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FIG. 1

(57) Abrege/Abstract:
Provided herein are methods of culturing a microorganism. The method includes providing a container comprising one or more
microorganisms and medium, wherein the microorganisms and medium form a start volume. The microorganisms and medium are
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(57) Abrege(suite)/Abstract(continued):
cultured until the culture reaches a threshold indicator, wherein culturing comprises feeding one or more carbon sources to the
culture and wherein the culture Is at a threshold volume when the threshold Indicator is reached. The method also Includes

harvesting a portion of the threshold volume to leave a residual volume that Is 40% or less of the start volume and adding fresh
medium to the container in an amount to return the volume of the culture to the start volume.
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FIG. 1

(57) Abstract: Provided herein are methods of culturing a microorganism. The method includes providing a contamner comprising
one or more microorganisms and medium, wherein the microorganisms and medium form a start volume. The microorganisms and

dium to the container in an amount to retus

medium are cultured until the culture reaches a threshold indicator, wherein culturing comprises feeding one or more carbon sources
to the culture and wherem the culture 1s at a threshold volume when the threshold mdicator 1s reached. The method also mcludes
harvesting a portion of the threshold volume to leave a residual volume that 1s 40% or less of the start volume and adding fresh me -
'n the volume of the culture to the start volume.
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REPEATED FED-BATCH CULTURE METHODS

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority to U.S. Provisional Application No. 62/064,694, filed

October 16, 2014, which 1s mmcorporated herein by reference 1 its entirety.

BACKGROUND OF THE INVENTION

Heterotrophic fermentations of microorganisms including 7Araustochytrid species are
etficient ways of gencrating high value o1l and biomass products. Under certain cultivation
conditions, microorganisms synthesize intracellular oil, which can be extracted and used to
produce biofuel (biodiesel, bio-jetfuel, and the like) and nutritional lipids (polyunsaturated
fatty acids, €.g. DHA, EPA, DPA). The biomass of microorganisms such as 7hraustochytrid
species 1s also of great nutritional value due to the high PUFA and protein content and can be
used as nutritional supplement for animal feed.

Microorganism fermentation processes are carried out mostly 1 batch or fed-batch
processes. Batch processes typically mmvolve a closed system culture in which cells are
orown 1n a fixed volume of nutrient culture medium under specific conditions (€.g., specific
levels of nutrients, temperature, pressure, and the like) to a certain density 1n a fermenter,
harvested and processed as a batch. In typical fed-batch processes, one or more nutrients are
fed or supplied to a fermenter, in which they remain until the end of the culture process. Fed-
batch culture processes can be superior to batch culture processes when controlling
concentrations of a nutrient (or nutrients) affects the yield or activity of a desired product.
O1l-producing fermentation processes are typically comprised of two cultivation stages, a cell
proliferation stage, during which all necessary nutrients are available for unlimited culture
growth, followed by an o1l accumulation stage, during which a key growth nutrient (typically
nitrogen) 1s purposely limited 1in the medium while excessive carbon nutrient 1s provided and
channeled 1nto o1l synthesis. When the target cell concentration and o1l content 1s reached,
the fermentation process 1s stopped and oi1l-rich biomass 1s harvested. The fermenter vessel
then must be cleaned, sterilized and re-batched with fresh medium, and a seed train needs to
be ready to 1noculate the production vessel again (¢€.g., a “turnaround™ operation between
batch/fed-batch fermentations). Such a turnaround operation is often time and energy

consuming and limits the total available operating hours of the production vessel for an
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established production process. Alternatively, microorganisms can be cultured using
continuous methods where fresh medium 1s continuously added to the fermenter, while
culture liquid 1s continuously removed to keep the culture volume constant. Continuous
culture processes can be used to maintain the microorganism at a specific growth rate or
physiological steady state but can be difficult to maintain without disruption and are typically
used for research purposes, as fed-batch or batch cultures tend to provide better results (€.g.,
higher o1l vield) and are easier to use for large scale production purposes.
BRIEF SUMMARY OF THE INVENTION

Provided herein are methods of culturing a microorganism. The methods include
providing a container comprising on¢ or more microorganisms and medium, wherein the
microorganisms and medium form a start volume, culturing the microorganisms in the
medium until the culture reaches a threshold mdicator, wherein culturing comprises feeding
on¢ or more carbon sources to the culture and wherein the culture 1s at a threshold volume
when the threshold indicator 1s reached, harvesting a portion of the threshold volume to Ieave
a residual volume that 1s 40% or less of the start volume, and adding fresh medium to the
container 1n an amount to return the volume of the culture to the start volume.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 1s a graph showing the progression of in-vessel biomass concentration and
o1l concentration over time during a repeated fed-batch fermentation 1n a 30L fermenter.

Figure 2 1s a graph showing biomass productivity and o1l productivity improvement
throughout a repeated fed-batch fermentation in 30L fermenter, as well as constant biomass
productivity and o1l productivity of fed-batch fermentations. RFB 1n the legend stands for
repeated fed-batch.

Figure 3 1s a graph showing the progression of in-vessel biomass concentration and
o1l concentration over time during a repeated fed-batch fermentation 1n a 7L fermenter.

Figure 4 1s a graph showing biomass productivity and o1l productivity improvement
throughout a repeated fed-batch fermentation in 7L fermenter, as well as constant biomass
productivity and o1l productivity of fed-batch fermentations. RFB in the legend stands for
repeated fed-batch.

Figure 5 1s a graph showing the impact of changing residual seed volume (20%, 30%,
and 40%) on the overall averaged biomass and o1l productivitics. RFB 1n the axis stands for

repeated fed-batch.
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DETAILED DESCRIPTION OF THE INVENTION

Methods of cultivating microorganisms and methods of producing o1l by a repeated
fed-batch process are provided herein. The provided methods result in greater overall
volumetric productivity of both biomass and o1l than a typical batch or fed-batch process.
Briefly, the process involves cultivating microorganisms 1n a fed-batch method where, upon
completion of the fermentation as defined by reaching a particular volume and/or by meeting
volumetric biomass and o1l yields, the vessel 1s drained 1n a manner which maintains 1ts
sterility and leaves behind a certain predetermined volume of culture (e.g., 10% of the 1nitial
media volume). Fresh, sterile media 1s then added to the vessel where the culture lett behind
from the previous fermentation 1s used as a seed. This process can be repeated indefinitely.
The amount of culture left behind for use as a seed can vary; however, one should consider
the tradeoft between biomass left un-harvested, and the reduced time spent 1n the lag-phase
of the subsequent fermentation. In using a repeated fed-batch process, fermenter turnaround
time 1s significantly reduced which, i tumn, leads to higher overall volumetric productivity of
biomass and oil; far exceeding that of conventional batch and fed-batch processes. Also, the
repeated fed-batch process mimimizes the need for cleaning and sterilization, thereby
lowering operating costs. Furthermore, there 1s less dependence on a seed train, which

reduces both labor and energy costs.

Microorganisms

The methods described herein include extracting lipids from a population of
microorganisms. The population of microorganisms described herein can be algae (¢.g.,
microalgac), fungi (including yeast), bacterna, or protists. Optionally, the microorganism
includes Thraustochytrids of the order Thraustochytriales, and, more specifically,
Thraustochytriales of the genus Thraustochytrium. Optionally, the population of
microorganisms includes 7hraustochytriales as described in U.S. Patent Nos. 5,340,594 and
5,340,742, which are mcorporated herein by reference 1n their entireties. The microorganism
can be a Thraustochytrium species, such as the Thraustochytrium species deposited as ATCC
Accession No. PTA-6245 (1.e., ONC-T18) as described in U.S. Patent No. 8,163,515, which
1s incorporated by reference herein 1n 1ts entirety. Thus, the microorganism can have an 18s
rRNA sequence that 1s at least 95%, 96%, 97%, 98%, 99%. 99.1%, 99.2%, 99.3%, 99.4%,
99.5%, 99.6%, 99.7%, 99.8%, 99.9% or more (¢.g., including 100%) 1dentical to SEQ ID
NO:1.
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The microorganisms for use 1in the methods described herem can produce a variety of
lipid compounds. As used herein, the term lipid includes phospholipids, free fatty acids,
esters of fatty acids, triacylglycerols, sterols and sterol esters, carotenoids, xanthophyls (¢.g..
oxycarotenoids), hydrocarbons, and other lipids known to one of ordinary skill in the art.
Optionally, the lipid compounds include unsaturated lipids. The unsaturated lipids can
include polyunsaturated lipids (1.¢., lipids containing at least 2 unsaturated carbon-carbon
bonds, ¢.g., double bonds) or highly unsaturated lipids (1.¢., lipids containing 4 or more
unsaturated carbon-carbon bonds). Examples of unsaturated lipids include omega-3 and/or
omega-6 polyunsaturated fatty acids, such as docosahexaenoic acid (1.¢., DHA),
eicosapentacnoic acid (1.., EPA), and other naturally occurring unsaturated, polyunsaturated
and highly unsaturated compounds.

Processes

Provided herein 1s a method of culturing a microorganism. The method includes
providing a container comprising on¢ or more microorganisms and medium, wherein the
microorganisms and medium form a start volume; culturing the microorganisms in the
medium until the culture reaches a threshold indicator, wherein culturing comprises feeding
on¢ or more carbon sources to the culture and wherein the culture 1s at a threshold volume
when the threshold indicator 1s reached; harvesting a portion of the threshold volume to leave
a residual volume that 1s 40% or less of the start volume; and adding fresh medium to the
container 1n an amount to return the volume of the culture to the start volume.

The methods are applicable to large-scale fermentation as well as small-scale
fermentation and any fermentation scale between. Large-scale fermentation, as used herein,
refers to fermentation 1n a fermenter that 1s at least approximately 1,000 L in volumetric
capacity (1.c., working volume), leaving adequate room for headspace. Small-scale
fermentation refers generally to fermentation 1n a fermenter that 1s generally no more than
approximately 100 L in volumetric capacity, such as 5 L, 10 L, 50 L or 100 L. A
demonstrated advantage of the present fed-batch fermentation process 1s that 1t may be
utilized for the production of oil at the 5-10 L fermenter scale and 1s scalable to any volume,
for example, 100 L, 150 L, 250 L, 500 L, 1000 L or more, without limitation.

As described 1 more detail 1in the examples below, the repeated fed-batch process
alleviates, 1f not eliminates, the turnaround time of the production vessel, with the ultimate
ooal of increasing volumetric productivity. An example of how volumetric productivity
increases over that of typical fed batch fermentation 1s 1llustrated in Figure 1. Assuming a 24

hour turnaround time for the production vessel to be included 1n the total process time the
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overall biomass (X) productivity at any given time can be calculated as: X (gram)/Vessel
Working Volume (L)/Time * 24 (hours/day) with the final unit being g/L-day. Oil
productivity can be calculated 1in a similar manner as: O1l (g)/Vessel Working Volume
(L)/Time * 24 (hours/day). As seen 1in Figure 1 biomass and o1l productivities of a fed-batch
process will remain constant over time. Conversely, after the first cycle of the repeated fed-
batch process average productivity increases, far exceeding that of the fed-batch process as
turnaround time 1s not required, and cycle time 1s decreased due to increased seed density,
this dataset a 20% seed was employed.

In the provided methods, the residual volume can be from 1% to 40% of the start

volume, ¢.g., from 1% to 5%, 1% to 10%, 1% to 20%, 1% to 30%, 5% to 10%, 5% to 20%,
5% to 30%, 10%, to 20%, 10% to 30%, 20% to 40%, or any volume between 1% and 40%
inclusive of the start volume. Optionally, the residual volume 1s at least about 10% of the
start volume.

The provided methods include culturing the microorganisms until the culture
reaches a threshold idicator for a parameter. As used herein, the term parameter refers to a
variable 1n the culture conditions which can be monitored and controlled to adjust the
progress of a microorganism culture. A threshold indicator 1s a preselected level or
concentration for a given parameter. Such parameters include, but are not limited to, volume
of the culture, optical density (OD), cell concentration, carbon dioxide production rate, pH,
dissolved oxygen (DO), time, concentration of nutrient in culture medium, accumulation of
metabolic by-products, temperature, biomass productivity, and o1l productivity. Any suitable
parameter or combination of parameters 1s contemplated for use as would be understood by a
person of ordinary skill in the art and based upon the guidance provided herem. Optionally,
the threshold indicator 1s a preselected level or concentration of nutrient(s) in the culture
medium. Suitable nutrients that can be measured 1n the culture medium include, but are not
limited to, carbon and nitrogen.

The provided methods optionally include repeating the steps of (1) culturing the
microorganisms in the medium until the culture reaches a threshold indicator, wherein
culturing comprises feeding one or more carbon sources to the culture and wherein the
culture 1s at a threshold volume when the threshold indicator 1s reached; (1) harvesting a
portion of the threshold volume to leave a residual volume that 1s 40% or less of the start
volume; and (111) adding fresh medium to the container in an amount to return the volume of
the culture to the start volume. Optionally, the steps are repeated two or more times.

Optionally, the steps are repeated 2, 3,4, 5,6, 7, 8,9, or 10 times. When the process 1s
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repeated multiple times, as discussed above, the start volume and the residual volumes can
vary e¢ach time or each round. Optionally, the start volumes and residual volumes can remain
the same each time or each round. By way of example, 1n a first round, the residual volume
can be 2% of the start volume and 1n successive rounds, the residual volume can be 10% of
the start volume. The residual volume 1n the successive rounds can also vary, ¢.g., 1t can be
10% of the start volume 1n one round and 20% of the start volume 1n another round. The
provided methods advantageously allow for the culture to be maintained over a long period of
time. As such, the method steps can be repeated as long as 1t 1s desired to maintain the
culture and continue to harvest a portion for further use. Optionally, the culture 1s maintained
for a period of hours, days, weeks or months. Optionally, the culture 1s maintained for at
least 150 to 500 hours. For example, the culture can be maintained for at least 250 hours.
Optionally, the culture 1s mamtained for one, two, three, four, or five weeks.

Optionally, the provided methods include production of a single or only one seed or
seed tramn. Typical fed-batch cultivation of microorganisms requires production of a seed
culture produced 1n a step-wise manner called a seed train. The seed train serves to build up
the volume and density of a culture to moculate a clean and sterile production vessel. A seed
tramn requires time, energy for sterilization, and also creates more opportunity for
contamination as the culture 1s transterred between multiple vessels. The repeated fed-batch
method requires this seed train only to moculate the first cycle. Likewise, the production
vessel only needs to be sterilized for the mitial cycle. Therefore, time 1s saved in turning
around the production vessel (cleaning and sterilization) and energy 1s saved from cleaning,
sterilizing and operating vessels 1n the seed train. Thus, the provided methods optionally
include a single sterilization step. Moreover, risk of contamination 1s alleviated from culture
transfers 1n the seed tramn for sequential batches. Thus, the provided methods result in
reduced contamination as compared to typical batch or fed-batch processes.

Using the production vessel culture (1.¢., the residual volume) as the seed for
successive batches also allows the choice of selecting the percentage of seed to use without
requiring purchase of larger equipment or additional fermenters 1n the seed train. For
example, a 2% seed volume (2000L for a 100,000L start volume 1n a 200,000L working
volume production vessel) could be used for the initial batch fermentation, whereas all
following iterations could be moculated with a 10% seed. A 2% seed culture eliminates the
need for a larger vessel 1n the seed train (1.¢., a 10,000L working volume vessel) alleviating
capital costs/investment and lowering risk of contamination as there 1s one less transfer of the

seed culture. By using a 2% seed, the lag phase of microorganism growth 1s increased,
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leading to lower volumetric productivities in the production vessels. However, with
successive batches using the repeated fed-batch method being moculated with a 10% seed
volume this long lag phase 1s dramatically shortened.

The provided methods include or can be used 1n conjunction with additional steps
for culturing microorganisms according to methods known 1 the art. For example, a
Thraustochytnd, e€.g., a Thraustochytrium sp., can be cultivated according to methods
described 1n U.S. Patent Publications 2009/0117194 or 2012/0244584, which are herein
incorporated by reference 1n their entireties for each step of the methods or composition used
therein.

Microorganisms are grown 1n a growth medium (also known as “culture medium”™).
Any of a variety of medium can be suitable for use 1n culturing the microorganisms described
herein. Optionally, the medium supplies various nutritional components, including a carbon
source and a nitrogen source, for the microorganism. Medium for Thraustochytrid culture
can include any of a varniety of carbon sources. Examples of carbon sources mclude fatty
acids, lipids, glycerols, triglycerols, carbohydrates, polyols, amino sugars, and any kind of
biomass or waste strcam. Fatty acids include, for example, oleic acid. Carbohydrates
include, but are not imited to, glucose, cellulose, hemicellulose, fructose, dextrose, xylose,
lactulose, galactose, maltotriose, maltose, lactose, glycogen, gelatin, starch (corn or wheat),
acetate, m-1nositol (¢.g., derived from com steep liquor), galacturonic acid (¢.g., derived from
pectin), L-fucose (¢.g., derived from galactose), gentiobiose, glucosamine, alpha-D-glucose-
1-phosphate (¢.g., derived from glucose), cellobiose, dextrin, alpha-cyclodextrin (¢.g..
dertved from starch), and sucrose (e.g., from molasses). Polyols include, but are not Iimited
to, maltitol, erythritol, and adonitol. Amino sugars include, but are not limited to, N-acetyl-
D-galactosamine, N-acetyl-D-glucosamine, and N-acetyl-beta-D-mannosamine. Optionally,
the carbon source 1s glucose. As noted above, in the provided methods, the carbon source 1s
provided at a high concentration, ¢.g., at least 200 g/L.

Optionally, the microorganisms provided herem are cultivated under conditions that
increase biomass and/or production of a compound of interest (e.g., o1l or total fatty acid
(TFA) content). Thraustochytrids, for example, are typically cultured in saline medium.
Optionally, Thraustochytrids can be cultured in medium having a salt concentration from
about 0.5 g/L to about 50.0 g/L.. Optionally, Thraustochytrids are cultured in medium having
a salt concentration from about 0.5 g/L to about 35 g/L (¢.g., from about 18 g/L to about 35
o/L). Optionally, the Thraustochytrids described herein can be grown 1n low salt conditions.

For example, the Thraustochytrids can be cultured in a medium having a salt concentration
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from about 0.5 g/L to about 20 g/L (e.g., from about 0.5 g/L to about 15 g/L). The culture
medium optionally includes NaCl. Optionally, the medium includes natural or artificial sea
salt and/or artificial scawater.

The culture medium can include non-chloride-containing sodium salts as a source of
sodium. Examples of non-chloride sodium salts suitable for use 1n accordance with the
present methods include, but are not limited to, soda ash (a mixture of sodium carbonate and
sodium oxide), sodium carbonate, sodium bicarbonate, sodium sulfate, and mixtures thereof.
See, e.g., U.S. Pat. Nos. 5,340,742 and 6,607,900, the entire contents of each of which are
incorporated by reference herein. A significant portion of the total sodium, for example, can
be supplied by non-chloride salts such that less than about 100%, 75%, 50%, or 25% of the
total sodium 1n culture medium 1s supplied by sodium chloride.

Optionally, the culture medium has chloride concentrations of less than about 3 g/L.
500 mg/L, 250 mg/L, or 120 mg/L. For example, culture medium for use in the provided
methods can have chloride concentrations of between and including about 60 mg/L and 120
mg/L.

Medium for Thraustochytrids culture can include any of a variety of nitrogen sources.
Exemplary nitrogen sources include ammonium solutions (e.g., NHs in H,O), ammonium or
amine salts (e.g., (NH4)»SO4, (NH4);PO4, NH,NO3, NH,O0CH;CH3 (NH4Ac¢)), peptone,
tryptone, yeast extract, malt extract, fish meal, sodium glutamate, soy extract, casamino acids
and distiller gramns. Concentrations of nitrogen sources 1n suitable medium typically range
between and including about 1 g/L and about 25 g/L.

The medium optionally includes a phosphate, such as potassium phosphate or sodium-
phosphate. Inorganic salts and trace nutrients 1n medium can mnclude ammonium sulfate,
sodium bicarbonate, sodium orthovanadate, potassium chromate, sodium molybdate, selenous
acid, nickel sulfate, copper sulfate, zinc sulfate, cobalt chloride, 1ron chloride, manganese
chloride calcium chlonide, and EDTA. Vitamins such as pyridoxine hydrochloride, thiamine
hydrochloride, calcium pantothenate, p-aminobenzoic acid, riboflavin, nicotmic acid, biotin,
folic acid and vitamin B12 can be included.

The pH of the medium can be adjusted to between and including 3.0 and 10.0 using
acid or base, where approprate, and/or using the nitrogen source. Optionally, the medium
can be sterilized.

Generally a medium used for culture of a microorganism 1s a liquid medium.
However, the medium used for culture of a microorganism can be a solid medium. In

addition to carbon and nitrogen sources as discussed herein, a solid medium can contain one
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or more components (€.g., agar or agarose) that provide structural support and/or allow the
medium to be 1in solid form.

Cells can be cultivated over a period of time. Optionally, the cells are cultured for
anywhere from 1 day to 60 days. Optionally, the culture 1s maintained for a period of hours,
days, weeks or months. Optionally, the culture 1s maintained for at Ieast 150 to 500 hours.
Optionally, the culture 1s maintained for at least 250 hours. Optionally, the culture 1s
maintained for one, two, three, four, or five weeks. Cultivation 1s optionally carried out at
temperatures from about 4 °C to about 30 °C, ¢.g., from about 18 °C to about 28 °C.
Cultivation can include acration-shaking culture, shaking culture, stationary culture, batch
culture, semi-continuous culture, continuous culture, rolling batch culture, wave culture, or
the like. Cultivation can be performed using a conventional agitation-fermenter, a bubble
column fermenter (batch or continuous cultures), an airlift fermenter, a wave fermenter, and
the like.

Cultures can be acrated by one or more of a variety of methods, mncluding shaking .
Optionally, shaking ranges from about 100 rpm to about 1000 rpm, ¢.g., from about 350 rpm
to about 600 rpm or from about 100 to about 450 rpm. Optionally, the cultures are acrated
using different shaking speeds during biomass-producing phases and during lipid-producing
phases. Alternatively or additionally, shaking speeds can vary depending on the type of
culture vessel (e.g., shape or size of tlask).

The production of desirable lipids can be enhanced by culturing cells according to
methods that involve a shift of one or more culture conditions m order to obtain higher
quantities of desirable compounds. Optionally, cells are cultured first under conditions that
maximize biomass, followed by a shift of one or more culture conditions to conditions that
favor lipid productivity. Conditions that are shifted can include oxygen concentration, C:N
ratio, temperature, and combinations thercof. Optionally, a two-stage culture 1s performed 1n
which a first stage favors biomass production (¢.g., using conditions of high oxygen (¢.g.,
ocnerally or relative to the second stage), low C:N ratio, and ambient temperature), followed
by a second stage that favors lipid production (¢.g., in which oxygen 1s decreased, C:N ratio
1s increased, and temperature 1s decreased, as compared to the first stage). In contrast to
previously described methods, the provided methods allow for maintaining the culture for a
prolonged time under conditions at high levels of o1l or lipid production.

Pasteurization

Optionally, the resulting biomass 1s pasteurized to mnactivate undesirable substances

present 1n the biomass. For example, the biomass can be pasteurized to inactivate compound
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degrading substances. The biomass can be present in the fermentation medium or 1solated
from the fermentation medium for the pasteurization step. The pastcurization step can be
performed by heating the biomass and/or fermentation medium to an elevated temperature.
For example, the biomass and/or fermentation medium can be heated to a temperature from
about 50°C to about 95°C (e.g., from about 55°C to about 90°C or from about 65°C to about
80°C). Optionally, the biomass and/or fermentation medium can be heated from about 30
minutes to about 120 minutes (e.g., from about 45 minutes to about 90 minutes, or from about
55 minutes to about 75 minutes). The pasteurization can be performed using a suitable
heating means, such as, for example, by direct stcam mnjection.

Optionally, no pasteurization step 1s performed. Stated differently, the method taught
herein optionally lacks a pasteurization step.

Harvesting and Washing

Optionally, the biomass can be harvested according to a variety of methods, including
those currently known to one skilled 1n the art. For example, the biomass can be collected
from the fermentation medium using, for example, centrifugation (¢.g., with a solid-¢jecting
centrifuge) or filtration (¢.g., cross-flow filtration). Optionally, the harvesting step includes
use of a precipitation agent for the accelerated collection of cellular biomass (e.g., sodium
phosphate or calcium chloride).

Optionally, the biomass 1s washed with water. Optionally, the biomass can be
concentrated up to about 20% solids. For example, the biomass can be concentrated to about
3% to about 20% solids, from about 7.5% to about 15% solids, or from about solids to about
20% solids, or any percentage within the recited ranges. Optionally, the biomass can be
concentrated to about 20% solids or less, about 19% solids or less, about 18% solids or less,
about 17% solids or less, about 16% solids or less, about 15% solids or less, about 14% solids
or less, about 13% solids or less, about 12% solids or less, about 11% solids or less, about
10% solids or less, about 9% solids or less, about 8% solids or less, about 7% solids or less.
about 6% solids or less, about 5% solids or less, about 4% solids or less, about 3% solids or
less, about 2% solids or less, or about 1% solids or less.

Isolation and Extraction

The provided methods, optionally, include 1solating the polyunsaturated fatty acids
from the biomass or microorganisms. Isolation of the polyunsaturated fatty acids can be
performed using one or more of a variety of methods, including those currently known to one
of skill in the art. For example, methods of 1solating polyunsaturated fatty acids are

described in U.S. Patent No. 8,163,515, which 1s incorporated by reference herein in 1ts
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entirety. Optionally, the medium 1s not sterilized prior to 1solation of the polyunsaturated
fatty acids. Optionally, sterilization comprises an increase 1n temperature. Optionally, the
polyunsaturated fatty acids produced by the microorganisms and i1solated from the provided
methods are medium chain fatty acids. Optionally, the one or more polyunsaturated fatty
acids are selected from the group consisting of alpha linolenic acid, arachidonic acid,
docosahexanenoic acid, docosapentacnoic acid, eicosapentacnoic acid, gamma-linolenic acid,
linoleic acid, linolenic acid, and combinations thercoft.

Products

O1l including polyunsaturated fatty acids (PUFAs) and other lipids produced
according to the method described herein can be utilized 1n any of a variety of applications
exploiting their biological, nutritional, or chemical properties. Thus, the provided methods
optionally include 1solating o1l from the harvested portion of the threshold volume.
Optionally, the o1l 1s used to produce fuel, ¢.g., biofucl. Optionally, the o1l can be used 1n
pharmacecuticals, food supplements, animal feed additives, cosmetics, and the like. Lipids
produced according to the methods described herein can also be used as intermediates 1n the
production of other compounds.

By way of example, the o1l produced by the microorganisms cultured using the
provided methods can comprise fatty acids. Optionally, the fatty acids are selected from the
oroup consisting of alpha linolenic acid, arachidonic acid, docosahexaenoic acid,
docosapentaenoic acid, eicosapentacnoic acid, gamma-linolenic acid, linoleic acid, linolenic
acid, and combiations thercot. Optionally, the o1l comprises triglycerides. Optionally, the
o1l comprises fatty acids selected from the group consisting of palmitic acid (C16:0), myristic
acid (C14:0), palmitoleic acid (C16:1(n-7)), cis-vaccenic acid (C18:1(n-7)),
docosapentacnoic acid (C22:5(n-6)), docosahexaenoic acid (C22:6(n-3)), and combinations
thercof.

Optionally, the lipids produced according to the methods described herein can be
incorporated 1nto a final product (¢.g., a food or feed supplement, an infant formula, a
pharmaceutical, a fuel, etc.) Suitable food or feed supplements into which the lipids can be
incorporated include beverages such as milk, water, sports drinks, energy drinks, teas, and
juices; confections such as candies, jellies, and biscuits; fat-containing foods and beverages
such as dairy products; processed food products such as soft rice (or porridge); infant
formulac; breakfast cereals; or the like. Optionally, one or more produced lipids can be
incorporated 1nto a dietary supplement, such as, for example, a vitamin or multivitamin.

Optionally, a lipid produced according to the method described herein can be mncluded 1n a

11
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dictary supplement and optionally can be directly incorporated into a component of food or
feed (¢.g., a food supplement).

Examples of feedstutts into which lipids produced by the methods described herein
can be incorporated include pet foods such as cat foods; dog foods and the like; feeds for
aquarium fish, cultured fish or crustaceans, ctc.; feed for farm-raised animals (including
livestock and fish or crustaceans raised in aquaculture). Food or feed material into which the
lipids produced according to the methods described herein can be incorporated 1s preferably
palatable to the organism which 1s the intended recipient. This food or feed material can have
any physical properties currently known for a food matenal (¢.g., solid, liqguid, soft).

Optionally, one or more of the produced compounds (¢.g., PUFAs) can be
incorporated into a nutraceutical or pharmacecutical. Examples of such a nutraceuticals or
pharmaceuticals include various types of tablets, capsules, drinkable agents, etc. Optionally,
the nutracecutical or pharmaceutical 1s suitable for topical application. Dosage forms can
include, for example, capsules, oils, granula, granula subtilae, pulveres, tabellae, pilulae,
trochisci, or the like.

The o1l or lipids produced according to the methods described herein can be
incorporated into products as described herein in combination with any of a variety of other
agents. For mstance, such compounds can be combined with one or more binders or fillers,
chelating agents, pigments, salts, surfactants, moisturizers, viscosity modifiers, thickeners,
emollients, fragrances, preservatives, etc., or any combination thereof.

Disclosed are materials, compositions, and components that can be used for, can be
used 1n conjunction with, can be used 1n preparation for, or are products of the disclosed
methods and compositions. These and other materials are disclosed herein, and 1t 1s
understood that when combinations, subsets, interactions, groups, etc. of these materials are
disclosed that while specific reference of cach various individual and collective combinations
and permutations of these compounds may not be explicitly disclosed, each 1s specifically
contemplated and described herein. For example, 1f a method 1s disclosed and discussed and
a number of modifications that can be made to a number of molecules including the method
arc discussed, each and every combination and permutation of the method, and the
modifications that are possible are specifically contemplated unless specifically indicated to
the contrary. Likewise, any subset or combination of these 1s also specifically contemplated
and disclosed. This concept applies to all aspects of this disclosure including, but not limited
to, steps 1n methods using the disclosed compositions. Thus, 1f there are a variety of

additional steps that can be performed, 1t 1s understood that each of these additional steps can
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be performed with any specific method steps or combination of method steps of the disclosed
methods, and that each such combination or subset of combinations 1s specifically
contemplated and should be considered disclosed.

As used throughout, ranges (¢.g., 1-10) and references to about a given value (¢.g..
about 1 or about 10) includes the recited value or values (e.g., 1 and/or 10)

Publications cited herein and the material for which they are cited are hercby
specifically incorporated by reference in their entireties.

The examples below are intended to further 1llustrate certain aspects of the methods
and compositions described herein, and are not intended to limit the scope of the claims.

EXAMPLES
Example 1. Repeated Fed-Batch Fermentation for Production of Biomass and Oil

In the field of microbial o1l production, heterotrophic (dark) fermentation 1s generally
considered superior to autotrophic microbial cultivation in terms of process etficiency and
product yield. However, 1t 1s often hindered by higher fixed capital cost (the cost of
constructing a vessel-based fermentation plant 1s generally much higher than the capital cost
of open-pond and raceway type cultivation systems). Using a repeated fed-batch production
process, higher overall volumetric productivities can be obtained while lowering operating
costs. This 1s achieved by mimimizing turnaround time of the production vessel and
minimizing energy usage associated with a seed train and sterilization of the production
vessel. This means better utilization of fixed capital mmvestments (fermenters and associated
equipment) and higher annual production capacity. There 1s also a reduced capaital
investment as only an iitial seed train 1s used.

Figure 1 shows the progression of in-vessel biomass concentration and oil
concentration over time during a repeated fed-batch fermentation 1n a 30L fermenter. For
this experiment, 10% residual volume was employed using glucose as carbon source. In
Figure 2, a batch to batch turnaround time of 12 hours was used to calculate productivities of
cach independent fed-batch operation, and the same 12 hours turnaround time was used to
calculate the first batch of the repeated fed-batch operation. As seen 1n Figure 2, biomass and
o1l productivitics of a typical fed-batch process will remain constant over time, because each
subsequent fed-batch process 1s independently operated from the previous batch with a fixed
turnaround time built in-between each fed-batch process. Conversely, after the first cycle of
the repeated fed-batch process average productivity increases, far exceeding that of the fed-
batch process as turnaround time 1s not required, and cycle time 1s decreased due to increased

sced density.
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Figure 3 shows the progression of in-vessel biomass concentration and o1l
concentration over time during a repeated fed-batch fermentation 1n a 7L fermenter. For this
experiment, 20% residual volume was employed using glucose as carbon source. In Figure 4,
a batch to batch turnaround time of 12 hours was used to calculate productivities of cach
independent fed-batch operation, and the same 12 hours turnaround time was used to
calculate the first batch of the repeated fed-batch operation. As seen 1n Figure 4, biomass and
o1l productivitics of a typical fed-batch process will remain constant over time, because each
subsequent fed-batch process 1s independently operated from previous batch with fixed
turnaround time built in-between. Conversely, after the first cycle of the repeated fed-batch
process average productivity increases, far exceeding that of the fed-batch process as
turnaround time 1s not required, and cycle time 1s decreased due to increased seed density.

Repeated fed-batch fermentations with different residual seed volumes, 1.¢., 20%,
30%, and 40%, were carried out over a period of 320 hours, each reaching total of six
repeated operations. As seen 1n Figure 3, all repeated fed-batch fermentations generated
higher overall averaged biomass and o1l productivities when compared to those of single fed-
batch operation. Increasing residual seed volume from 20% to 30% resulted 1n significant
increase 1n averaged productivities; while a further increase 1n residual seed volume from
30% to 40% brought no further productivity improvement. This showed the tradeoff between
biomass left un-harvested (1.¢. used as residual volume for seed), and reduced time spent 1n
the lag-phase of the subsequent fermentation. Under these conditions, the optimum tradeott

point 1s approximately 30% residual seed volume.
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WHAT IS CLAIMED IS:.

. A method of culturing a microorganism comprising the steps of:

(a) providing a container comprising on¢ or more microorganisms and
medium, wherein the microorganisms and medium form a start volume;

(b) culturing the microorganisms in the medium until the culture reaches a
threshold indicator, wherein culturing comprises feeding one or more carbon sources to the
culture and wherein the culture 1s at a threshold volume when the threshold indicator 1s
reached:

(¢) harvesting a portion of the threshold volume to leave a residual volume
that 1s 40% or less of the start volume:; and

(d) adding fresh medium to the container in an amount to return the volume of

the culture to the start volume.

2. The method of claim 1, wherein the residual volume 1s 1% to 40% of the start volume.
3 The method of claim 2, wherein the residual volume 1s 1% to 5% of the start volume.
4. The method of claim 2, wherein the residual volume 1s 5% to 10% of the start volume.
5 The method of claim 2, wherein the residual volume 1s 10% to 20% of the start
volume.

6. The method of claim 2, wherein the residual volume 1s 209% to 40% of the start
volume.

7. The method of claim 2, wherein the residual volume 1s at least about 10% of the start
volume.

8. The method of any one of claims 1-7, wherein the threshold indicator 1s selected from

the group consisting of the volume of the culture, optical density (OD), dissolved oxygen
(DO), cell concentration, carbon dioxide production rate, pH, time, concentration of nutrient
in culture medium, biomass productivity, o1l productivity, or any combination thercof.

9. The method of claim 8, wherein the threshold indicator 1s the concentration of nutrient
in the culture medium and wherein the nutrient 1s carbon or nitrogen.

10. The method of any one of claims 1-9, comprising repeating the steps of (1) culturing
the microorganisms i the medium until the culture reaches a threshold indicator, wherein
culturing comprises feeding one or more carbon sources to the culture and wherein the

culture 1s at a threshold volume when the threshold indicator 1s reached; (1) harvesting a

portion of the threshold volume to leave a residual volume that 1s 40% or less of the start
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volume; and (111) adding fresh medium to the contamer 1n an amount to return the volume of
the culture to the start volume.

11. The method of claim 10, wherein the steps are repeated two or more times.

12. The method of claim 10, wherein the steps are repeated 2, 3,4, 5,6, 7, 8, 9, or 10
times.

13.  The method of any one of claims 1-12, further comprising 1solating o1l from the
harvested portion of the threshold volume.

14. The method of claim 13, wherein the o1l comprises fatty acids selected from the group
consisting of alpha linolenic acid, arachidonic acid, docosahexaenoic acid, docosapentacnoic
acid, eicosapentaenoic acid, gamma-linolenic acid, linoleic acid, linolenic acid, and
combinations thereof.

15. The method of claim 13, wherein the o1l comprises triglycerides.

16. The method of claim 13, wherein the o1l comprises fatty acids selected from the group
consisting of palmitic acid (C16:0), myristic acid (C14:0), palmitoleic acid (C16:1(n-7)), cis-
vaccenic acid (C18:1(n-7)), docosapentacnoic acid (C22:5(n-6)), docosahexaenoic acid
(C22:6(n-3)), and combinations thereof.

17.  The method of any one of claims 1-16, wherein the microorganism 1s of the family
Thraustochytriaceae.

18.  The method of claim 17, wherein the microorganism 1s of the genus
Thraustochytrium.

19.  The method of claim 18, wherein the microorganism 1s ONC-T18.

16
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