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ABSTRACT: Meeting global food needs in the face of climate
change and resource limitation requires innovative approaches
to food production. Here, we explore incorporation of new
dark food chains into human food systems, drawing inspira-
tion from natural ecosystems, the history of single cell protein,
and opportunities for new food production through waste-
water treatment, microbial protein production, and aquaculture.
The envisioned dark food chains rely upon chemoautotrophy
in lieu of photosynthesis, with primary production based upon
assimilation of CH, and CO, by methane- and hydrogen-
oxidizing bacteria. The stoichiometry, kinetics, and thermody-
namics of these bacteria are evaluated, and opportunities for
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recycling of carbon, nitrogen, and water are explored. Because these processes do not require light delivery, high volumetric
productivities are possible; because they are exothermic, heat is available for downstream protein processing; because the
feedstock gases are cheap, existing pipeline infrastructure could facilitate low-cost energy-efficient delivery in urban envi-
ronments. Potential life-cycle benefits include: a protein alternative to fishmeal; partial decoupling of animal feed from human
food; climate change mitigation due to decreased land use for agriculture; efficient local cycling of carbon and nutrients that
offsets the need for energy-intensive fertilizers; and production of high value products, such as the prebiotic polyhydroxybutyrate.

I. INTRODUCTION: THE GROWING NEED FOR NEW
SUSTAINABLE FOOD PRODUCTION

Humanity depends on natural and engineered food chains for its
existence. These chains in turn depend upon the availability of
water, nutrients and light. The need for light limits food pro-
duction to locations with large surface area to capture sunlight or
where energy-intensive artificial lighting can be provided. Substan-
tial land requirements in turn result in widespread deforestation,
inefficient application of synthetic fertilizers and increased
distance from farm to table (or trough)—all factors that con-
tribute to increased greenhouse gas emissions and global climate
change. With the global population projected to exceed 11 billion
by 2100, and 800 million people currently undernourished,”
meeting worldwide food needs while reducing climate change
impact requires innovative approaches to food production.

In this review, we explore dark food chains, microbially based
food production systems that do not rely on light. First, we
review natural environments in which dark food chains con-
tribute to the overall carbon biomass of the ecosystem. We then
review historic efforts to produce human food or animal feed in
the absence of light. Finally, we discuss how dark food chains can
be incorporated into human food systems, their engineering, and
future implementation. We focus on largely untapped chemo-
trophic food chains where the ultimate sources of carbon are
low-cost and renewable feedstocks with potential benefits for
climate change mitigation (CO,, CH,, H,). This list of dark food
chain substrates is not meant to be exclusive. Future innovations
will likely result in dark food chains based upon renewable
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production of substrates that support heterotrophic growth,
such as acetate generated by microbial bioelectrosynthesis® or
ethanol, generated by fermentation of syngas (CO and H,)* or
by degradation of cellulosic waste streams.

Engineering and intensifying dark food chains is attractive for
several reasons. Because such chains are independent of light,
high volumetric delivery of chemical energy is possible, enabling
smaller land and water footprints. Because they are based upon
consumption of CO, and CH,—the end products of methane
fermentation—they can enable efficient carbon recycling through
anaerobic biodegradation of food wastes and animal wastes back
into CO, and CH,, the original feedstocks. Because they largely
provide food for aquaculture and livestock, they can enable
decoupling of animal feed production from food for human
consumption (Box 1).

Il. NATURAL DARK FOOD CHAINS AS MODEL
SYSTEMS

In natural environments, dark food chains have evolved in the
absence of light, harnessing energy from reduced compounds in
lieu of photosynthesis (Figure 1). Three dark environments are
especially noteworthy: oceans, caves, and lakes. Within oceans
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Box 1. Benefits of Dark Food Chains

e Generates in a protein alternative for animal feed that
does not compete with human protein feedstocks and
can offset demand for fishmeal in farmed aquatic species.

o Enables high volumetric delivery of chemical energy and
dense production of protein; well-suited for urban envi-
ronments, decreasing transport distances to market and
pressure for deforested land needed to cultivate animal
feed.

e Supports production of microbial protein that could
avoid use of over 100 million hectares of crog)land, avoiding
emissions of 40 Gt of CO, equivalents.10

e Enables efficient local recycling of nutrients, specifically
carbon and nitrogen, decreasing land requirements and
offsetting the need for energy-intensive fertilizers.

e Enables sustained production of 1 ton of microbial
protein from approximately 1 m?3 of freshwater, 140 times
less than the water requirement for protein alternative
soybean.*

o Facilitates low cost feed production when coupled to the
use of cheap gaseous substrates that can be delivered at
low energy cost using existing pipeline infrastructure.

o Enables beneficial use of greenhouse gases CO, and CH,
providing life-cycle benefits for climate change mitigation.

o Enables production and beneficial use of polyhydrox-
ybutyrate, a polymer with documented positive health
benefits for aquatic animals, potentially increasing yields
for aquaculture without risks associated with antibiotic use.

and caves, dark food chains extract energy from reduced compounds
of geological origin; in lakes, dark food chains coexist with light
food chains with the result that higher trophic level animals (e.g.,
fish) contain organic carbon derived from both photosynthesis
and chemoautotrophy. These dark food chains can potentially
provide baseline values for carbon use efficiency and produc-
tivity and can serve as models for intensified human food pro-
duction in engineering systems. They can also inspire innovation
based upon biomimicry.

2.1. Marine Dark Food Chains. In marine environments,
dark food chains form in the presence of deep-sea hydrothermal
vents and cold seeps (Figure 1A). Hydrothermal vents form in
deep sea spreading zones (the one known exception to this is the
Lost City Hydrothermal field), where volcanic gases and fluids
are released,® with temperatures reaching 405 °C. Lower-
temperature flows are released from deep-sea fissures and porous
surfaces of volcanic structures. These flows mix with cold seawater
to create warm water (usually less than 40 °C). Such fluids are
enriched with electron donors, including H,S (3—110 mmol/kg),
H, (0.1—50 mmol/kg), CH, (0.05—4.5 mmol/kg),” which serve
as primary substrates for diverse ecosystems that include grazers,
deposit feeders, and predators.” Symbiotic associations are
established between chemoautotrophic bacteria that oxidize
H,S, CH, and H, bacteria and marine animals (e.g., tube worms,
mollusks, clams, mussels, snails, limpets and worms).” This
impressive diversity is sustained by methane and carbon dioxide
as the sole sources of carbon.'’ Upwelling of reduced com-
pounds also occurs in cold seeps along active and passive con-
tinental margins, giving rise to dark food chains based upon
metabolism of methane and petroleum hydrocarbons.' Addi-
tionally, recent reports indicate the importance of inorganic
carbon fixation in the abyssal seafloor, where the rate of bacterial
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Figure 1. Dark food chains in the following natural environments:
A. Deep-sea B. Caves C. Lakes.

CO, assimilation was observed to be as high as that of algal
photosynthesis. Importantly, the mechanism of this carbon
sequestration has yet to be defined, underscoring the importance
of further research on marine dark food chains.'”

2.2. Cave Dark Food Chains. Dark food chains in caves
(Figure 1B) host communities and symbiotic associations that
appear less evolved than those of deep-sea environments.'>"*
Cave environments contain fewer species: 40—50 compared to
hundreds in the deep sea,'* and the documented symbioses are
far more limited."” Nevertheless, species in caves are highly
specialized and demonstrate the capacity of dark food chains to
self-assemble when nutrients are available (Figure 1b).
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The Movile Cave in Romania and the Frasassi Cave System in
Italy are well-studied cave systems containing established
complex food chains. The atmosphere of the Movile Cave is
enriched with H,S, CO, and CH,.">'® Microbial mats oxidize
CH,, H,S and NHj; for primary production supporting an ecosys-
tem of grazers and carnivorous arthropods (e.g., cave scorpions,
millipedes, spiders).'>"” The Frasassi Cave is similarly enriched
with reduced compounds, including HZS,18 CH, and Mn?*."’ The
sulfidic sections of the cave contain rich chemoautotrophic
microbial communities, including higher trophic levels such as
mollusks, crustaceans (aquatic and insects) and arachnids.'®

2.3. Lake Dark Food Chains. Unlike deep-sea and cave
environments, the dominant form of anaerobic metabolism in
freshwater ecosystems is CH, production (Figure 1C).”° Methane
produced in anaerobic lake sediment diffuses to aerobic sediment
or water where it is consumed by methane oxidizing bacteria
(MOB).*® MOB can account for up to 40% of total bacterial
biomass in some lakes”' and play a key role in preventing the
release of methane into the atmosphere.

Methane-derived biomass enters the lake food chain when
MOB are consumed by grazing organisms such as chironomid
larvae****™*° and Daphnia,26 and these organisms are in turn
consumed by fish. In fact, stable isotope analysis of 5'* Cindicates
methane-derived carbon reaches the fish level in several
lakes.”**”** Fish may also play a “top down” role in the regulation
of lake methane emissions. Increasing fish predation of Daphnia
decreases Daphnia levels, relieving MOB predation, and
increasing MOB abundance—ultimately reducing methane
emissions from the lake.”

lll. HISTORY OF DARK FOOD CHAINS

Humanity has continuously sought to identify and exploit new
food resources. Over 10,000 years ago, domestication of plants
and livestock supported permanent human settlements.”” As early
as 2000 years ago, Chinese, Indian, and Roman civilizations
engaged in early forms of aquaculture.”® From the early 20th
century onward, researchers have sought to incorporate
microbial biomass into human diets and animal feed. Although
technologies initially developed to produce microbial protein
were not commercially viable due to high feedstock costs and
process inefficiencies, the experience gained with large-scale
bioreactor technology laid the groundwork for 21st-century efforts.

3.1. Microbial Protein in the Early 20th Century.
Production of microbial biomass for use as feedstock (later
known as single cell protein, SCP) is strongly tied with historic
patterns of food scarcity and costs of growth substrates. As early
as World War I, researchers in Germany and England evaluated
processes for production of microbial protein. In Germany, yeast
grown on molasses was marketed for human consumption, but
large-scale production was not achieved, likely due to wartime
sugar shortages.’’ In England, microbial biosolids from produc-
tion of acetone and butanol was used as a diet supplement for
pigs, improving growth compared to the standard diet.”' During
World War II, researchers in England continued to study
microbial protein, focusing on yeast. Studies tested yeast as a
feed component for pigs®> and researchers advocated yeast as a
new protein source, suggesting its use in spaghetti, dumplings,
curries, pies, and gravies.” ! Feedstocks considered for large-scale
yeast production (e.g., molasses, maize, waste citrus fruit) relied
upon extraction of resources from regions under British imperial
rule.’' After World War II, the research focus shifted from yeast
to bacteria—allowing consideration of a broader range of feed-
stocks and cultivation conditions suitable for large-scale production.

2275

3.2. Late 20th Century Single Cell Protein. In the 1960s,
concerns about rapid human population growth prompted a
surge of interest in the use of microbial protein from yeast,
bacteria and algae. In 1966, MIT professor Carroll Wilson’
recommended replacement of nonstandard terms, such as
“petroprotein,” in favor of “single cell protein”.** In the following
year, MIT hosted the First International Conference on Single
Cell Protein.” During this period, researchers promoted SCP
for human consumption, including feeding of children in low-
income households,®® astronauts in space systems,”” and for
animal feed.

A challenge with SCP production was identification of
feedstocks that could support rapid and dense microbial growth.
Most research focused on growth of heterotrophic bacteria or
yeast capable of using fossil carbon-derived feedstocks
(methanol, ethanol, gas—oil, and paraffins) or industrial wastes
(molasses, food wastes, sulfite waste, whey, and cellulosic
waste).”® Separation of such feedstocks from the SCP products
proved to be a significant challenge,” contributing to high costs
for infrastructure, equipment, and large energy inputs.40 The situa-
tion was exacerbated by the 1973 oil crisis, as costs increased for
both hydrocarbon-based feedstocks and fuel needed to produce
SCP, making the process economically uncompetitive with
soybean and fishmeal alternatives.*'

In the late 20th century, British engineers with Imperial
Chemical Industries (ICI) used natural gas methane as feed-
stock for production of SCP product marketed as “Pruteen.”
Concerned about the slow growth rates and inefficiencies of
MOB, ICI engineers chose to chemically convert methane
into methanol (a decision described at the time “as a Eureka
situation”).*” Methanol was then used to support growth of
methylotrophic bacteria.*” The Pruteen plant, opened in 1980,
was the world’s largest fermenter (50 m high) and produced
50 000 tons of SCP per year for use in animal feed.*” Due to high
costs of infrastructure (£100 million) and continuous operation,
Pruteen was not economically viable.*> By 1984, the plant was
running below capacity, and ICI switched to other products.*
By 1985, the goal of using SCP to feed the world was viewed as
largely unsuccessful due to the high costs of fossil fuel feedstock,
energy, and infrastructure.*’ Key lessons of the 20th century
were the need for cheap feedstocks where the cost of feedstock is
ideally independent of the cost of food and energy, and where
the feedstock is readily separable from the SCP product.

3.3. 21st-Century Dark Food Chains and the Rise of
Aquaculture. Twenty-first century opportunities and challenges
have spurred renewed interest in sustainable food supplies including
microbial SCP.**~* Drivers include climate change, limited natural
resources, deforestation, increased urbanization, global poverty and
decreased cost of methane as a SCP feedstock. Demand has been
further increased by overharvesting of ocean fisheries, a boom in
aquaculture”” and research indicating that SCP and associated
coproducts can stimulate the innate immune system of ani-
mals*®*” and, for some products, decrease gut inflammation.””>"

Aquaculture is a major source of protein for human con-
sumption and has experienced rapid growth over the last several
decades. From 1990—2010, the annual growth rate was 7.8%, a
rate far exceeding the annual growth rate of the global human
population (0.5%) and also exceeding annual growth rates in
production of %rain (1.4%), dairy (1.4%), pork (2.2%), and
poultry (4.6%).>” Fish play an increasingly important role in
human diets, comprising more than one-third of the total animal
protein supply for 30 countries; 22 of which are low-income
and food deficient.”” Increasing fish supply has the potential to
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Figure 2. Engineered dark food chains in different economic environments. A. Low-income setting B. Municipal wastewater: incorporating dark food
chains into existing wastewater infrastructure. C. Urban dark food chains connected to compressed biomethane and hydrogen.

improve human health by increasing the nutrient density of diets
and by providing sources of Vitamins A, B, and D, calcium,
phosphorus, iodine, iron, and zinc, in addition to protein.54

While the growth of aquaculture offers many advantages as a
food supply, current practices have resulted in severe environ-
mental damage.”® Of particular concern is the high demand for
fishmeal, a source of protein for farmed aquatic species obtained
by harvesting of forage fish or low trophic level (LTL) fish from
the ocean. LTL fish fill an essential role in the marine ecosystem:
transferring primary sproductmn from plankton to larger fish,
mammals, and birds.” At present, however, the majority of the
world’s fisheries are fully exploited, overexploited, or slowly
recovering from overexploitation.”” Thus, if aquaculture is to
serve as a sustainable human food supply, the aquaculture sector
must develop new, environmentally friendly sources of feed.
Microbial protein is a promising substitute. The commercial
sector has recognized this opportunity, and several companies
have developed intellectual property related to microbial protein
animal feed products as a replacement for fishmeal.**

IV. ENGINEERING THE DARK FOOD CHAIN
4.1. Methane and Hydrogen as SCP Feedstocks. As

noted previously, cheap and abundant feedstocks are essential
for SCP production, with a cost that is ideally independent of the
cost of food and energy, and where the feedstock is readily
separable from SCP. Methane is a promising on both accounts
and commercial production is now feasible and undergoing
field-scale implementation. Hydrogen is likewise promising
though over a longer planning horizon, as renewable production
becomes widely available.

Biogas methane is generated by anaerobic digestion of
domestic and agricultural organic waste streams (Figure 2A
and B). This sustainably sourced methane is thus readily avail-
able in many locations, and compressed biomethane can be
transported via natural gas pipelines. Methane is a potent
greenhouse gas, and its capture for use as a substrate can poten-
tially mitigate emissions. Use of biogas generated by anaerobic
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digestion of organic wastes can sustain food systems through a
cradle-to-cradle cycle in which biogas derived from anaerobic
digestion of animal and food wastes becomes feedstock for
methanotrophs which then become feed for animal protein.
Because agricultural and human wastes are treated anaerobically
in both low- and high-income settings, biogas-based dark food
chains are possible across a variety of economic contexts.
Globally, 58.7 billion Nm? of biogas were produced in 2014, an
increase from 13.2 billion Nm? in 2000—a trend that is expected
to continue.>® In low-income settings, anaerobic digesters are
often promoted as a source of methane fuel for clean cookstoves
(Figure 2A), but the economic incentives needed to fully
maintain digesters and completely capture biogas are lacking,
resulting in damaged and dysfunctional digesters.”” In high
income settings, biogas is also readily available but is often flared
rather than used beneficially. In the United States, for example,
approximately, 48% of wastewater is treated using anaerobic
digestion technology, but less than 10% of these facilities use the
biogas produced.”’ In both low- and high-income settings,
microbial protein produced from methane by methane-oxidizing
bacteria (MOB) could incentivize biogas capture by providing
an affordable means of generating a high-value product.

While current infrastructure does not support hydrogen
production, future dark food chains can be expected to increas-
ingly rely on renewably generated hydrogen (Figure 2c).**
Hydrogen-oxidizing bacteria (HOB)-based SCP is not recom-
mended for human feed®' but laboratory tests have demon-
strated its potential as animal feed,”*"** and HOB-generated
SCP is the subject of increased scientific interest due to their
rapid growth rates and lower oxygen demand.**

4.2, Stoichiometry and Kinetics of MOB and HOB.
Large-scale production of microbial protein requires engineer-
ing understanding of the stoichiometry and nutrient require-
ments for microbial growth of MOB and HOB. Methane is
typically conceptualized as a high energy substrate, with eight
free electrons that are released during oxidation to CO,, but
aerobic microbial transformation requires an energy-intensive
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initial attack on the methane molecule using methane mono-
oxygenase (MMO). Oxygen is consumed at a ratio of 1—2 mol
per mole of methane, and four reducing electron equivalents are
lost: two for oxidation of methane to methanol and an additional
two as NAD(P)H.*® Thermodynamic models that enable yield
estimates have accounted for energy losses in different ways:
VanBriesen and collaborators” ™" developed a model that
accounts for the specific number of electrons invested in mono-
oxygenase reactions; McCarty®® adopted an approach based on
the number of oxygenase reactions; Rostkwoski and collabo-
rators used a different approach, meeting the MMO oxygen
demand by setting aside one mole of oxygen for each mole of
methane oxidized and assuming loss of reducing equivalents
required to convert methane into formaldehyde.”” New evidence
indicates that methanotrophic bacteria can uptake significant
levels of CO,, a finding not yet incorporated into stoichiometric
models.”” For PHB-producing methanotroph Methylosinus
tricosporium OB3b, CO,-derived carbon makes up over 60% of
cell biomass, assimilated through the serine cycle.7 Incorporating
this level of CO, likely requires a complex regulatory system of
carboxylases that warrants further investigation. Further
research on metabolic regulation of MOB may provide insights
into conditions that optimize carbon assimilation from mixtures
of CO,/CH, mixtures such as biogas.

Table 1 summarizes typical stoichiometric and kinetic
parameters for both MOB and HOB. For methanotrophs,

Table 1. Stoichiometric and Kinetic Parameters for Methane-
Oxidizing Bacteria and Hydrogen-Oxidizing Bacteria

feedstock maximum
requirement” oxygen specific
(g substrate/g  requirement  heat produc-  growth rate
vss) (g 0,/gvss) tion(kJ/g vss) (day™)
methane- 14 42 55 40%
oxidizing
bacteria
hydrogen- 0.45 2.1 43.5 10.1%
oxidizing
bacteria

“Feedstock requirement = (maximum yield) ™!, where assumed MOB
yield is 0.72 g vss/g CH,* and HOB yield is 2.24g vss/g H,.”® See
Box 2 for calculations of oxygen requirement and heat production.
Maximum specific growth rate is reported average for 30 °C from
Rostkowski et al. (2013).%

a wide range of maximum specific growth rates have been
reported, with specific growth rates ranging from 0.03 to 0.3 h™",
corresponding to doubling times ranging from 2 to 20 h.”'~"
Reported methane and oxygen half saturation coefficients are
low, in the micromolar 1‘ange,76’77 suggesting that methano-
trophs achieve their maximum growth rates at very low levels
of dissolved methane and oxygen. HOB have generally higher
growth rates and lower oxygen requirements, and both the
hydrogen and oxygen requirements can be met by electrolysis of
water using renewable energy.

Trace metal requirements of HOB and MOB must be satisfied
to enable balanced growth. HOB requirements include Ni and
Fe for hydro%enase, 780 and MOB requirements include Cu, Fe,
Mo, and Zn.”' For MOB, recent research indicates the impor-
tance of rare earth elements, such as cerium.®*®* These reports
point to the importance of lanthanides in the leakage of
methanol from MOB. Specifically, there are two forms of
methanol-dehydrogenase, XoxF, a lanthanide-dependent form
that rapidly converts methanol to formaldehyde, and MxaF,
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a calcium-dependent form that oxidizes methanol more slowly.
The ecological consequence of this difference is accumulation
and leakage of methanol into the environment when the
calcium-dependent form is active, stimulating downstream
growth of methylotrophic bacteria.** Thus, trace metal regulation
can result in changes in community structure, changing the
composition of microbial protein products.

Stoichiometry and kinetics of MOB and HOB growth inform
considerations for engineering reactor design. Box 2 illustrates
an example of design calculations for a MOB chemostat. In this
example, S°g represents the effective influent concentration
achieved through operation at high pressure or use of substrate
vectors to enable enhanced delivery and mass transfer of
sparingly soluble substrates.

4.3. Thermodynamics of Chemoautotrophy. In order to
scale chemoautotrophic dark food chains for a meaningful impact
on food production and greenhouse gas mitigation, researchers
must address the unique problems presented by the thermody-
namics of gas feedstocks. By harnessing energy through chemo-
autotrophy, dark food chains rely upon conversion of high
entropy substrate gases into lower entropy biomass, a decrease in
the entropy of the products (biomass, PHB) relative to the
gaseous reactants.”> This entropy decrease must be offset by
heat release to enable a net negative change in free energy.”>~*’
In other words, chemoautotrophic metabolism must be highly
exothermic in order to compensate for the decrease in entropy
that occurs when carbon is sequestered as biomass. Figure 3
illustrates the relationships for MOB and HOB in comparison
with other microorganisms. For both MOB and HOB, heat
release results in ~70% loss of energy available for combustion
in the initial substrate (calculations in Box 2).

Exothermic growth impacts bioreactor design and selection of
organism type. Cooling is required in high productivity bio-
reactors. In one technoeconomic analysis of methanotrophic
production of PHB,” cooling costs dominated. Delivery of
cooling water at 30 °C was sufficient to cool thermophilic metha-
notrophic cultures, but for operation under mesophilic conditions,
more expensive coolants were needed. This underscores the
importance of coolant availability, as costs of microbial protein
production thus depends on siting of the production facility.
Co-location of facilities at or near a wastewater treatment plant
may enable cost-effective cooling with recycled water in addition
to providing a source of biogas as feedstock (Figure 2b).

4.4. Substrate Solubility and Opportunities for
Biomimicry. Importantly, methane and hydrogen are sparingly
soluble in aqueous media, with solubilities that are orders of mag-
nitude less than other feedstocks such as glucose (SI Figure S2).
To improve performance of engineered systems and maximize
specific growth rates, high rates of mass transfer are needed, as
well as provisions to avoid explosion hazard.”> This may be the
single largest obstacle to commercial production using flam-
mable gases. A disadvantage of operation at higher temperature
is the decreased solubility of CH,, O,, and H,, but an advantage
is the higher specific growth rates (approximately doubling for
every 10 degree increase in temperature up to an upper limit for
the species).” Such trade-offs require careful assessment.

Commercial ventures have implemented innovative reactor
design to achieve high rates of mass transfer for methanotrophic
production. Unibio A/S in Denmark developed a U-loop
bioreactor with a recirculation loop, allowing for high rates of gas
recirculation. Residence time for gases are less than 1 min in this
system, compared to several hours for the liquid phase in which
microbial growth occurs, and mass transfer coeflicients reach
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Box 2. Example Calculations for Well-Mixed SCP Bioreactors

Variables: Volumetric rate of Substrate Consumption
V = Reactor volume [L?*] Rs= 6°-5)
Q= Flow rate [L’t'] ®
ngf = Effective influent substrate concentration [ML] Volumetric rate of Cell Production
S = Substrate concentration in reactor and effluent [ML"] Py = YxRs
X = Biomass concentration in reactor and effluent [ML-]
O, N-source 6= % [t Volumetric rate of Oxyger} Consumption
l l Rs=Volumetric rate of electron donor consumption [Mt'L~] (assumulg N source is ammonia)
Py = Volumetric biomass production rate [Mt'L"] Ro = Rsy —1.42P¢
QS Q@ SX Yy = Biomass yield Volumetric Rate _of Niu:og_en Consumption
— Vi XS — Rp= Volumetric oxygen consumption rate [Mt'L>] (for cells with stoichiometry CsH702N)
y = COD/Weight Ratio Ry =0.12 Py
4gcoD
Yena = = oh; Heat released per gram of cells produced:
_8gcoD
Heat YH2 == AcHponor = AcHy + AcHyer

Ry= Volumetric nitrogen consumption rate [Mt'L-] ; . . 5 "
A:Hponor = Heat released by electron donor combustion * AcHy = Enthalpyjoficombustionlof cell biomass [Encrgy-Mx]
A Hy=Heat stored in cells produced = —460.29 kJ/C-mole of biomass C*

A Hypr=Metabolic Heat =-143 kJ/g COD

alculated assuming: biomass is CsH70,N and 1.42 g COD/g vss|
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Figure 3. Thermodynamics of chemoautotrophic growth, modified from von Stockar et al. (2006).°" Microbial growth is only possible when A,G, is

negative, so 0 < A H, — TA,S,. For chemoautotrophs, the gas reactants have higher entropy than the products, thus A,S, is negative and — TA,S,. The
microbial reaction will only proceed spontaneously from reactants to products when A H, < — TA,S,. A highly negative change in enthalpy, A H,, is
required. See Supporting Information (SI) for calculation details.

3000 h™'.”* Mango Materials in California utilizes a proprietary For design of engineered systems that efficiently deliver
gas delivery system in a deep tank bioreactor which operates at sparingly soluble gases while dissipating heat, natural dark food
atmospheric pressure. The system delivers two gases separately chains can provide inspiration as they have evolved to overcome
while maintaining mixtures outside the flammable range.”® these limitations and support high levels of productivity. Giant
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Figure 4. Tube worm, illustrating whole tube worm and transfer of gases from plume and transport to trophosome (top). Bottom left: transport of
gaseous substrate bound to hemoglobin; Bottom right: engineered use of substrate vectors (biopolymers, surfactants, oils, etc.) for enhanced transport

of sparingly soluble gases (biomimicry).

tube worms have evolved a highly specialized method of
delivering gases to their bacterial symbionts (Figure 4). These
organisms maximize surface area for mass and heat transfer in
their plume and trophosome, the vascular organ that houses
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intracellular symbionts. Gases bind to hemoglobin and are
transported from the plume to the trophosome.”® The tropho-
some is in turn surrounded by a coelomic cavity, where gaseous
substrates are stored in case of shortage.”® An engineering analog
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might involve use of solid vectors or liquids (such as emulsions
or oil droplets) that have high solubility for the gases to be
delivered (Figure 4).”’~"" Alternative approaches might incor-
porate hollow fiber membranes that enable formation of small gas
bubbles with high surface area for efficient gas delivery and ionic
strength solutions that stabilize small bubbles, preventing coa-
lescence and formation of larger bubbles.'

4.5. Energy and Space Requirements for Production of
SCP and Aquaculture Protein. Table 2 summarizes

Table 2. Energy Demand (M]/kg N-protein) for
Methanotrophic and Hydrogenotrophic-Derived Protein
Synthesis

energy for energy for feed energy for feed
microbial protein to shrimp to salmon
production® (FCR = 1.7)" (FCR = 1.3)"
methane- 361'" 679 606
oxidizing
bacteria
hydrogen- 452 850 758
oxidizing
bacteria
“Energy for ?roduction of 1 kg of edible protein are from Matassa
02

et al. (2015)."" This value is based on the thermodynamic assessment
of Heijnen et al. (1992a);'*® Heijnen et al.(1992b);'** and Heijnen
et al. (2002)."'” The input energy for MOB and HOB is a theoretical
thermodynamic minimum equal to the — TA,S, term illustrated in
Figure 3. Energy for production of shrimp and salmon assumes:
(1) Feed conversion ratio (FCR) is the same for conventional feed as
for microbial protein feed and (2) Feed is 100% microbial protein.
Shrimp are assumed to be 70% protein;'* salmon are assumed to be
60% protein;'” protein is assumed to be 16% nitrogen;'*® empirical
formula for microbial biomass is assumed to be C;H,O,N.

estimated energy requirements for nitrogen assimilation in
MOB and HOB microbial protein and subsequent conversion
into shrimp or salmon protein can be estimated using the method
of Matassa et al. (2015).** The lower values for MOB reflects the
lower assimilatory energy requirement of MOB illustrated in
Figure 3. For comparison, chicken, turkey, and beef have estimated
energy requirements of 400, 1000, and 4000 MJ/kg N-protein.'"

Use of waste-derived biogas-CH, and renewable H, can
potentially save land for agriculture. In one analysis, use of
microbial protein production over the 2005—2050 period can
offset demand for 109 million hectares of cropland. Such a
change could avoid emissions of 40 Gt of CO, equivalents over
the same time period.'” In dark bacterial cultures, high
volumetric productivities can be achieved with both MOB
and HOB: researchers have reported upper values of around
100 g/L-day”®"'"° compared to 0.2—0.4 g/L-day for light-limited
algal cultures.'"!

Table 3 summarizes estimated protein productivity values for
MOB. These values can be many orders of magnitude greater
than values reported for conventional agriculture (soy beans
shown for comparison), indicating dramatically reduced space
requirements and making SCP production particularly attractive
for space-constrained environments, such as cities. Use of MOB
also suggests possible opportunities for N, fixation analogous to
the use of legumes in conventional agriculture. As shown in
Table 3, use of N, in air as the sole source of nitrogen for Type II
methanotrophs enabled a protein productivity (unoptimized)
similar to that of soybeans.' '

4.6. Microbial SCP with Value Added Products.
Aquaculture is subject to high mortality risks due to bacterial
and viral pathogens,''® but recent discoveries indicate that
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Table 3. Estimated Protein Productivity for Methanotrophic
Bioreactor Systems and Soybeans”

rotein productivity

product growth conditions kg protein/m>-day)
MOB air and methane fed fluidized bed 0.00052'"?
microbial reactor (N, as N-source)
protein
batch serum bottle incubation 2.8%
(ammonia N source)
high pressure (6 atm) Chemostat 60.5"'"°
soybean typical yield in midwest U.S. 0.00054'"°

(1995—2012)

“Assumed protein content is 60% for MOB'" (a conservative
assumption) and 35% for soybean.''* Soybean production deter-
mined using the yield per area with the assumption that 1 m of
vertical space is required (height of plant plus air space).

microbial products coproduced with SCP can improve health
outcomes for aquatic animals. These findings increase the value
of microbial biomass as a feedstock and the economic viability
of dark food chains. By replacing fishmeal, microbial biomass
can potentially increase the sustainability of aquaculture while
simultaneously increasing yields and profitability.

Polyhydroxyalkanoates (PHAs) are a broad class of ubiqui-
tous naturally occurring biopolymers stored as granules within
many microorganisms under conditions of unbalanced growth,"'”
that is, when carbon/electron donor is present in excess, but an
essential nutrient or electron acceptor needed for cell division
(N, P,or O,) is lacking.112 In the absence of added cosubstrates,
methanotrophs (Type I and some Type II)"''® and hydrogen-
utilizing bacteria produce granules that only contain poly-3-
hydroxybutyrate (PHB).''” If cosubstrates are added during the
PHA accumulation phase, the granules can contain copolymers,
such as poly(3-hydroxybutryate-co-3-hydroxyvvalerate)." "~

Over the past decade, many studies have established that PHB
can be a valuable aquaculture feed supplement—improvinzghealth
outcomes for brine shrimp,'** prawn,"** crab'*® and fish.'*” Many
microorganisms produce PHB, including MOB'*® and HOB.**
A typical PHB yield for Type I MOB is 0.5 g PHB/g methane
(equal to 0.12 g PHB/g CH, as oxygen demand)'' and 0.12 g
PHB/g H, as oxygen demand.”” MOB production of PHB
occurs after cells have become limited for a critical nutrient, with
time requirements ranging from 12 to 24 h for MOB;''* HOB
production times are similar.""”

PHB improves health outcomes of aquatic animals under
normal growth conditions and when subject to pathogenic
and environmental stress (Table 4). One of the most well
studied phenomena is the ability of PHB to improve health
outcomes for a variety of animals challenged with bacterial
pathogens,****'25129713¢ making it a promising alternative to
antibiotics. Both PHB and its hydroxybutyrate monomer
suppress pathogenic Vibrios, completely inhibiting Vibrio
growth when the monomer is present at 100 mM."*° At concen-
trations achievable in the intestinal tract of Artemia (24 mM),
hydroxybutyrate can decrease production of pathogenic Vibrio
virulence factors.">” PHB also acts as an immunostimulant, with
its inclusion in diet resulting in increased activity of the innate
immune system."® Increased antibody response was observed in
tilapia*” and synthesis of Heat Shock Protein 70, a signal of
immune response, was observed in brine shrimp.48 Recent
research indicates that ingestion of PHB may improve survival of
P. monodon against White Spot Syndrome Virus,'*® supporting
the hypothesis that PHB activates the innate immune system,
providing nonspecific protection against an array of pathogens.
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Table 4. Effects of PHB Supplemented Diet on Aquatic Organisms

unchallenged survival in
animal fed PHB  scientific name life stage survival effect on growth type of challenge challenge test  references
brine shrimp Artemia Nauplii Vibrio campbellii and increased 48,124,
franciscana Vibrio harveyi 130,144
freshwater Macrobrachium larvae increased increased Vibrio harveyi increased 131,133
prawn rosenbergii
Asian tiger Penaeus monodon  post larvae  increased no significant effect lethal ammonia dose increased 125,134
shrimp
low level ammonia + increased
Vibrio campbellii
Vibrio campbellii increased
adult white spot syndrome increased 138
virus
Pacific white Litopenaeus post lavae  increased increased salinity + V. anguillarum  increased 145
shrimp vannamei
Chinese mitten  Erioceir sinensis larvae increased increased Vibrio anguillarum increased 135
crab
Siberian Acipenser baerii larvae no significant  decreased salinity and ammonia decreased 140
sturgeon effect
fingerling  increased increased 139
Mozambique Oreochromis adult Aeromonas hydrophila increased 49
tilapia mossambicus
Nile tilapia Oreochromis juvenile no significant  trend of increased weight gain, not 136
niloticus change significant
larvae Edwardsiella ictaluri increased 136
Rainbow trout  Oncorhynchus fry no significant  decreased weight week 1-2, Yersinia ruckeri increased 129
mykiss effect increased weight week 5—6
European sea Dicentrarchus Yok-sac increased trend toward increased weight Vibrio anguillarum no significant 146
bass labrax larvae effect
juvenile no significant  increased 127
effect
red drum Sciaenops ocellatus  juvenile no significant  decreased 147
(channel effect
bass)
blue mussel Mytilus edulis larvae increased no significant effect 148

Experimental evidence also suggests that aquatic animals derive
energy from PHB consumption, potentially further contributing
to improved health outcomes.**"*”'3

PHB particle size, delivery method, and proper dosage affect
the efficacy of PHB ingestion. A decrease in size of crystalline
PHB particles decreases optimal dose concentration by an order
of magnitude.*® Several studies underscore the importance of
optimal PHB dosage, a value that appears to be both species-
specific and life stage-specific. Both Siberian Sturgeon and
Rainbow trout experienced adverse effects on growth when fed
PHB at younger life stages, but positive outcomes at slightly
more advanced stages of growth.'””"**'** While optimal dosing
is necessary, the overall picture is that PHB can have very
positive impacts. Importantly, health benefits for aquaculture are
observed when PHB is delivered packaged within a bacterial
cell.'>#"391*! This is significant because feeding of PHB inside
harvested dead cells or its provision as live feed avoids the need
for chemical- and energy-intensive PHB extraction, and
enhances the feasibility of controlled use of PHB in conjunction
with SCP production.

Preliminary research indicates that other substances in microbial
biomass besides PHB can have beneficial impacts as animal
feed. Ingestion of feed containing the Type I methanotroph
Methylococcus capsulatus reduces gut enteropathy in salmon®”*"
and mice."* These methanotrophs do not accumulate PHB,
suggesting a health benefit based upon a different mechanism.'**
Other microbial products that improve animal feed quality
include phospholipids that improve human cholesterol levels
and vitamin B12.'*
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V. SYSTEM INTEGRATION: CYCLING OF WATER,
CARBON, AND NUTRIENTS

5.1. Food Chains, Carbon Use Efficiency, And Protein
Quality. Useful metrics for assessment of dark food chains are
microbial biomass yields within pure culture bioreactors (g cell
biomass/g substrate), carbon use efficiencies (g biomass
production per g substrate for mixed cultures and commun-
ities),'"” and feed conversion ratios (kg feed/kg animal
biomass).*” Ecologists have observed that C-use efficiency
(CUE, carbon assimilated in grazer/carbon in autotroph
consumed X 100%) in ecosystems is determined by the
elemental ratio of autotrophic biomass (i.e., C:N and C:P).
In turn, CUE increases when C:N and C:P ratios approximate
those of the grazers or consumers.">’ Because PHB and other
storage products (e.g, glycogen) lack N and P, manipulation of
carbon storage within cells presents a possible avenue for
optimization of CUE.

Carbon use efficiency within engineered food chains is
affected by the number of trophic levels. The simplest scenario
consists of a two-level chain in which microbial protein is used
for direct human consumption. FDA-approved products such as
Quorn, Vegemite, and Marmite (all fungi) have achieved
commercial success in such a food chain.” Use of bacterial
microbial protein in a two-level food chain would require
treatment to reduce RNA content to levels acceptable for human
consumption—in fact, high nucleic acid content is a primary
reason why microbial protein from bacteria is considered prefer-
able when used as a feed for animals with short lifespans.*>'>"'>>
Thus, given practical and cultural considerations, the most
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Figure S. A. Schematic representation of current infrastructure with linear food production. B. Future infrastructure incorporating microbial protein
production, taking advantage of resource recycling enabled by wastewater treatment.

probable food chain would consist of three levels: microbial
protein as a feed for animals, which are in turn consumed by
humans. Research has explored use of microbial protein for
livestock (pigs, beef, and dairy cattle) and poultry (broiler
chickens and laying hens).'*”'"*'>* Additional trophic levels are
also possible: microbial protein could serve as feed for Daphnia,
for example, which can then serve as live feed for aquaculture.
However, each additional level reduces carbon use efficiency of
the overall process, resulting in increased CO, production.'*’

5.2. Integrated Resource Recovery Systems. Engi-
neered dark food chains create interesting opportunities for
recycling of water, carbon and nitrogen (Figures 2 and 5). Treat-
ment and reuse of water for a SCP growth and for aquaculture
offsets the demand for imported water. Similarly, recycling of
biogas carbon and nitrogen can offset requirements for imported
carbon and nitrogen. At present, recirculation aquaculture
practice includes technologies for water purification via solids
removal, nitrogen removal via biofilters, reaeration and disin-
fection.”® Configurations designed for resource recovery can be
envisioned for SCP production.

Carbon reuse can be enabled by dark food chains because
CH, and CO, are at once feedstocks for microbial protein and
products of wastewater treatment. Methanogens generate biogas
from waste; methanotrophs consume the biogas to produce
SCP; SCP is used to produce animal protein; and the loop is
closed when the animal protein is consumed and converted
again into waste.

Nitrogen recovery and reuse are likewise enabled by dark food
chains because ammonium and nitrate are at once feedstocks for
microbial protein production and products of wastewater treat-
ment. Through recycle loops, nitrogen cycles that incorporate
dark food chains can avoid loss of nitrogen through nitrogen

2282

recovery and its upcycling into animal protein (Figures 2c and ).
Recovery of nutrients may be achieved in settings where
domestic wastewater is treated, an alternative that has been
successfully tested with urine streams in low-income settings.'**
Further benefits are incurred by avoiding energy-intensive
fixation of N, to NH; (37—45 MJ/kg N as NH,) via the Haber-
Basch process.' > The minimum energy required for production
of 1 kg of edible animal protein grown on microbial protein
ranges from 606 to 850 MJ/kg-N protein (Table 2). Caution
must of course be taken to avoid accumulation of toxic levels of
ammonia within recirculation systems.

Heat is another resource that can potentially be harvested
within combined microbial protein-aquaculture systems. As dis-
cussed in Section 4.3, microbial chemoautotrophy is accom-
panied by high rates of heat production. Heat pumps can be
used to harness this energy. Heat can also be used at various
disinfection stages in water treatment (for Advanced Treat
ment in Figure 2c), or for treatment of microbial protein.
Specifically, heat can be used for both drying of cells and for
reduction of total RNA content via activation of endogenous
RNA degrading ribonucleases,”” an important consideration if
SCP is to be used for human consumption (as discussed in
Section S.1).

VI. CONCLUSIONS AND RESEARCH GAPS

Engineered dark food chains have the potential to provide many
benefits as a supply of microbial protein. Such food chains have
the potential to decrease reliance upon fishmeal and enable high
volumetric rates of productivity, thereby reducing land require-
ments and associated greenhouse gas emissions. Additionally,
valuable coproducts, such as PHB, can be produced, enabling
increased survival of aquaculture animals and reduced use of
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antibiotics. However, life cycle assessment and technoeconomic
analyses of such food chains are needed for successful integra-
tion of technologies within different cultural and environmental
settings.

Research is needed to improve the quality of feedstocks,
optimize low-energy bioreactor designs, and integrate systems to
enable reuse of water, carbon, and nitrogen. Renewable hydro-
gen offers significant advantages: it is clean and can potentially
be deployed anywhere hydrogen can be generated.** Biogas is
ubiquitous and promising, but of variable quality, and methane
leaks are a serious concern that must be prevented. Depending
upon the source of biogas, contaminants such as hydrogen
sulfide and siloxanes may need to be removed before use as a
teedstock.

For both hydrogen- and biogas-based bioreactors, methods
are needed to safely deliver sparingly soluble gases in aerobic
fermentations. Renewable bioelectrosynthesis technologies
now in development could enable low-cost production of solu-
ble substrates from CO,, such as acetic acid, formate, and
methanol.”"*>~"%” Such feedstocks could support heterotrophic
dark food chains that avoid the challenges associated with
delivery of sparingly soluble gases.

Increased fundamental knowledge of dark food chains in
natural ecosystems can facilitate new engineering applications.
For example, understanding of carbon sequestration mecha-
nisms in the deep ocean may reveal currently unknown micro-
bial metabolic processes that can motivate development of new
systems.'” Currently, dark food chains are researched in many
different academic fields, and increasing connectivity across
these disciplines can enable more rapid and improved develop-
ment of sustainable food systems of the future.Ref 144.
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