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Commercial-level ethanol production is a global industry that yielded roughly 27 billion gallons in 2017,
and of these, around 16 billion were processed in the United States. Production of ethanol uses a
starch-based biomass, with corn being the predominant source in U.S. production. Ethanol production
commonly starts with milling of the corn, followed by cooking, liqui�cation and sacchari�cation to
allow yeast fermentation of the product, which is then distilled to separate ethanol from the stillage
byproducts. The stillage is then centrifuged to separate the solid (wet distillers’ grains) from liquid (thin
stillage) portions. The thin stillage is concentrated through high temperature evaporation into
condensed corn distillers solubles (CCDS), commonly termed syrup. This syrup is often used as an
animal feed supplement when combined and dried with the wet distillers’ grains.

Since the syrup contains organic carbon sources, microbes have also been used to convert it into other
desirable products. However, the syrup remains an underutilized component of the ethanol production
process. In this study, the syrup was used as a nutrient-rich medium for microbial biomass
development, which, if successful, would improve the pro�tability of ethanol production by developing
a possible new protein source for aquaculture feeds.

Large-scale cultivation of microbial biomass has been used in a variety of industrial practices,
including production of agricultural probiotics, carotenoid production, human and agricultural food
production, and wastewater treatment. The aquaculture industry has a particular interest in culturing
protein-rich bacterial biomass on wastewater/byproducts to replace �shmeal in aquaculture feeds.
Fishmeal has traditionally served as the major protein source for many cultured species of �sh and
shell�sh due to its high palatability and digestibility and its well-balanced essential amino acid pro�le.
However, �shmeal demand has increased along with the price, which makes alternative protein sources
more lucrative to the aquaculture industry.

A farmer using an old school IHC corn picker and trailer, Story County,
Iowa, USA. Source: Carl Wycoff [CC BY 2.0
(https://creativecommons.org/licenses/by/2.0)].
https://commons.wikimedia.org/wiki/File:IHC_corn_picker,_Story_County,_Iowa,_2011.jpg.
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Culturing microbial biomass on wastewater/byproducts has the added bene�t of making use of these
otherwise no- to low-value waste streams. It has been previously demonstrated that microbial biomass
can be cultured while treating wastewater from �sh farms and confectionary manufacturing plants and
this biomass can be successfully used to replace �shmeal in feeds for shrimp grown in aquaculture.

This article – adapted and summarized from the original publication
(https://doi.org/10.1371/journal.pone.0212685) – investigated the capacity for microbes to grow on a
corn ethanol fermentation syrup substrate so that they might also be used as a protein supplement in
aquaculture feeds. The study �ndings lay the groundwork for future application of the bacterial
biomass in aquaculture.

We thank Brian Badgley, Silke Hauf, Christopher Lawrence and Stephen Melville at Virginia Tech for
sharing procedures and equipment and Jason Bootsma for serving as our liaison with Flint Hills
Resources.

Study setup
A bioreactor-grown soil enrichment community capable of metabolizing the syrup was �rst established
and its community pro�le was characterized at a molecular level using 16S rRNA sequences. Then,
de�ned monocultures were tested for their growth yields, and binary culture combinations were
examined for possible synergistic effects within the community. Bacillus species, although not the
dominant organism in the bioreactor, were the most productive pure culture isolates.

Syrup, a byproduct of ethanol production, was obtained for use as a growth substrate for bacteria. To
examine how robust the bacterial growth would be across different lots of syrup, three separate
batches were provided from three different ethanol production facilities with similar design and
function. The three syrups were removed at the same point in the ethanol production process, after oil
separation and evaporation through the application of centrifugation and high temperature (~85
degrees-C), respectively.

Although three different commercial yeast strains were used, the CCDS produced were all similar in
content with ~30 to 40 percent solids and ~60 to 70 percent water. Syrup 2 was used for all studies,
while syrups 1 and 3 were examined in monoculture studies to test for organism robustness.

For additional information on the syrup growth substrate; temporal community pro�ling of bacterial
enrichment in anaerobic reactors; MiSeq data analysis; Pure culture strain isolation from enrichment
cultures; monoculture and binary-combination growth assays of microbial strains; strain identi�cation;
and accession numbers, please consult the original publication.

Results and discussion
The purpose of this study was to identify pure culture isolates obtained from laboratory stocks and a
soil enrichment community that could grow using a byproduct of ethanol fermentation production as
their sole nutrient source. At the �nal time point (day eight) of the anaerobic digestion with the syrup
and soil (Fig. 1), there were seven dominant organism families that were enriched including the
Bacillaceae family that proved to be the group of organisms of greatest interest. The other six families
enriched in the bioreactor were Clostridiaceae, Alicyclobacillaceae, Ruminococcaceae,
Burkholderiaceae, Veillonellaceae and Enterobacteriaceae. However, of those enriched, only four, the
Bacillaceae, Burkholderiaceae, Alicyclobacillaceae, and Enterobacteriaceae families, have members
that are facultative anaerobes.

https://doi.org/10.1371/journal.pone.0212685
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Our procedures were designed to select against organisms that were obligate aerobes or anaerobes.
Facultative growth is an ideal trait that enables handling of organisms under aerobic conditions, while
allowing fermentation in large-scale industrial vats.

The monoculture assays revealed Bacillus species as the organisms capable of the highest levels of
growth with the syrup substrate. While the most productive monocultures exclusively belonged to the
Bacillaceae family, the enrichment study revealed a more diverse community of seven dominant
families capable of growth on the syrup. In fact, the Bacillaceae family represented just 11.3 percent of
the total community. Antagonism and/or competition were probable contributing factors within the
reactors limiting the growth of the Bacillaceae. However, the Bacillaceae were the most successful
group of organisms at adapting to the different selections we applied with regard to oxygen availability
(i.e. anaerobic and aerobic growth) and medium choice (TSA and syrup). Since variability in syrup
composition and nutritional content is known, a highly desirable trait is the capacity for robust growth
across different batches. The Bacillaceae examined appear to have this desired characteristic.

Fig. 1: Bacterial community pro�le across anaerobic syrup enrichment
cycles. Reads were averaged from the PCR pools for each of the three
replicate reactors across �ve time points over the eight-day
enrichment. Dominant families listed throughout the enrichment are
indicated with the following labels: A = Alicyclobacillaceae, Ba =
Bacillaceae, Bu = Burkholderiaceae, C = Clostridiaceae, E =
Enterobacteriaceae, P = Pseudomonadaceae, R = Ruminococcaceae,
and V = Veillonellaceae.
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Interestingly, numerous studies have shown Bacillus sp. to be able to utilize multiple carbon sources,
and they are capable of catabolite repression when grown in the presence of more than one source.
More recently, interest in Bacillus sp. metabolism has increased regarding carbon sources that are
industrially relevant. Since the process used by the production facilities does not entail very high
temperatures, with all steps occurring at less than 87.8 degrees-C, it would be unlikely that anhydro
sugars would be formed. Instead, glycerol, dextrin (DP4), and maltose (DP2) were the most abundant
carbohydrates in the solid fraction of the syrups.

Thirty-four binary combinations of the microbes were grown on the syrup to see if the initial syrup
substrate might be interconverted into metabolites better supporting growth of the mixed community.
The binary growth assays revealed no apparent synergistic growth effects, as none of the
combinations tested grew any better than did just one of the individual organisms. This indicates that
there are no bene�cial metabolites produced for the paired organisms to use. Despite this, synergism
could be possible between the top Bacillus species isolates and other organisms that were present in
the initial bioreactor community.

The discovery that Bacillus species utilize the syrup as their sole nutrient source has the potential for
future applications. For example, bacteria in the Bacillus genus have been used as a supplement with
aquaculture feed in industrial practices, speci�cally for probiotic bene�t, stimulating �sh immune
system, and even improving water quality. In addition, their ability to form highly stable dormant spores
makes long-term transport and storage possible. By dry weight, Bacillus cells are roughly 50 percent
protein, thus they could be used as a supplement instead of expensive �shmeal in the feed of
aquaculture-grown animals. This study identi�ed some promising Bacillus isolates that would be
considered safe for animal consumption as a substitute for �shmeal.

Perspectives
Fishmeal supply trends suggest a need for additional and alternative nutritional material for permanent
aquafeed supplement. The use of the syrup substrate as a means to cultivate microbes, such as
Bacillus species, could provide enhanced economic and sustainability bene�ts not only to the process
of ethanol production, but also to commercial aquaculture.
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