all individual and community metabolic models
constructed

Transported  Gapfilled
Model Reactions Genes Transporters metabolites reactions
dMr729 1163 729 68 6l 0
1bMr729 1253 729 76 71 95
mmMr729 1257 729 71 65 98
dTe583 889 583 88 86 0
aTe583 917 583 89 87 28
mbMrTel312 1707 1312 124 93 74
preMrTel312 2174 1312 160 9l 126
mixMrTel312 2175 1312 168 100 128
postMrTel312 2168 1312 164 98 123
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single intracellular compartment. Gene associations are
preserved from the original models, and they are merged in
the cases where the same reaction appears in multiple models.
The biomass objective functions from all individual models are
combined together into a single consortium biomass objective
function by summing the stoichiometric coefficients from each
individual biomass reaction, and rescaling the coefficients by
the number of models being combined. Like individual models
in KBase, mixed-bag models can be gapfilled in a specified
growth condition. We applied this capability in KBase to
combine our ungapfilled M. ruber and T. elongatus models into a
mixed bag model (https://narrative.kbase.us/narrative/
ws.13838.0bj.1), which we subsequently gapfilled in autotro-
phic media. We call this model mbMrTel 312 (Table l). Here we
see that the mixed-bag model has fewer total reactions than the
sum of the two constituent models. Additionally, the mixed-bag
model required more gapfilled reactions than either single
model, but fewer than both models combined.

Next we applied tools in KBase to construct a
compartmentalized model of our model consortium. When
constructing a compartmentalized community model in KBase,
the two individual models are still combined into a single
model, but in this case, the reactions from each individual
model are integrated into distinct cellular compartments in the
new consortium model. These two compartments share a
single common extracellular compartment that permits the
exchange of metabolites between the species models. As with
all models in KBase, compartmentalized community models
can be gapfilled. In this case, gapfilling is distinctive in that the
entire database of candidate reactions is added to each
separate species compartment in the consortium model,
meaning the number of candidate reactions considered by the
gapfilling scales with the number of species models combined in
the consortium model, which in turn results in a greater
complexity to the gapfilling formulation and a longer run-time
in finding an optimal solution. However, this formulation offers
a decisive advantage over gapfilling of individual models, as the
algorithm now considers the possibility that metabolic
functions may be delegated among the species comprising the
consortium, and as such, will propose solutions that involve
interactions between species in the cases where such
interactions result in the greatest parsimony. This is
particularly valuable for gapfilling models of species that cannot
be grown in isolation, because the only phenotypic data
available for these species involves multiple organisms
operating in concert. YWe now explore the impact of applying a
range of gapfilling strategies when constructing a
compartmentalized model of a microbial consortium.

Alternative gapfilling strategies in reconstruction of
consortium metabolic models

Because it is possible to gapfill models on a variety of growth
conditions, and because it is possible to gapfill models both
before and after they have been merged together into a
compartmentalized consortium model, we are presented with
a wide range of potential strategies for constructing a
consortium model. We summarize the many potential options
with three fundamental alternative approaches: (i) pre-
gapfilling individual models on minimal media prior to merging
into a community model (Fig. 2A); (ii) merge ungapfilled
individual models into a community model, then gapfill the
community model (Fig. 2B); or (iii) pre-gapfill individual models
on rich media, merge into a community model, then post gapfill
the community model (Fig. 2C).

We applied all three alternative strategies in KBase (https://
narrative.kbase.us/narrative/ws.13838.obj.1), resulting in the
development of three alternative compartmentalized models
of our M. ruber and T. elongatus consortium: (i) pre-gapfilled
preMrTel 312; (ii) post-gapfilled postMrTel312; and (iii)
gapfilled mixMrTel312 (Table Il). We then simulated the
growth of these three consortium models in autotrophic media
using FBA and identified the interspecies interactions predicted
by each model (Fig. 3). As expected, the preMrTel312 model
predicts the fewest interactions with only 9 metabolites
exchanged, while postMrTel312 predicts the most interac-
tions, with 15 metabolites exchanged. The mixMrTel312
model splits the difference, predicting |13 metabolites exc-
hanged. Thus, we see that typically more interactions are
predicted when more of the gapfilling is conducted after the
individual models have been merged into a community model.
This trend occurs because gapfilling conducted on merged
community models will consider solutions that involve trophic
interactions between species, and where such trophic
interactions may actually be occurring, these solutions will
typically be lower cost than the non-interactive alternative of
adding all biosynthetic pathways to constituent species. We
also highlight that the pre-gapfilling approach may be ineffective
in a typical situation where some of the members are cultivable
only on rich media, because choosing to gapfill their networks
on rich media alone may be insufficient to identify microbial
interactions that enable community growth.

Of our three compartmentalized community models, the
interactions predicted by the postMrTel312 model also best
match our experimental understanding of the dependencies
between M. ruber and T. elongatus growing on autotrophic
media, although it is worth noting that the pantothenate

Fig. 2. Alternative gapfilling strategies when constructing compartmentalized consortium metabolic models: (A) individual gapfilling (igf),
(B) community-level gapfilling (cgf), (C) combination of A and B. N;, and N, denote draft networks of species | and 2, respectively.
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TABLE Il. Consistency between reaction flux and gene expression in various model versions

+Flux, +Exp  —Flux, —Exp ~ +Flux, —Exp  —Flux, +Exp  Accuracy for active genes Accuracy for inactive genes  Overall accuracy

(%) (%) (%) %) % ; (%)
mmMr729 16.1 37.0 17.5 29.5 353 67.9 53.1
IbMr729 255 15.9 5.6 53.0 325 740 414
aTe583 54.5 14.9 9.4 212 72.0 61.2 69.4
mbMrTel312 20.5 352 204 239 46.2 63.3 55.7
preMrTel312 17.5 37.1 25.0 204 46.2 59.7 54.6
mixMrTel312 17.4 37.0 25.2 20.5 45.9 59.5 54.4
postMrTel312 17.6 37.1 25.0 20.4 46.3 59.7 54.6

exchange predicted by the mixMrTel312 is more
physiologically reasonable than the exchange of CoA predicted
by postMrTel312.

Evaluation of community networks in comparison with
gene expression profiles

In addition to evaluating our models based on the number and
type of gapfilled reactions and the predicted trophic
interactions, we can also evaluate the capacity of our models to
accurately predict which pathways will be active in our
organisms while they are growing together in a consortium. To
accomplish this, we gathered RNA-seq data for our M. ruber
and T. elongatus consortium growing in autotrophic conditions.
We mapped the reads to our individual M. ruber and T. elongatus
genes and loaded the expression profile into KBase. We also
called each gene “active” or “inactive” based on its expression
level (see the next section). Finally, we ran transcriptomic FBA
(Seaver et al., 2015) to fit the flux predictions made by our
models to gene activity computed from our RNA-seq data. This
approach attempts to force reactions associated with inactive
genes off, while forcing reactions associated with active genes
on, without preventing the model from producing biomass. We
thus compared our models’ flux predictions with active/
inactive gene activity based on gene expression data for
enzymes catalyzing reactions in our models.

We ran this analysis on our two gapfilled M. ruber models:
mmMr729 and IbMr729 (Table Il). The mmMr729 model
performed better at predicting active reactions, correctly
predicting 35% of reactions associated with actively expressed
genes as active (vs. 33% predicted by the model in LB media).
However, the IbMr729 model performed much better at

CO, NO; Na* Fe?* Molybdate

2 2 2 2

Thermosynechococcus elongatus BP1

)
O T SN A

Mg . Pro CoA Pantothenate

Mn2* FO§+ Ptgr_;estt:me Leu NADP Lysine ﬁly 283
Zn2* € rale  His NMN Spermidine © 2
Ca?

Ll TT]

= )
Co?* —)[ Meiothermus ruber strain A

= All models mPost-gf = Mixed-gf = Mixed and post-gf

Fig. 3. Interactions between M. ruber and T. elongatus predicted by
consortium models.
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predicting inactive reactions, correctly predicting 74% of
reactions associated with poorly expressed genes as inactive
(vs. 68% predicted by the model in glucose minimal media).
These results show that minimal media activates too much of
the metabolic network, while LB media activates too little.
However, these results also show that both models suffer from
inaccuracies in their capacity to produce flux profiles that are
consistent with observed patterns in gene expression. Much of
this inaccuracy is likely due to comparing the flux of a single
species model with the gene expression data generated from a
community in which it is metabolically dependent on another
member. However, some inaccuracy will typically be the case
from draft models constructed directly from genome
sequence, which was unavoidable in the case of M. ruber, as no
published curated model currently exists for this species or any
close relatives of this species.

We conducted the same analysis on our T. elongatus aTe583.
For this model, we saw significantly improved accuracy
compared with the M. ruber model (Table Il). Our T. elongatus
model correctly predicted 72% of reactions associated with
highly expressed genes as active; and it correctly predict 6 | % of
reactions associated with poorly expressed genes as inactive.
This result clearly shows the value of starting analysis with a
curated model whenever one is available. In this case, the gene
expression data are also more directly comparable to the case
of a single genome model as T. elongatus is not dependent upon
M. ruber and can grow in isolation on the media condition used
to generate the expression profile.

Finally, we ran the analysis with our gapfilled mixed-bag
model, as well as all three compartmentalized models (Table I).
The mixed-bag model performed the best of our community
models, but this model type provides no information on
potential interactions among the species in our consortium.
Among our compartmentalized models, the postMrTel312
performed the best, although all three compartmentalized
models produced very similar levels of performance. We can
also see a pathway-by-pathway breakdown of the agreement
between model flux and expression data (Fig. 4). This analysis
shows that the riboflavin and quinone pathways showed the
poorest agreement, indicating potential flaws in the biomass
equation of the M. ruber model.

Calling genes “on” or “off” based on expression level

In order to compare the reaction activity predicted by our
models with our gene expression data, it was necessary to
classify genes as either “on” or “off” based on their level of
expression in our RNA-seq data. To accomplish this, we
started with a list of 80 functional roles from the SEED that we
have identified as universally active, largely from translation and
transcription. We then determined the genes in our genomes
that have been annotated with these functions, and obtained
the expression values associated with these genes. We
ranked these genes based on their expression values, and
selected the expression value located at the 10th lowest
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Entire model (2168)
Glycolysis / Gluconeogenesis (37)
Pentose phosphate pathway (27)
Citrate cycle (TCA cycle) (20)
Lysine biosynthesis (29)
Valine, leucine and isoleucine biosynthesis (30)
Aromatic amino acid biosynthesis (42)
Cysteine and methionine metabolism (38)
Glycine, serine and threonine metabolism (42)
Alanine, aspartate and glutamate metabolism (38)
Arginine and proline metabolism (74)
Histidine metabolism (28)
Purine metabolism (123)
Pyrimidine metabolism (85)
Thiamine metabolism (10)
Nicotinate and nicotinamide metabolism (20)
%ﬂ Pantothenate and CoA biosynthesis (26)
Folate biosynthesis (30)
Riboflavin metabolism (21)
Terpenoid-quinone biosynthesis (26)
Terpenoid backbone biosynthesis (30)
Fatty acid biosynthesis (53)
Fatty acid elongation (18)
Peptidoglycan biosynthesis (22)
Lipopolysaccharide biosynthesis (10)
Methane metabolism (32)
Sulfur metabolism (17)
Nitrogen metabolism (17)
Glutathione metabolism (12)
Fatty acid metabolism (25)
Propanoate metabolism (20)
Butanoate metabolism (19)
Pyruvate metabolism (36)
One carbon pool by folate (32)
Carbon fixation pathways in prokaryotes (33)
Carbon fixation in photosynthetic organisms (37)
Tryptophan metabolism (14)
Valine, leucine and isoleucine degradation (31)
Lysine degradation (8)
Phenylalanine metabolism (8)
Tyrosine metabolism (18)
Glutamine and glutamate metabolism (9)

0

. Flux and expression ([} Expression but no flux

Metabolic Pathw.

9 No flux or expression ([l Fiux but no expression

Gapfilled
reactions

0.5 1

Fraction of reactions

Fig. 4. Comparison of flux and expression for post-gapfilled consortium model. Here, we show the extent of agreement between the
reaction activity predicted by FBA and gene expression derived from RNA-seq data for the consortium postMrTel312 model. Blue bars
denote reactions with both flux and expression, while orange bars denote reactions without flux or expression. Green bars denote reactions
with expression but no flux, while red bars denote flux but no expression. Finally, purple bars denote gapfilled reactions active in each
pathway. The number of reactions in each metabolic pathway is shown in the parenthesis.

percentile as the threshold for calling genes “on” or “off.”
Genes with expression values higher than this threshold are
called “on,” and genes with expression values lower than this
threshold are called “off.”

Summary and future directions

Here, we provided a new approach that uses community-level
data for microbial community network reconstruction, and we
demonstrated tools that implement this approach in a user-
friendly manner in the DOE Systems Biology Knowledgebase.
Development of this approach was motivated by:

(i) community data provides key information on microbial
interactions, which are not necessarily obtainable from axenic
cultures and (i) the conventional approaches that require high-
quality individual networks are ineffective when member
species in 2 community cannot be sufficiently characterized in
isolation. In the case study of a binary consortium, metabolic
networks reconstructed using this method led to predictions
of phototroph—heterotroph interactions that are consistent
with experimental data. Manual curation is a necessary next
step for more accurate predictions. Further developments
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using KBase are in progress to extend the proposed method to
more complex communities beyond simple binary consortia.

Acknowledgments

This work was supported by the Genomic Science Program
(GSP), Office of Biological and Environmental Research
(OBER) and US Department of Energy (DOE) under contract
DE-AC02-06CH 11357 as a part of the DOE Knowledgebase
project (CSH, PW) and as a contribution of the Pacific
Northwest National Laboratory (PNNL) Foundational
Scientific Focus Area (HCB, RCT, JYL, JZ, HSS). Author HCB is
also grateful for support from the Linus Pauling Distinguished
Postdoctoral Fellowship, a laboratory directed research and
development program at PNNL.

Literature Cited

Abed R, Dobretsov S, Sudesh K. 2009. Applications of cyanobacteria in biotechnology. | Appl
Microbiol 106:1-12.

Abubucker S, Segata N, Goll J, Schubert AM, Izard J, Cantarel BL, Rodriguez-Mueller B,
Zucker J, Thiagarajan M, Henrissat B, White O, Kelley ST, Methe B, Schloss PD, Gevers D,
Mitreva M, Huttenhower C. 2012. Metabolic reconstruction for metagenomic data and its
application to the human microbiome. PLoS Comput Biol 8:¢1002358.



COMMUNITY DATA-DRIVEN METABOLIC NETWORK MODELING

Agren R, Liu L, Shoaie S, Vongsangnak W, Nookaew |, Nielsen J. 2013. The RAVEN toolbox
and its use for generating a genome-scale metabolic model for Penicillium chrysogenum.
PLoS Comput Biol 9:e1002980.

Arai T, Kino K. 2008. A cyanophycin synthetase from Thermosynechococcus elongatus BP-1
catalyzes primer-independent cyanophycin synthesis. Appl Microbiol Biotechnol 81:69-78.

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K, Gerdes S, Glass
EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL, Overbeek RA, McNeil LK,
Paarmann D, Paczian T, Parrello B, Pusch GD, Reich C, Stevens R, Vassieva O, Vonstein V,
Wilke A, Zagnitko O. 2008. The RAST server: Rapid annotations using subsystems
technology. BMC Genomics 9:75.

Bernstein HC, Carlson RP. 2012. Microbial consortia engineering for cellular factories: In vitro to in
silico systems. Comput Struct Biotechnol | 3:1-8.

Biggs MB, Medlock GL, Kolling GL, Papin JA. 2015. Metabolic network modeling of microbial
communities. Wires Syst Biol Med 7:317-334.

Cardona C, Weisenhorn P, Henry C, Gilbert JA. 2016. Network-based metabolic analysis
and microbial community modeling. Curr Opin Microbiol 31:124-131.

Dreyfuss JM, Zucker JD, Hood HM, Ocasio LR, Sachs MS, Galagan JE. 2013. Reconstruction
and validation of a genome-scale metabolic model for the filamentous fungus Neurospora
crassa using FARM. PLoS Comput Biol 9:e1003126.

Eberly JO, Ely RL. 2012. Photosynthetic accumulation of carbon storage compounds under
CO2 enrichment by the thermophilic cyanobacterium Thermosynechococcus elongatus.

J Ind Microbiol Biotechnol 39:843-850.

Faria )P, Khazaei T, Edirisinghe ], Weisenhorn PB, Seaver S, Conrad N, Harris N, DeJongh M,
Henry CS. 2016. Constructing and analyzing metabolic flux models of microbial
communities. Hydrocarbon Lipid Microbiol Protoc. In press.

Henry CS, DeJongh M, Best AA, Frybarger PM, Linsay B, Stevens RL. 2010. High-throughput generation,
optimization, and analysis of genome-scale metabolic models. Nat Biotechnol 28:977-982.

Lander ES, Waterman MS. 1988. Genomic mapping by fingerprinting random clones: A
mathematical analysis. Genomics 2:231-239.

Latendresse M. 2014. Efficiently gap-filling reaction networks. BMC Bioinform 15:225.

Lindemann SR, Bernstein HC, Song H-S, Fredrickson JK, Fields MW, Shou W, Johnson DR,
Beliaev AS. 2016. Engineering microbial consortia for controllable outputs. ISME | In press.

Loginova L, Egorova L, Golovacheva R, Seregina L. 1984. Thermus ruber sp. nov., nom. rev. Int
J Syst Bacteriol 34:498-499.

Nakamura Y, Kaneko T, Sato S, lkeuchi M, Katoh H, Sasamoto S, Watanabe A,
Iriguchi M, Kawashima K, Kimura T. 2002. Complete genome structure of the

JOURNAL OF CELLULAR PHYSIOLOGY

2345

thermophilic cyanobacterium Thermosynechococcus elongatus BP-1. DNA Res
9:123-130.

Nogales J, Gudmundsson S, Knight EM, Palsson BO, Thiele |. 2012. Detailing the optimality of
photosynthesis in cyanobacteria through systems biology analysis. Proc Natl Acad Sci USA
109:2678-2683.

Onai K, Morishita M, Itoh S, Okamoto K, Ishiura M. 2004. Circadian rhythms in the
thermophilic cyanobacterium Thermosynechococcus elongatus: Compensation of period
length over a wide temperature range. ] Bacteriol 186:4972-4977.

Seaver SM, Bradbury LM, Frelin O, Zarecki R, Ruppin E, Hanson AD, Henry CS. 2015.
Improved evidence-based genome-scale metabolic models for maize leaf, embryo, and
endosperm. Front Plant Sci 6:142.

Shoaie S, Ghaffari P, Kovatcheva-Datchary P, Mardinoglu A, Sen P, Pujos-Guillot E, de
Wouters T, Juste C, Rizkalla S, Chilloux J, Hoyles L, Nicholson JK, Consortium MI-O,
Dore ], Dumas ME, Clement K, Backhed F, Nielsen J. 2015. Quantifying diet-induced
metabolic changes of the human gut microbiome. Cell Metab 22:320-331.

Song H-S, Cannon WR, Beliaev AS, Konopka A. 2014. Mathematical modeling of microbial
community dynamics: A methodological review. Processes 2:71 [-752.

Thiel V, Tomsho LP, Burhans R, Gay SE, Schuster SC, Ward DM, Bryant DA. 2015. Draft
genome sequence of the Deinococcus-Thermus bacterium Meiothermus ruber strain A.
Genome Announc 3:¢00202—e00215.

Thiele I, Palsson B. 2010. A protocol for generating a high-quality genome-scale metabolic
reconstruction. Nat Protoc 5:93—121.

Yamaoka T, Satoh K, Katoh S. 1978. Photosynthetic activities of a thermophilic blue-green-
alga. Plant and Cell Physiol 19:943-954.

Zhang P, Battchikova N, Paakkarinen V, Katoh H, Iwai M, Ikeuchi M, Pakrasi HB, Ogawa T,
Aro E-M. 2005. Isolation, subunit composition and interaction of the NDH-1 complexes
from Thermosynechococcus elongatus BP-1. Biochem ] 390:513-520.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.



