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DEED OF ASSIGNMENT OF INTELLECTUAL PROPERTY

S T ; )
DATEDURSY (kw2013

PARTIES

1

HYWEL DAVID GRIFFITHS of 266 Beach Road, Campbsils Bay, Augkland, 0630 New
Zealand, and

MARK HUMPHREY DINES of 20 Rewarewa Road, Te Atatu Peninsula, Auckiand. 0610,
New Zealand, and

MORELAND DAVID GIBBS of 109C Actea Strest, Orakel, Auckland, 1071, New Fealand
{Assignors)

2. PHOTONZ CORPORATION LIMITED, a company registered in New Zeatand with number
1187446 [Assignee)

INTRODUCTION

1. The Assignors are employees of the Assignes, and in the course of this relatiohship:
{2} devised, or contributed to, the Irnvention; and
{h) created, developed, of contributed 10, the Works,

2. The Assignors acknowledge and each agree that the Assignee is, or should be, the owrer of
the Assigned Rights as a resilt of the relationship between the Assignors and Assignee.

AGREED THAT:

1. DEF!N!T!ONS‘ AND INTERPRETATION

1.1. Definitions. Inthis dead, unless the context requires otherwise:

Assigned Rights means all right and title to, dnd interest in, the Intellectual Property
(including: the Patent Rights, Design Rights and Copyright) created or developed by the
Assignor in relation to the Inventiop and Works, of to which the Assignor contributed, arid
includes alt Rights.of Agtion.

Copyright means all copyright, and any rights or forms of protection of a similar nature, in
relation tothe Invention and Works.

Design Rights means all registered and unregistered design rights in relation 1o the
nvention, including:

(a) this: right to apply, and obtain protection, for & registered design in all countries or
regions in the wokld, incliuding any application under the Hague Convention;

{b) the right to claim priority under any international convention gr agresment from any
application for a registered design, whether filed before; upon or after the Effective
Date; and

{€) the rights conferred by such protection when granted.

Eftective Date means the dale of this deeri.

KATL 10041 NZPR
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Encumbrance means any lien, morlgage, charge, ensumbrance, security interest or other
similar interast.

Improvements: means any modifications, enhancements or additions to the Ihwvention or
Works which are devised, created or developed by the Assignor, or to which the Assignor
contributed (notwithstanding when these ware made before, upon or affer the Effective Date).

Inteliectual Property means patents, designs, copyright, trade marks, trade names, domain
names, tade secrets, formulations, inventions, moedels, plans, licences, know-how,
databases, rights in computer programs, technical information, discoveres, ideas, data,
research, results, reports, drawings, technigues, specifications, standards, methads and
manuals, whather or not registered, and {(whete applicable) any application o register any of
these rights.

Inventlon means the invention(s} described in the patent specitication set out in the
scheadule, and includes any Improvernents tothe Invention.

Know-how means any knowledge, experignce and information relating 1o the lavention
{including the means o make or gse i), which is In the possassion of the Assignor and is rot
in-the public domain.

Patant Rights means:all patent rights in refation to the Invention, including:

{a) the right 1o apply, and obtain protection, for a patentin all countries or regions of the
world, including any application under the Patent Cooperation Treaty;

{B) the right to claim priority under any international convention or agregment frony any
application for a patent; whether filed before, upon or after the Effective Date: and

(e} the rights.conferred by such protection when granted.
Rights of Action means: any rights (in the name of the Licensor or Licenses) o bring or
defend any claim or procesdings in relation to:the Assigned Rights, including any such rights
which may have accrued priorio exegution of this deed.
Works means any drawings, specifications, precesses, schedules, technigues, samplas,
specimens, profotypes, models, phatographs, designs, descriptions, formulas, research and
development resulis, tast results, other technical information, computer programs and other
materials describing the use of or otherwise relating 1o the Invention, whether in material form
or otherwise, and includes any Improvemants 1o the Works.

1.2 interpretation. in this deed, unless the context indicates otherwisa:
{a) headings aretor convenience only and do not affect this deed’s interpratation;
b) refererices to a party include that party’s successors and permitted assigns;

{e) each defined expression has the meaning corresponding to that definition throughacist

this deed;
{d) references tothe singular indiudes the plural and vice versa:
(e} referances toa gender includes the other genders;
H the tise of the terms Includes orincluding doss not imply any limitations.

KAESIQ I NZPR
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2. ASSIGNMENT

21.  Assignment. With effect from the Effective Date and in consideration of the payment by the
Assignee of the sum. of $1 to each Assignor {{he receipt and sufficiency of which each
Assigner acknowledges), the Assignors assign tothe Assignes all.of the Assignors® right and
title-to, and interastin, the Assigned Righis throughout the world.

2.2. Further Assurances. The Assignors will execute all documents and perfora any other acis
that may be necessary or desirable to perfact or confirm the Assigneg's ownership of the
Assignad Rights; or otherwise give effect to the intent of this deed, at ‘any time and at the
Assignee’s cost.

2.3. Waiver of Moral Rights. The Assignors irrevocably and unconditionally waive all moral
rights {including the right to be acknowledged as the author of the Works and the right to
object 1o derogatory troatmant of the Warks) in relation to the linvention and Works 1o which
the ‘Assignors are now or may becorme entitled to i the fulure, 16 the maximum extent
permitted by faw,

2.4, Provide Materials. Upon request, ‘the Assignors will promptly provide o the Assignes all
original versions of the Works, and any other materials refating to the invention, that are in
their possession orunder their control.

2.5, Document RKnow-how, Upon request, the Assignors will gromptly document and deliver to
the Assignee any Know-how in the format requiested by the Assignes.

3. WARBANTIES
3.1 Assignors’ Warranties. The Assignors warrant thal:

{a) the Assignars each have the legal right and authority, and have taken all necessary
actions; to enterinto-and perform their obligations under this-deed;

{3} the Works are the Assignors’ original work and:-have not been copied {in whole orin
part from.any other work; and

(¢) 1o the best of each of the Assignors’ knowladge, the Assigned Rights ate assigned to
the Assignee free from any Encumbrances,

4, POWER OF ATTORNEY

4.1, Appointment. The Assignors irrevocably appoint the Assignee to act as the Assighars’
attorney 1o execute any documents, parform any acts and exercise all powers in the names of
the Assignors that may be necessary or desirable to fulfil the Assignors™ obligations undér this
deed.

4.2, Deemed Ratification. The Assignars will be deemed to have ratified all things done by the
Agsignee pursuant 1o clause 4.1.

5. CONFIDENTIALITY

5.1.  Confidential Information. The Assignors will keep confidential, at all times, all information
refating to the Invention and Works (including the Assigned Rights), and will not disciose this
information o any persen without the prior writter: conzent of the Assignee (provided that this
will not apply fo any information which is or becomes public knowledge, other than as &
breach by the Assignors of this desd).

5.2, Notification. The Assignors will immediately notiy the Assignee in writing upon the
Assignors becoming aware of any breach by the Assignors of clause 5.1,

KAES 10043 NZPR
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8. GENERAL

6.1. Law and Jurisdiction. This dead is governed by, and construed o accordance with New
Zealand law. Each party irrevocably and unconditionally submits to the exclusive jurisdiction
of the New Zealand courts in connection with this deed.

8.2, Counterparts. This deed may be signed in counterparts (including by facsimile copy or copy
sent by email in PDF format), and such copigs may be relied upon by the cther party as
though it were an original sopy., Al executed gountarparts together will constituie one

documeant.

SIGNATURES

EXECUTED AND DELIVERED
&S & DEED by HYWEL DAVID GRIFFITHS:

Witness Name

e

A & Reevaeeie
T R

S B -
H &

Witness Address
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EXECUTED AND DELIVERED

AS A DEED by MARK HUMPHREY DINES:

i
¢
B

i |
Witriess Sigrature

MOEDUNE BN

Withess Name

OEOEE MASRTETR,

Witneas Oecupation

: AL LAREN

Witness Addrass

EXECUTED AND DELIVERED

AS A DEED by MORELAND DAVID GIBBS!

{1
v . $ S -
B l\' o b\{x‘{_.x‘"{-"\a}.“}" .

N
PR

Witnedg Signature

o R P, |
S ST S NI AU

Withess MName

i

FTHET E ARG A

Witriess Ocaupation

VI
% K

Heh O,

Witness Address
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EXECUTED AND DELIVERED
AS A DEED for and on behalf of
PHOTONZ CORPORATION LIMITED 4

by . T

!;}i’rec::forf’l-\uihori;,:éd Signatary
{ : { H

DirectarAuthorised Bignatory

EAESINCEVREFR
3020987641
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SCHEDULE

PATENT SPECIFICATION
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METHODS FOR THE PRODUCTION OF DIATOM BIOMASS

Field of Invention

5 The invention relates to methods of producing a diatom biomass. More particularly, the
invention relates to methods to produce a diatom biomass using a continuous culture. In a

preferred embodiment the biomass comprises highly unsaturated fatty acid.

Background
10
Diatoms are a widespread group of microalgae and can be found in the oceans, freshwater,
and in soils. Biomass from diatom culture (whether naturally or commercially produced)
contains a number of products of commercial interest including lipids, fatty acids
(particularly highly unsaturated fatty acids — HUFAs), amino acids, pigments and complex
15 natural products of pharmacological interest. The biomass itself also has dietary application
(particularly in aquaculture), and the treatment of water contaminated by phosphorus and
nitrogen in aquaculture effluent, or heavy metal (bioremediation). A further application in
development is the use of silicon derived from frustules (the cell wall or external layer of
diatoms) in nanotechnology. However, the commercial relevance of products from diatoms

20 will depend on the cost of their production.

Industrial fermentation is a costly process in terms of capital equipment, nutrients, and
energy, and is generally only justified when a relatively high value product is being
produced in large quantities.

25
Different modes of culturing or fermentation are possible. The simplest mode of
fermentation and the one that is almost exclusively used in industrial processes is batch
fermentation. In batch fermentation, cells are inoculated in nutrient medium, grown for a
period of time and then harvested. Fed-batch fermentation is similar to batch but differs in

30 that concentrated nutrients are supplied to the culture during the growth period. Continuous
fermentation involves the continuous harvest of culture comprising biomass and a nutrient
solution from the fermentation vessel and its replacement with fresh nutrient solution. The
rate of harvest in continuous fermentation is chosen so that the density of the cells in culture
remains constant. Semi-continuous fermentation is similar to continuous fermentation

35 except that harvests are periodic rather than continuous. Perfusion fermentation involves
the continuous harvest of a culture medium which contains the product of interest, while the

PATENT
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cells producing the product are retained in the culture.

Where the product of interest is produced within the cells, the cells are generally cultivated
to the highest biomass densities possible to get the most efficient volumetric productivity
5 (i.e., amount of product produced per volume of fermentation medium per unit time),
thereby minimizing the cost of production of the product of interest. However, at high
biomass densities there can be difficulties in providing sufficient oxygen, nutrients and,
where applicable, light. For example, in a batch or fed batch fermentation, microbial cultures
are generally in a stationary phase at the point of harvest. It is usual for the medium or
10 feeding regime in these types of fermentations to result in the culture being severely limited
for one or more nutrients, often as a means of inducing the formation of secondary

metabolites (which are often the products of commercial interest).

It was previously known that photosynthetic organisms (e.g., microalgae) can be grown
15 phototrophically under continuous or semi-continuous culture conditions. Under these
conditions light is used as the energy source, rather than reduced carbon. Many authors
(e.g. Richardson et al.(1969) Applied Microbiology 18:245-250; Droop (1974) J. Mar. Biol.
Ass. U.K. 54:825-855; Laing (1991) Lab.Leafl. MAFF Direct.Fish.Res., Lowestoft, (67)
31pp) have disclosed means of growing algae in continuous or semi-continuous
20 phototrophic culture (turbidostats). In such cultures, cells are generally limited by the
amount of light that is available and so culture densities are low and thus volumetric
productivity is very low. Advances in photobioreactor technology have overcome the light
limitation problem to a certain extent by narrowing the optical plane and allowing cultures to
reach higher biomass concentrations (Zou et al. (2000) Eur. J. Phycol. 35:127-133).
25 However, this requires an increase in surface area to volume ratio of the culture and
significantly increases the capital cost structure of the reactors. Furthermore, at these
concentrations growth is slow (light limited) and thus volumetric productivity is again low.
These photobioreactor systems also have the disadvantage that they would be
uneconomic to construct for volumes large enough to supply industrial demand and even
30 the best commercially scalable photobioreactor designs still produce biomass densities
only about one-tenth that capable in a fermentor. Such photobioreactors are therefore
generally considered to be just a laboratory tool for study of the growth of photosynthetic

organisms.

35 Pharmaceuticals, medical foods and nutritional supplement containing highly unsaturated
fatty acids (HUFAs) are currently used to treat hundreds of thousands, and potentially will

PATENT
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soon be used to treat, millions of patients. Eicosapentaenoic acid (EPA) is a HUFA used as
an active metabolite in drug substances. Docosahexaenoic acid (DHA) also has great
potential for use in the pharmaceutical, medical food and nutritional supplement industry. An
example of their use is the treatment or prophylactic treatment of cardiovascular disease.

HUFAs cannot be chemically synthesized de novo economically, therefore must be
extracted from a biological source. Pharmaceutical manufacturers currently rely on fish as
the source of HUFAs for production of drug substances. Exclusive reliance on fish oil for
such purposes, however, carries a number of serious risks to pharmaceutical manufacturers
10 and drug companies as well as potentially to patients receiving such medications. Such
risks include, but are not limited to, those associated with potential supply shortages, which
may be financially devastating to drug companies as well as negatively affect patients who
rely on medications for their well-being. Fish oil itself is not a specific reference material
since its composition differs dramatically between different fish species. Even within a
15 single fish species the composition varies from location to location and it even varies at
different times of the year at a single location. Such variability in starting material makes
manufacturing a final pharmaceutical product very difficult. Furthermore there is a growing
concern over the toxic pollutants such as poly chlorinated biphenyls (PCBs), dioxin, and
methyl mercury that are showing up in fish oils. There are also widespread concerns over
20 the long term sustainability of wild fish stocks and aquaculture.

There is an acute need therefore, for alternative sources of HUFAs to fish oil which are
consistent, reliable and therefore amenable to commercial and sustainable production
methods. Industrial fermentation is one possible alternative for commercial production of
25 HUFAs. However, there are a number of problems with using industrial fermentation on a

commercial scale.

A number of authors have disclosed continuous culture of microorganisms for the

production of lipids (for example Hall and Ratledge (1977) App. Env. Microbiol 33:577-584;
30 Gill et al. (1977) App. Env. Microbiol. 33231-239; Ykema et al. (1988) Appl. Microbiol.

Biotechnol. 29:211-218; Brown et al. (1989) J. Ferm. Bioeng. 68:344-352; Kendrick and

Ratledge (1992) Appl. Microbiol. Biotechnol. 37:18-22; Papanikolaou and Aggelis (2002)

Bioresouce Technology 82:43-49). Whilst some of these do disclose high volumetric

biomass productivity, none of the organisms disclosed produce any highly unsaturated fatty
35 acids (HUFAs; fatty acids with 20 or more carbons and 4 or more double bonds).

PATENT
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Other types of organisms, in particular microalgae of the genus Crypthecodinium and
marine fungi in the family Thraustochytriales (including Schizochytrium species,
Thraustochytrium species and Ulkenia species) may be more uniquely suited to production
of HUFAs, and particularly the omega-3 DHA. Whilst these organisms produce the greatest
5 amounts of DHA under conditions of nitrogen limitation and are thus well suited to the fed

batch cultures used in industrial processes, some authors have disclosed a continuous
heterotrophic culture of these species for the production of DHA. However, most of these
continuous cultures were only demonstrated in the laboratory and were at low production
rates, which are not commercially viable.

10
Ganuza and Izquierdo ((2007) Appl. Microbiol. Biotechnol. 76:985-990) disclose continuous
culture of Schizochytrium G13/2S for the production of DHA. Their maximum biomass
productivity occurred at a dilution of 0.04 per hour and a dry weight of 7.7g/L giving a
volumetric productivity of only 7.4g/L/day.

15
Ethier et al. ((2011) Bioresource Technology 102:88-93) disclose continuous culture of
Schizochytrium limacinum for producing DHA. Their highest biomass productivity was only
3.88g/L/day.

20 Pleisner and Errikson (http://www.marbio.sdu.dk/uploads/MarBioShell/Pleissner%20-
%20VejleNuthetalPoster.pdf accessed 8 Feb 2013), disclose continuous culture of
Crypthecodinium cohnii for producing DHA, but only achieve a biomass productivity of
12g/L/day. Further, at this volumetric productivity the HUFA content of the biomass was
only 1.67%, making the final extraction and processing problematic.

25
In contrast, Wimpelmann in WO02005/021735 discloses continuous culture of
Schizochytrium limnaceum for the production of DHA at high culture densities and through
this achieves biomass productivities in excess of 100g/L/day. The author discloses
methods that are particularly suitable to producing DHA from this organism, indicating for

30 instance that dissolved oxygen tension should be maintained at low levels, but does not
provide sufficient guidance about whether such conditions can even be used for other
types of microorganisms or, if so, how such conditions should be varied to allow these
sorts of productivities for other organisms with completely different environmental and
nutritional requirements. The methods disclosed by the author are also not well suited for

35 production at an industrially relevant scale. Indeed, the examples disclosed are only
carried out in 2L fermenters in the laboratory and the cost of using just one of the media
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constituents (e.g., casamino acids) as a nitrogen source would be prohibitively expensive
at scales of 100L or more.

Other types of organisms, in particular the diatoms, may be more suited for the production
5 of the omega-3 EPA, especially where it is advantageous for the EPA to be produced with

relatively low amounts of DHA present.

Wen and Chen disclose the heterotrophic culture of the diatom Nitzschia laevis for the
production of the omega-3 fatty acid EPA. However, in true continuous cultures their

10 maximal biomass productivity was only 2.8g/L/day ((2002) Biotechnol. Prog. 18:21-28),
whilst with the addition of perfusion (wherein cells and media are separated, cells are
returned to the fermenter and additional fresh media is added), this was raised to
6.75g/L/day ((2001) Appl Microbiol Biotechnol 57:316-322).

15 Griffiths et al. (W02011/155852) disclosed the heterotrophic culture of the diatom Nitzschia
laevis both in perfusion-aided continuous culture and in true continuous culture. Whilst the
authors do no not disclose the volumetric productivities of the cultures, culture dry weights
were around 10g/L or lower and in perfusion-aided continuous culture the total volume
removed from the culture was one fermenter volume per day. Even if all this volume were

20 harvest and none were perfusion, the maximum biomass productivity would be significantly
higher than described by Wen and Chen, but would still only be around 10g/L/day.

Summary of the Invention

25 According to a first aspect of the invention, there is provided a method of producing a
diatom biomass, the method comprising the step of continuously culturing a diatom in a
culture medium to produce a volumetric production rate of biomass of at least 20g dry

weight/L/day.

30 Preferably, the culture medium is designed to provide the essential nutrients for continuous
culture of the diatom.

Preferably the diatom produces at least one highly unsaturated fatty acid (HUFA).

35 Preferably the HUFA is selected from any one or more of EPA, DHA and ARA.
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Preferably the HUFA is an omega-3 fatty acid.

Preferably the diatom biomass contains a total HUFA level of at least 2% of dry cell weight

of the biomass.

Preferably the diatom biomass contains a total HUFA level of at least 3% of dry cell weight

of the biomass.

Preferably the diatom biomass contains a mixture of EPA and DHA at a level of at least 2%
10  dry cell weight of the biomass.

Preferably the diatom biomass contains at least one HUFA at a level of at least 2% of dry
cell weight of the biomass.

15 Preferably the diatom biomass contains EPA at a level of at least 2% of dry cell weight of

the biomass.

Preferably the volumetric production rate of biomass is at least 25g dry weight/L/day.

20 Preferably the volumetric production rate of biomass is at least 30g dry weight/L/day.

Preferably the mean volumetric production rate of biomass is at least 20g dry weight/L/day
over a period of at least 72 hours.

25 Preferably the mean volumetric production rate of biomass is at least 20g dry weight/L/day

over a period of at least a week.

Preferably the mean volumetric production rate of biomass is at least 20g dry weight/L/day

over a period of at least a month.

30
Preferably the mean volumetric production rate of biomass is at least 20g dry weight/L/day
over a period of at least 2 months.
Preferably the method does not include a perfusion culture of the cultured diatoms.

35

Preferably the diatom is a Nitzschia species.
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Preferably the diatom is Nitzschia laevis.

Preferably the diatom is Nitzschia laevis strain In1CS20.

Preferably the diatom is a Cyclotella species.

Preferably the diatom is a Phaeodactylum species.

Preferably, the diatom is cultivated heterotrophically.

Preferably the culture medium comprises a reduced carbon source.

Preferably the reduced carbon source is selected from any one or more of: glucose,

fructose, high fructose corn syrup, monosaccharides, disaccharides, alcohols, acetic acid or

its salts.

Preferably a source of silicate is added continuously during the course of the culture.

Preferably the source of silicate is an alkali metal silicate.

Preferably the alkali metal silicate is sodium silicate or potassium silicate.

Preferably the sodium silicate is added continuously at a level of between 20 and 120 mg

sodium metasilicate pentahydrate for every gram dry cell weight of biomass produced in the

culture.

Preferably the silicate is added at between 40 and 100mg sodium metasilicate pentahydrate

per gram of dry cell weight of biomass produced.

Preferably the silicate is added at 75 mg sodium metasilicate pentahydrate per gram of dry

cell weight of biomass produced.

Preferably the culture pH is maintained within the range 7.0 to 9.0.

Preferably the culture pH is maintained within the range 7.5 to 8.5.

PATENT
REEL: 046491 FRAME: 0818



KAE510041NZPR

303101891_1

10

15

20

25

30

35

Preferably the culture pH is maintained within the range 8.0 to 8.5.

Preferably the culture is maintained at a temperature of between 15 and 30°C.

Preferably the culture is maintained at a temperature of between 20 and 25°C.

Preferably agitation and/or back pressure are provided to maintain a dissolved oxygen level

at or above 10% of air saturation.

Preferably the dissolved oxygen level is maintained at or above 20% of air saturation.

Preferably the dissolved oxygen level is maintained at or above 30% of air saturation.

Preferably the dissolved oxygen level is maintained at or above 40% of air saturation.

Preferably the method includes replacement of at least 50% of the culture volume with fresh
medium every 24 hours.

Preferably the method includes replacement of at least 10% of the culture volume with fresh

medium every 4 hours.

Preferably the method includes replacement of at least 5% of the culture volume with fresh

medium every 2 hours.

Preferably the method includes replacement of at least 0.2% of the culture volume with

fresh medium every 5 minutes.

Preferably the method includes at least 500 liters of culture medium.

Preferably the method further includes separating the biomass from the culture and

concentrating the biomass to produce a biomass concentrate.

Preferably the biomass is concentrated by any one or more of: centrifugation, flocculation,

filtration, or floatation.
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Preferably the biomass is concentrated by continuous centrifugation.

Preferably the method further includes the step of drying of the biomass concentrate.

Preferably the biomass concentrate is dried by any one or more of: spray drying, freeze

drying, tunnel drying, vacuum drying, drum drying.

According to a second aspect of the invention, there is provided a method of producing a
diatom biomass, the method comprising:
a. cultivating a diatom in a culture medium to produce an active culture;
b. removing a portion of the active culture to collect the biomass;
¢. adding fresh culture medium to the remaining active culture that is
substantially equivalent in volume to the portion of the active culture removed
in step (b) and further cultivating the diatom; and
d. repeating step (b) and step (c) as desired so that at least 20g dry cell weight
of biomass per liter of active culture is collected in a 24 hour period.

Preferably, the culture medium is designed to provide the essential nutrients to maintain the

diatom at log phase growth.

Preferably, the addition of fresh culture medium in step (c) is done in one portion.

Alternatively, the addition of fresh culture in step (c¢) is done in multiple portions that total to

a substantially equivalent volume to the portion removed in step (b).

Preferably the diatom produces at least one highly unsaturated fatty acid (HUFA).

Preferably the HUFA is selected from any one or more of EPA, DHA and ARA.

Preferably the HUFA is an omega-3 fatty acid.

Preferably the diatom biomass contains a total HUFA level of at least 2% of dry cell weight

of the biomass.

Preferably the diatom biomass contains a total HUFA level of at least 3% of dry cell weight

of the biomass.
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Preferably the diatom biomass contains a mixture of EPA and DHA at a level of at least 2%

dry cell weight of the biomass.

5 Preferably the diatom biomass contains at least one HUFA at a level of at least 2% of dry

cell weight of the biomass.

Preferably the diatom biomass contains EPA at a level of at least 2 % of dry cell weight of
the biomass.

10
Preferably step (b) and step (c) are repeated so that at least 25g dry cell weight of biomass

per liter of active culture is collected in a 24 hour period.

Preferably step (b) and step (c¢) are repeated so that at least 30g dry cell weight of biomass
15 per liter of active culture is collected in a 24 hour period.

Preferably at least 20g dry cell weight of biomass is collected per liter of active culture each
day for at least three consecutive days.

20 Preferably at least 20g dry cell weight of biomass is collected per liter of active culture each
day for at least seven consecutive days.

Preferably at least 20g dry cell weight of biomass is collected per liter of active culture each
day for at least thirty consecutive days.

25
Preferably at least 20g dry cell weight of biomass is collected per liter of active culture each

day for at least sixty consecutive days.

Preferably steps (b) and (c) are repeated at least 5 times.
30

Preferably steps (b) and (c) are repeated at least 20 times.

Preferably steps (b) and (c) are repeated at least 100 times.

35 Preferably the density of biomass in the active culture is at least 20 g/L.

10
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Preferably the density of biomass in the active culture is at least 30 g/L.

Preferably the method does not include perfusion of the active culture.

Preferably the diatom is a Nitzschia species.

Preferably the diatom is Nitzschia laevis.

Preferably the diatom is Nitzschia laevis strain In1CS20.

Preferably the diatom is a Cyclotella species.

Preferably the diatom is a Phaeodactylum species.

Preferably, the diatom is cultivated heterotrophically.

Preferably the culture medium comprises a reduced carbon source.

Preferably the reduced carbon source is selected from any one or more of: glucose,

fructose, high fructose corn syrup, monosaccharides, disaccharides, alcohols, acetic acid or

its salts.

Preferably, a source of silicate is added continuously during the course of the culture.

Preferably the source of silicate is an alkali metal silicate.

Preferably the alkali metal silicate is sodium silicate or potassium silicate.

Preferably the sodium silicate is added continuously at a level of between 20 and 120 mg
sodium metasilicate pentahydrate for every gram dry cell weight of biomass produced in the

culture.

Preferably the silicate is added at between 40 and 100mg sodium metasilicate pentahydrate
per gram of dry cell weight of biomass produced.

Preferably the silicate is added at 75 mg sodium metasilicate pentahydrate per gram of dry

11
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cell weight of biomass produced.

Preferably the culture pH is maintained within the range 7.0 to 9.0.

More preferably the culture pH is maintained within the range 7.5 to 8.5.

Most preferably the culture pH is maintained within the range 8.0 to 8.5.

Preferably the culture is maintained at a temperature of between 15 and 30°C.

More preferably the culture is maintained at a temperature of between 20 and 25°C.

Preferably agitation and/or back pressure are provided to maintain a dissolved oxygen level
at or above 10% of air saturation.

Preferably the dissolved oxygen level is maintained at or above 20% of air saturation.
Preferably the dissolved oxygen level is maintained at or above 30% of air saturation.
Preferably the dissolved oxygen level is maintained at or above 40% of air saturation.
Preferably steps (b) and (c) are carried out sequentially.

Alternatively steps (b) and (c) are carried out simultaneously.

Preferably the method includes the removing of a portion of the active culture in step (b)
and the adding of fresh culture medium in step (c) such that there is replacement of at least
50% of the active culture volume every 24 hours.

Preferably the method includes the removing of a portion of the active culture in step (b)
and the adding of fresh culture medium in step (c) such that there is replacement of at least
10% of the active culture volume every 4 hours.

Preferably the method includes the removing of a portion of the active culture in step (b)

and the adding of fresh culture medium in step (c) such that there is replacement of at least
5% of the active culture volume every 2 hours.

12
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Preferably the method includes removing a portion of the active culture in step (b) and the
adding of fresh culture medium in step (c) continuously at a rate of at least 0.2% of the

active culture volume every 5 minutes.

5

Preferably step (a) includes at least 500 liters of active culture.
Preferably the method further includes concentrating the portion of the active culture
removed in step (b), to produce a biomass concentrate.

10
Preferably the biomass is concentrated by any one or more of: centrifugation, flocculation,
filtration, or floatation.
Preferably the biomass is concentrated by continuous centrifugation.

15

Preferably the method further includes the step of drying of the biomass concentrate.

Preferably the biomass concentrate is dried by any one or more of: spray drying, freeze
drying, tunnel drying, vacuum drying, drum drying.

20
Alternatively the portion of the active culture removed in step (b) may be dried directly by

any one or more of: spray drying, freeze drying, tunnel drying, vacuum drying, drum drying.
According to a third aspect of the invention, there is provided an active culture in a
25 continuous culture, the active culture comprising culture medium, a diatom at a diatom
biomass density of at least 20g/L.
Preferably the density of biomass is at least 30 g/L.
30 Preferably, the diatom produces at least one highly unsaturated fatty acid (HUFA) .
Preferably the HUFA is selected from any one or more of EPA, DHA and ARA.
Preferably the HUFA is an omega-3 fatty acid.

35

Preferably the diatom biomass contains a total HUFA level of at least 2% of dry cell weight

13
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of the biomass.

Preferably the diatom biomass contains a total HUFA level of at least 3% of dry cell weight
of the biomass.

Preferably the diatom biomass contains a mixture of EPA and DHA at a level of at least 2%
dry cell weight of the biomass.

Preferably the diatom biomass contains at least one HUFA at a level of at least 2% of dry
10 cell weight of the biomass.

Preferably the diatom biomass contains EPA at a level of at least 2% of dry cell weight of
the biomass.

15 Preferably the diatom is selected from Nitzschia species, Cyclotella species,

Phaeodactylum species.

Preferably the diatom is Nitzschia laevis.

20 Preferably the diatom is Nitzschia laevis strain In1CS20.

According to the fourth aspect of the invention there is provided a diatom biomass produced
by the method of first or second aspects of the invention.

25 According to the fifth aspect of the invention there is provided a composition of a highly
unsaturated fatty acid or an ester thereof obtained from the biomass produced by the

methods of the first or second aspects of the invention.

According to a sixth aspect of the invention there is provided a method of producing a
30 composition of a highly unsaturated fatty acid (HUFA) or an ester thereof, the method
including the step of extracting the HUFA or an ester thereof from the biomass produced by

the methods of the first or second aspects of the invention.

Preferably the HUFA is in its native form, being a triglyceride, phospholipid, or glycolipid.
35

Preferably the HUFA in its native form is extracted from the biomass using a polar solvent.

14
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Alternatively the HUFA in its native form is extracted from the biomass using a nonpolar

solvent.

5 Alternatively the HUFA in its native form is extracted from the biomass using a solvent

composition comprising a combination of polar and nonpolar solvents.

Preferably the polar solvent is selected from any one or more of an alcohol, acetone, and
polar supercritical fluids.

10
Preferably the non-polar solvent is selected from any one or more of hexane, isohexane,

triglycerides, and nonpolar supercritical fluids.

Preferably the extracted HUFA in its native form is subsequently esterified in the presence
15 of ethanol to form a fatty acid ethyl ester (FAEE) of the HUFA.

Preferably the FAEE of the HUFA is purified by any one or a combination of
chromatography, solvent partitioning, short path distillation, molecular distillation, and High-
performance liquid chromatography (HPLC).

20
Preferably the HUFA in its native form is saponified to produce a free fatty acid of the
HUFA.

Preferably the HUFA in its free fatty acid form are purified by chromatography, molecular
25 distillation and/or HPLC.

Alternatively the HUFA in its native form is purified by chromatography.

According to an seventh aspect of the invention there is provided a nutritional supplement
30 for humans and/or animals comprising the biomass of the third or fourth aspects of the

invention.

According to an eighth aspect of the invention there is provided a nutritional supplement for
humans and/or animals comprising the biomass produced by the first or second aspects of
35 theinvention.
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According to a ninth aspect of the invention there is provided a nutritional supplement,
medical food, food or feed additive or pharmaceutical product comprising the composition

produced by the method of the sixth aspect of the invention.
5 Further aspects of the invention, which should be considered in all its novel aspects, will
become apparent to those skilled in the art upon reading of the following description which

provides at least one example of a practical application of the invention.

Brief Description of the Drawings

10

Embodiments of the invention will now be described, by way of example only, with

reference to the accompanying drawings in which:

Figure 1 shows amount of biomass harvested in grams per day per liter of a
15 continuous culture of the invention.

Figure 2 shows culture dry weights over time for cultures with different provisions of

sulfur.

Figure 3 shows graph of culture dry weights achieved against sulfur provision.

Figure 4 shows graph of dry cell weight at which the cultures diverged from log
20 phase growth against provision of sulfur.

Detailed Description of Preferred Embodiments

In general terms, the invention relates to methods of culturing a diatom to produce diatom

25 biomass at commercially useful production rates.

Diatom biomass contains a number of products of commercial interest including lipids, fatty
acids, amino acids, pigments and complex natural products of pharmacological interest.
The biomass itself also has commercial use.
30

The production of highly unsaturated fatty acid (HUFA) is of particular interest, particularly
the production of the HUFA eicosapentaenoic acid (EPA). It has been found that diatoms
can be induced to produce EPA in the absence of high levels of co-concentrating
compounds such as DHA, which allows for the production of EPA that is capable of being

35 further concentrated/purified.
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It was previously thought that production of biomass by microbes could only be economic if
the microbes were grown under batch or fed batch fermentation conditions where the
maximum density of microbial biomass is reached. In particular, it was also believed that
some classes of microbes, such as diatoms, could not even be used for economic

5 production of biomass under batch or fed-batch fermentation conditions because the
cultures suffer from slow growth and/or they have a relatively low proportion of their
biomass as the desired commercial product, or their unique nutritional requirements make
them very difficult to grow. Diatoms have particular and unusual environmental and
nutritional needs, including a requirement for large amounts of silica (a structural element of

10 their cell walls) and, for the most part, a requirement for a saline growth medium. Whilst
these fermentative microbes can be grown in fed-batch mode in classical fermenters in the
laboratory, the characteristics of the organisms result in such a low volumetric productivity
that the cost of industrial scale fermentation becomes prohibitive.

15 The phases of microbial growth are broadly classified as lag phase (where the microbes are
adapting themselves to the growth conditions), log phase (also referred to as logarithmic
phase or exponential phase, where the microbes are multiplying at an exponential rate),
stationary phase (where the maximum cell density is reached as growth rate and death rate
are equal; this is often due to a growth limiting factor such as deletion of nutrients) and

20 death phase (where the death rate is higher than the growth rate).

Surprisingly, the inventors have found it possible to achieve volumetric productivities
sufficiently high to become economic through the use of continuous culture of diatoms. By
maintaining the culture in, or close to, log-phase growth these diatoms may have a lower
25 biomass density and/or content of the desired molecules at the time of harvest compared to
conventional stationary phase culture produced by batch and fed-batch fermentations, but
the overall productivity of the culture was found to be far higher than can be achieved in
batch or fed-batch culture. Further, the productivity of desired HUFA was found to be
higher. Typically, the transfer into stationary phase of a culture results in the induction of the
30 production of large amounts of commercially useful products and the transfer into stationary
phase of a microbial culture is typically initiated by some form of nutrient limitation, typically
nitrogen limitation. The inventors, however, surprisingly found that with diatoms, particularly
diatoms which can be grown heterotrophically, this is often not the case and nutrient
limitation can result in the production of undesired molecules rather than the products for
35 which the culture is being grown. The inventors surprisingly attained a much higher
volumetric productivity of biomass and certain desired products, such as HUFAs, when the
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nutrients were not limited and the culture was maintained in a logarithmic phase of growth.

Continuous culture is where fresh culture medium is continuously added, while the active
culture that is maintained in log phase growth is continuously removed to keep the culture
volume constant. Semi-continuous culture is where a volume of the active culture (i.e. cells
activity growing in log phase in a culture medium) is removed at regular or at least periodic
time intervals and an equal or substantially similar volume (i.e. approximately equivalent) of
fresh medium is added back to the culture to replace that which has been removed such
that the average volume of the active culture remains substantially constant over the time of
the culture. For a semi-continuous culture it is usual to first remove a portion of the active
culture prior to replacing the volume with fresh culture medium, since this sequence of
events does not require additional space in the fermentor vessel. However, it is possible to
reverse the sequence of events if there are particular commercial benefits for doing so. For
the avoidance of doubt unless the context clearly requires otherwise, throughout the
description and the claims, reference to “continuous culture” or “continuously culturing or

the like” should be taken to include both continuous culture and semi-continuous culture.

A person skilled in the art would be aware that the culture medium will require nutrients to
allow and sustain the growth of the microbe. The culture medium will comprises a nitrogen
source, (for example but not limited to ammonium ion, nitrate, yeast extract, soy flour,
peptone, tryptone), a phosphate source and a sulfur source. However, for growth of diatoms
the culture medium also needs to contain a source of silica, since silica is the basis of the
cell walls of all diatoms. The culture medium additionally contains one or more of:
magnesium, calcium, cobalt, manganese, boron, zinc, molybdenum, iron, chromium, nickel,
selenium, copper and vitamins. It will be apparent to a person skilled in the art that the
nutrients in the culture medium of diatoms will be significantly different from those of other
microorganisms. However, when provided with the teaching in the present application a
person skilled in the art would either be aware of or would be able to use experimentation to
determine the components required in the culture medium that would not limit the growth of
diatoms.

However, surprisingly, the inventors have found that there are key differences in the way in
which a medium needs to be designed to support continuous culture. Traditionally, limitation
in a single nutrient can be used to determine how much of this particular nutrient is required
to make a certain dry weight of biomass. For continuous culture, however, the inventors

have found that the medium is preferably designed so that the active culture remains in log-
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phase. The inventors have found that this results in higher nutrient requirements on a per
gram dry cell weight basis. In the methods of the invention, the culture medium preferably
is designed to provide all the essential nutrients in quantities to maintain the diatoms at, or
near log phase growth.

Surprisingly, the inventors have found it is not sufficient to simply take processes that
operate at low culture densities and scale the concentration of nutrients in the culture
medium to make more biomass; particularly careful attention must be given to culture
medium design. The inventors have found that at low culture densities, imbalances in
nutrients are relatively unimportant since the concentrations of compounds are generally
low. However, for fast, continuous growth at high biomass density (as shown in the present
invention), nutrient provision must be closely matched to the needs of the organism while
growing in the logarithmic phase. To achieve high culture densities, relatively high
concentrations of nutrients are required, but the inventors have also found that nutrients
provided in excess to diatoms can also accumulate over time to levels at which they alter
biomass composition and/or inhibit growth rate. Certain cellular requirements such as zinc
or copper can actually be toxic to the diatoms when provided in too high a concentration.
Addition of copper salts, for example, is a well-established method of killing diatoms and
preventing their regrowth in ponds, lagoons and pools. Diatoms appear to be unexpectedly
susceptible to overprovision of a number of nutrients that have toxic effects at high

concentration.

Nutrients that are under-provided become depleted over the course of several consecutive
harvests, again resulting in undesirable changes in biomass composition or alterations in
growth. The inventors have found that whilst in certain circumstances, slight limitations of
one or more nutrients may be desirable, for example if it results in a greater proportion of
HUFA in the biomass, in general the reduction of growth rate (i.e., transfer into a stationary
phase) is undesirable. As a result, the inventors have found that there must be particular
attention paid to elements of the medium such as trace metals and phosphate for which the
diatoms may have significant internal stores, since depletion of these will occur over a

longer time frame.

Even if one has achieved the correct nutrient balance at one particular level of biomass
productivity, one cannot simply double the level of all ingredients in the medium and expect
double the level of biomass productivity. Addition of some ingredients, such as a reduced
carbon source, may be directly related to the amount of biomass that is produced, but can
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also have an inhibitory effect on growth at higher concentrations. As a result, feeding
strategies need to be evolved to ameliorate this fundamental problem. For example, it may
be preferable to provide replacement culture medium for diatoms in discrete portions over
time rather than replace the whole volume of harvest at one time. Some ingredients such as
sodium chloride, for example, are present for the osmotic balance of the medium and are
therefore not provided directly in proportion to the biomass produced. Some nutrients, such
as zinc, must be maintained within a certain range of concentrations. Too low and growth
rates drop, too high and toxic effects cause reduced growth and eventually culture death.
Some nutrients, such as potassium, play dual roles and so a balance has to be made
between, for example, their osmotic effect, and use as a nutrient. While the quantities of
nutrients in the culture will be dependent on the microbe used and the volume of culture,
after being provided with the insight and teaching in the present application that it is
desirous to maintain diatom cells in log phase growth in continuous culture, and that this
requires a different media composition than is required for normal fermentations, a person
skilled in the art would be able to use routine experimentation to determine the quantities of
components required in the culture medium to maintain the diatom at, or near log phase
growth. For example, the inventors have shown in Example 8 an example of a procedure to
determine the quantity of sulfur required for maintaining an active, log-phase growth of a

diatom.

Of particular issue when dealing with culture of diatoms is the provision of silicate. Even at
relatively modest concentrations, the inventors have found that silicate can interact with
other medium ingredients to form precipitates and gels, removing both itself and other
nutrients from solution and making them unavailable for use by the diatoms. As the amount
of biomass being produced increases, special attention needs to be paid to the addition of
the silicate (which is provided proportionally to the biomass to be produced), to prevent this
from occurring. The silicate is preferably added continuously during the course of the culture
to aid in the reduction of silicate precipitates forming, and to aid in providing a quantity of
silicate to maintain the culture at, or near log phase growth, (for example a method of
addition of silicate is described in W02012/053912). The source of silicate is preferably an
alkali metal silicate, for example (but not limited to) sodium silicate or potassium silicate. In
preferred embodiments, sodium silicate is added continuously at a level of between 20 and
120 mg sodium metasilicate pentahydrate for every gram dry cell weight of biomass
produced in the culture, more preferably between 40 and 100mg sodium metasilicate
pentahydrate per gram of dry cell weight of biomass produced, and most preferably 75 mg
sodium metasilicate pentahydrate for every gram dry cell weight of biomass produced in the
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culture.

The inventors have found that it is possible to continuously culture diatoms at high
densities, in the region of 20 g Dry Cell Weight (DCW)/L or higher, for example 20 to 150g
5 DCWIL, or more preferably 30 to 100 g DCWI/L, even more preferably 30 to 70 g DCWIL.
Preferably the dry cell weight of the culture at the time of harvest remains within +/- 5% of
the mean of harvests during the time over which the culture runs in order to maintain a high
density of diatoms in the culture. Such densities of diatoms in the continuous culture of the
invention allow for high volumetric production rates of at least 20 grams DCW of biomass
10 per liter of active culture per day (DCW/L/day) (i.e. 20 grams of biomass produced per liter
of active culture in the fermentation vessel per day), more preferably at least 30 grams
DCW of biomass per liter of active culture per day, but may be optimized using the teaching
of the present application to be as high as 50 g DCW)/L/day of biomass, more preferably 60
g DCW/L/day of biomass, even more preferably 70 g DCW/L/day of biomass or higher. The
15 range of the production rates is therefore any one of the preferred minimum values to any
one of the preferred maximum values, for example (but not limited to), 20 to 50 g
DCW)/L/day of biomass, more preferably 20 to 60 g DCW/L/day of biomass, more preferably

20 to 70 g DCW/L/day of biomass.

20 The continuous cultures of the methods of the invention preferably include replacement of
at least 35% by volume of the active culture every 24 hours, more preferably at least 40%
by volume, more preferably at least 50% by volume, even more preferably at least 60% by
volume. The methods alternatively include replacement of at least 6% by volume of the
active culture every 4 hours, more preferably at least 8% by volume, more preferably at

25 least 10% by volume, more preferably at least 12% by volume most preferably at least 15%
by volume. In a further alternative the methods of the invention preferably include
replacement of at least 3% by volume of the active culture every 2 hours, more preferably at
least 4% by volume, more preferable at least 6% by volume, most preferably at least 7% by
volume. In yet a further alternative, the methods of the invention preferably include

30 replacement of at least 0.15% by volume of the active culture every 5 minutes, more
preferably 0.2% by volume, more preferably at least 0.3%, most preferably at least 0.35%
by volume. The volume of harvest and replacement should be chosen to match the growth
rate of the organism in log phase so that the culture density in sequential harvests does not
drop and the culture does not enter stationary phase. Whilst semi-continuous harvest every

35 24,4, and 2 hours and continuous harvest are provided by way of examples, any interval of
less than 24 hours that allows the cells to remain in logarithmic growth may be used so that
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the interval between harvests can be chosen to suit the needs of downstream processing
although it is noted that, for a given dry weight at harvest and growth rate, more frequent

harvests provide a higher biomass productivity.

5 In some cases, previous culture methods have used perfusion to increase the density and
productivity of cultures of microbes. Perfusion is where cells and medium from active culture
are separated, cells are returned to the fermenter and additional fresh medium is added.
The methods of the present invention preferably do not include perfusion of the active
culture, as this procedure adds further costs and procedures which would be impractical on

10 an industrial scale for biomass production. Perfusion cultures are also extremely susceptible
to contamination and require extraordinary measures to maintain axenic cultures for long
periods of time. The maintenance of sterility is important since invading contaminant
organisms that grow faster than the production organism can quickly come to dominate the
culture over the course of several harvests at which point the culture must be abandoned.

15 The methods of the invention surprisingly provide high productivity culture, without the need
for perfusion. While the inventors have found care should be taken to keep contaminants
out of the fermenter during the methods of the invention particularly at both the harvest of
culture and refill of fresh medium, this problem is lessened by the lack of need for perfusion.

20 The inventors have shown that the methods of the invention can be carried out at scales of
at least 12 liters of active culture, more preferably at least 14 liters of active culture, more
preferably at least 400 liters of active culture, even more preferably at least 500 liters of
active culture. However, once provided with the teaching in the present application larger
scale cultures such as at least 10,000 liters, at least 100,000 liters, and even at least

25 200,000 liters can be used for industrial production.

To be commercially viable, the continuous cultures of the invention are preferably
sustainable over a period of time. The inventors have demonstrated the methods of the
invention can be maintained for at least 72 hours (3 days), more preferably at least 5 days,
30 even more preferably a week (7 days), even more preferably at least a month (30 days),
most preferably at least 2 months (60 days). For a semi-continuous culture the cycle of
removal of a portion of active culture and the replacement of fresh culture medium is
preferably repeated at least 5 times. However, in the examples of the invention provided in
the present application (see Examples 1-5), the cultures were discontinued after 60 days
35 (after the removal of active culture and replacement with fresh medium well over 100 times)
without any indication that the cultures could not be maintained longer. Thus, there is no
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indication the cultures could not be continued for periods of months or years without issue.

In a preferred embodiment the average volumetric production rate of biomass is at least 20g

dry weight/L/day over a period of at least 72 hours (3 days), more preferably at least a week

(7 days), more preferably at least a month (30 days), even more preferably at least 2
5 months (60 days).

Preferably the methods of the invention comprise cultivating an identified diatom. Preferably
the strain of diatom is selected, when under culture conditions, for a capability to produce at
least one HUFA, preferably EPA and/or DHA. A person skilled in the art will be aware of
10 diatom species that are capable of producing HUFA, or would be able to carry out routine
experimentation in order to determine this (for example, see Dunstan et al. (1993)
Phytochemistry 35:155-161). In preferred embodiments, the diatom is selected from, but not
limited, to a Nitzschia species, a Cyclotella species or a Phaeodactylum species. Most
preferably the diatom is Nitzschia laevis, for example (but not limited to) Nitzschia laevis
15 strain In1CS20.

A person skilled in the art would be aware of methods to “seed” the fermentation with the
required microbe. The fermentation will generally be carried out in a fermentation vessel, or
other suitable container as would be apparent to a person skilled in the art.
20
The diatom biomass produced by the methods of the present invention is in a metabolic
state (log-growth phase) that is quite different in composition from stationary phase cultures.
When diatoms which are capable of producing highly unsaturated fatty acids (HUFA) are
used, these conditions result in relatively high levels of one or more HUFA. Most preferably
25 the HUFA is EPA, but it may also beneficially be a mixture of more than one HUFA,
preferably EPA, DHA and ARA, more preferably EPA and DHA. Both EPA and DHA are
omega-3 fatty acids and are known to have particularly beneficial health properties. These
fatty acids, or their esterified forms, can be used as pharmaceuticals, medical foods, food or
feed additives, cosmetic products, or nutritional supplements. ARA is an omega-6 fatty acid
30 and is also known to have beneficial health properties. Preferably the diatom biomass
contains a total HUFA level (which can be made up of a mixture of different HUFA) of at
least 2% of dry cell weight of the biomass, more preferably at least 3% of dry cell weight of
the biomass. More preferably the diatom biomass contains a mixture of EPA and DHA at a
level of at least 2% dry cell weight of the biomass, even more preferably at least 3% of dry
35 cell weight of the biomass. At least one HUFA is preferably produced by the methods of the
invention at a level of at least 2% of dry cell weight of the biomass (i.e. a single HUFA at a
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level of 2%), more preferably at least 2.5% of dry cell weight of the biomass, more
preferably at least 2.7% of dry cell weight of the biomass, even more preferably at least
3.2% of dry cell weight of the biomass. The HUFA produced is most preferably EPA. The
maximum level of total HUFA or single HUFA in the biomass will be dependent on the fine
5 tuning of conditions and the choice of diatom, once a person skilled in the art is provided
with the teaching in the specification. However, the inventors believe that the maximum limit
is likely to be in the region of 5%, more preferably 10%, more preferably 15%, even more
preferably 20% of dry cell weight. The range of the content of one or more HUFA in the
biomass is therefore any one of the preferred minimum values to anyone of the preferred
10  maximum values, for example (but not limited to), the level of HUFA is preferably 1 to 20%
of dry cell weight of the biomass, more preferably 2 to 15% of dry cell weight of the
biomass, more preferably 2 to 10 % of dry cell weight of the biomass, more preferably 2.7 to
10% of dry cell weight of the biomass, even more preferably 3.2 to 10% of dry cell weight of
the biomass.
15
Current art teaches that most microalgae must be cultured photosynthetically to produce
HUFA. In a particularly preferred aspect of the invention, the inventors have surprisingly
found that diatoms are able to be cultured heterotrophically using continuous fermentation
to produce HUFA at a high productivity. This allows for commercial production without the
20 need to provide light for the high density fermentation, thus overcoming the engineering
issues associated with providing sufficient light to high density cultures previously
discussed. Where the diatoms are cultivated heterotrophically, a reduced carbon source is
preferably provided in the culture medium. Preferably the reduced carbon source is selected
from (but not limited to) any one or more of: glucose, fructose, high fructose corn syrup,

25 monosaccharides, disaccharides, alcohols, acetic acid or its salts.

Current art teaches that, to gain high volumetric productivity of HUFAs, batch or fed-batch
conditions should be used where cells are taken into stationary phase in which a state of
oleogenesis is induced, usually through the use of nitrogen and/or phosphate limitation and

30 the composition of the algal biomass is thereby significantly different from compositions of
biomass growing in log-phase. In a particularly preferred aspect of the invention, the
inventors have surprisingly determined that diatoms can be cultured heterotrophically using
continuous fermentation of the diatom maintained in log-phase to produce HUFA at high
volumetric productivity. This allows for commercial production of organisms, such as

35 diatoms, which are unsuited to batch or fed-batch fermentation, thus overcoming the issues
with growing them at scale.
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The inventors have also found the culture pH is preferably maintained within the range 7.0
to 9.0, more preferably within the range 7.5 to 8.5, most preferably within the range 8.0 to
8.5. The temperature of the culture is preferably maintained between 15 and 30°C, more

5 preferably at a temperature of between 20 and 25°C. Preferably agitation and/or back
pressure are provided to maintain a dissolved oxygen level at or above 10%, more
preferably 20%, even more preferably 30% of air saturation. The dissolved oxygen level is
even more preferably maintained at or above 40% of air saturation. Such conditions
promote growth of the diatom and HUFA formation (when a diatom capable of producing

10 HUFA is used). The dissolved oxygen levels are preferably maintained for at least 80%,
more preferably 90% of the cultivation time. Brief drops below the preferred dissolved
oxygen levels are considered within the scope of the present invention as they should not
significantly affect the culture.

15 The invention also includes the active culture (i.e. diatom cells activity growing in log phase
in a culture medium) in the continuous culture which, prior to separation of the biomass,
extraction or purification steps, will include the culture medium, diatoms at a biomass
density of at least 20g/L. Preferably, where a diatom capable of producing HUFA is used,
the diatom biomass contains a highly unsaturated fatty acid (HUFA).

20
Following separation of portions of the active culture from the continuous culture, the diatom
biomass component is preferably concentrated to substantially remove or separate the
liquid component to produce a biomass concentrate, for example by centrifugation or
continuous centrifugation or other means known in the art for harvesting biomass, for

25 example but not limited to centrifugation, flocculation, filtration and/or floatation. The cells of
the biomass can also optionally be washed to remove excess medium and/or killed by heat
treatment (e.g., pasteurization) or otherwise (for example to denature endogenous enzymes
which may decrease product yield). The biomass is optionally dried to reduce or eliminate
water, for example by spray drying, freeze drying, tunnel drying, vacuum drying and/or drum

30 drying. The dried biomass is optionally milled to form a fine powder, or optionally formed
into pellets. Alternatively the portion of active culture removed from the continuous culture

may be dried directly without pre-concentration.

The diatom biomass of the invention may be subjected to one or more extraction steps to
35 extract desired products, for example HUFA or esters thereof, from the biomass to yield a
composition (for example a HUFA composition). Suitable extraction techniques are well
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known in the art and will be dependent on the desired product. For example to extract a
HUFA, the biomass may be extracted with a non-selective lipid solvent (e.g. near critical di-
methyl ether or ethanol) and recovered from the solvent as a residue. Alternatively, the
biomass may be extracted using other polar or nonpolar solvents including, but not limited
5 to hexane, alcohol, acetone, supercritical or liquid carbon dioxide, or mixtures thereof (for
example hexane and isopropanol) . The biomass may be extracted with solvent either in a
batch or a counter-current fashion. The solvent (containing the HUFA) is separated from the
extracted biomass, for example by (but not limited to) settling, filtration, centrifugation. The
HUFA (or ester thereof) are recovered from the solvent.
10
The HUFA present in the biomass are in the form of free fatty acids and/or esterified forms
of the fatty acid. Examples of esterified forms of the fatty acid include triglycerides,
phospholipids, and glycolipids (collectively referred to as lipids). The lipids are the native
form of the HUFA, (i.e. the form naturally found in the biomass before any external chemical
15 modification). The free fatty acids are either cleaved from the lipids while still in the biomass
(for example by the action of enzymes), or can optionally by cleaved from the lipids (for
example to form an alternative ester, or to the free fatty acid) during the extraction,

enriching and/or purification steps.

20 Following extraction, the further step of enriching HUFA or purifying one or more HUFA
from the mixture may be performed using techniques well known in the art. For example,
the extracted material may be treated with acids, alkalis and/or enzymes in the presence of
alcohol or water to form free fatty acids or fatty acid alkyl esters. For example, the HUFA
may be transesterified to form the fatty acid ethyl ester (FAEE). The ester may optionally be

25 purified in order to achieve a required standard of purity. Examples of purification processes
include chromatography, molecular distillation and/or high-performance liquid
chromatography (HPLC). For the avoidance of doubt HPLC is sometimes referred to as
high-pressure liquid chromatography. Alternatively the lipids in the biomass are saponified
to form the free fatty acids. The free fatty acids are optionally purified or separated, for

30 example, by (but not limited to) chromatography. The HUFA, purified in the free fatty acid
form, may then be used as such or converted into an ethyl ester (FAEE) using processes

well known in the art.

Following purification of the HUFA, or ester thereof, the HUFA can then be used for various
35 food or feed applications suitable for human and/or animal consumption including, but not
limited to, pharmaceutical products, medical foods, food additives, cosmetic products,
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dietary supplements, or feed additives. In some cases the biomass itself can be used for
various food or feed applications including, but not limited to, pharmaceutical products,

medical foods, food additives, cosmetic products, dietary supplements, or feed additives

5 By using the methods of the invention to provide controlled cultivation of a diatom, a HUFA
product can be provided in a consistent, sustainable and traceable form (i.e., by good
manufacturing processes) without the concern for environmental pollutants, all of which

plague fish oil as a source for similar HUFA products.

10 Definitions and Abbreviations

Highly unsaturated fatty acid (HUFA) is a fatty acid containing 20 carbons or more, with 4 or

more double bonds. They may be omega-3 or omega-6.

15 Fatty acids are described in the form CX:Y, wherein the number X describes the number of
carbon atoms and the number Y describes the number of double bonds in the fatty acid.
Where Y equals zero the fatty acid is described as saturated, where Y is greater than zero
the fatty acid is described as unsaturated. The position and type of the double bonds may
be specified as, for example, “cis 5, 11, 14" where the numbers reflect the location of the

20 carbon—carbon double bonds, counting from the carboxylic acid end of the molecule.

Unless the context clearly requires otherwise, throughout the description and the claims,
reference to “fatty acid” should be taken to include both the free fatty acids and esterified
forms of the fatty acid which are suitable for human use (e.g., for consumption or topical

25 applications), Examples of esterified forms of the fatty acid which are suitable for human
consumption include triglycerides, phospholipids, glycolipids, and ethyl esters. Methyl esters
are unfavorable in compositions for human consumption because they release methanol
into the body during processing in the human gut and they are therefore are not preferred
within the compositions and methods for production. A term such as C20:5, for example, is

30 understood to include both the free fatty acid and esterified forms of the fatty acid (not
including methyl esters) with the number of carbon atoms and double bonds referring solely
to the fatty acid portion of the ester.

Omega-3 fatty acid is a fatty acid with the first double bond three carbon atoms from the
35 methyl end (the omega end) of the molecule. Omega-3 is often shortened to n-3 and both
terms are herein used interchangeably.
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Omega-6 fatty acid is a fatty acid with the first double bond six carbon atoms from the

methyl end of the molecule. Omega-6 is often shortened to n-6.

5 EPA, C20:5 n-3, Eicosapentaenoic acid, is an omega-3 fatty acid with twenty carbon atoms

and five double bonds.

ARA, C20:4 n-6, Arachidonic acid, is an omega-6 fatty acid with twenty carbon atoms and
four double bonds.

10
DHA, C22:6 n-3, Docosahexaenoic acid, is an omega-3 fatty acid with twenty-two carbon

atoms and six double bonds.

DCW, dry cell weight, means the weight of a biomass once all water has been removed.

15
Log phase or logarithmic growth is used synonymously with exponential growth throughout
this description and all are used consistently with definitions well known in the art.

Heterotrophic culture means a culture of organisms for which at least 90% of the energy
20 supply for the culture is derived from supplied nutrients which are usually a form or forms of
organic carbon (e.g. glucose, acetate). Therefore a maximum of 10% of the energy supply
may be derived from light energy. Preferably, less than 5% or more preferably less than 1%
of the energy supply is derived from light energy. More preferably, the whole of the energy
supply is from supplied nutrients.
25
Active culture means a biomass of cells activity growing in log phase in a culture medium

contained in a suitable vessel, for example a fermenter.

Photoautotrophic culture (or photoautotroph microbes or diatoms) means a culture of
30 organisms for which the sole energy source is light.

Nutrient limitation means that the absence or low level of the nutrient in question causes the
organism to undergo metabolic changes that would not occur if the nutrient were present at
higher levels and is essentially the entrance into the stationary phase of a culture. A culture

35 would be considered to be in a non-limiting nutrient condition if growth proceeds in a
logarithmic fashion.
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Unless the context clearly requires otherwise, throughout the description and the claims,
reference to “continuous culture” or “continuously culturing” should be taken to include both
strict continuous culture (where fresh culture medium is continuously added, while active

5 culture is continuously removed to keep the culture volume constant) and semi-continuous
culture (where a volume of active culture is removed at regular or at least periodic time
intervals and an equal or substantially similar volume of fresh medium is added to the
culture to replace that which has been removed such that the average volume of active
culture remains substantially constant over the time of the culture). For a semi-continuous

10 culture it is usual to first remove a portion of the active culture prior to replacing the volume
with fresh culture medium, since this sequence of events does not require additional space

in the fermentor vessel. However, it is possible to reverse the sequence of events.

Unless the context clearly requires otherwise, throughout the description and the claims,

15 reference to “diatoms” or “diatom” should be taken to include all organisms of the class
Bacillariophyceae including but not limited to pennate (e.g., Nitzschia) and centric (e.g.,
Cyclotella) diatoms.

Unless the context clearly requires otherwise, throughout the description and the claims, the
20 words “comprise”, “comprising”, and the like, are to be construed in an inclusive sense as
opposed to an exclusive or exhaustive sense, that is to say, in the sense of “including, but

not limited to”.

It is intended that reference to a range of numbers disclosed herein (for example, 1 to 10)

25 also incorporates reference to all rational numbers within that range (for example, 1, 1.1, 2,
3,3.9,4,5,6, 6.5, 7, 8, 9 and 10) and also any range of rational numbers within that range
(for example, 2 to 8, 1.5to 5.5 and 3.1 to 4.7).

EXAMPLES
30

Example 1

Semi-continuous culture of Nitzschia laevis.

A culture of Nitzschia laevis strain IN1CS20 was grown in 14L culture in a 20L stirred
35 vessel. The pH was maintained at 8.0 or above by the addition of NaOH, temperature was
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10

maintained at 20°C, and pressure maintained at around 500mbar above surroundings.

Agitation was provided to keep dissolved oxygen above 40% saturation.

The cells were grown up to a density of around 40g dry cell weight per liter of culture and

harvest initiated. Every 4 hours, 1.4 liters of culture was withdrawn from the vessel as

harvest, and the volume was made back up to 14L with hourly feeds of approximately

400mL fresh medium. This was sustained for 7 days.

The fresh medium was composed of:

Glucose monohydrate

Sodium Nitrate NaNO;

Yeast Extract

NaHPO,

Sodium chloride NaCl

Potassium chloride KCI

Magnesium sulfate heptahydrate MgS0,.7H,0O
Calcium chloride dihydrate CaCl,.2H,0

Sodium sulphate

Cobalt chloride hexahydrate CoCl,.6H,0
Manganese chloride 4-hydrate MnCl,.4H,O
Boric acid H;BO;

Zinc chloride ZnCl,

Sodium molybdate dihydrate Na,M00,.2H,0
Ferric chloride hexahydrate

Citrate

Copper sulfate

Vitamin B12

Thiamine

Biotin

30

g/L

95

10.1

3.1

1.16

8.4

1.17

4.9

0.204

0.586

mg/L

0.081

0.843

103.1

1.05

1.363

7.22

675

0.024

202.7

0.34

0.34
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In addition to the hourly feeds, sodium metasilicate was also provided to the culture as a
separate, near continuous, feed such that it was provided at around 7.5% w/w sodium

metasilicate (pentahydrate)/dry cell weight.

5 Optical density of the culture was recorded every 10 minutes and remained within a range
+/-2% of the average throughout the 7 day period. The culture dry cell weight (DCW) was
measured from an additional 100mL sample taken at the time of harvest one on four of the
seven days. This sample was also used for composition analysis.

10 The dry cell weight measurements were then used to calculate the DCW at each of the
other harvests.

By multiplying the volume of harvest by the DCW, a biomass collection and thus a biomass
productivity were calculated.

15
In the Table 1 below DCW and EPA content of biomass figures in italics are calculated from
the surrounding data.
Table 1
Day 1
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 42.0 1.5 63.0
Harvest 2 41.6 14 58.2
Harvest 3 41.4 1.4 58.0
Harvest 4 41.3 14 57.9
Harvest 5 41.2 14 57.7
Harvest 6 41.1 1.4 57.6
Biomass Productivity (g/L/day) 25.2
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 26.2
20
31
PATENT

REEL: 046491 FRAME: 0842



KAE510041NZPR
303101891_1

Day 2
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 41.0 1.4 574
Harvest 2 40.8 1.4 57.2
Harvest 3 40.7 1.4 56.9
Harvest 4 40.5 1.4 56.7
Harvest 5 40.3 1.4 56.5
Harvest 6 40.2 1.4 56.2
Biomass Productivity (g/L/day) 24.3
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 254
Day 3
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 40.0 1.5 60.0
Harvest 2 39.7 1.4 55.5
Harvest 3 39.6 1.4 55.5
Harvest 4 39.6 1.4 554
Harvest 5 39.6 1.4 55.4
Harvest 6 39.5 1.4 55.3
Biomass Productivity (g/L/day) 241
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 25.1
Day 4
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 39.5 1.5 59.3
Harvest 2 39.3 1.4 55.1
Harvest 3 39.5 1.4 55.3
Harvest 4 39.6 1.4 55.5
Harvest 5 39.8 1.4 55.7
Harvest 6 39.9 1.4 55.9
Biomass Productivity (g/L/day) 241
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 25.1
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Day 5
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 40.1 14 56.1
Harvest 2 40.3 1.4 56.4
Harvest 3 40.5 1.4 56.7
Harvest 4 40.7 1.4 57.0
Harvest 5 40.9 1.4 57.3
Harvest 6 41.1 1.4 57.5
Biomass Productivity (g/L/day) 244
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 25.4
Day 6
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 41.3 14 57.8
Harvest 2 41.5 1.4 58.1
Harvest 3 41.7 1.4 58.3
Harvest 4 41.8 1.4 58.6
Harvest 5 42.0 1.4 58.8
Harvest 6 42.2 1.4 59.1
Biomass Productivity (g/L/day) 25.1
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 26.1
Day 7
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 424 1.5 63.6
Harvest 2 41.9 1.4 58.7
Harvest 3 41.8 1.4 58.5
Harvest 4 41.7 1.4 58.4
Harvest 5 41.6 1.4 58.2
Harvest 6 41.4 1.4 58.0
Biomass Productivity (g/L/day) 254
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 26.4
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Example 2

The culture of Example 1 was reset by harvesting 50% of the volume and allowing growth
back to a density of around 40g dry cell weight per liter of culture before harvest was again
5 initiated.

For this example harvests of between 0.7 and 0.8L were carried out every two hours
(harvest volume being adjusted to keep the dry weight at harvest close to constant). The
volume was then made back up to 14L with two refills; one of approximately 400mL fresh
medium immediately following harvest and one providing the remaining volume to reach

10  14L an hour later. Medium composition was as for Example 1. Silicate was fed to the culture

in the same manner as was used in Example 1.

The optical density of the culture was recorded every 10 minutes and remained within a
range of +/- 2% of the average throughout the 7 day period. An additional 100mL sample
15 was taken for determination of culture dry cell weight and biomass composition at the time

of harvest on six of the eight days.

Biomass Productivity was calculated as per Example 1. In the Table 2 below DCW and EPA

content of biomass figures in italics were calculated from the surrounding data.

20
Table 2
Day 1
Biomass

DCW (g/L) Harvest (L) | Collected (q)
Harvest 1 40.0 0.8 32.0
Harvest 2 39.7 0.7 27.8
Harvest 3 39.7 0.7 27.8
Harvest 4 39.7 0.7 27.8
Harvest 5 39.7 0.7 27.8
Harvest 6 39.7 0.7 27.8
Harvest 7 39.7 0.7 27.8
Harvest 8 39.8 0.7 27.8
Harvest 9 39.8 0.7 27.8
Harvest 10 39.8 0.7 27.8
Harvest 11 39.8 0.7 27.8
Harvest 12 39.8 0.7 27.9
Biomass Productivity (g/L/day) 241
EPA Content of Biomass (%) 2.6
EPA Productivity (mg/L/h) 26.2
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Day 2
Biomass

DCW (g/L) Harvest (L) | Collected (q)
Harvest 1 39.8 0.9 35.8
Harvest 2 39.4 0.8 31.6
Harvest 3 39.4 0.8 31.5
Harvest 4 39.3 0.8 31.5
Harvest 5 39.3 0.8 314
Harvest 6 39.2 0.8 314
Harvest 7 39.1 0.8 31.3
Harvest 8 39.1 0.8 31.3
Harvest 9 39.0 0.8 31.2
Harvest 10 39.0 0.8 31.2
Harvest 11 38.9 0.8 31.1
Harvest 12 38.9 0.8 31.1
Biomass Productivity (g/L/day) 27.2
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 28.3

Day 3
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 38.8 0.9 34.9
Harvest 2 38.5 0.8 30.8
Harvest 3 38.5 0.8 30.8
Harvest 4 38.6 0.8 30.8
Harvest 5 38.6 0.8 30.9
Harvest 6 38.6 0.8 30.9
Harvest 7 38.6 0.8 30.9
Harvest 8 38.6 0.8 30.9
Harvest 9 38.6 0.8 30.9
Harvest 10 38.7 0.8 30.9
Harvest 11 38.7 0.8 30.9
Harvest 12 38.7 0.8 30.9
Biomass Productivity (g/L/day) 26.8
EPA Content of Biomass (%) 2.6
EPA Productivity (mg/L/h) 29.0
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Day 4
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 38.7 0.8 31.0
Harvest 2 38.7 0.8 31.0
Harvest 3 38.7 0.8 31.0
Harvest 4 38.8 0.8 31.0
Harvest 5 38.8 0.8 31.0
Harvest 6 38.8 0.8 31.1
Harvest 7 38.8 0.8 31.1
Harvest 8 38.9 0.8 31.1
Harvest 9 38.9 0.8 31.1
Harvest 10 38.9 0.8 31.1
Harvest 11 38.9 0.8 31.2
Harvest 12 39.0 0.8 31.2
Biomass Productivity (g/L/day) 26.6
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 27.7

Day 5
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 39.0 0.8 31.2
Harvest 2 39.0 0.8 31.2
Harvest 3 39.0 0.8 31.2
Harvest 4 39.0 0.8 31.2
Harvest 5 39.1 0.8 31.3
Harvest 6 39.1 0.8 31.3
Harvest 7 39.1 0.8 31.3
Harvest 8 39.1 0.8 31.3
Harvest 9 39.1 0.8 31.3
Harvest 10 39.1 0.8 31.3
Harvest 11 39.2 0.8 31.3
Harvest 12 39.2 0.8 31.3
Biomass Productivity (g/L/day) 26.8
EPA Content of Biomass (%) 2.4
EPA Productivity (mg/L/h) 26.8
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Day 6
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 39.2 0.9 35.3
Harvest 2 39.0 0.8 31.2
Harvest 3 39.2 0.8 31.3
Harvest 4 39.3 0.8 31.5
Harvest 5 39.5 0.8 31.6
Harvest 6 39.6 0.8 31.7
Harvest 7 39.7 0.8 31.8
Harvest 8 39.9 0.8 31.9
Harvest 9 40.0 0.8 32.0
Harvest 10 40.2 0.8 32.1
Harvest 11 40.3 0.8 32.2
Harvest 12 40.5 0.8 324
Biomass Productivity (g/L/day) 27.5
EPA Content of Biomass (%) 2.3
EPA Productivity (mg/L/h) 26.4

Day 7
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 40.6 0.85 34.5
Harvest 2 40.2 0.75 30.2
Harvest 3 40.1 0.75 30.1
Harvest 4 40.0 0.75 30.0
Harvest 5 39.9 0.75 29.9
Harvest 6 39.8 0.75 29.9
Harvest 7 39.7 0.75 29.8
Harvest 8 39.7 0.75 29.7
Harvest 9 39.6 0.75 29.7
Harvest 10 39.5 0.75 29.6
Harvest 11 39.4 0.75 29.5
Harvest 12 39.3 0.75 29.5
Biomass Productivity (g/L/day) 25.9
EPA Content of Biomass (%) 24
EPA Productivity (mg/L/h) 25.9
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Day 8
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 39.2 0.85 33.3
Harvest 2 39.1 0.75 29.3
Harvest 3 39.3 0.75 29.5
Harvest 4 39.5 0.75 29.6
Harvest 5 39.7 0.75 29.8
Harvest 6 39.9 0.75 29.9
Harvest 7 40.1 0.75 30.1
Harvest 8 40.3 0.75 30.3
Harvest 9 40.6 0.75 304
Harvest 10 40.8 0.75 30.6
Harvest 11 41.0 0.75 30.7
Harvest 12 41.2 0.75 30.9
Biomass Productivity (g/L/day) 26.0
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 27.1

Example 3

The culture of Example 2 was switched from a harvest every 2 hours to a harvest once per
24 hours. At the time of harvest, 7L (50%) of the volume of the culture in the fermenter was
removed from the fermenter over the course of 70 minutes. On completion of harvest, refill
of the fermenter was started with approximately 400mL fresh medium being added back to
the fermenter every hour until the full volume of 14L was reached.

Fresh medium and silicate provision were as for the previous examples.

A 100mL sample was taken at harvest time for determination of culture dry cell weight and
composition. Cell dry weights ranged from 40.4g/L on day 1 to 44.6g/L on day 5 and
43.9¢/L on day 6 giving biomass productivities of between 20.5 and 22.6g/L/day.

EPA content of biomass was between 2.5 and 2.7% of dry cell weight.

Example 4

The culture of Example 3 was switched from harvest every 24 hours to a near-continuous
culture. Once the culture had reached a dry weight of over 40g/L, 30mL of medium was

added every 5 minutes. Silicate was also added as per example 1. Harvests were carried
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out as required to maintain the culture volume between 14.0 and 14.2L. Including the
additional volume added as silicate, and the volume taken as samples approximately 8.9L
of medium was added and harvested per day.

Samples were taken for determining culture dry cell weight and composition at 9am on
weekdays. Biomass productivities were calculated on the basis that an average between
two 9am dry weight measurements would be representative of the 24 hour period. Biomass
productivities are shown in Table 3 below.

Table 3
Day | DCW at | Average dry Harvest | Biomass EPA EPA
9am weight for volume | Production | Content Productivity
(g/L) calculation (g/L) | (L) (g/L) (%) (mg/L/hour)
1 44.5 42.7 8.9 271 2.7 30.5
2 40.9 41.2 8.9 26.2 2.8 30.5
not
3 41.7 8.9 26.5 | measured
not
4 42.2 8.9 26.8 | measured
5 42.5 42.8 8.9 27.2 2.7 30.6
6 43.1 42.9 8.9 27.3 2.9 33.0
7 42.8 42.8 8.9 27.2 2.8 31.8
Example 5§

The culture of Example 4 was kept in continuous culture past the seven day period of the
example. After being reset with a 7.2L harvest, it was switched to a 4 hourly harvest regime
in which the volume of active culture removed was replaced with fresh culture medium in
one addition after harvest concluded. This continued for a further month. With the exception
of day 8 of the culture, caused by the reset between Examples 1 and 2, and day 18 of the
culture, caused by the reset between examples 2 and 3, the biomass productivity of the
culture as measured from 9am to 9am did not drop below 20g/L/day for a period of 60 days
as shown in Figure 1 (note that productivities over weekends after Example 4 are plotted as
averages for the weekend). In the later stages of the culture biomass productivities in
excess of 35g/L/day were seen. With EPA at around 2.5% of biomass at this time, this gave
EPA productivities of over 35mg EPA/L/hour. The same medium was used throughout and
the increases in productivity are attributed to changes in agitation and pressure to improve

oxygen availability.
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As well as producing EPA, the organism produced both ARA and DHA. A typical biomass
composition included DHA at around 0.15% of biomass and ARA at around 0.1% of

biomass.

Example 6

A culture of Nitzschia laevis strain In1CS20 was grown in 500L culture in a 600L airlift
vessel. pH was maintained at 8.0 or above by the addition of NaOH, temperature was
maintained at 20°C, and pressure at around 500mbar above surroundings. Airflow was
adjusted to keep the dissolved oxygen levels above 30% saturation at the bottom of the

vessel.

The cells were grown up to a density of around 40g dry cell weight per liter of culture and
harvest initiated. Every 4 hours, 40 liters of culture were withdrawn from the vessel as
harvest and the volume made back up to 500L with fresh medium. This was sustained for 6
days. On day 4, the operating volume in the fermenter was reduced to 480 since the airflow
had risen to the point where the height of foam in the fermenter was nearing the top plate.
The harvest was reduced proportionally to 38L every 4 hours.

The fresh medium was composed of:

g/L
Glucose monohydrate 120
Sodium Nitrate NaNO; 12.7
Yeast Extract 3.9
NaHPO, 1.47
Sodium chloride NaCl 7.5
Potassium chloride KCI 1.04
Magnesium sulfate heptahydrate MgS0,.7H,0O 4.4
Calcium chloride dihydrate CaCl,.2H,0 0.181
Sodium sulphate 0.521

mg/L
Cobalt chloride hexahydrate CoCl,.6H,0 0.072
Manganese chloride 4-hydrate MnCl,.4H,O 0.750
Boric acid H;BO; 91.643
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Zinc chloride ZnCl, 0.936
Sodium molybdate dihydrate Na,M00,.2H,0 1.212
Ferric chloride hexahydrate 6.42

Citrate 600.0
Copper sulfate 0.022
Vitamin B12 180.2
Thiamine 0.302
Biotin 0.302

In addition to the media refills, sodium metasilicate was provided to the culture as a
separate, near continuous, feed such that it was provided at around 7.5% w/w sodium
metasilicate (pentahydrate)/dry cell weight.

The culture dry cell weight was measured at the first harvest and samples taken at these
times for composition analysis on days two to six. Biomass productivity was calculated as
per Example 1.

10  The culture dry weight (DCW), biomass productivity, EPA content and EPA productivity are
shown in Table 4.

Table 4
Day 1
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 46.6 40.0 1864.0
Harvest 2 46.6 40.0 1864.7
Harvest 3 46.6 40.0 1865.3
Harvest 4 46.6 40.0 1866.0
Harvest 5 46.7 40.0 1866.7
Harvest 6 46.7 40.0 1867.3
Biomass Productivity (g/L/day) 224
EPA Content of Biomass (%) Not measured
EPA Productivity (mg/L/h) unknown
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Day 2
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 46.7 40.0 1868.0
Harvest 2 46.8 40.0 1871.3
Harvest 3 46.9 40.0 1874.6
Harvest 4 46.9 40.0 1878.0
Harvest 5 47.0 40.0 1881.3
Harvest 6 47.1 40.0 1884.7
Biomass Productivity (g/L/day) 22.5
EPA Content of Biomass (%) 2.3
EPA Productivity (mg/L/h) 21.6
Day 3
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 47.2 40.0 1888.0
Harvest 2 47.6 40.0 1903.0
Harvest 3 48.0 40.0 1918.2
Harvest 4 48.3 40.0 1933.5
Harvest 5 48.7 40.0 1948.8
Harvest 6 49.1 40.0 1964.4
Biomass Productivity (g/L/day) 23.1
EPA Content of Biomass (%) 2.6
EPA Productivity (mg/L/h) 25.0
Day 4
Biomass
DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 49.5 38.0 1881.0
Harvest 2 50.3 38.0 1909.7
Harvest 3 51.0 38.0 1938.7
Harvest 4 51.8 38.0 1968.3
Harvest 5 52.6 38.0 1998.3
Harvest 6 53.4 38.0 2028.7
Biomass Productivity (g/L/day) 244
EPA Content of Biomass (%) 2.5
EPA Productivity (mg/L/h) 25.4
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Day 5
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 54.2 38.0 2059.6
Harvest 2 53.6 38.0 2037.5
Harvest 3 53.0 38.0 2015.6
Harvest 4 52.5 38.0 1994.0
Harvest 5 51.9 38.0 1972.5
Harvest 6 51.4 38.0 1951.4
Biomass Productivity (g/L/day) 25.1
EPA Content of Biomass (%) 2.2
EPA Productivity (mg/L/h) 23.0

Day 6
Biomass

DCW (g/L) Harvest (L) | Collected (g)
Harvest 1 50.8 38.0 1930.4
Harvest 2 49.9 38.0 1896.0
Harvest 3 49.0 38.0 1862.1
Harvest 4 48.1 38.0 1828.9
Harvest 5 47.3 38.0 1796.3
Harvest 6 46.4 38.0 1764.3
Biomass Productivity (g/L/day) 23.1
EPA Content of Biomass (%) 2.2
EPA Productivity (mg/L/h) 21.2

Example 7

Instructions for larger scale culture

A culture of Nitzschia laevis strain IN1CS20 is grown in 70,000L of media in a 80,000L
stirred tank fermenter. pH is maintained at 8.0 or above by the addition of KOH,
temperature is maintained at 20°C, and pressure at around 300mbar above surroundings.
Agitation is adjusted to keep the dissolved oxygen levels above 30% saturation at the
60,000L point in the vessel.

The cells are grown up to a density of around 40g dry cell weight per liter of culture and
harvest initiated. Every 4 hours, around 7000 liters of culture are withdrawn from the vessel
as harvest using pressure as a motive force and the volume made back up to 70,000L with
fresh medium. This is sustained for 21 days and produces the equivalent of around 35 tons
dry weight of algal biomass or 24g/L/day over the course of the period.
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In addition to the media refills, sodium metasilicate solution is provided to the culture as a
separate, continuous, feed such that it is provided at around 7.5% w/w sodium metasilicate
(pentahydrate)/dry cell weight.

Example 8
Ascertaining nutrient (sulfur) levels to support log phase growth of the diatom

Fully defined growth medium lacking sulfur was made up in which all nutrients apart from

sulfur were supplied in non-limiting amounts at pH 8.0.

A series of duplicate sterile 250mL Ehrlenmeyer flasks were prepared by adding 100mL of
the sulfur-free medium to which varying amounts of magnesium sulfate had been added.
The upper concentration of sulfur was chosen to represent an expected slight excess
requirement of the cells with other concentrations representing 40%, 30%, 20%, 10% and

0% of this level.

The flasks were then inoculated with a low level of exponentially growing Nitzschia laevis
cells (bmg dry weight per flask) to limit carry-over of sulfur from the previous culture. The
flasks were placed on an orbital shaker at 20°C to grow.

Culture dry weights were determined on days 3 to 8 of the culture. Aside from the culture
with no added sulfur, similar levels of growth were seen up to day 4 of the culture, at which
point cell densities diverged with those cultures receiving more sulfur growing to higher

densities. (See Figure 2).

By plotting peak dry cell weight against sulfur provision (Figure 3), it was determined that
the inoculum provided sufficient sulfur to allow biomass to accumulate to around 1.5g/L but
thereafter approximately a maximum of around 98.5mg of dry cell weight could be produced
per mg of sulfur. This allowed the determination of the minimum amount of sulfur required to
support growth of biomass in a traditional batch fermentation (10.1mg S per g dry cell

weight).

However, it is clear from Figure 2 that the cultures exit log phase growth earlier than they
reach maximum dry weight. To calculate the amount of sulfur required to keep the cells in
log phase growth, first the true amount of sulfur in the culture was calculated using the
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amount of biomass accumulated in the zero sulfur culture and the per dry cell weight sulfur
requirements. Then, through plotting the dry cell weight at which the cultures diverged from
log phase growth against the corrected sulfur content of the medium (Figure 4) it was

determined that only 91.9mg of dry cell weight could be kept in log phase growth per mg of
sulfur. This translates to 10.9mg of sulfur being required per g of dry cell weight to keep the

culture in log phase.

In cultures with densities of 46g DCW/L this difference of around 8% amounts to an
additional requirement of around 36mg/L of sulfur or over 600mg per litre of magnesium
sulfate heptahydrate, thus demonstrating how the difference in approach is critical in

medium design.

In order to determine a medium design to support log phase growth, this experiment was
carried out for each of the nutrients in the medium. Thus, once in possession of the
teaching in the present application a medium can be designed following this example, to

support log phase growth of a variety of diatoms at different scales of fermentation.

Example 9

Instructions for use of Cyclotella cryptica

The diatom, Cyclotella cryptica is cultured heterotrophically in a continuous culture ina 14 L
fermentor. The medium composition is according to Pahl et al. (J Bioscience and
Bioengineering 109: 235-239 (2010)) adjusted as per the methods of Example 8.)). The pH
is maintained between 7.2 and 8.1 and the temperature between 23C and 25C. Culture dry
cell weight is allowed to increase to at least 40g dry weight/L at which time a 4hr cycle of
10% harvest and refill of the culture is initiated. Silicate and fresh medium was fed to the
culture as in Example 1. The EPA content of the biomass is expected to be at least 2% of
dry cell weight. The harvested culture is concentrated by centrifugation to at least 150 g dry
wt/L and freeze dried. The freeze dried biomass is extracted with ethanol and the lipids in
the ethanol extract are transesterified to form the FAEEs. The FAEEs are partially
concentrated by short path distillation (removal of colored compounds) and then the EPA-

EE is purified to at least 60% purity by molecular distillation.
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Example 10

Instructions for use of Phaeodactylum tricornutum

The diatom Phaeodactylum tricornutum (an obligate photoautotroph) is first transformed
5 according to the method of Apt et al. (USP # 7,939,710) to give it the ability to grow

heterotrophically using glucose as a source of energy and carbon. The transformed
organism is cultured heterotrophically in a continuous culture in a 14 L fermentor using the
culture medium described by Apt (USP 7,939,710) adjusted as per the methods of Example
8.). The pH is initially set and maintained above 8.0. The temperature maintained at 28C

10 and the agitation and aeration are adjusted to maintain a dissolved oxygen level of at least
40% of air saturation. The culture dry cell weight is allowed to increase to at least 20g dry
weight/L at which time a 4hr cycle of 10% harvest and refill of the culture is initiated. Silicate
and fresh medium was fed to the culture as in Example 1. The EPA content of the biomass
is expected to be at least 2% of dry cell weight. The harvested culture is concentrated by

15 centrifugation to at least 150 g dry wt/L and freeze dried. The freeze dried biomass is
extracted with ethanol and the lipids in the ethanol extract are transesterified to form the
FAEEs. The FAEEs are partially concentrated by short path distillation and then the EPA-
EE is purified to at least 50% purity by molecular distillation.

20 Culture dry cell weight and harvest regime are chosen to produce biomass at a rate of at
least 20g dry weight/L/day. Medium conditions are chosen so that the biomass produced

contains EPA at a level of greater than 2% of dry cell weight.

46
PATENT
REEL: 046491 FRAME: 0857



KAE510041NZPR
303101891_1

CLAIMS

1. A method of producing a diatom biomass, the method comprising the step of
continuously culturing a diatom in a culture medium to produce a volumetric

5 production rate of biomass of at least 20g dry weight/L/day.

2. The method of claim 1, wherein the culture medium is designed to provide the

essential nutrients for continuous culture of the diatom.

10 3. The method of claim 1 or 2, wherein the diatom produces at least one highly
unsaturated fatty acid (HUFA).

4. The method of claim 3, wherein the HUFA is selected from any one or more of EPA,
DHA and ARA.
15
5. The method of claim 3, wherein the HUFA is an omega-3 fatty acid.

6. The method of any one of claim 3 to 5, wherein the diatom biomass contains a total
HUFA level of at least 2% of dry cell weight of the biomass.
20
7. The method of any one of claims 3 to 6, wherein the diatom biomass contains a total
HUFA level of at least 3% of dry cell weight of the biomass.

8. The method of any one of claims 3 to 7, wherein the diatom biomass contains a
25 mixture of EPA and DHA at a level of at least 2% dry cell weight of the biomass.

9. The method of any one of claims 3 to 7, wherein the diatom biomass contains at least
one HUFA at a level of at least 2% of dry cell weight of the biomass.

30 10. The method of any one of claims 3 to 9, wherein the diatom biomass contains EPA at
a level of at least 2% of dry cell weight of the biomass.

11. The method of any one of the previous claims, wherein the volumetric production rate
of biomass is at least 25g dry weight/L/day.
35
12. The method of any one of the previous claims, wherein the mean volumetric
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production rate of biomass is at least 20g dry weight/L/day over a period of at least 72

hours.

13. The method of any one of the previous claims, wherein the mean volumetric
5 production rate of biomass is at least 20g dry weight/L/day over a period of at least a

month.

14. The method of any one of the previous claims, wherein the mean volumetric
production rate of biomass is at least 20g dry weight/L/day over a period of at least 2

10 months.

156. The method of any one of the previous claims, wherein the method does not include a
perfusion culture of the cultured diatoms.

15 16. The method of any one of the previous claims, wherein the diatom is selected from

any one of a Nitzschia species, a Cyclotella species, a Phaeodactylum species.

17. The method of any one of the previous claims, wherein the diatom is cultivated

heterotrophically.

20
18. The method of any one of the previous claims, wherein a source of silicate is added
continuously during the course of the culture.
19. The method of any one of the previous claims, wherein the culture pH is maintained
25 within the range 7.0 to 9.0.

20. The method of any one of the previous claims, wherein the culture is maintained at a
temperature of between 15 and 30°C.

30 21. The method of any one of the previous claims, wherein agitation and/or back pressure
are provided to maintain a dissolved oxygen level at or above 10% of air saturation.

22. The method of any one of the previous claims, wherein the method includes
replacement of at least 50% of the culture volume with fresh medium every 24 hr.
35
23. The method of any one of the previous claims, wherein the method includes
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replacement of at least 10% of the culture volume with fresh medium every 4 hr.

24. The method of any one of the previous claims, wherein the method includes
replacement of at least 5% of the culture volume with fresh medium every 2 hr.

25. The method of any one of the previous claims, wherein the method includes
replacement of at least 0.2% of the culture volume with fresh medium every 5 min.

26. The method of any one of the previous claims, wherein the method includes at least
10 500 liters of culture medium.

27. The method of any one of the previous claims, wherein the method further includes
separating the biomass from the culture and concentrating the biomass to produce a
biomass concentrate.

15
28 A method of producing a diatom biomass, the method comprising:

a) cultivating a diatom in a culture medium to produce an active culture;
b) removing a portion the active culture to collect the biomass;
¢) adding fresh culture medium to the remaining active culture that is substantially
20 equivalent in volume to the portion of the active culture removed in step (b) and
further cultivating the diatom; and
d) repeating step (b) and step (c) as desired so that at least 20g dry cell weight of
biomass per liter of active culture is collected in a 24 hour period.

25 29. The method of claim 28, wherein the culture medium is designed to provide the
essential nutrients to maintain the diatom in log phase growth.

30. The method of claim 28 or 29 wherein the addition of fresh culture medium in step (c)
is done in one portion.
30
31. The method of claim 28 or 29, wherein the addition of fresh culture in step (c) is done
in multiple portions that total to a substantially equivalent volume to the portion

removed in step (b).

35 32. The method of claim 28 to 31, wherein the diatom produces at least one highly
unsaturated fatty acid (HUFA).
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33. The method of claim 32, wherein the HUFA is selected from any one or more of EPA,
DHA and ARA.

5 34. The method of claim 32, wherein the HUFA is an omega-3 fatty acid.

35. The method of any one of claims 32 to 34, wherein the diatom biomass contains a
total HUFA level of at least 2% of dry cell weight of the biomass.

10 36. The method of any one of claims 32 to 35, wherein the diatom microbial biomass

contains EPA at a level of at least 2% of dry cell weight of the biomass.

37. The method of any one of claims 28 to 36, wherein steps (b) step (c) are repeated so
that at least 25g dry cell weight of biomass per liter of active culture is collected in a
15 24 hour period.

38. The method of any one of claims 28 to 37, wherein steps (b) step (c) are repeated so
that at least 30g dry cell weight of biomass per liter of active culture is collected in a
24 hour period.
20
39. The method of any one of claims 28 to 38, wherein at least 20g dry cell weight of
biomass is collected per liter of active culture each day for at least seven consecutive

days.

25 40. The method of any one of claims 28 to 39, wherein steps (b) and (c) are repeated at
least 5 times.

41. The method of any one of claims 28 to 40, wherein the density of biomass in the
active culture is at least 20 g/L.
30
42. The method any one of claims 28 to 41, wherein the diatom is selected from any one

of a Nitzschia species, a Cyclotella species, a Phaeodactylum species.

43. The method of any one of claims 28 to 42, wherein the diatom is cultivated
35 heterotrophically.
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44. The method of any one of claims 28 to 43, wherein steps (b) and (c¢) are carried out

sequentially.

45. The method of any one of claims 28 to 43 wherein steps (b) and (c) are carried out

5 simultaneously.

46. The method of any one of claims 28 to 45, wherein the method includes the removing
a portion of the active culture in step (b) and the adding of fresh culture medium in
step (c) such that there is replacement of at least 50% of the active culture volume
10 every 24 hours.

47. An active culture in a continuous culture, the active culture comprising culture

medium, a diatom at a diatom biomass density of at least 20g/L.

15 48. The active culture of claim 47, wherein the diatom produces at least one highly
unsaturated fatty acid (HUFA).

49. The active culture of claim 48, wherein the HUFA is selected from any one or more of
EPA, DHA and ARA.
20
50. The active culture of claim 48 or 49, wherein the diatom biomass contains a total

HUFA level of at least 2% of dry cell weight of the biomass.

51. The active culture of any one of claims 48 to 50, wherein the diatom biomass contains

25 EPA at a level of at least 2% of dry cell weight of the biomass.

52. A biomass produced by the method of any one of claims 1 to 46.

53. A composition of a highly unsaturated fatty acid or an ester thereof obtained from the
30 biomass produced by the methods of any one of claims 3 to 27 when dependent on
claim 3 or claims 32 to 46 when dependent on claim 32.

54. A method of producing a composition of a highly unsaturated fatty acid (HUFA) or an

ester thereof, the method including the step of extracting the HUFA or an ester thereof

35 from the biomass produced by the methods of any one of claims 3 to 27 when
dependent on claim 3 or claims 32 to 46 when dependent on claim 32.
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55.

56.

57.

58.

The method of claim 54, wherein the HUFA is in its native form, being a triglyceride,

phospholipid, or glycolipid.

The method of claim 54 or 55, wherein the extracted HUFA in its native form is
subsequently esterified in the presence of ethanol to form a fatty acid ethyl ester
(FAEE) of the HUFA.

The method of claim 56, wherein the FAEE of the HUFA is purified by any one or a
combination of chromatography, solvent partitioning, short path distillation, molecular

distillation, and High-performance liquid chromatography (HPLC).

A nutritional supplement, medical food, food or feed additive, or pharmaceutical
product comprising the composition produced by the method of any one of claims 54
to 57.

52
PATENT
REEL: 046491 FRAME: 0863



Biomass: harvested
gl gay

> cd > >
ig oo Exampiefooooe Exampte 2o Barmpta 3o BERSPREIR B oo
o w3 iy 3 A0 50
Day

FIGURE 1

Cell Growth at Different Sulphur Concentrations

T Y

=l - Q0TRA S
—k =0 H57 L B
- QU208 QLB

C¥ {g/L}

FIGURE 2

PATENT
REEL: 046491 FRAME: 0864



2/2

[S g/L] vs Final DCW g/L

Final DEW g/l

FIGURE 3

Corrected [S] g/l vs last exp DCW g/L

last exponentis DOW /L

LR ALY Q0250 50300 GO350 .0400 Q0450 9.0500
corrected {8] gil

FIGURE 4

PATENT
RECORDED: 06/29/2018 REEL: 046491 FRAME: 0865



