





KNIPBIO GRAS NOTIFICATION

GRAS Notice

Methylobacterium extorquens protein

for use as a replacement for soybean or fish meal al levels up to 10% of the
diet of aquaculture species

Submitted by:
KnipBio, Inc.
110 Canal Street
Lowell, MA 01854
Phone: (978) 636-5647



KNIPBIO GRAS NOTIFICATION

Table of Contents

List of Tables and Figures . - " “ 3
List of Appendices - " " b
Part 1. Introductory Information.......... - - " 5

Part 2. Identity, method of manufacture, specifications, and physical or technical effect.......7

Part 3. Target animal and human exposures....... s v 22
Part 4. Self-limiting levels of use........... - " e 30
Part 5. Experience based on common use in food before 1958.............. 31
Part 6. Narrative....... : . " 32
Part 7: List of supporting data and information in this GRAS notice. w53




KNIPBIO GRAS NOTIFICATION

List of Tables and Figures

Tables

Table 2-1. Specifications of the Notified Substance crereessn s AR e 11

Table 2-2. Proximate composition of the ingredients used in the growth and digestibility
trials. .. : . 13

Table 2-3. Proximate composition of commonly used feed ingredients: Protein
supplements. - - —

Table 2-4. Viable Cell Counts in the notified substance. (a) Cell count raw data........ccoecerees 15

Table 2-5. Changes in Composition of the Notified Substance During Room Temperature

Storage... : : —
Table 2-6. Stability of the Notified Substance Under Accelerated Storage Conditions........... 17
Table 2-7. Stability of the Notified Substance in Storage at Room Temperature. .............ne0... 18
Table 2-8. Summary of Fish Feeding Studies with the Notified Substance. 21
Table 3-1. Spectrophotometric Analysis of carotenoids produced by Strains KB200 and

Table 6-1. Microorganisms Investigated for Use in Single Cell Protein Products. ................ 42
Table 6-2. Microorganisms Currently Used in Single Cell Protein Products..........cccococunecunneee. 42

Table 6-3. Metal Concentrations in the Notified Substance and Dietary Requirements for

the Target Species............... - st .44
Table 6-4. Literature Reports of the Presence of Polyhydroxybutyrates in Fish Diets. ......... 47
Figures

Figure 3-1. Total Carotenoid Profile of Strains KB200 and KB203 Determined by
Spectrophotometer Analysis . : OO
Figure 3-2. Tunable UV Spectra of Strains KB200 and KB203...... 27
Figure 3-3. Mass Spectrometry Analysis of Strains KB200 and KB203............ccooeeee 27

















































KNIPBIO GRAS NOTIFICATION

The notified substance has utility in the use as a protein supplement for aquaculture. As
demonstrated in (Tlusty et al,, 2017), the product provides available protein needed for the
growth of fish in aquaculture. Tlusty et al. describes several animal feeding studies using
the notified substance, including feeding studies on Pacific white shrimp (Litopenaeus
vannamei) growth and consumer taste preference, a study for which FDA has reviewed the
protocol. KnipBio has also conducted a 12-week feeding study on trout (Oncorhynchus
mykiss), for which FDA also reviewed the protocol (results found in the Hardy et al.
manuscript being prepared for submission, included in Appendix 2-11). In each of these
studies, animals performed equivalently when fed diets containing M. extorquens as when
fed a standard aquaculture diet. As the data supports the use of the substance as a valuable
source of protein in a wide variety of aquaculture species (shrimp, trout, salmon, and small
mouth grunt) KnipBio has requested the use in all aquaculture species.

Tlusty et al. (Tlusty et al., 2017) includes a comprehensive summary of the methodology
used in these studies. The results reported in the paper demonstrate the potential broad
applicability of Methylobacterium extorquens protein, made from Methylobacterium
extorquens, as a viable protein source for use in aquafeeds. When fed to fishes it resulted in
equivalent performance in growth for grunts, and apparent digestibility coefficient for
salmon as compared to traditionally formulated diets containing fishmeal. The salmon
demonstrated higher digestibility for amino acids in diets containing the notified
substance. The food conversion ratio of shrimp was best when there was 50% substitution
with the notified substance, yet growth (weight gain and SGR) was greatest in the control
diets. One possible reason for this discrepancy is that the consumption of feed between the
different diets was not equivalent. As stated in the manuscript, there were air bubbles in
the shrimp diet SHR-KH (100% KBM replacement) that did not sink as well as the other
two diets that did not have air bubbles (SHR-LK and SHR-C). While all pellets were
consumed by the shrimps, those fed SHR-HK would have needed to swim in the water
column to retrieve some of the pellets, while those fed SHR-LK and SHR-C mostly fed off the
tank floor, and such increased activity may account for the reduced weight gain and SGR.
Another possibility is that the SHR-KH diet may have been less palatable, as the shrimps
had a lower feed efficiency of this diet than the other diets. Whether this is an absence of an
attractant not replaced in SHR-KH or the absence of a critical nutritional component like
methionine (D.A. Davis, personal communication) in the diet, the exact cause is unknown at
this time”.

The Hardy et al. manuscript being prepared for submission, included in Appendix 2-11,
shows that the notified substance, when fed to trout, resulted in equivalent performance
for growth, feed utilization and nutrient retention, as compared to traditionally formulated
diets containing fishmeal.

The data shown in Tlusty et al. (Tlusty et al., 2017), as well as procedures and data for
additional studies conducted by KnipBio to date, are shown in Appendix 2-11. Table 2-8
below summarizes the results of the studies described in Tlusty et al., as well as other
studies that KnipBio has conducted or sponsored, in which aquatic species were fed the
notified substance (in some cases, early formulations of the notified substance). In this
Table, the studies published in the Tlusty paper are highlighted in blue and the study
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described in the Hardy et al. manuscript highlighted in grey. The other studies have not
been published, and in some cases, were not designed to produce publishable data, but
they all show that the notified substance caused no harmful effects on the fish. Full study
records for these experiments, particularly including the studies published in Tlusty et al,
and the Hardy et al. manuscript are available at the KnipBio offices should FDA be
interested in reviewing them.

The data presented in this Section and its Appendices clearly show that the notified
substance has utility in providing a source of protein for the target aquatic species: shrimp
(Pacific white shrimps, Litopenaeus vannamei), Salmon (Atlantic salmon, Salmo salar) and
trout (Rainbow trout, Oncorhynchus mykiss). Furthermore, for reasons explained in detail
in the “Narrative” section below, KnipBio contends that the data from investigations
support the broader use of the notified substance for all aquaculture feed, with the three
species named above fulfilling all of the required criteria of covering a broad diversity of
species that are well-studied, sensitive to testing, and commercially relevant.

(Table 2-8 is shown on the next page. The rest of this page has been left blank).
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Part 3. Target animal and human exposures.

In this Part 3 of the Notice, KnipBio provides data and information about exposure to the
target animal and to humans consuming human food derived from food-producing animals.

(a) Exposure to the target animal.

(a)(1) The amount of the notified substance that different target animal species
are likely to consume in the animal food (including drinking water) as part of
the animal’s total diet, including the intended use and all other sources in the
total diet

The notified substance is a Single Cell Protein preparation derived from Methylobacterium
extorquens. The product is characterized by a protein content of 50-53% and is suitable for
use as a replacement for soybean or fish meal protein to constitute up to 10% of the total
diet in aquaculture feed, including feed for shrimps (Pacific white shrimp, Litopenaeus
vannamei), salmon (Atlantic salmon, Salmo salar) and trout (Rainbow trout, Oncorhynchus
mykiss).

(a)(2) When applicable, the amount of any other substance that is expected to be
Sformed in or on food because of the use of the notified substance (e.g., hydrolytic
products or reaction products)

KnipBio believes that there will be no other substances formed in or on food because of the
use of the notified substance, including any possible hydrolytic products, reaction products
or other such substances.

(a)(3) When applicable, the amount of any other substance that is present with
the notified substance either naturally or due to its manufacture (e.g.,
contaminants or by-products)

The microbial strain on which the notified substance is based, Methylobacterium
extorquens, is a natural producer of polyhydroxybutyrates (PHBs). The notified substance
is therefore expected to contain certain amounts of PHBs, which might range from 15-25%
depending on the fermentation conditions. As discussed below, KnipBio believes that the
expected levels of PHBs in the notified substance will be well below the levels that might be
expected to be harmful to the target species.

Other substances that might be present in the notified substance due to its manufacture are
methanol (used as a feedstock in the fermentation) and formaldehyde. As discussed below,
KnipBio believes that the expected levels of both compounds in the notified substance will
be well below the levels that might be expected to be harmful to the target species.
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total production of carotenoids. It also confirms that the production of C30 carotenoids by
the KB203 strain is the same as production by the KB200 parent strain, and that in both
strains, total C30 carotenoid concentrations are no greater than 60 ppm.
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(ii) Residues of any other substance that is expected to be formed in or on the
animal food because of the use of the notified substance; and

(iii) Residues from any other substance that is present with the notified
substance whether naturally, due to its manufacture (e.g., contaminants or by-
products), or produced as a metabolite in edible animal tissues when the
notified substance is consumed by a food producing animal

The protein content of the notified substance that is being provided to the target species
will be incorporated in the flesh of the fish, as is the case for all ingested proteins, so that
there would not be any safety concerns regarding human consumption of the product, nor
is there the need for any specific exposure assessment for humans.

With regard to the potential presence of PHBs in the notified substance, as discussed above
it is expected that any such concentrations in the substance will not exceed 25%, and that
such concentrations will be diluted at least 10-fold because the notified substance will be
incorporated into aquafeed at no greater than 10% of the total diet. It is further expected
that the PHBs will be metabolized or digested in the GI tract of the fish to some extent
(Jendrossek and Handrick, 2002; Defoirdt et al, 2009; Liu et al., 2010) and further that, as a
high molecular weight substance, PHBs are unlikely to be deposited in fish flesh to any
appreciable degree. It is thus expected that human exposure to any potential PHB presence
will be extremely low.

(b)(2) The data and information you rely on to establish, in accordance with
paragraph (b)(1) of this section, the potential quantities of any residues that
humans may be exposed to in edible animal tissues.

As noted above, at the level of inclusion in aquaculture feed that KnipBio intends (up to
10% w/w in the total diet) the maximum level of PHB to which the target species would be
exposed would be approximately 1-2.5%. The literature discussed below in Part 6 provides
evidence that PHBs would be degraded to fatty acids in fish intestinal tract, such that
human consumers of fish that have been fed the notified substance would not be expected
to be exposed to significant levels of PHBs, and so there would be no adverse effects on
human consumers of such aquatic products.
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Part 4. Self-limiting levels of use.

In circumstances where the amount of the notified substance that can be added to animal food
is limited because animal food containing levels of the notified substance above a particular
level would become unpalatable or technologically impractical, in Part 4 of your GRAS notice
you must include data and information on such self-limiting levels of use.

There are no self-limiting levels of use for the notified substance.
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Part 5. Experience based on common use in food before 1958.

If the statutory basis for your conclusion of GRAS status is through experience based on
common use in animal food, in Part 5 of your GRAS notice you must include evidence of a
substantial history of consumption of the notified substance for food use by a significant
number of animals of the species to which the substance is intended to be fed prior to January
1, 1958, and evidence of a substantial history of consumption by humans consuming human
foods derived from food-producing animals prior to January 1, 1958.

This GRAS Notice is not based on common use in food prior to 1958.
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might be seen as a “canary” (i.e., “canary in a coal mine”) that is sensitive to the parameters
being tested, while also having an extensive academic history, would be ideal to determine
if novel feed ingredients or supplements can be shown to have a significant effect in terms
of growth, survival and overall nutrition. In a field with such diversity, it is likely that a
single model cannot be inclusive enough to draw a complete conclusion for the entire field.

Here, KnipBio proposes that the data from investigations of the species reported in this
GRAS Notice, the common salmonid Oncorhynchus mykiss (rainbow trout) and Penaeus
vannamei (Pacific white shrimp), and Salmo salar (Atlantic salmon) is sufficient to support
the broader use of the notified substance for all aquaculture feed, with these species
fulfilling all of the required criteria of covering a broad diversity of species that are well-
studied, sensitive to testing, and commercially relevant. Recently, a precedent was
established for this approach with the approval of the ingredient taurine for broad
adoption across all of aquaculture with data provided from a subsect of species. (NOAA
Fisheries, 2017; Northwest Fisheries, 2017).

Taxonomically, the proposed model species diverge at levels below the kingdom Animalia,
with 0. mykiss belonging to the phylum Chordata and P. vannamei belonging to the Phylum
Arthropoda. A Google Scholar search of “(Lipo)Penaeus vannamei” reveals approximately
33,600 results and “Oncorhynchus mykiss” returned ~118,000 citations demonstrating a
wealth of accumulated knowledge of these two species. As a comparison, “Bos taurus”
which was domesticated approximately 10,500 years ago, yielded ~145,000 hits.
Salmonids are good indicators for nutrition as they are known to be sensitive to allergenic
materials, as stomach inflammation (gastroenteritis) is also well characterized as an effect
of eating diets containing terrestrial proteins like soy. Shrimp are particularly sensitive to
diseases, including bacterial infections due to the low auto-immune memory generally
afflicting crustaceans. While there are hundreds of species raised for economical gain in
aquaculture, salmonids (i.e. salmon and trout) and crustaceans (i.e. Pacific white shrimp)
represent approximately 40% of the total commercial value for the industry (Tacon, 2002;
Mente et al., 2006; Glencross et al., 2007; Gjedrem et al, 2012; Ababouch et al., 2016).

Additionally, rainbow trout are an acceptable model for finfish for the following reasons:

¢ Production is conducted responsibly, in highly monitored laboratory settings, in
compliance with the Institutional Animal Care and Use Committee (IACUC).

e The rainbow trout is a hardy fish that readily spawns, is fast growing, and is tolerant
to a range of environments.

o Trout can withstand temperature variation (0-27 °C), but spawning and
growth occurs in a narrower range (9-14 °C), with the optimum below 21 °C.

o The animal’s sensitivity to temperature and food availability has been shown
to influence growth and maturation, making it a good indicator species.

e The versatility of the trout’s lifestyle reflects its metabolic flexibility. It is capable of
occupying habitats ranging from an anadromous life history (living in the ocean but
spawning in gravel-bottomed, fast-flowing, well-oxygenated rivers and streams) to
permanently inhabiting lakes.

e Large fry can be easily weaned on to an artificial diet, making this a practical system
for nutrition studies.
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¢ Females are able to produce up to 2,000 eggs/kg of body weight, and through the
use of selective breeding and photoperiod adjustment hatchery strains have
developed that can mature earlier and spawn all year round.

Pacific white shrimp are an important model for crustaceans:

e Production is conducted responsibly, in highly monitored laboratory settings, in
compliance with the Institutional Animal Care and Use Committee (IACUC).

« Broodstock of P. vannamei can be collected naturally, harvested from ponds, or
purchased from tank-reared SPF/SPR broodstock from the United States of America
representing a diverse genetic pool.

» The life cycle and rearing of Pacific white shrimp is well understood. Nauplii, the
juvenile stage of can be harvested by light attraction, disinfected and transferred
directly to larval rearing tanks.

» P.vannamei is very efficient at utilizing Biofloc in ponds or consuming formulated
feeds representing a diverse, omnivorous diet. Under intensive culture conditions,
lower protein content feeds are used representing a greater range of diet
formulations. For example, lower cost, less-processed terrestrial proteins like soy
can be incorporated.

» The major disease problems suffered by P. vannamei include viruses and bacteria
entering the ponds and other systems. P. vannamei have little to no immune-
memory so the effect of nutrition against invasive microorganisms or viruses is
more pronounced than in other animal systems.

« Super-intensive cultivation strategies (i.e. indoor raceway systems enclosed in
greenhouses) are biosecure, eco-friendly, have a small ecological footprint and can
produce cost-efficient, quality shrimp.

For these reasons, KnipBio believes that the data and information presented in this dossier,
while primarily limited to rainbow trout, Pacific white shrimp and Atlantic salmon is
sufficient to support the finding that the notified substance is Generally Recognized as Safe
for use in any aquaculture feed, when incorporated at 10% or less of the feed.

2) Methylobacterium extorquens.
a) Natural history, biology

The notified substance is a Single Cell Protein preparation derived from Methylobacterium
extorquens. Bacteria of the Methylobacterium genus are facultative methylotrophs: they
have the ability to grow by reducing carbon compounds with one or more carbon atoms
but not by reducing carbon-carbon bonds (Chistoserdova et al, 2003). These species are
generally non-motile, rod-shaped, obligately aerobic, and often have a distinctive pink
pigmentation. Bacteria of the Methylobacterium genus can utilize methanol from various
natural sources, including that emitted by the stomata of plants (Abanda-Nkpwatt et al.,
2006). Some Methylobacterium strains are suggested to be part of the natural human food
flora and others have even been suggested to add to the flavor of strawberries
(MicrobeWiki, no date). This bacterium can be found mostly in soils, on leaves, and in other
parts of plants and (Lidstrom and Chistoserdova, 2002)
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Pathogenicity

A Google Scholar search “Methylobacterium extorquens pathogenicity” on September 12,
2017 yielded 1460 hits, most of which related to plant pathogenicity. When the word plant
was removed from the search, ~ 393 hits are generated (See Appendix 6-1). Most of the
papers are not directly relevant to M. extorquens pathogenicity, for several reasons. First, in
many cases, it is clear from the titles of these papers that they are reports that organisms of
entirely different genera and species are pathogens or have pathogenic properties, and
when species of Methylobacterium were mentioned, it was only peripherally. Sometimes
Methylobacterium species have been cited merely because certain genes in the alleged
pathogenic species had homology to certain Methylobacterium genes. In some cases where
the title points to a different microbial species, it is not at all clear what reference there
may be for Methylobacterium. There are other papers where the term “pathogen” appears
to have been used in a completely different context, such as discussions of factors affecting
the growth of environmental pathogens. Further, as discussed below, there were papers
which pertained to species of Methylobacterium other than M. extorquens, although some of
these are discussed below. We discuss those articles deemed to be relevant as follows.

We first note that several of the papers uncovered in the literature search report that
different Methylobacterium species may be opportunistic pathogens that can cause illness
in immunocompromised individuals. Methylobacterium species have also been isolated
from various medical-related sources such as catheters, endoscopes and hospital water
supplies, but with little or no evidence that any of the isolates are pathogenic. (Truant et al,
1998) said that, as of its 1998 publication date, “to our knowledge, only 21 cases of human
methylobacterium infection have been reported in the world's literature (emphasis
added),” a figure which was updated two years later to 29 cases in (Sanders et al., 2000). A
more recent review (Kovaleva et al, 2014) reports that Methylobacterium species have
been reported as sources of health care-associated infections, including infections in
immunocompromised hosts (see references cited in this paper).

In many of the papers identified in the literature search, the authors identified the isolated
microorganism simply as a species of Methylobacterium without assigning a definitive
species identification (Sanders et al, 2000; Furuhata et al., 2006; Kelley et al., 2004; Truant
et al, 1998))t. Other papers, particularly ones from the 1990s or earlier, assigned species
identifications that are now known not to be correct, or which KnipBio believes are
erroneous, based on more up-to-date taxonomic tools such as 16S rRNA sequencing.

We first summarize those papers that have explicitly identified M. extorquens as the strain
implicated in opportunistic pathogenicity. (Hogue et al, 2007) reports that M. extorquens
has been implicated as an opportunistic pathogen (see Table 1 in this paper), but also says
that “The clinical relevance of Methylobacterium species is not always clear due to the
limited information available in many publications. The seemingly low pathogenicity of this
organism, coupled with the fact that it primarily affects immunocompromised persons,
makes the determination of clinical relevance difficult”. Another paper (Kaye et al,, 1992)
reports that M. extorquens was found to be the source of a catheter-borne infection, but we

t Note that the Truant et al. paper is identified as “Tmant” et al. on page 4 of the literature search in
Appendix 6-1.
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BioProtein, and was approved for feed use in fish and certain terrestrial animals by the EU
in 1995. It was later the subject of additional safety reviews when approvals were sought
for expanded use in other terrestrial animal species. Analysis by the EU in 2005 expressed
some concerns over the use of the product in terrestrial animals, some of which were
attributed to the presence of microorganisms other than M. capsulatus (EFSA, 2005).
Analysis by the Norwegian Scientific Committee for Food Safety in 2006 concluded that “an
inclusion level of [BioProtein] of 6% in the diets to terrestrial target animals and a 10%
maximum inclusion level in salmon feed (both for fresh- and seawater stages) would
reduce the risk of potentially adverse effects in the animals. The risk associated with the
human consumption of products from animals fed on [BioProtein] is considered negligible”
(Norwegian Scientific Committee for Food Safety, 2006). The 1995 EU approval remains in
effect and the product remains on the market under its new trademark.

b) Composition

The notified substance is a Single Cell Protein preparation that provides an excellent source
of protein for the target fish species, and in particular includes concentrations of specific
amino acids comparable to other sources of protein. Detailed information on the
composition of the notified substance is provided above in Part 2 and in Appendix 2-8 of
this Notice. Also presented in Part 2 are comparisons of the composition of the notified
substance with that of other sources of protein provided by fishmeal or soybean meal,
showing that the notified substance is a comparable source of protein as compared to
soybean meal and some fishmeal (i.e. tuna or local mixed species), although it is not as
good a source of fat or fiber as those other meals.

As summarized in Appendix 2-8, the notified substance is also expected to contain certain
low concentrations of metals. Table 6-3 below shows the expected concentrations of these
metals in the notified substance, derived from the analyses reported in Appendix 2-8.
Because the notified substance will make up no greater than 10% of the overall diet of the
targeted species, the maximum concentrations of these metals to which the target species
will be exposed would be ten-fold lower than the figures shown in the first column of the
Table. The Table also shows reported literature values for the daily requirements for
shrimp, trout and salmon for certain of these metals (where such data are available in the
literature). It can be seen that the expected exposure of these three species to these metals
in feed containing the notified substance would fall within the species’ dietary
requirements for that metal, making it highly unlikely that the metals present in the
notified substance would have any deleterious effect on the target species.

As discussed in Part 2 above, the notified substance, although produced from live
microorganisms, is not expected to contain any appreciable levels of live cells. KnipBio has
found that the initial step of spray-drying the cell biomass resulting from fermentation
results in approximately a 4-log reduction of viable cell numbers, and the company expects
that the final step of extruding the spray-dried material into feed pellets at high
temperatures will result in significant additional reduction in viable cell counts.
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fermentation conditions. KnipBio believes that the expected levels of PHBs in the notified
substance will be well below the levels that might be expected to be harmful to the target
species, and furthermore there is evidence in the literature that PHBs may have beneficial
effects in animal diets.

Polyhydroxybutyrates are ubiquitous compounds, naturally produced by a broad range of
microorganisms (Anderson and Dawes, 1990; Hempel et al., 2011; Khanna and Srivastava,
2005; Lee, 1996; Lu et al., 2009; Lundgren et al., 1965) and used by such bacteria as an
intracellular carbon and energy storage compound (Khanna and Srivastava, 2005). PHBs
have been found by several investigators to be produced in M. extorquens, at
concentrations ranging from 25-33%, depending on growth conditions (Bourque et al.,
1992), (Hofer et al, 2011a,b), (Hofer et al, 2010). PHBs have been found to be synthesized
by numerous other bacterial species, including Ralstonia eutropha, Alcaligenes eutrophus,
Alcaligenes latus, Azotobacter vinelandii, and Bacillus megaterium (Hempel et al., 2011),
(Lee, 1996). It has been hypothesized that microorganisms respond to feast-famine cycles
by accumulating storage polymers such as PHBs when food sources are present, but then
using them for growth when the external food source is depleted (van Loosdrecht et al,
1997).

There is a considerable body of literature attesting to the presence of PHBs in animal diets,
as summarized in Table 6-4 below. No deleterious effects were seen from the presence of
these compounds in animal feed, and in some cases positive effects were noted. For
example, reports in the literature mention that PHA/PHB polymers can be degraded into 3-
hydroxy-short chain fatty acids (see references in the Table 6-4 and discussion below).
(Defoirdt et al., 2007) and (Halet et al., 2007) used that observation to show that PHB-
containing bacteria could offer protection from pathogenic Vibrio campbellii. Numerous
other publications in the literature report seeing positive effects of PHBs in animal diets
(Boon et al,, 2013; Defoirdt et al,, 2009; De Schryver et al., 2010; Ludevese-Pascual et al.,
2017; Situmorang et al., 2016), with several noting antimicrobial effects of PHBs and one
publication (Suguna et al,, 2014) suggesting that PHBs could stimulate both specific and
nonspecific immune mechanisms. Poly-B-hydroxybutyrate is also produced by some lactic
acid bacteria that are used as probiotics (Aslim et al, 1998; Yiiksekda et al., 2003; Yilmaz et
al, 2005).

A 2013 review (Kunasundari et al,, 2013) summarized previous studies as follows:

It is evident from previous studies that PHAs are not toxic and have been used in animal
feed (Waslien and Calloway, 1969; Forni et al., 19993, b; Peoples et al., 2001; Forni et al.,
1999). The C. necator H16 cells containing PHB was found to be tolerated by animals. These
studies also reported the poor digestibility of PHAs by monogastric animals.

Table 6-4 summarizes numerous studies in the literature, including those cited above, in
which aquatic animals were fed diets that included PHBs as one component, and sums up
the findings and outcomes of these studies. No significant adverse effects were seen in any
of those studies, and some showed beneficial effects on parameters such as growth rate.
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There is significant reason to expect that PHB-producing bacteria are naturally found in
fish guts, largely because production of PHBs by bacteria is so ubiquitous across many
genera and species. A wide variety of bacteria and fungi have the ability to degrade
extracellular PHB as they are able to secrete extracellular PHB depolymerase enzymes
(Jendrossek and Handrick, 2002). (Defoirdt et al., 2009) indicate that PHB particles are
partially degraded in the gut of brine shrimps nauplii. (Liu et al, 2010) isolated PHB-
degrading bacteria from the gastrointestinal environment of a few aquatic animals
(sturgeon, European sea bass, prawns). Any PHBs found in the feed would be expected to
be degraded by such bacteria, therefore making it very unlikely that human consumers
would be exposed to any significant levels of PHBs. Studies by De Schryver et al., (2010)
suggest that PHB (used at 5% w/w in a diet) is degraded during the gastrointestinal
passage of juvenile sea bass. This group showed that, during a 6-week trial period, the
dietary PHB acted as an energy source for the fish, likely indicating that PHB was degraded
and used during gastrointestinal passage. In addition, the group observed that gut pH
decreased from 7.7 to 7.2, suggesting that the presence of PHB in the gut led to the
increased production of (short-chain fatty) acids. In addition, (Defoirdt et al., 2007)
provided evidence to show that PHB particles were at least partially degraded in the
intestines of nauplii of the brine shrimp Artemia fransiscana. (Najdegerami et al., 2012)
reported results in Siberian sturgeon that were also consistent with PHB degradation in the
fish gut. Apart from microbial degradation, PHB has also been shown to be degraded in
animal tissues such as rats or rabbits (Freier et al, 2002), (Qu et al., 2006) .

In addition, as noted above, at the level of inclusion in aquaculture feed that KnipBio
intends (up to 10% w/w in the total diet) the maximum level of PHB would be
approximately 1-2.5%. The literature cited and discussed above indicates that such levels
would not be expected to have an effect of the health of the fish, and since any PHBs in the
notified substance would be expected to be degraded in the fish gut, there would be no
adverse effects on the health of humans consuming fish which have fed on the notified
substance.

Finally, we note that PHB produced by fermentation with Ralstonia eutropha has recently
been approved for use in animal feed by the European Union. In the recently published
Commission Regulation (EU) 2017/1017 of 15 June 2017 (European Union, 2017), the EU
announced that it authorized the use of the following ingredient in animal feed:

Product containing 3-hydroxybutyrate and 3-hydroxyvalerate, produced via fermentation
with Ralstonia eutropha, and non-viable bacterial protein meal remaining from the
producing bacteria and fermentation broth.

(Table 6-4 begins on the next page. The rest of this page has been left blank).
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Table 6-4. Literature Reports of the Presence of Polyhydroxybutyrates in

Fish Diets.
Species Age/size | %PHB PHB origin Trial Challenge Outcome Reference
length
Shrimp PL1-PL30 | 3.4-4.1 Bacillus spp. | 30days Vibrio No effect on body Laranja et al. (2014)
Penaeus campbellii weight or body Veterinary Microbiol.
monaden length 173:310-317
Shrimp PL5 55%in Bacillus spp. | 16 days Vibrio Improvement of Laranja et al. (2017)
Penaeus Bacillus campbellii immune response Fish & Shellfish
monodon sp. Immunology 68:202-
210
European sea 1 month 2-10 Chemical 6 weeks none Slight decrease in De Schryver et al
bass old body weight at (2010) Appl.
Dicentrarchus juvenile 10% Microbiol.
labrax Biotechnol. 86: 1535-
1541
Siberian sturgeon | 17gm 2-5 Chemical 10 weeks none No significant Najdegerami et al.
Acipenser baerii effect on growth or | (2012) FEMS
FCR Microbiol Ecol 79:25—
33
Rainbow trout ~110 mg 0.5-2 Chemical 6 weeks none No significant Najdegerami et al.
Oncorhynchus effect on body - {2015) Aguaculture
mykiss weight, protein Nutrition
content, or lipid
content of the fish
Rainbow trout ~13gm 1 Chemical 12 weeks none No significant Rodriguez-Estrada et
Oncorhynchus effect on body al. (2009)
mykiss welght Aquaculture 5ci. 57
{4):609 - 617
Nile Tilapia ~27mg 0.5-5 Chemical 28 days No significant Situmorang et al.
Oreochromis effect on body (2016) Veterinary
niloticus weight Microbiol. 182: 44-49
larvae Edwardsellia | 20% increase Situmorang et al.
ictaluri survival (2016) Veterinary
Microbiol. 182: 44-49
?ﬁnese mitten larval 0.01? rotifers Vibrio Increase in survival | Suiet al. (2012)
crab stage 1 anguillarum rate Journal of Fish
Eriocheir sinensis Diseases 35:359-364
Giant freshwater larval 05 Artemia none increase in survival | Nhan et al. (2010)
prawn stage 1 nauplii + rate of larvae Aquaculture 302:76—
Macrobrachium PHB 81
rosenbergii
Mossambique 25gm 1-5 Bacillus 28 days Aeromonas increase survival Suguna et al. (2014)
Tilapia thuringiensis hydrophila rate proportional Fish & Shellfish
Oreochromis to PHB% Immunology 36: 90-
mossambicus 97
Siberian sturgeon 5 Liu et al. {2010) FEMS

Acipenser baerii

Microbiol Ecol
74:196-204
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European sea 10 Liu et al. {2010) FEMS
bass Microbiol Ecol
Dicentrarchus 74:196-204
labrax
giant river prawn 0.5 Liu et al. (2010) FEMS
Macrobrachium Microbiol Ecol 74:196~
rosenbergii 204
Brine shrimp nauplii 48h Vibrio Liu et al. (2010) FEMS
Artemia campbellii Microbiol Ecol 74:196-
franciscana 204
Brine shrimp nauplii 0.01-0.1 48h Vibrio increased survival Baruah et al. (2015)
Artemia campbellii rate SCIENTIFIC REPORTS | 5:
franciscana 9427
Brine shrimp nauplii 1-27 48h Vibrio PHB decreases Van Cam (2009)
Artemia harveyi colonization by Agquaculture 291:23-30
franciscana Vibrio
Brine shrimp 0.01-0.1 48h Vibrio Increase survival Defoirdt et al. (2007)
Artemia campbellii Environm. Microbiol.
franciscana 9(2): 445-452
Pacific white ~4 gm 2 6 weeks Slightly higher Corréa da Silva et al.
shrimp survival and {2016) J. World
Litopenaeus productivity and Aguaculture Society
vannamei lower total
: bacterial count in

the intestine.

Growth paramaters

no different from

the control
Brine shrimps nauplii 0.001- B. casei 48h Vibrio Kiran et al. (2016) npj
Artemia 0.02 MSI04 Biofilms and
franciscana Microbiomes 2
Pacific white ~5gm 1-5 35 days No effect on Duan et al, (2017) Fish &
shrimp growth, FCR, Shelifish Immunology
Litopenaeus weight gain 60: 520e528
vannamei
Pacific white 2 PHB could improve | Correa da Silva et al.
shrimp the digestive (2016} J. World
Litopenaeus capacity of the Aquaculture Society
vannamei shrimps
Blue mussel larvae 0.1-10 14-18 Improved survival Van Hung et al. (2015)
Mytilus edulis mg/L days Aquaculture 446; 318-

324

Brine shrimp nauplii 32% VSS 48h | Vibrio Improved survival Halet et al. (2007) FEMS
Artemia campbellii Microbiol. Ecol. 60: 363-
franciscana 369
Giant Tiger prawn | post- artemia 15 days Vibrio Improved survival Ludevese-Pascual (2017)
Penaeus larvae +PHB campbellii Aquaculture
monodan Nutrition 23: 422-429
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ii) Other Potential Contaminants

As described above, no other contaminants are expected to be found in the notified
substance. Although it is possible that certain strains of M. extorquens are able to produce
spirilloxanthin, the strain KB203 used by KnipBio does not produce this compound.
Moreover, data are presented above to show that the genetic manipulation of the parental
strain has not affected the spectrum of carotenoids KB203 produces. M. extorquens is a
natural producer of the C30 class of carotenoids, but these compounds, when ingested by
aquatic animals, do not impart color to the flesh (Takaichi, 2009; Torrissen et al.,1989;
Konovalova et al.,, 2007; Delgado-Vargas et al., 2000). As shown above, the production of
C30 carotenoids by the KB203 production strain is the same as production by the KB200
parent strain, and in both strains, total C30 carotenoid concentrations are no greater than
60 ppm.

As discussed above, the concentrations of methanol and formaldehyde, which might arise
in the notified substance due to its method of manufacture, are expected to be no more
than 0.05% (500 ppm) and 0.0025% (25 ppm) respectively. Both substances are therefore
expected to be present at levels below the maximum allowed under applicable regulations:
21 CFR 573.460 for formaldehyde and 21 CFR Part 573.637 for methano], as discussed in
Section 3(a)(3) above.

d) Corroborative Target Animal studies

The notified substance has utility in the use as a protein supplement for aquaculture.
KnipBio has carried out a number of studies in which the notified substance was fed to fish
of several different species. These studies have shown the utility of the notified substance
as a source for protein in the fish diet, and have also demonstrated that no adverse effects
arose from the inclusion of the notified substance in the diet.

(Tlusty et al., 2017) describes several animal feeding studies conducted by KnipBio using
the notified substance, including feeding studies on Pacific white shrimp (Litopenaeus
vannamei) growth and consumer taste preference, a study for which FDA has reviewed the
protocol. KnipBio has also conducted a 12-week feeding study on trout (Oncorhynchus
mykiss), for which FDA also reviewed the protocol. In each of these studies, animals
performed equivalently when fed diets containing M. extorquens as when fed a standard
aquaculture diet.

The results reported in (Tlusty et al., 2017) demonstrate the potential broad applicability
of Methylobacterium extorquens protein as a viable protein source for use in aquafeeds.
When fed to fishes it resulted in equivalent performance in growth for grunts, and apparent
digestibility coefficient for salmon as trials using traditionally formulated diets containing
fishmeal. The salmon demonstrated higher digestibility for amino acids in the diets
containing the notified substance. The Hardy et al. manuscript submitted to Aquaculture
Research, included in Appendix 2-11, shows that the notified substance, when fed to trout,
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resulted in equivalent performance for growth, feed utilization and nutrient retention, as
compared to traditionally formulated diets containing fishmeal.

Table 2-8 in Part 2 and Appendix 2-11 summarized the results of these studies as well as
other unpublished studies that KnipBio has conducted or sponsored in which fish were fed
the notified substance (in some cases, early formulations of the notified substance). These
studies all show that the notified substance caused no harmful effects on the fish. Full
study records for these studies, particularly including the studies published in Tlusty et al.,
are available at the KnipBio offices should FDA be interested in reviewing them.

6) Summary of Safety Argument; Assertion of GRAS Status

KnipBio asserts that the generally available data and information that establish safety in
accordance as discussed above provide a basis for our conclusion that the notified
substance is generally recognized, among qualified experts, to be safe under the conditions
of its intended use for both the target animal and for humans consuming human food
derived from food producing animals.

a) Safety to target animals

The notified substance is based on a naturally-occurring microorganism, Methylobacterium
extorquens, classified as Biosafety Level 1, that has never been reported to have pathogenic,
toxic, or other hazardous properties (as confirmed in the company’s literature searches),
although strains of this species and other Methylobacterium species have been isolated
from healthcare-associated infections in immunocompromised hosts. The starting wild
type strain has been subjected to genetic manipulation only to remove two biosynthetic
pathways, and since no heterologous, foreign or synthetic coding DNA has been introduced
into the strain, the manipulation has not introduced any new biochemical functions into the
strain.

The notified substance will be manufactured commercially using a well-understood, well-
characterized growth medium, using standard fermentation procedures. AAFCO approved
and/or food-grade materials of suitable purity will be used for all components of the
growth media for all fermentations, and Good Manufacturing Practice and suitable
Standard Operating Procedures will be used at all stages of manufacture.

The notified substance will have a well-characterized composition that will provide an
excellent source of protein for the target species. The product will contain no impurities
that might cause harm to the target species. The only impurity that is expected to be
present in the notified substance would be certain levels of polyhydroxybutyrates, but
since the notified substance will be added to aquafeed diets at a maximum of 10% by
weight, the levels of PHBs to which the target species would be exposed would likely be no
greater than 1-2.5% by weight in the total diet. Data from the literature summarized in this
Notice indicate that the presence of PHBs in fish diets do not cause any adverse or negative
effects and in fact may offer some benefits to the fish, such as enhanced growth rates.
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Finally, the feeding studies conducted by KnipBio, including the published studies (Tlusty
et al, 2017), indicate that the product can be safely ingested by the target species with no
adverse effects.

b) Safety to humans

KnipBio also believes that there will not be any adverse effects on the health of humans
who consume aquaculture product that have been fed the notified substance, because there
will be no exposure of humans to any deleterious substance. As described above, the
notified substance itself is safe for ingestion by the target species and is unlikely to have
any harmful component. The notified substance will largely consist of protein and amino
acids, which when ingested by the target species will be metabolized and incorporated into
proteins and other molecules within the fish gut. All components of the notified substance
will be digested in the gut of the target species like normal feed ingredients. The entire
product will therefore be metabolized by the aquatic animal like normal ingredients, and
we do not anticipate any safety issue for human consumption. As discussed above, although
the notified substance is expected to contain levels of PHBs no greater than 25%, such
levels will be diluted at least tenfold in the fish diet. Further there is strong evidence, as
discussed above, that microorganisms capable of degrading PHBs into short chain fatty
acids can be found in the gut of many fish species., and so it is expected that there will be no
residual concentrations of PHBs in the tissue of fish to which the notified substance has
been fed, thus posing no health risk to humans who consume such fish.

Finally, KnipBio has conducted taste-testing with the Food Innovation Center (Oregon
State) in which human subjects ingested small amounts of fish that had been fed
preparations made from KnipBio’s M. extorquens strain, and although those studies were
not designed to test safety per se, there were no adverse effects noted in any individuals
taking part in that study (Kampachi Sashimi Consumer Test, 2017).

For these reasons, KnipBio maintains that the notified substance is Generally Recognized as
Safe for use in aquaculture feed, when used as an additive of up to 10% by weight in animal
feed.

7) Discussion of (any) data inconsistent with GRAS determination

KnipBio has disclosed all safety data of which it is aware and have found none that is
inconsistent with the GRAS determination.

8) Identification, justification for claims of confidentiality

All the data in this dossier are nonconfidential and are available to the public, except for
specific information which constitutes trade secrets of KnipBio, Inc., and which the
company claims as confidential in accordance with 21 CFR Part 171.1(h)(1). The two
categories of information that are claimed as confidential trade secrets are (a) information
regarding the manufacturing process for the notified substance; and (b) specific Standard
Operating Procedures developed and maintained by KnipBio, which are used in laboratory
and fermentation processes in the manufacture of the notified substance, or for quality
control in manufacture of the notified substance. Public disclosure of information in each of
these categories would result in substantial harm to KnipBio and its business, by providing
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the company’s competitors a significant advantage in allowing them to recreate the
company’s proprietary processes.

In addition, KnipBio has claimed as confidential the results of one fish feeding study
described in Appendix 2-11, because this study has not been published in the scientific
literature. KnipBio has not relied on this study in its substantiation of GRAS status but it
has been cited herein as corroborative evidence. The claim of confidentiality arises from
traditional courtesies towards KnipBio’s academic collaborator maintaining confidentiality
of studies before they are published in the scientific literature.

KnipBio, Inc. maintains internal procedures and practices to maintain the confidentiality of
its trade secrets and other information. Documents containing confidential or trade secret
information are marked as Confidential. Disclosure of such information within the
Company is on a need-to-know basis and all Company employees have signed employment
contracts that include strict confidentiality provisions, including a prohibition on
unauthorized disclosure of information such as the confidential or trade secret
information. Any individual or company outside of the Company who needs to know the
confidential or trade secret information in the course of their business with the Company
must, before receiving any such information, sign a written nondisclosure agreement to
hold the information confidential and proprietary to the Company. KnipBio can provide
further information to FDA CVM regarding its procedures and policies for maintaining the
confidentiality of its trade secret information.
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Part 7: List of supporting data and information in this GRAS notice.
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Spirilloxanthin production by PA1 and related strains
1. Purpose

Identify location of spirilloxanthin peak in tunable UV and MS spectra in strain extracts. Compare
spirilloxanthin production of strains with and without intact crtCDF genes (for biosynthesis of
spirilloxanthin from lycopene) and with and without the intact ppsR gene (which downregulates C40
biosynthetic genes in relevant growth conditions).

Strain Selection and Rationale
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(b) (4)

1ISO 9001
Certified Worldwide

July 13, 2018

(b) (4)

SUBJECT: FDA 21 CFR AND CVM COMPLIANCE - )

To whom it may concern,

This product complies with the United State Food and Drug Administration’s Code of Federal
Regulations Title 21-Part 173.340, Secondary Direct Food Additives Permitted in Food for
Human Consumption when used as a defoaming agent and its ingredients are listed under
§173.340(a)(3). This product’s use as a defoamer in wet milling of corn carries no usage
limitation imposed by the regulation other than current good manufacturing practices (cGMPs)
and usage is in an amount not in excess of that reasonably required to inhibit foaming.

The Center for Veterinary Medicine has used regulatory discretion and not taken action
against the use of substances approved for use in human food as antifoaming or defoaming
agents in animal feeds (21 CFR Part 173.340) when used according to the existing
regulations.

We hope this information is useful to you. If you should have any further questions please feel
free to contact us. Our corporate office number is

Sincerely,
(b) (4)

Regulatory Assistant

(b) (4)



(b) (4)

1ISO 9001
Certified Worldwide

July 13, 2018

(b) (4)

Subject: Ingredient Composition —® )
To Whom It May Concern:

The composition of (b) (4) (b) (4) is as follows as noted on the label:

INGREDIENT LIST:
“Polyglycol”
[alpha]-Hydro-omega-hydroxy-poly

(oxyethylene)/poly(oxypropylene)/ poly(oxyethylene) block
copolymer

We hope this information is useful to you. If you should have any further questions please feel
free to contact us. Our corporate office number is(®) (4)

Regards,
(b) (4)

Regulatory Assistant

(b) (4)
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{é DEPARTMENT OF HEALTH & HUMAN SERVICES Public Health Service

Food and Drug Administration
Washington DC 20204

September 11, 2003

Mr. Gary Yingling

Kirkpatrick & Lockhart LLP

1800 Massachusetts Avenue, NW

Second Floor |
Washington, DC 20036-1221 ‘

Dear Mr. Yingling:

You requested, on behalf of the Enzyme Technical Association, that OFAS review the use of
certain defoaming and flocculating agents in the manufacture of enzyme preparations used in
food. You provided information related to these compounds in your letters of December 20.
1996 (to Dr. Alan Rulis), 4-24-1998 (to Dr. Zofia Olempska-Beer), and 11-30-99 (to Dr. Zofia
Olempska-Beer). You also arranged for a teleconference between ETA members and OFAS
representatives, facilitated telephone contacts with technical experts from ETA member
companies, and responded to numerous requests for clarification. We appreciate your and ETA’s

cooperation.

We reviewed the information on defoaming and flocculating agents that you submitted as well as
the information provided in GRAS affirmation petitions and GRAS notices for enzyme
preparations. The enclosed attachment provides a brief overview of our evaluation and itemizes
the evaluated defoamers (Table 1) and flocculants (Table 2). We conclude that these compounds
are used by enzyme manufacturers in accordance with the principles of good manufacturing
practice (GMP).

Sincerely yours,

Z// M Tk 4,

Laura Y. Tarantino, Ph.D.

Acting Director

Office of Food Additive Safety, HFS-200

Center for Food Safety and Applied Nutrition



Defoaming and Flocculating Agents Used in the Manufacture of Enzyme
Preparations Used in Food

Enzyme Preparations

Most enzymes currently used in food are derived from microorganisms. The manufacturing
process of such enzymes includes three major steps: fermentation, enzyme recovery, and enzyme
formulation. The formulated products are generally referred to as enzyme preparations. In
addition to the enzymes of interest, enzyme preparations contain added substances such as
diluents, preservatives, and stabilizers. They may also contain metabolites derived from the
production microorganism and the residues of substances used in the manufacturing process,
such as components of the fermentation medium or defoaming and flocculating agents used
during fermentation and recovery. When FDA reviews safety data on enzyme preparations, it
considers all components of the preparation.

Defoaming Agents

Defoaming agents (defoamers) are used by enzyme manufacturers to reduce or prevent foaming
during fermentation and recovery. They are formulated with ancillary ingredients such as
surface-active agents or carriers. Defoamers currently used in the manufacture of food enzymes
are listed in Table 1. The Table includes five major defoamers that are identified by a double
asterisk and several compounds that are used either as secondary defoamers or ancillary
ingredients in defoamer formulations.

The major defoamers are added to the fermentation broth at levels within the range of 0.05-1%
on a weight basis. Some of these defoamers, for example, polyoxyethylene-polyoxypropylene
block copolymer, may contain trace levels of ethylene oxide, propylene oxide, and 1,4-dioxane
which are known to cause cancer in laboratory animals. The Office of Food Additive Safety
(OFAS) has evaluated the use of defoamers listed in Table 1 and determined that human
exposure to the residues of these defoamers in enzyme preparations does not present human
safety concern.

Flocculating Agents

Flocculating agents (flocculants) are used in the enzyme recovery step to separate microbial cells
and cell debris from the fermentation broth containing the dissolved enzyme. The flocculation
typically consists of two steps - primary flocculation and secondary flocculation. In the primary
flocculation, inorganic salts (such as calcium chloride or aluminum sulfate) or “low molecular
weight” polymers (such as polyamines) are used to agglomerate the cellular debris. The primary
flocculation is usually followed by the secondary flocculation in which “high molecular weight”
polymers are used to aid the formation of larger agglomerates that are subsequently removed by
centrifugation or filtration. The polymers used as flocculants can be either cationic or anionic.
The cationic polymers are added to the fermentation broth at levels not higher than 1% on a

1



weight basis. The anionic polymers are used at levels at or below 0.025%.

The flocculants used in the manufacture of food enzymes are listed in Table 2. They include
inorganic salts, polyamines, and polyacrylamides. Several of these compounds are regulated in
21 CFR either as food additives or GRAS substances. Certain polyamines may contain traces of
epichlorohydrin and 1,3-dichloro-2-propanol. Polyacrylamides usually contain very low levels of
acrylamide. These contaminants of polyamines and polyacrylamides are known to cause cancer
in laboratory animals. OFAS has evaluated all polymers included in Table 2 and determined that
human exposure to the residues of these flocculants in enzyme preparations does not present
human safety concern.

Sources of Information on Defoamers and Flocculants

OFAS compiled data on defoamers and flocculants listed in Tables 1 and 2 using information
voluntarily submitted by the Enzyme Technical Association. OFAS also relied on the
information provided in GRAS affirmation petitions and GRAS notices for enzyme preparations.
Other sources of information included published articles, computer searches, and Material Safety
Data Sheets issued by manufacturers of defoamers and flocculants.




Table 1. Defoamers Used in the Manufacture of Food Enzymes

Compound CAS Reg. No. Supplemental
Information

Polypropylene glycol** | 25322-69-4 Average MW: 2000
Polyglycerol 78041-14-2
polyethylene-
polypropylene glycol
ether oleate**
Polyoxyethylene- 9003-11-6 Average MW: 2000
polyoxypropylene block
copolymer**
Polypropylene glycol 9003-13-8

monobutyl ether**

Polydimethylsiloxane** | 63148-62-9

68083-18-1
Silica 7631-86-9

63231-67-4
Stearic acid 57-11-4
Sorbitan sesquioleate 8007-43-0

Glycerol monostearate 123-94-4

Polysorbates Polysorbate 60 (CAS
(polyoxyethylene No. 9005-67-8),
sorbitan fatty acid Polysorbate 65 (CAS
esters) No. 9005-71-4), and
polysorbate 80 (CAS

No. 9005-65-6) are
regulated as food
additives and compo-
nents of defoamer

formulations
Rape oil mono- and 93763-31-6
diglycerides
White mineral oil 64742-47-8




Table 2. Flocculants Used in the Manufacture of Food Enzymes

Compound

CAS Reg. No.

Supplemental
Information

Dimethylamine-
epichlorohydrin
copolymer

25988-97-0

Cationic polyamine

Methylamine-
epichlorohydrin
copolymer

31568-35-1

Cationic polyamine

Dimethylamine-

epichlorohydrin-
ethylenediamine
terpolymer

42751-79-1

Cationic polyamine

Polyacrylamide
modified by
condensation with
formaldehyde and
dimethylamine

67953-80-4

Cationic polyacrylamide

Acrylamide-
acryloxyethyl-trimethyl-
ammonium chloride
copolymer

69418-26-4

Cationic polyacrylamide

Acrylamide-acrylic acid
copolymer

25987-30-8
9003-06-9

Anionic polyacrylamide

Aluminum sulfate

10043-01-3

Calcium chloride

10035-04-8
10043-52-4
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Method verification: PHB
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D24

D25

D26

Fig. 3. AphaA, phaB, phaAB mutants had no detectable PHB. The AphaC had PHB 10X higher the
LOQ.

PHB conversion efficiency to crotonate:

The calculated concentration of crotonic acid dilutions matched well the theoretical value (Table
16). The mean difference was 3.9%. Higher amounts of crotonic acid overloaded the column
when concentrations were greater than 50ug/mL. A similar upper limit was seen when
determining the linearity results above. When making the 3mg standard by adding 100uL of the
3mL initial solution to 900uL MilliQ H,0 (100ug/mL) distorted peaks would occur and the
linearity measures r and r? would decrease. This did not occur when diluting the 3mg standard
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Corroborative Data
KnipBio Inc

Pacific white shrimp Litopenaeus vannamei



Note: The details described below are part of a larger study and only the corroborative data to
support the notified substance is shown.

2. Material and Methods

Primary ingredients were analyzed at (P) (4)

(b) (4) ) for proximate and amino acid composition
(Table 4). All experimental diets were produced at the (0) (4) at the
(b) (4)

under the direction of (P) (4) using the standard procedures for the shrimp feeds described

by Qiu and Davis, (2016). Briefly, diets were prepared by mixing the pre-ground dry ingredients
in a food mixer (P) (4) ) for 10—15 minutes. Hot water was then blended into the
mixture to obtain a consistency appropriate for pelleting. Diets were pressure-pelleted using a meat
grinder with a 2.5-mm die. The wet pellets were then placed into a fan-ventilated oven (< 50 °C)
overnight in order to attain a moisture content of less than 10%. Dry pellets were crumbled, packed
in sealed bags, and stored in a freezer until use. The diets were analyzed at (P) (4)
(b) (4) ) for proximate and
amino acid composition at (0) (4) for proximate and mineral
composition (Table 3).
2.2. Growth trial

This trial was conducted at the (P) (4)
(b) (4) Pacific white shrimp post larvae (PL) were obtained from (b)(4)
(b) (4) and nursed in an indoor recirculating system. PLs

were fed a commercial feed (P) (4) using an automatic



feeder for ~1 week, and then switched to crumbled commercial shrimp feed (P) (4)
(b) (4) for ~1- 2 weeks.

For the diet trial, the recirculating system consisted of 24 aquaria (135 L) connected to a
common reservoir, biological filter, bead filter, fluidized biological filter and recirculation pump.
Four replicate groups of shrimps (0.15 g initial mean weight, 10 shrimp / tank) were offered diets
using our standard feeding protocol over 6 weeks. Based on historic results, feed inputs were pre-
programmed assuming the shrimp would double their weight weekly up to one gram then gain 0.8-
1.3 g weekly with a feed conversion ratio (FCR) of 1.8. Daily allowances of feed were adjusted
based on observed feed consumption, weekly counts of the shrimp and mortality. For each tank, a
fixed ration of 0.39 g day™! for the first week, 0.83 g day™! for the second week, 1.66 g day' for the
third week, 2.24 g day! for the fourth week, 2.53 g day™' for the fifth week, and 3.05 g day' for
the last week was also allotted in 4 portions per day.

At the conclusion of each growth trial, shrimp were counted and group-weighted. Mean
final weight, FCR, WG, biomass, and survival were determined (Table 2).

2.3. Water quality monitoring

For all trials, dissolved oxygen (DO), water temperature and salinity were measured twice

daily by using a EZ; 650 multi-parameter instrument ((2) (4) ). Hydrogen
potential (pH) was measured twice weekly by using a waterproof (P) (4) (b) (4)
(b) (4) Total ammonia-nitrogen (TAN) and nitrite were evaluated every week by

using the methods described by Sororzano (1969) and Spotte (1979).
2.4. Statistical analysis
All the data were analyzed using EZ; (b) (4) ). Data from

three growth trials were analyzed using one-way ANOVA to determine significant differences



(P<0.05) among treatments followed by the Tukey’s multiple comparison test to determine
difference between treatments in each trial. The pooled standard errors were used across growth
trials, as the variance of each treatment is the same. Arcsine square root transformation was used
prior to analysis for the proportion data. False discover rate (FDR) controlling procedures were
used to adjust the P-value to control the FDR for data from nutrient contents of whole body and
amino acid retention. Data from digestibility trial were analyzed using non-parametric (kruskal-
wallis) one-way ANOVA to determine significant differences (P<0.05) among treatments
followed by the Tukey’s multiple comparison test to determine differences between treatments.
3. Results
3.1. Water quality

In this study, temperature, salinity, pH, TAN, and nitrite were maintained at 6.96 + 0.31
mg L1, 28.1 £ 0.3 °C, 8.2 + 0.6 ppt, 7.0 + 0.3, 0.05 + 0.04 mg L', and 0.12 + 0.12 mg L,
respectively. Water quality conditions was considered suitable for normal growth and survival of
this species.
3.2. Growth trials

The final biomass of the shrimp was significantly reduced when 26.6% KBM was added
in the diet compared to the diet without KBM supplementation. KBM compared to the treatment
supplemented with 0, 6% and 13.3% saw statistically equivalent growth, FCR and no significant
difference was detected in survival (90 to 100%) across treatments.
4. Discussion & Conclusion

The findings indicated that no significant differences were observed in terms of growth

performance and FCR when the diets supplemented with KBM up to 13.3% under the conditions



of the present study. However, negative effects on growth response, FCR, and protein as well as

amino acids retention efficiency were observed for shrimp grown on diets containing 26.6% KBM.






Table 2 Performance of juvenile shrimp L. vannamei (Initial weight 0.15g) offered diets

formulated to partially replace soybean meal on a digestible protein basis for six weeks.

Dict KBM levels Final Final mean WG? (%) FCR®  Survival (%)
(%) biomass (g) weight (g)
D 0 42.68° 4.742 3160.39* 1.72¢ 90.0
D» 6 43.15% 4.30% 2813.38® 1.90% 100.0
Ds; 13.3 45.38® 4.542 2732.16% 1.73¢ 100.0
D4 26.6 35.05° 3.60¢ 2304.94¢ 2.26 97.5
PSE! 1.1420 0.0710 57.1783 0.0338 1.9084
P-value 0.0406 0.0002 0.0008 0.0001 0.3194

' PSE: Pooled standard error.
2 FCR: Feed conversion ratio = Feed offered / (Final weight - Initial weight).

3 WG: Weight gain = (Final weight - Initial weight) / Initial weight x 100%.
Values within a column with different superscripts are significantly different based on Tukey’s

multiple range test.



Table 3 Proximate composition! (% as is) and mineral composition' (g kg!: phosphorus, sulfur,

potassium, magnesium, calcium, sodium; mg kg': iron, manganese, copper, zinc) of the test diets

used.
Composition' D, D, D; D4
Crude protein 35.7 33.7 38.4 41.1
Moisture 8.7 11.71 8.39 10.46
Crude fat 6.71 7.57 8.2 7.26
Crude fiber 3.1 2.47 7.1 8.3
Ash 7.08 6.67 7.08 6.56
Sulfur 0.40 0.36 0.44 0.43
Phosphorus 1.36 1.36 1.29 1.37
Potassium 1.33 1.16 1.23 1.11
Magnesium 0.18 0.16 0.19 0.17
Calcium 1.31 1.27 1.37 1.37
Sodium 0.10 0.11 0.14 0.16
Iron (ppm) 149 127 166 161
Manganese (ppm) 40.1 38.1 67.8 69.4
Copper (ppm) 16.8 15.9 16.9 15.8
Zinc (ppm) 183 168 213 177

! Diets were analyzed at (0) (4)






Appendix: Raw Data

Exp1634
System:d STOCK: | 9/14/2016
6 weeks
Initial 9/14/2016 | Terminate | 10/26/2016
TK Diet # shrimp Biomass | Mean wt # shrimp Biomass Mean survival | WG WG% FCR
code wt
1 D1 10 1.5 0.15 9 39.3 4.4 90.0 4.2 2811.1 | 1.87
3 D4 10 1.6 0.16 10 34.7 3.5 100.0 3.3 2068.8 | 2.34
10 D3 10 1.65 0.17 10 46 4.6 100.0 4.4 26879 | 1.71
12 D2 10 1.48 0.15 8 32.2 4.0 80.0 3.9 2619.6 | 2.10
13 D2 10 1.45 0.15 11 49.7 4.5 110.0 4.4 3016.0 | 1.77
15 D1 10 1.43 0.14 9 44.6 5.0 90.0 4.8 3365.4 | 1.63
16 D4 10 1.53 0.15 9 34.9 3.9 90.0 3.7 24345 | 2.13
19 D4 10 1.38 0.14 10 36.2 3.6 100.0 3.5 2523.2 | 2.23
23 D3 10 1.5 0.15 10 46.1 4.6 100.0 4.5 2973.3 | 1.70
24 D1 10 14 0.14 9 40.1 4.5 90.0 4.3 3082.5 | 1.82
25 D1 10 1.49 0.15 9 46.7 5.2 90.0 5.0 3382.5 | 1.57
27 D4 10 1.5 0.15 10 34.4 3.4 100.0 3.3 2193.3 | 2.35
30 D2 10 1.58 0.16 10 43.6 4.4 100.0 4.2 2659.5 | 1.87
32 D3 10 1.63 0.16 10 43.3 4.3 100.0 4.2 2556.4 | 1.82
34 D3 10 1.64 0.16 10 46.1 4.6 100.0 4.4 27110 | 1.71
35 D2 10 14 0.14 11 47.1 4.3 110.0 4.1 2958.4 | 1.87
Summary
Diet code # Biomass Mean # shrimp Biomass Mean wt survival | WG WG% FCR
shrimp wt
D1 10 1.46 0.15 9 42.68 4.74 90.0 4.60 3160.39 | 1.72
D2 10 1.48 0.15 10 43.15 4.30 100.00 | 4.15 2813.38 | 1.90
D6 10 1.61 0.16 10 45.38 4.54 100.00 | 4.38 2732.16 | 1.73
D9 10 1.50 0.15 9.75 35.05 3.60 97.50 3.45 2304.94 | 2.26




Feed consumption

Tank 1 3 10 12 13 15 16 18 19 23 24 25 27 30 32 34 35
We FC Dat Predic # 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
ek R e t shri
Growt mp
h
We 1. 9/1 0.15 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
ek1 8 4 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
9/1 2 0.38 0.38 0.38 038 038 0.38 038 0.38 038 038 0.38 038 038 038 038 0.38 038
£} 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
9/1 3 041 0.42 041 0.42 0.42 041 0.42 041 0.42 041 041 041 0.42 0.42 041 041 0.42
6 £} 1 1 6 6 £} 1 6 1 1 £} £} 1 6 1 1 6
9/1 4 041 0.42 041 0.42 0.42 041 0.42 041 0.42 041 041 041 0.42 0.42 041 041 0.42
7 5 1 1 6 6 5 1 6 1 1 5 5 1 6 1 1 6
9/1 5 041 0.42 041 0.42 0.42 041 0.42 041 0.42 041 041 041 0.42 0.42 041 041 0.42
8 5 1 1 6 6 5 1 6 1 1 5 5 1 6 1 1 6
9/1 6 041 0.42 041 0.42 0.42 041 0.42 041 0.42 041 041 041 0.42 0.42 041 041 0.42
9 5 1 1 6 6 5 1 6 1 1 5 E) 1 6 1 1 6
9/2 7 041 0.42 041 0.42 0.42 041 0.42 041 0.42 041 041 041 0.42 0.42 041 041 0.42
0 5 1 1 6 6 5 1 6 1 1 5 5 1 6 1 1 6
We 1. 9/2 03 1 0.83 0.84 0.82 0.85 0.85 0.83 0.84 0.83 0.84 0.82 0.83 0.83 0.84 0.85 0.82 0.82 0.85
ek 2 8 1 1 2 2 2 2 1 2 2 2 2 1 1 2 2 2 2 2
9/2 2 0.83 0.84 0.82 0.85 0.85 0.83 0.84 0.83 0.84 0.82 0.83 0.83 0.84 0.85 0.82 0.82 0.85
2 1 2 2 2 2 1 2 2 2 2 1 1 2 2 2 2 2
9/2 3 0.83 0.84 0.82 0.85 0.85 0.83 0.84 0.83 0.84 0.82 0.83 0.83 0.84 0.85 0.82 0.82 0.85
3 1 2 2 2 2 1 2 2 2 2 1 1 2 2 2 2 2
9/2 0.4 4 1.10 112 1.09 113 113 1.10 112 1.10 112 1.09 1.10 1.10 112 113 1.09 1.09 113
4 8 2 6 6 6 8 2 9 2 6 8 8 2 6 6 6 6
9/2 5 1.10 112 1.09 113 113 1.10 112 1.10 112 1.09 1.10 1.10 112 113 1.09 1.09 113
£} 8 2 6 6 6 8 2 9 2 6 8 8 2 6 6 6 6
9/2 6 1.10 112 1.09 113 113 1.10 112 1.10 112 1.09 1.10 1.10 112 113 1.09 1.09 113
6 8 2 6 6 6 8 2 9 2 6 8 8 2 6 6 6 6
9/2 7 1.10 112 1.09 113 113 1.10 112 1.10 112 1.09 1.10 1.10 112 113 1.09 1.09 113
7 8 2 6 6 6 8 2 9 2 6 8 8 2 6 6 6 6
We 1. 9/2 0.6 1 1.66 1.68 1.64 1.70 1.70 1.66 1.68 1.66 1.68 1.64 1.66 1.66 1.68 1.70 1.64 1.64 1.70
ek3 8 8 2 4 £} 3 3 2 4 3 4 £} 2 2 4 3 £} £} 3
9/2 2 1.66 1.68 1.64 1.70 1.70 1.66 1.68 1.66 1.68 1.64 1.66 1.66 1.68 1.70 1.64 1.64 1.70
9 2 4 £} 3 3 2 4 3 4 £} 2 2 4 3 £} £} 3
9/3 3 1.66 1.68 1.64 1.70 1.70 1.66 1.68 1.66 1.68 1.64 1.66 1.66 1.68 1.70 1.64 1.64 1.70
0 2 4 £} 3 3 2 4 3 4 £} 2 2 4 3 £} £} 3
10/ 4 1.66 1.68 1.64 1.70 1.70 1.66 1.68 1.66 1.68 1.64 1.66 1.66 1.68 1.70 1.64 1.64 1.70
1 2 4 £} 3 3 2 4 3 4 £} 2 2 4 3 £} £} 3
10/ 5 1.66 1.68 1.64 1.70 1.70 1.66 1.68 1.66 1.68 1.64 1.66 1.66 1.68 1.70 1.64 1.64 1.70
2 2 4 S 3 3 2 4 3 4 5 2 2 4 3 S 5 3
10/ 6 1.66 1.68 1.64 1.70 1.70 1.66 1.68 1.66 1.68 1.64 1.66 1.66 1.68 1.70 1.64 1.64 1.70
3 2 4 S 3 3 2 4 3 4 5 2 2 4 3 S 5 3
10/ 7 1.66 1.68 1.64 1.70 1.70 1.66 1.68 1.66 1.68 1.64 1.66 1.66 1.68 1.70 1.64 1.64 1.70
4 2 4 S 3 3 2 4 3 4 5 2 2 4 3 S 5 3
We 1. 10/ 0.8 1 1.99 2.24 2.19 1.81 2.49 221 2.24 221 2.24 2.19 221 221 2.24 2.27 2.19 2.19 2.49
ek 4 8 5 4 5 3 7 8 6 5 7 5 3 6 6 5 1 3 3 8
10/ 2 1.99 2.24 2.19 1.81 2.49 221 2.24 221 2.24 2.19 221 221 2.24 2.27 2.19 2.19 2.49
6 4 5 3 7 8 6 5 7 5 3 6 6 5 1 3 3 8
10/ 3 1.99 2.24 2.19 1.81 2.49 221 2.24 221 2.24 2.19 221 221 2.24 2.27 2.19 2.19 2.49
7 4 5 3 7 8 6 5 7 5 3 6 6 5 1 3 3 8
10/ 4 1.99 2.24 2.19 1.81 2.49 221 2.24 221 2.24 2.19 221 221 2.24 2.27 2.19 2.19 2.49
8 4 5 3 7 8 6 5 7 5 3 6 6 5 1 3 3 8
10/ 5 1.99 2.24 2.19 1.81 2.49 221 2.24 221 2.24 2.19 221 221 2.24 2.27 2.19 2.19 2.49
9 4 5 3 7 8 6 5 7 5 3 6 6 5 1 3 3 8
10/ 6 1.99 2.24 2.19 1.81 2.49 221 2.24 221 2.24 2.19 221 221 2.24 2.27 2.19 2.19 2.49
10 4 5 3 7 8 6 5 7 5 3 6 6 5 1 3 3 8
10/ 7 1.99 2.24 2.19 1.81 2.49 221 2.24 221 2.24 2.19 221 221 2.24 2.27 2.19 2.19 2.49
11 4 5 3 7 8 6 5 7 5 3 6 6 5 1 3 3 8
We 1. 10/ 0.9 1 2.49 2.52 2.46 2.04 2.81 2.49 2.27 2.49 2.52 2.46 2.49 2.49 2.27 2.55 2.46 2.46 2.81
ek 5 8 12 2 5 7 4 0 2 3 5 5 7 2 2 3 5 7 7 0
10/ 2 2.49 2.52 2.46 2.04 2.81 2.49 2.27 2.49 2.52 2.46 2.49 2.49 2.27 2.55 2.46 2.46 2.81
13 2 £} 7 4 0 2 3 £} £} 7 2 2 3 £} 7 7 0
10/ 3 2.49 2.52 2.46 2.04 2.81 2.49 2.27 2.49 2.52 2.46 2.49 2.49 2.27 2.55 2.46 2.46 2.81
14 2 S 7 4 0 2 3 S 5 7 2 2 3 5 7 7 0
10/ 1 4 2.76 2.80 2.74 2.27 3.12 2.76 2.52 2.77 2.80 2.74 2.76 2.76 2.52 2.83 2.74 2.74 3.12
15 9 6 1 1 3 9 S 2 6 1 9 9 S 9 1 1 3
10/ 5 2.76 2.80 2.74 2.27 3.12 2.76 2.52 2.77 2.80 2.74 2.76 2.76 2.52 2.83 2.74 2.74 3.12
16 9 6 1 1 3 9 S 2 6 1 9 9 S 9 1 1 3
10/ 6 2.76 2.80 2.74 2.27 3.12 2.76 2.52 2.77 2.80 2.74 2.76 2.76 2.52 2.83 2.74 2.74 3.12
17 9 6 1 1 3 9 S 2 6 1 9 9 S 9 1 1 3
10/ 7 2.76 2.80 2.74 2.27 3.12 2.76 2.52 2.77 2.80 2.74 2.76 2.76 2.52 2.83 2.74 2.74 3.12
18 9 6 1 1 3 9 £} 2 6 1 9 9 £} 9 1 1 3
We 1. 10/ 11 1 3.04 3.08 3.01 2.49 3.43 2.74 2.77 3.04 3.08 3.01 2.74 3.04 3.08 3.12 3.01 3.01 3.43
ek 6 8 19 6 7 £} 8 £} 2 8 9 7 £} 2 6 7 3 £} 5 £}
10/ 2 3.04 3.08 3.01 2.49 3.43 2.74 2.77 3.04 3.08 3.01 2.74 3.04 3.08 3.12 3.01 3.01 3.43
20 6 7 £} 8 £} 2 8 9 7 £} 2 6 7 3 £} £} £}
10/ 3 3.04 3.08 3.01 2.49 3.43 2.74 2.77 3.04 3.08 3.01 2.74 3.04 3.08 3.12 3.01 3.01 3.43
21 6 7 £} 8 £} 2 8 9 7 £} 2 6 7 3 £} £} £}
10/ 4 3.04 3.08 3.01 2.49 3.43 2.74 2.77 3.04 3.08 3.01 2.74 3.04 3.08 3.12 3.01 3.01 3.43
22 6 7 £} 8 £} 2 8 9 7 £} 2 6 7 3 £} £} £}
10/ 5 3.04 3.08 3.01 2.49 3.43 2.74 2.77 3.04 3.08 3.01 2.74 3.04 3.08 3.12 3.01 3.01 3.43
23 6 7 £} 8 £} 2 8 9 7 £} 2 6 7 3 £} £} £}
10/ 6 3.04 3.08 3.01 2.49 3.43 2.74 2.77 3.04 3.08 3.01 2.74 3.04 3.08 3.12 3.01 3.01 3.43
24 6 7 5 8 5 2 8 9 7 E) 2 6 7 3 5 5 5
10/ 7 3.04 3.08 3.01 2.49 3.43 2.74 2.77 3.04 3.08 3.01 2.74 3.04 3.08 3.12 3.01 3.01 3.43
25 6 7 5 8 5 2 8 9 7 E) 2 6 7 3 5 5 5
total 75.0 77.6 75.8 67.1 84.1 74.4 73.5 76.6 77.6 75.8 74.4 76.6 75.7 78.5 75.8 75.8 84.1
feed 49 06 20 50 83 67 65 66 06 20 67 00 26 05 20 20 83
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METHYLOTROPHS FOR AQUACULTURE
AND ANIMAL FEED

PRIORITY

[0001] This application claims priority to U.S. provisional
patent application No. 61/863,701, filed on Aug. 8, 2013,
which is incorporated herein by reference in its entirety.

SEQUENCE LISTING

[0002] The instant application contains a Sequence Listing
which has been submitted electronically in ASCII format and
is hereby incorporated by reference in its entirety. Said ASCII
copy, created on Aug. 7, 2014, is named 0114922-00002
SL.txt and is 11,507 bytes in size.

BACKGROUND

[0003] Carotenoids are a class of ubiquitous and structur-
ally diverse natural pigments ranging in color from light
yellow to orange to red. Carotenoids are responsible for the
coloring of carrots, tomatoes, red peppers, and the petals of
daffodils and marigolds, as well as lobsters, salmon, and other
marine life. Carotenoids are produced by all photosynthetic
organisms, as well as by some bacteria and fungi. Carotenoids
have roles in photosynthesis, nutrition, and protecting against
photooxidative damage. Animals cannot produce carotenoids
themselves, but must obtain these nutritionally important
compounds through their diet. Carotenoids are 40-carbon
(C,o) terpenoids ultimately derived from the isoprene biosyn-
thetic pathway, specifically from isopentenyl pyrophosphate
(IPP), a five-carbon building block. This biosynthetic path-
way can be divided into two portions: the upper isoprene
pathway, which leads to the formation of IPP, and the lower
carotenoid biosynthetic pathway, responsible for converting
IPP into long chain (e.g., C,, and C,,) carotenogenic com-
pounds.

[0004] Carotenoid compounds, such as (}-carotene, astax-
anthin, and spirilloxanthin, are used industrially as ingredi-
ents for food and feed stocks, both serving a nutritional role
and often increasing desirability of the product to consumers.
Carotenoids, such as astaxanthin and canthaxanthin, are often
added to aquaculture feeds for the purpose of adding color to
the flesh of aquacultured organisms; their wild counterparts
have colored flesh resulting from consumption of carotenoids
that occur naturally in Crustacea or algae, or in other fish that
have consumed algae. For example, astaxanthin is widely
used in salmon aquaculture to produce the orange coloration
found in wild salmon. Some carotenoids are also precursors
of vitamin A. Moreover, some carotenoids have antioxidant
properties, and may have health benefits (see, for example,
Jyonouchi et al., Nutr. Cancer 16:93, 1991; Giovannucci et
al., J. Natl. Cancer Inst. 87:1767, 1995; Miki, Pure Appl.
Chem. 63:141, 1991; Chew et al., Anticancer Res. 19:1849,
1999; Wang et al., Antimicrob. Agents Chemother. 44:2452,
2000). Several carotenoids (e.g., ff-carotene, lycopene, and
lutein) are currently sold as nutritional supplements.

[0005] A number of carotenoids have been produced in
microbial organisms. For example, Intl Pat. Appl.Pub. No.
WO 02/18617 describes a method of production of caro-
tenoid compounds using microorganisms that metabolize
single carbon substrates. Genes encoding elements of the
carotenoid biosynthetic pathway have been cloned and
expressed in fungi, yeast, and microbes. For example, lyco-
pene has been produced from genetically engineered E. coli
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and Candida utilis (Farmer, W. R. et al. (2001) Biotechnol.
Prog. 17: 57-61; Wang, C. et al., (2000) Biotechnol Prog. 16:
922-926; Misawa, N. and H. Shimada (1998) J. Biotechnol.
59: 169-181; Shimada, H. et al. (1998) Appl. Environm.
Microbiol. 64: 2676-2680). Zeaxanthin has been produced
from recombinant . coli and Candida utilis (Albrecht, M. et
al., (1999). Biotechnol. Lett. 21: 791-795; Miura, Y. et al.
(1998) Appl. Environm. Microbiol. 64:1226-1229). Astaxan-
thin has been produced from E. coli and Pfaffia rhodozyma
(see, for example, U.S. Pat. No. 5,466,599 (incorporated by
reference)). The nutrient -carotene has been produced from
E. coli, Candida utilis and Pfaffia rhodozyma (Albrecht, M. et
al. (1999) Biotechnol. Lett. 21: 791-795; Miura, Y. et al.
(1998) Appl. Environm. Microbiol. 64: 1226-1229; U.S. Pat.
No. 5,691,190 (incorporated by reference)).

[0006] Genesencoding geranylgeranyl pyrophosphate syn-
thase, lycopene cyclase, and phytoene dehydrogenase from
Erwinia herbicola have been expressed in E. coli (see, for
example, U.S. Pat. No. 5,545,816; U.S. Pat. No. 5,656,472,
U.S. Pat. No. 5,530,189; and U.S. Pat. No. 5,530,188, all of
which are incorporated by reference). Genes encoding such
carotenoid products as geranylgeranyl pyrophosphate, phy-
toene, lycopene, P-carotene, and zeaxanthin-diglucoside,
from Erwinia uredovora have been expressed in E. coli,
Zymomonas mobilis, and Saccharomyces cerevisiae (U.S.
Pat. No. 5,429,939). Carotenoid biosynthetic genes including
crtE, crtB, crtl, crtY, and crtZ taken from Flavobacterium
have been recombinantly expressed (see U.S. Pat. No. 6,124,
113).

[0007] Although the above methods can produce useful
amounts of carotenoids, a need exists for improved methods.
A particular long-appreciated need is for a process that pro-
duces useful yields of carotenoids from an inexpensive feed-
stock and also produces one or more nutrients (e.g., lipids or
protein). The resulting carotenoid- and nutrient-rich micro-
bial or plant biomass could then be processed into feed for
aquaculture or agriculture, or used as a nutrient source for
humans.

[0008] There are a number of microorganisms that utilize
single-carbon substrates as their sole energy sources.
Examples of single-carbon substrates include methane,
methanol, formate, thiols, and methylated amines. These
organisms are referred to as methylotrophs and also herein as
“C1 metabolizers”. Few methylotrophs have been success-
fully utilized to produce nutrients on an industrial scale.
Despite the fact that single-carbon substrates are cost-effec-
tive energy sources, the lack of information about methy-
lotroph genetics and the resulting difficulty in manipulation
has limited their use primarily to the synthesis of native
products.

[0009] A need also exists for low-cost, complete nutrition
for use in aquaculture. Aquaculture is the propagation, culti-
vation and marketing of aquatic animals and plants in a con-
trolled environment. The aquaculture industry is currently the
fastest growing food production sector in the world. World
aquaculture produces approximately 60 million tons of sea-
food at an annual value of more than $70 billion (USD).
Presently, fish farming produces about half of all fish con-
sumed globally and this percentage is growing as a result of
declining yields from wild-caught fish in both marine and
freshwater environments. Species groups produced in aquac-
ulture include: carps and other cyprinids; oysters; clams,
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cockles and arkshells; scallops; shrimps and prawns;
salmons, trouts and smelts; mussels; and tilapias and other
cichlids.

[0010] While certain species (e.g., tilapia) can be fed an
exclusively vegetarian diet, others require a carnivorous diet.
Feed for carnivorous fish typically comprises fishmeal and
fish oil derived from wild caught species of small pelagic fish
(predominantly anchovy, jack mackerel, blue whiting, cape-
lin, sandeel and menhaden). The fishmeal and/or fish oil are
processed into a pelleted or flaked feed, depending on the size
of the fish to which it will be fed (e.g., fry, juveniles, adults).
Other components of the aquaculture feed composition may
include pigments, vegetable protein, vitamins, and minerals.
[0011] Fish oils from ocean-caught fish have traditionally
been used as the sole dietary lipid source in commercial fish
feed because of abundant supply, low cost, and high percent-
age of essential fatty acids. These “essential fatty acids™ are
required for normal growth, health, reproduction, and other
functions. In fact, all vertebrate species, including fish, have a
dietary requirement for both omega-6 and omega-3 polyun-
saturated fatty acids (“PUFAs”). Eicosapentaenoic acid, or
“EPA” (cis-5,8,11,14,17-eicosapentaenoic acid) is an
omega-3 and docosahexaenoic acid, or “DHA” (cis-4,7,10,
13,16,19-docosahexaenoic acid, a 22:6 omega-3) are two
essential PUFAs.

[0012] About 87% of the global supply of fish oil is con-
sumed for fish feed as a lipid source. Given that fish oil
production has peaked at 1.5 million tons per year, the rapidly
growing aquaculture industry will soon outpace the finite
stocks of marine pelagic fish as a supply of fish oil. Therefore,
itis essential to find and implement sustainable alternatives to
fish oil that can keep pace with the ever growing global
demand for fish products.

[0013] Many organizations recognize the limitations noted
above with respect to fish oil availability and aquaculture
sustainability. The National Oceanic and Atmospheric
Administration and the Department of Agriculture (United
States) have collaborated in an Alternative Feeds Initiative to
“...identify alternative dietary ingredients that will reduce
the amount of fishmeal and fish oil contained in aquaculture
feeds while maintaining the important human health benefits
of farmed seafood.”

[0014] U.S. Pat. Appl. Pub. No. 2007/0226814 (incorpo-
rated by reference) discloses fish food containing at least one
biomass obtained from fermenting microorganisms wherein
the biomass contains at least 20% DHA relative to the total
fatty acid content. Microorganisms from the genus Strameno-
piles are mentioned as sources of DHA.

[0015] U.S. Pat. Appl. Pub. No. 2009/0202672 (incorpo-
rated by reference) discloses that stearidonic acid (“SDA”;
18:4 omega-3) can be added to aquaculture feed. This fatty
acid can be obtained from a transgenic plant. Unfortunately,
SDA is not converted efficiently to DHA in fish.

[0016] U.S. Pat. No. 7,932,077 (incorporated by reference)
discloses that recombinantly engineered Yarrowia lipolytica
may be a useful addition to most animal feeds, including
aquaculture feeds, because it provides necessary omega-3
and/or omega-6 PUFAs, and based on its unique protein:lipid:
carbohydrate composition, as well as unique complex carbo-
hydrate profile (comprising an approximate 1:4:4.6 ratio of
mannan:beta-glucans:chitin).

[0017] Ifthe growing aquaculture industry is to sustain and
even increase its contribution to world fish supplies, there is a
need for alternative aquaculture feed compositions that: (i)
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reduce wild fish inputs by replacing fish oil and fish meal with
non-fish derived sources; and (ii) use pigments that are not
chemically synthesized, or otherwise derived from petro-
leum-based feedstocks, to provide pigmentation.

SUMMARY OF THE INVENTION

[0018] In certain embodiments, the present invention pro-
vides a biomass containing substantially one or more isolated
methylotrophic bacterial cultures that are genetically modi-
fied or artificially pre-selected to produce elevated levels of a
carotenoid compound relative to the corresponding unmodi-
fied or unselected bacterium. The carotenoid compound is,
for example, -carotene, lycopene, rhodopin, astaxanthin or
spirilloxanthin. In certain embodiments, the bacterium is
genetically modified so that one or more genes producing
enzymes that divert isoprenoid compounds from the caro-
tenoid biosynthetic pathway are blocked or deleted. In certain
embodiments, the invention provides a bacterium that con-
tains a non-lethal knock-out of shc, for example, M.
extorquens comprising a non-lethal knock-out of she. In other
embodiments, the bacterium is selected by directed evolution
as a spontaneous mutant that expresses a “dark pink™ or
“reddish” pigment.

[0019] Incertain embodiments, the biomass can be in a dry,
or substantially dry, form, e.g., containing less than 20%,
10%, 5%, 2% of moisture. In certain embodiments, the cul-
tures are isolated by removing substantially all supernatant,
such as by filtering, sedimentation, or centrifugation. In cer-
tain embodiments, the collection of cultures into the biomass
and further processing of biomass excludes bacterial lysis
step, e.g., by use of detergents or ultrasound. In certain
embodiments, the processed bacterial cells maintain substan-
tially whole cell membranes. In some embodiments, a sub-
stantial portion (e.g., more than 80%, 50%, 30%, 20%, 10%
or 5%) of bacterial cells may maintain viability in the pro-
cessed biomass.

[0020] The biomass of the invention may contain bacterial
cultures selected from the group consisting of Methylomonas,
Methylobacter, Methylococcus, Methylosinus, Methylocyc-
tis, Methylomicrobium, Methanomonas, Methylophilus,
Methylobacillus, Methylobacterium, Hyphomicrobium, Xan-
thobacter, Bacillus, Paracoccus, Nocardia, Arthrobacter,
Rhodopseudomonas, Pseudomonas, Candida, Hansenula,
Pichia, Torulopsis, and Rhodotorula. In certain preferred
embodiments, the bacterium is M. extorquens. In further
embodiments, the strain of M. extorquens is selected from the
group consisting of M. extorquens AM1, M. extorquens DM4,
M. extorquens CM4, M. extorquens PAl, M. extorquens
BJ001 (formerly M. populi), M. radiotolerans, M. nodulans,
and Methylobacterium spp. 4-46.

[0021] In a further aspect, the invention provides a feed
composition, comprising the biomass. The feed composition
may contain at least 1% of the biomass by weight. In certain
embodiments, the feed composition is optimized for con-
sumption by fish, seafood, humans, or other animals. For
example, the feed may comprise one or more of EPA, DHA,
taurine, and one or more essential amino acids.

[0022] In yet another aspect, the invention provides a
method of producing fish or seafood, comprising: farming
fish or seafood, and providing a diet, which includes the feed
of'the invention, to the fish or seafood. With respect to aquac-
ulture, the feed may be particularly useful for species (farmed
for human consumption) that has pink-, reddish-, yellow- or
orange-colored flesh. One advantage is that the farming of
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fish may then fully exclude, or reduce the amount of, purified
caratenoids used for supplementing the fish/seafood diet for
esthetic purposes, thus substantially reducing the costs.
Accordingly, the invention also provides a fish or seafood
product exhibiting an elevated level of a carotenoid pigment
in the flesh, wherein such elevated level is attributable to the
diet comprising the feed composition of the invention. In
certain embodiments, the fish meat contains at a higher level
of at least one carotenoid compound than substantially same
fish on a regular diet. Such a level may be higher by at least
10%, 15%, 20%, 25%, 50%, 80%, 100%, 200%, 300%,
400%, 500%, 1000% or more. In appearance, such a product
would have a visibly darker, more appealing pigmentation. In
related further embodiments, such food product is also char-
acterized in that it does not contain, or contains less of, arti-
ficially introduced antibiotics or anti-inflammatory com-
pounds, due to a healthier diet consumed by fish or seafood.

BRIEF DESCRIPTION OF THE FIGURES

[0023] FIG. 1 shows several exemplary carotenoid com-
pounds.
[0024] FIG. 2 shows a map of pKBO1: deletion construct

for crtl-like gene, Mext_ 3011, described in Example 7.
[0025] FIG. 3 shows a map of pKBO3: deletion construct
for cluster of crtCDF (Mext_ 2725-26, -28), while preserving
crtE (Mext_ 2727), described in Example 7.

[0026] FIG. 4 shows a map of pKBO02: deletion construct
for crtF (Mext_ 2728), described in Example 7.

[0027] FIG. 5 shows growth of the smallmouth grunt using
4 experimental diets, as described in Example 9, which
included: (1) a standard commercially available grunt diet,
(2) the standard diet plus astaxanthin pigment (~80PPM), (3)
a diet containing 5% of the total feed pellet replaced by
KnipBio single cell protein (KBM), and (4) a diet with 25% of
the fish meal replaced by KBM (~60 PPM carotenoids).

[0028] FIG. 6 shows results of an amino acid profile analy-
sis for the KBM feed described in Example 9.
DETAILED DESCRIPTION
Introduction

[0029] This invention provides, in one aspect, pigmented
methylotrophic organisms (e.g., Methylobacterium) capable
of producing one or more carotenoids. In certain embodi-
ments, such organisms use methanol, methane, or another C1
energy source. In certain embodiments, such C1 energy
source is the sole energy source for the organism. In certain
embodiments, the methylotroph is M. extorquens. In certain
embodiments, the M. extorquens or other methylotroph
exhibits improved properties, such as improved yield of one
or more carotenoids, production of a desired carotenoid spec-
trum, improved carotenoid levels per unit of biomass or as
measured by a percentage of dry cell weight. In certain
embodiments, the M. extorquens or other methylotroph is
capable of producing specific desired nutrients, such as one or
more proteins, one or more lipids, carbohydrates, and one or
more vitamins. In certain embodiments, the protein produced
is a complete nutrient source for aquaculture, agriculture, or
humans.

[0030] The present invention also provides methods of
engineering and culturing such methylotrophs, methods of
using such methylotrophs to produce carotenoids, and meth-
ods of preparing carotenoid-containing compositions, such as
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food or feed additives, or nutritional supplements, using caro-
tenoids produced in such methylotrophs. In particular, the
present invention provides systems and methods for generat-
ing methylotrophs containing one or more oleaginic, protei-
nogenic and/or carotenogenic modifications that increase or
alter their lipid-, protein-, or carotenoid-producing capabili-
ties as compared with otherwise identical organisms that lack
the modification(s). One preferred embodiment relates to an
organism that produces one or more or all of the essential
amino acids, for example lysine, valine, threonine, methion-
ine, arginine, and taurine.

[0031] One aspect of this invention pertains to the field of
aquaculture. More specifically, this invention pertains to
aquaculture feed compositions comprising carotenoid-con-
taining microbial biomass and a complete protein nutrition,
that is, containing most or all amino acids necessary for
healthy growth of the animal to which it is administered. The
feed compositions may optionally contain omega-3 polyun-
saturated fatty acid ratios of eicosapentaenoic acid to docosa-
hexaenoic acid that are higher than currently available using
fish oil, as well as further vitamins or other nutrients.

DETAILED DESCRIPTION

[0032] One common class of single carbon metabolizers is
the methanotrophs, which are characterized by their ability to
use methane as a sole source of carbon and energy. Methane
monooxygenase is the enzyme required for the key step of
methane metabolism. Its product is methanol (see Murrell et
al., Arch. Microbiol. (2000), 173(5-6), 325-332). This reac-
tion occurs at ambient temperature and pressures in sharp
contrast to the industrial transformation of methane to metha-
nol, which requires high temperatures (several hundred
degrees Celsius) and high pressure (see WO 2000/007718
(incorporated by reference) and U.S. Pat. No. 5,750,821 (in-
corporated by reference)). This remarkable ability to trans-
form methane under ambient conditions, along with the abun-
dance of methane, makes the biotransformation of methane a
potentially valuable process. No less desirable are methy-
lotrophs capable of metabolizing methanol, which is itself an
abundant and cheap feedstock. Being a liquid at room tem-
perature, methanol is more easily utilized than methane for
many applications.

[0033] The ketocarotenoid astaxanthin (3,3-dihydroxy-f3,
[-carotene-4,4'-dione) was first conceptualized as an oxi-
dized form of P-carotene. Astaxanthin was subsequently
found to be ubiquitous across many types of marine animals
and algae. Few animals have the biosynthetic machinery to
produce astaxanthin; most of them obtain it from their food.
Astaxanthin is found in the plant kingdom principally in some
species of cyanobacteria, algae and lichens.

[0034] Astaxanthin is a powerful antioxidant, being an
inhibitor of lipid peroxidation (see, for example, Kurashige,
M. etal. (1990) Physiol. Chem. Phys. Med. NMR 22:27). Also
attributed to astaxanthin are chemopreventive eftects such as
significantly reducing the incidence of induced murine uri-
nary bladder cancer (see Tanaka, T. et al. (1994) Carcinogen-
esis 15:15). Astaxanthin also exerts immunomodulating
effects, inter alia enhancing antibody production (see Jyonou-
chi, H. (1993) Nutr. Cancer 19:269). The current, albeit
incomplete, picture is that it appears to play an important role
in cancer and tumor inhibition, as well as eliciting a positive
response from the immune system.

[0035] Many methylotrophs contain an inherent isoprenoid
pathway that enables them to synthesize other non-endog-
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enous isoprenoid compounds. Some organisms are known to
possess carotenogenic biosynthetic genes and the upper iso-
prene pathway which produces carotenogenic precursor mol-
ecules. Certain aspects of the isoprenoid biosynthesis path-
way are conserved throughout the fungal, bacterial, plant and
animal kingdoms. These include proteins or homologs corre-
sponding to acetoacetyl-CoA thiolase, HMG-CoA synthase,
HMG-CoA reductase, mevalonate kinase, phosphomeva-
lonate kinase, mevalonate pyrophosphate decarboxylase, IPP
isomerase, FPP synthase, and GGPP synthase. An alternative
isoprenoid biosynthesis pathway, sometimes called the
“mevalonate-independent pathway”, is utilized by some
organisms (particularly bacteria). This pathway is initiated by
the synthesis of DOXP (1-deoxy-D-xyloglucose-5-phos-
phate) from pyruvate and glyceraldehyde-3-phosphate.
DOXP is then converted, via a series of biosynthetic steps,
into IPP, which isomerizes into DMAPP and is then con-
verted, via GPP and FPP, into GGPP.

[0036] Despite this knowledge, there is little precedent for
genetically engineered C1 metabolizers producing specific,
commercially valuable carotenoids. It is likely that the use-
fulness of these organisms for production of a larger range of
chemicals is constrained by limitations including the rela-
tively slow growth rates of methanotrophs, limited ability to
tolerate methanol as an alternative substrate to methane, dif-
ficulty in genetic engineering, poor understanding of the roles
of multiple carbon assimilation pathways present in methan-
otrophs, and potentially high costs due to the oxygen demand
of fully saturated substrates such as methane. The problem to
be solved is how to provide a cost effective method for the
microbial production of carotenoid compounds, using organ-
isms which utilize C1 compounds as their carbon and energy
source.

[0037] Salmon and shrimp aquaculture would benefit from
application of the present invention because of the impor-
tance of carotenoid pigmentation to the value of these organ-
isms. (see Shahidi, F. et al. Science (1998) 38(1): 1-67).
Lastly, carotenoids find applications in the synthesis of ste-
roids, fragranaces, flavors, and compounds with electronics
applications. Astaxanthin is the most expensive commer-
cially used carotenoid compound, priced at thousands of dol-
lars per kilogram. The disclosure herein provides a detailed
description of the selection, modification, and use of appro-
priate C1 metabolizing microorganisms for the high-yielding
production of various carotenoid compounds.

[0038] According to the present invention, carotenoid pro-
duction in a host organism may also be accomplished through
modifying the expression or regulating the activity of one or
more proteins involved in isoprenoid biosynthesis. In certain
embodiments the modification comprises removing alterna-
tive pathways that draw off intermediates at various stages.
Genes encoding these enzymes can be cleanly removed using
amarker-free allelic exchange system such as one based upon
cre-lox (Marx, C. J. and Lidstrom, M. E. BioTlechniques
(2002) 33: 1062-1067), or a two-step, “in-out” system such as
one based upon negative selection of sacB-containing strains
(Marx, C. J. BMC Research Notes (2008) 1:1). Many of these
genes are commonly clustered on the chromosome, thereby
facilitating their removal. For example, one may remove one
or more genes for enzymes or the enzymes themselves that
make squalene and hopene on the route to hopanoid biosyn-
thesis. Such genes and enzymes include squalene synthase,
encoded by hpnC, dehydrosqualene synthase, encoded by
hpnD, dehydrosqualene reductase, encoded by hpnE, or
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squalene-hopene synthase, encoded by she (also known as
hpnF) (Bradley, A. S. et al. Organic Geochemistry (2010)41:
1075-1081). Another offshoot that can be removed is the
addition of a reduced geranylgeranyl group as an ester to
bacteriochlorophyll (Addlesee, H. A. and Hunter, C. N. Jour-
nal of Bacteriology (1999) 181: 7248-7255). These reactions
are accomplished by geranylgeranyl bacteriochlorophyll syn-
thase, encoded by bchG, and geranylgeranyl-bacteriochloro-
phyll reductase, encoded by behP. Finally, rather than synthe-
sizing spirilloxanthin, for another product like astaxanthin it
will be advantageous to remove enzymes downstream of
where these pathways diverge. In this case, enzymes down-
stream of lycopene should be removed. These consist of
hydroxyneurosporene dehydrogenase, encoded by crtC,
methoxyneurosporene dehydrogenase, encoded by crtD, and
hydroxyneurosporene methyltransferase, encoded by crtF. In
certain embodiments, it will be advantageous to increase
expression of endogenous genes upstream of lycopene. These
include 1-deoxy-D-xylulose-5-phosphate synthase, encoded
by dxs, 1-deoxy-D-xylulose-5-phosphate reductoisomerase,
encoded by dxr, isopentyl diphosphate isomerase, encoded
by idi, farnesyl diphosphate synthase, encoded by ispA, gera-
nylgeranyl diphosphate synthase, encoded by crtE, phytoene
synthase, encoded by crtB, and phytoene desaturase, encoded
by crtl. In certain embodiments, such modification comprises
heterologous expression of isoprenoid biosynthesis polypep-
tides in the host organism and/or modifications of the expres-
sion or modifying the activity of one or more endogenous or
heterologous isoprenoid biosynthesis polypeptides. Pre-
ferred carotenoids include astaxanthin and spirilloxanthin. In
view of the considerable conservation of components of the
isoprenoid biosynthesis polypeptides, one would expect that
heterologous isoprenoid biosynthesis proteins would func-
tion even in significantly divergent organisms. In order to
optimize expression in the methylotrophic host, such as M.
extorquens, the sequence may be codon-optimized to match
the most frequently used codons in the host organism. Indeed,
in many cases proteins from different source organisms will
function together (i.e., at the same time). In certain embodi-
ments of the invention, a plurality of different heterologous
isoprenoid biosynthesis polypeptides is introduced into the
host cell. In certain embodiments, this plurality contains only
proteins from the same source organism (e.g., tWo or more
sequences of, or sequences derived from, the same organism);
in other embodiments the plurality includes polypeptides
independently selected from different source organisms (e.g.,
two or more sequences of, or sequences derived from, at least
two different organisms). In certain embodiments, astaxan-
thin production will be accomplished by introducing lyco-
pene cyclase, encoded by crtY, f-carotene ketolase, encoded
by crtW, and (-carotene hydroxylase, encoded by crtZ. It is
anticipated that the desired production will be supplied by the
introduction of CrtY (lycopene cyclase) from Bradyrhizo-
bium sp. ORS 278 [GenBank sequence ID: YP_ 001208335.
1] or the like; CrtW (beta-carotene ketolase) from
Bradyrhizobium sp. ORS 278 [GenBank sequence ID:
YP_001208332.1] or the like; and CrtZ (f-carotene
hydroxylase) from Brevundimonas sp. SD212 [GenBank
sequence ID: AB181388] or the like.

[0039] In certain embodiments, it may be useful to change
the levels of macromolecules within cellular material in order
to provide beneficial properties to the feed. This may include
changing or altering components, such as exopolysaccha-
rides, poly-f-hydroxybutyrate storage polymer, or cellulose.
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These modifications may divert more carbon flux toward
other products, such as carotenoids, lipids, total protein, or
engineered production of amino acids or vitamins.

[0040] In certain embodiments, genetic modifications will
take advantage of freely replicating plasmid vectors for clon-
ing. These may include small IncP vectors developed for use
in Methylobacterium. These vectors may include pCM62,
pCMG66, or pHC41 for cloning (Marx, C. J. and M. E. Lid-
strom Microbiology (2001) 147: 2065-2075; Chou, H.-H. et
al. PLoS Genetics (2009) 5: e1000652).

[0041] In certain embodiments, genetic modifications will
take advantage of freely replicating expression plasmids such
as pCM80, pCM160, pHC90, or pHCI1 (Marx, C. J. and M.
E. Lidstrom Microbiology (2001) 147: 2065-2075; Chou,
H.-H. et al. PLoS Genetics (2009) 5: €1000652).

[0042] In certain embodiments, genetic modifications will
utilize freely replicating expression plasmids that have the
ability to respond to levels of inducing molecules such as
cumate or anhydrotetracycline. These include pHC115, pLC
290, pLC291 (Chou, H.-H. et al. PLoS Genetics (2009) 5:
€1000652; Chubiz, L. M. et al. BMC Research Notes (2013)
6: 183).

[0043] In certain embodiments, genetic modifications will
utilize recyclable antibiotic marker systems such as the cre-
lox system. This may include use of the pCM157, pCM 158,
pCM184, pCM351 series of plasmids developed for use in M.
extorquens (Marx, C. J. and M. E. Lidstrom BioTechniques
(2002) 33: 1062-1067).

[0044] In certain embodiments, genetic modifications will
utilize transposon mutagenesis. This may include mini-
TnSdelivery systems such as pCM639 (D’ Argenio, D. A. et
al. Journal of Bacteriology (2001) 183: 1466-1471) demon-
strated in M. extorquens (Marx, C. 1. et al. Journal of Bacte-
riology (2003) 185: 669-673).

[0045] In certain embodiments, genetic modifications will
utilize expression systems introduced directly into a chromo-
somal locus. This may include pCM168, pCM172, and
pHCO1 plasmids developed for M. extorquens AM1 (Marx,
C. J. and M. E. Lidstrom Microbiology (2001) 147: 2065-
2075; Lee, M.-C. et al. Evolution (2009) 63: 2813-2830).
[0046] In certain embodiments, genetic modifications will
utilize a sacB-based system for unmarked exchange of alleles
due to the sucrose sensitivity provided by sacB expression.
This may include the pCM433 vector originally tested with
M. extorquens (Marx, C. J. et al. BMC Research Notes (2008)
1:1).

[0047] Incertain embodiments of the present invention that
utilize heterologous isoprenoid biosynthesis polypeptides,
the source organisms include as non-limiting examples fungi
of the genera Blakeslea, Candida, Cryptococcus, Cunning-
hamella, Lipomyces, Mortierella, Mucor, Phycomyces,
Pythium, Rhodosporidium, Rhodotorula, Trichosporon, Yar-
rowia, Aspergillus, Botrytis, Cercospora, Fusarium (Gibber-
ella), Kluyveromyces, Neurospora, Penicillium, Pichia
(Hansenula), Puccinia, Saccharomyces, Schizosaccharomy-
ces, Sclerotium, Trichoderms, Ustilago, and Xanthophyllo-
myces (Phaffia). In certain embodiments, the source organ-
isms are of a species including, but not limited to,
Cryptococcus neoformans, Fusarium fujikuroi, Kluyverimy-
ces lactis, Neurospora crassa, Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Ustilago maydis, and Yarrowia
lipolytica. In certain embodiments the source organism
includes bacteria of the Methylobacterium genus or prefer-
ably species such as M. extorquens.
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[0048] Methylobacterium strains are a diverse genus of
largely plant-associated microbes. As of the past half-decade,
genome sequences for several strains have been published,
including M. extorquens AMI, M. extorquens DM4, M.
extorquens CM4, M. extorquens PA1, M. extorquens BJ001
(formerly M. populi), M. radiotolerans, M. nodulans, and
Methylobacterium spp. 4-46 (Vuileumier et al., 2009. PLoS
One; Marx et al., 2012. J. Bacteriology). These strains offer
various advantages and disadvantages, ranging from distinct
growth rates on various substrates, to stark differences in
genome size and mobile genetic element content. M.
extorquens strains—of which there are five sequenced—pose
the particular advantage of being able to draw from the tre-
mendous knowledge about M. extorquens AM1, which has
served as a workhorse for all of methylotrophy. Given recent
discovery of a series of issues with the modern AM1 strain
(Carroll et al., 2014. BMC Microbiology), however, some
efforts have now focused on the genome streamlined, more
robustly growing PA1 strain. These strains all share the
majority of their genome content, and these genes are mainly
98% amino acid identical, or above. There are differences in
gene content, however, which can be of critical importance to
certain traits (Vuilleumier et al., 2009. PLoS One). As such,
while a given genetic manipulation is likely to behave simi-
larly across strains, there is also precedent for the occasional
major differences.

[0049] Thus, in some embodiments, modified bacterium is
a strain of Methylobacterium, e.g., M. extorquens AM1, M.
extorquens DM4, M. extorquens CM4, M. extorquens PAl,
M. extorquens BJOO1 (formerly M. populi), M. radiotolerans,
M. nodulans, and Methylobacterium spp. 4-46.

[0050] To date, there are three ways to generate carotenoid
variants of Methylobacterium. First, key genes such as crtl
can be knocked out that eliminate all coloration (Van Dien et
al., 2003. Applied & Environmental Microbiology). Second,
genes can be removed from branches that divert biosynthesis
away from carotenoids, thereby enhancing coloration. An
example of this is deleting shc, and thus the production of
hopanoids. Finally, evolved variants from selection for
growth in other conditions, such as rapid growth on 15 mM
methanol (Lee et al., 2009. Evolution), can fortuitously lead
to strains with increased or varied coloration.

[0051] In certain embodiments, methylotrophic bacteria of
the invention are characterized in that they are genetically
modified or artificially pre-selected to produce elevated levels
of a carotenoid compound relative to the corresponding
unmodified or unselected bacterium. Improved carotenoid
production can be assayed in terms of mg carotenoid per gram
of dry cell weight, such as using the methods described in
Lemuth et al., 2011 (Microbial Cell Factories. 10:29). In
some embodiments, the bacterial production of at least one
carotenoid compound is elevated by at least 10%, 15%, 20%,
25%, 50%, 80%, 100%, 200%, 300%, 400%, 500%, 1000%
or more.

[0052] Theisoprenoid biosynthesis pathway is also used by
organisms to produce non-carotenoid compounds, such as
sterols, steroids, and vitamins, including vitamin E or vitamin
K. Proteins that have isoprenoid biosynthesis pathway inter-
mediates as their substrates, and divert them into biosynthesis
of'non-carotenoid compounds, are indirect inhibitors of caro-
tenoid biosynthesis because they compete for the same inter-
mediates as the desired carotenoid pathway. The present
invention addresses this issue by enabling reductions of the
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level or activity of such competing proteins, allowing for
increased production of carotenoid compounds.

[0053] Beyond carotenoids and vitamins, a number of
amino acids and other small metabolites are at limiting levels
in feed sources. These may be amino acids, and in particular
the set of arginine, threonine, valine, lysine, and methionine.
Another molecule of interest is taurine (2-aminoethanosul-
fonic acid). In certain embodiments, directed genetic modi-
fications of the relevant amino acid and taurine biosynthetic
pathways augments the expression of key genes or removes
side pathways and recycling pathways. In other embodiments
selection may involve use of toxic analogues of the relevant
compounds, such as ethionine to achieve methionine over-
production (see Lawrence et al. Genetics (1968) 58: 473-
492). In yet other embodiments, experimental evolution of
overproduction may occur through selection in the context of
metabolic cross-feeding (Harcombe, W. R. Evolution (2010),
64(7), 2166-2172). In other embodiments, manipulations
obtained by directed engineering, selection with analogues,
and selection in consortia will be combined.

[0054] Carotenoids produced according to the present
invention can be utilized in any of the applications mentioned
herein, among which are their multifaceted biological or
nutritional properties (antioxidant, antiproliferative, etc.) and
their usefulness as pigments ranging in color from yellow to
red. For example, according to the present invention, caro-
tenoids may be used in pharmaceuticals (see, for example,
Bertram et al., Nutr. Rev. 1999, 57:182; Singh et al., Oncology
1998, 12:1643; Rock, Pharmacol. Ther. 1997, 75:185; Edge
et al., J. Photochem Photobiol 1997, 41:189; U.S. Patent
Application 2004/0116514 (incorporated by reference); U.S.
Patent Application 2004/0259959 (incorporated by refer-
ence)), food supplements (see, for example, Koyama et al., J.
Photochem Photobiol 1991, 9:265; Bauemfeind, Caro-
tenoids as colorants and vitamin A precursors, Academic
Press, NY, 1981; U.S. Patent Application 2004/0115309 (in-
corporated by reference); U.S. Patent Application 2004/
0234579 (incorporated by reference)), electro-optic applica-
tions, animal feed additives (see for example Krinski, Pure
Appl. Chem. 1994, 66:1003; Polazza et al., Meth. Enzymol.
1992, 213:403), cosmetics (as anti-oxidants and/or as cos-
metics, including fragrances; see, for example, U.S. Patent
Application 2004/0127554 (incorporated by reference)), etc.
Carotenoids produced in accordance with the present inven-
tion may also be used as intermediates in the production of
other compounds (e.g., steroids).

[0055] For example, astaxanthin and/or esters thereof may
be useful in a variety of pharmaceutical applications and
health foods including treatment of inflammatory diseases,
asthma, atopic dermatitis, allergies, multiple myeloma, arte-
riosclerosis, cardiovascular disease, liver disease, cere-
brovascular disease, thrombosis, neoangiogenesis-related
diseases, including cancer, rheumatism, diabetic retinopathy;
macular degeneration and brain disorder, hyperlipidemia,
kidney ischemia, diabetes, hypertension, tumor proliferation
and metastasis; and metabolic disorders. Additionally, caro-
tenoids and astaxanthin may be useful in the prevention and
treatment of fatigue, for improving kidney function in neph-
ropathy from inflammatory diseases, as well as prevention
and treatment of other life habit-related diseases. Still further,
astaxanthin has been found to play a role as inhibitors of
various biological processes, including interleukin inhibitors,
phosphodiesterase inhibitors, phospholipase A2 inhibitors,
cyclooxygenase-2 inhibitors, matrix metalloproteinase
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inhibitors, capillary endothelium cell proliferation inhibitors,
lipoxygenase inhibitors. See, for example, Japanese Publica-
tion No. 2006022121 (JP Appl No. 2005-301156); Japanese
Publication No. 2006016408 (JP Appl No. 2005-301155);
Japanese Publication No. 2006016409 (JP Appl No. 2005-
301157); Japanese Publication No. 2006016407 (JP Appl No.
2005-301153); Japanese Publication No. 2006008717 (IP
Appl No. 2005-301151); Japanese Publication No.
2006008716 (JP Appl No. 2005-301150); Japanese Publica-
tion No. 2006008720 (JP Appl No. 2005-301158); Japanese
Publication No. 2006008719 (JP Appl No. 2005-301154);
Japanese Publication No. 2006008718 (JP Appl No. 2005-
301152); Japanese Publication No. 2006008713 (JP Appl No.
2005-301147); Japanese Publication No. 2006008715 (JP
Appl No. 2005-301149); Japanese Publication No.
2006008714 (JP Appl No. 2005-301148); and Japanese Pub-
lication No. 2006008712 (JP Appl No. 2005-301146).

[0056] It will be appreciated that, in some embodiments of
the invention, carotenoids produced by manipulated host
cells as described herein are incorporated into a final product
(e.g., food or feed supplement, pharmaceutical, cosmetic,
dye-containing item, fragrance, nutraceutical, etc.) in the
context of the host cell. For example, host cells may be
lyophilized, freeze dried, frozen or otherwise inactivated, and
then whole cells may be incorporated into or used as the final
product. The host cell may also be processed prior to incor-
poration in the product to increase bioavailability (e.g., via
lysis). This may include methods such as homogenization,
with or without subsequent addition of ethoxyquin or other
appropriate reductants to protect carotenoids or other nutri-
tional components from subsequent oxidation. The host cell
may be processed in the presence of a hydrophobic substance
that may or may not be incorporated into the final formulation
in order to aid in partial extraction and bioavailability of
carotenoids. This may involve combining bacterial material
with the fish oils, or other dietary oils prior to their joint
addition to the eventual feed. Cell material may be provided
as thawed “wet” cell material, or as dried bacterial “cake”.
Alternatively or additionally, a final product may incorporate
only a portion of the host cell (e.g., fractionated by size,
solubility), separated from the whole. For example, in some
embodiments of the invention, lipid droplets are isolated from
the host cells and are incorporated into or used as the final
product; or a protein isolate may be incorporated into or used
as the final product. In other embodiments, the carotenoids
themselves, or individual carotenoid compounds are isolated
and reformulated into the final product.

[0057] As stated above, fatty acid and glucoside esters are
the predominant carotenoid esters found in nature, whereas
additional esters (e.g., with organic acids or inorganic phos-
phate) can be synthesized to generate useful product forms.
For delivery, carotenoid esters can also be formulated as salts
of'the ester form. See, e.g., US Publication No. 2005/0096477
(incorporated by reference).

[0058] The amount of carotenoid incorporated into a given
product may vary dramatically depending on the product, and
the particular carotenoid(s) involved. Amounts may range,
for example, from less than 0.01% by weight of the product,
to more than 1%, 10%, 20%, 30% or more; in some cases the
carotenoid may comprise 100% of the product. Similarly, the
addition of cell material in feed can range from small doses,
such as 0.01%, up to 100% of the feed. In some embodiment,
the feed contains at least 1%, 5%, 10%, 15%, 20%, 25%,
30%, 50% or more of biomass of the invention.
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[0059] Insome embodiments of the invention, one or more
produced carotenoids is incorporated into a component of
food or feed (e.g., a food supplement). Types of food products
into which carotenoids can be incorporated according to the
present invention are not particularly limited, and include
beverages, such as teas, juices, and liquors; confections, such
as jellies and biscuits; fat-containing foods and beverages,
such as dairy products; processed food products, such as rice
and soft rice (or porridge); infant formulas; or the like. In
some embodiments, it may be useful to incorporate the caro-
tenoids within bodies of edible lipids as it may facilitate
incorporation into certain fat-containing food products.
[0060] Examples of feedstuffs into which carotenoids pro-
duced in accordance with the present invention may be incor-
porated include, for instance, pet foods, such as cat foods, dog
foods and the like, feeds for aquarium fish, cultured fish or
crustaceans, etc., feed for farm-raised animals (including
livestock and further including fish or crustaceans raised in
aquaculture). The carotenoids and/or other caloric or nutri-
tional supplements produced in accordance with the present
invention can also be incorporated into food or vitamin
supplements for human consumption. Food or feed material
into which the carotenoid(s) produced in accordance with the
present invention is incorporated is preferably palatable to the
organism which is the intended recipient. This food or feed
material may have any physical properties currently known
for a food material (e.g., solid, liquid, soft).

[0061] Insome embodiments of the invention, one or more
produced carotenoids is incorporated into a cosmetic product.
Examples of such cosmetics include, for instance, skin cos-
metics (e.g., lotions, emulsions, creams and the like), lip-
sticks, anti-sunburn cosmetics, makeup cosmetics, fra-
grances, and other products for daily use (e.g., toothpastes,
mouthwashes, bad breath preventive agents, solid soaps, lig-
uid soaps, shampoos, conditioners).

[0062] Insome embodiments, one or more produced caro-
tenoids are incorporated into a pharmaceutical. Examples of
such pharmaceuticals include, for instance, various types of
tablets, capsules, drinkable agents, troches, gargles, etc. In
some embodiments, the pharmaceutical is suitable for topical
application. Dosage forms are not particularly limited, and
include capsules, oils, granula, granula subtilae, pulveres,
tabellae, pilulae, trochisci, or the like. Oils and oil-filled cap-
sules may provide additional advantages both because of their
lack of ingredient decomposition during manufacturing, and
because inventive carotenoid-containing lipid droplets may
be readily incorporated into oil-based formulations.

[0063] Pharmaceuticals according to the present invention
may be prepared according to techniques established in the
art including, for example, the common procedure as
described in the United States Pharmacopoeia.

[0064] Carotenoids produced according to the present
invention may be incorporated into any pigment-containing
product including, for example, fabric, and paint. They may
also be incorporated into a product which is an environmental
indicator, or an instrument, such as a biosensor, for use as a
detection agent.

[0065] Accordingly, the present invention further provides
a process for production of carotenoids, such as, but not
limited to, p-carotene, echinenone, (-cryptoxanthin, can-
thaxanthin, adonirubin, cis-adonixanthin, adonixanthin,
astaxanthin, zeaxanthin, spirilloxanthin, and intermediates
leading to spirilloxanthin, such as lycopene and rhodopin, the
process comprising culturing a bacterial species in a nutrient
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medium including sources of carbon, nitrogen and inorganic
substances; and recovering an individual carotenoid pigment
or a mixture of carotenoid pigments from the bacterial cells,
vesicles secreted therefrom and/or the growth medium.
[0066] Medium for production of carotenoids using the
present microorganisms is, for example, as follows. It con-
tains a carbon source, a nitrogen source and inorganic salts
necessary for the growth of producer microorganisms, as well
as, if necessary, any special required substances for the
growth or thriving of the organism (for example, vitamins,
amino acids, nucleic acids).

[0067] The carbon source may comprise sugars, such as
glucose, sucrose, lactose, fructose, trehalose, mannose, man-
nitol, and maltose; organic acids, such as acetic acid, fumaric
acid, citric acid, propionic acid, malic acid, pyruvic acid,
malonic acid, and ascorbic acid; alcohols, such as ethanol,
propanol, butanol, pentanol, hexanol, isobutanol, and glyc-
erol; oil or fat, such as soybean oil, rice bran oil, olive oil, corn
oil, sesame oil, linseed oil, and the like. The amount of the
carbon source added varies according to the kind of the car-
bon source, and usually 1 to 100 g, or 2 to 50 g per liter of
medium.

[0068] The nitrogen source may comprise potassium
nitrate, ammonium nitrate, ammonium chloride, ammonium
sulfate, ammonium phosphate, ammonia, urea, and the like,
alone or in combination. Amount of the nitrogen source added
varies according to the kind of the nitrogen source, and is
usually 0.1 to 30 g, and preferably 1 to 10 g per liter of
medium.

[0069] The inorganic salt may comprise potassium dihy-
drogen phosphate, dipotassium hydrogen phosphate, diso-
dium hydrogen phosphate, magnesium sulfate, magnesium
chloride, ferric sulfate, ferrous sulfate, ferric chloride, ferrous
chloride, manganous sulfate, manganous chloride, zinc sul-
fate, zinc, chloride, cupric sulfate, calcium chloride, calcium
carbonate, sodium carbonate, and the like, alone or in com-
bination. Amount of inorganic salt varies according to the
kind ofthe inorganic salt, and usually 0.001 to 10 g per liter of
medium.

[0070] As special required substances, vitamins, nucleic
acids, yeast extract, peptone, meat extract, malt extract, corn
steep liquor, soybean meal, dried yeast etc., may be used
alone or in combination. Amount of the special required
substance used varies according to the kind of the substance,
and usually ranges between 0.2 g to 200 g, and preferably 3 to
100 g per liter of medium.

[0071] The pH value of a medium is typically adjusted to
pH 2 to 12, preferably 6 to 9. The medium may further
comprise one or more buffers to maintain the culture at the
desired pH. Typical buffers are known in the art and include
phosphate, carbonate, acetate, PIPES, HEPES, and Tris buff-
ers; the optimal buffer for a given organism can easily be
determined by one of ordinary skill in the art. For Methylo-
bacterium, a common medium (Lee, M.-C. et al. Evolution
(2009) 63: 2813-2830) is a phosphate buffered medium that
consists of 1 mL of trace metal solution (to 1 liter of deionized
water the following were added in this order: 12.738 g of
EDTA disodium salt dihydrate, 4.4 g of ZnSO,.7H,0, 1.466
g of CaCl,.2H,0, 1.012 g of MnCl,.4H,0, 0.22 g of (NH,)
«Mo0,0,,.4H,0, 0.314 g of CuS0O,.5H,0, 0.322 g of CoCl,.
6H,0, and 0.998 g of FeSO,.7H,0; pH 5.0 was maintained
after every addition), 100 mL of phosphate buffer (25.3 g of
K,HPO, and 22.5 g of NaH,PO, in 1 liter of deionized water),
100 mL of sulfate solution (5 g of (NH,),SO, and 0.98 g of
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MgSO, in 1 liter of deionized water), and 799 mL of deion-
ized water. All components were heat sterilized separately
and then pooled together. An alternative medium recently
developed for use with Methylobacterium extorquens takes
advantage of an organic buffer and has a citrate-chelated trace
metal mix. Culturing is carried out at temperature of 15 to 40°
C., and preferably 20 to 35° C., usually for 1 to 20 days, and
preferably 1 to 4 days, under aerobic condition provided by
shaking or aeration/agitation. Common practice with Methy-
lobacterium is at 30° C. As a membrane component, caro-
tenoids may be produced to higher titer at temperatures that
vary from optimal, in medium that becomes limiting for a
nutrient such as N or P, by exposure to light (visible or
ultraviolet), or by the addition of a stressful agent such as
NaCl. Finally the carotenoid(s) and other product nutrients
may be isolated and purified from the culture.

[0072] The protocol for making M-PIPES medium is
described in Table S1 of Delaney et al., 2013. PLoS One
(8:€62957). FIG. 2 in U.S. Ser. No. 61/863,701 shows an
exemplary recipe for medium optimized for use with M.
extorquens.

[0073] Inorderto generate dense cultures of strains such as
Methylobacterium, it may be advantageous to use a fed-batch
method. Methanol can be tolerated well at 0.5-1% v/v (~120-
240 mM), and thus this step size of addition can be used
repeatedly. Critically, pH levels drop during culturing on
methanol, such that the use of a base such as KOH or NaOH
would be important to maintain the pH around 6.5. Aeration
can be achieved via physical agitation, such as an impeller,
via bubbling of filtered air or pure oxygen, or in combination.
In order to reduce production costs, the buffer can be replaced
from phosphates or PIPES to a carbonate-buffered medium.

[0074] Typically, microbial cells are separated from the
culture by a conventional means such as centrifugation or
filtration. The cells may be isolated whole, or may be lysed to
release their contents for extraction or further processing. The
cells or the medium may be subjected to an extraction with a
suitable solvent. As an optional step prior to extraction caro-
tenoid loaded vesicles may be recovered from the medium, by
for example, ultracentrifugation or filtration.

[0075] As a solvent for the extraction, any substance in
which the carotenoids are soluble can be used. For example,
organic solvents, such as acetone, chloroform, dichlo-
romethane, hexane, cyclohexane, methanol, ethanol, isopro-
panol, benzene, carbon disulfide, and diethyl ether, are used,
and preferably chloroform, dichloromethane, acetone,
methanol, ethanol or isopropanol is used. The purification can
be carried out by conventional procedures, such as absorp-
tion, elution, dissolving and the like, alone or preferably in
combination.

[0076] According to the present invention, one or more of
[-carotene, echinenone, f-cryptoxanthin, canthaxanthin,
adonirubin, cis-adonixanthin, adonixanthin, astaxanthin,
zeaxanthin, spirilloxanthin, and intermediates leading to spir-
illoxanthin such as lycopene and rhodopin are simultaneously
produced and present in the cultured cells and/or medium.
[0077] One aspect ofthe invention is related to a method for
the production of a carotenoid compound, the method com-
prising

[0078] (a) providing a pigmented methylotrophic bacterial
host cell comprising:

[0079] (i) suitable levels of isopentenyl pyrophosphate for
the production of the carotenoid compound; and (ii) at least
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one isolated nucleic acid molecule encoding an enzyme in the
carotenoid biosynthetic pathway under the control of suitable
regulatory sequences;

[0080] (b) contacting the host cell of step (a) under suitable
growth conditions with an effective amount of a C1 carbon
substrate whereby the carotenoid compound is produced.
[0081] In certain embodiments, the carotenoid compound
is selected from the group consisting of non-natural caro-
tenoids, antheraxanthin, adonixanthin, astaxanthin, canthax-
anthin, capsorubrin, p-cryptoxanthin, a-carotene, [-caro-
tene, e-carotene, echinenone, y-carotene, f-carotene,
a-cryptoxanthin, diatoxanthin, 7,8-didehydroastaxanthin,
fucoxanthin, fucoxanthinol, isorenieratene, lactucaxanthin,
lutein, lycopene, neoxanthin, neurosporene, hydroxyneuro-
sporene, peridinin, phytoene, rhodopin, rhodopin glucoside,
siphonaxanthin, spheroidene, spheroidenone, spirilloxan-
thin, uriolide, uriolide acetate, violaxanthin, zeaxanthin-3-
diglucoside, zeaxanthin, and intermediates in the biosyn-
thetic production of any of the foregoing carotenoid
compounds.

[0082] In certain embodiments, the carotenoid compound
is selected from the group consisting of B-carotene, lycopene,
rhodopin, echinenone, [-cryptoxanthin, canthaxanthin,
adonirubin, cis-adonixanthin, adonixanthin, astaxanthin,
zeaxanthin, spirilloxanthin, and intermediates in the biosyn-
thetic production of any of the foregoing carotenoid com-
pounds.

[0083] In certain embodiments, the carotenoid compound
is selected from the group consisting of f-carotene, lycopene,
rhodopin, astaxanthin and spirilloxanthin.

[0084] In certain embodiments, the carotenoid compound
is spirilloxanthin.

[0085] In certain embodiments, the C1 carbon substrate is
selected from the group consisting of methane, methanol,
formaldehyde, formic acid, methylated amines, methylated
thiols, and carbon dioxide.

[0086] In certain embodiments, the C1 carbon substrate is
selected from the group consisting of methanol, formalde-
hyde, and methylated amines.

[0087] In certain embodiments, the C1 carbon substrate is
methanol.
[0088] In certain embodiments, the host cell is selected

from the group consisting of Methylomonas, Methylobacter,
Methylococcus, Methylosinus, Methylocyctis, Methylomicro-
bium, Methanomonas, Methylophilus, Methylobacillus,
Methylobacterium, Hyphomicrobium, Xanthobacter, Bacil-
lus, Paracoccus, Nocardia, Arthrobacter, Rhodopseudomo-
nas, Pseudomonas, Candida, Hansenula, Pichia, Torulopsis,
and Rhodotorula.

[0089] In certain embodiments, the host cell is a Methylo-
bacterium.
[0090] Incertain embodiments, the host cell is Methylobac-

terium extorquens.

[0091] In certain embodiments, the host cell comprises a
functional Embden-Meyerhof carbon pathway, said pathway
comprising a gene encoding a pyrophosphate dependent
phosphofructokinase enzyme.

[0092] In certain embodiments, the host cell contains at
least one gene encoding a fructose bisphosphate aldolase
enzyme.

[0093] In certain embodiments, the host cell contains a
functional Entner-Douderoff carbon pathway.
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[0094] In certain embodiments, the suitable levels of iso-
pentenyl pyrophosphate are provided by the expression of
heterologous upper isoprenoid pathway genes.

[0095] In certain embodiments, the upper isoprenoid path-
way genes are selected from the group consisting of D-1-
deoxyxylulose-5-phosphate synthase (Dxs), D-1-deoxyxylu-
lose-5-phosphate reductoisomerase (Dxr), 2C-methyl-D-
erythritol cytidylyltransferase (IspD), 4-diphosphocytidyl-2-
C-methylerythritol kinase (IspE), 2C-methyl-D-erythritol
2,4-cyclodiphosphate synthase (IspF), CTP synthase (PyrG),
LytB, and GepE.

[0096] In certain embodiments, the host cell produces a
non-natural spectrum of carotenoid compounds.

[0097] In certain embodiments, the host cell produces a
spectrum of amino acids suitable for use as a nutritional
supplement.

[0098] In certain embodiments, the spectrum of amino
acids comprises all essential amino acids.

[0099] In certain embodiments, the host cell produces tau-
rine.
[0100] In certain embodiments, the host cell produces one

or more vitamins or antioxidants.

[0101] In certain embodiments, the host cell produces one
or more fatty acids.

[0102] In certain embodiments, the one or more fatty acids
comprises monounsaturated fatty acids, polyunsaturated
fatty acids, or one or more essential omega-3 fatty acids.
[0103] In certain embodiments, the one or more essential
omega-3 fatty acids is EPA, DHA, or both.

[0104] In certain embodiments, the host cell is a spontane-
ous mutant which overexpresses one or more carotenoid com-
pounds relative to the non-mutant cell.

[0105] In certain embodiments, the isolated nucleic acid
molecule encodes a carotenoid biosynthetic enzyme selected
from the group consisting of geranylgeranyl pyrophosphate
(GGPP) synthase, phytoene synthase, phytoene desaturase,
lycopene cyclase, [3-carotene hydroxylase, zeaxanthin gluco-
syl transferase, (3-carotene ketolase, 3-carotene C-4 oxyge-
nase, [J-carotene desaturase, spheroidene monooxygenase,
carotene hydratase, carotenoid 3,4-desaturase, 1-OH-caro-
tenoid methylase, farnesyl diphosphate synthetase, and
diapophytoene dehydrogenase.

[0106] In certain embodiments, the host cell is a trans-
formed cell comprising multiple copies of at least one gene
encoding an enzyme selected from the group consisting of
D-1-deoxyxylulose-5-phosphate synthase (Dxs), D-1-deox-
yxylulose-5-phosphate reductoisomerase (Dxr), 2C-methyl-
D-erythritol cytidylyltransferase (IspD), 4-diphosphocyti-
dyl-2-C-methylerythritol kinase (IspE), 2C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase (IspF), CTP
synthase (PyrG), LytB, GcepE, isopentyl diphosphate
isomerase, farnesyl diphosphate synthase, geranylgeranyl
diphosphate synthase, phytoene synthase, phytoene desatu-
rase, lycopene cyclase (CrtY), p-carotene ketolase (CrtW),
and f-carotene hydroxylase (CrtZ).

[0107] In certain embodiments, the host cell is a trans-
formed cell comprising at least one gene encoding an enzyme
selected from the group consisting of D-1-deoxyxylulose-5-
phosphate synthase (Dxs), D-1-deoxyxylulose-5-phosphate
reductoisomerase (Dxr), 2C-methyl-D-erythritol cytidylyl-
transferase (IspD), 4-diphosphocytidyl-2-C-methylerythritol
kinase (IspE), 2C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase (IspF), CTP synthase (PyrG), LytB, GepE, isopentyl
diphosphate isomerase, farnesyl diphosphate synthase, gera-
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nylgeranyl diphosphate synthase, phytoene synthase, phy-
toene desaturase, lycopene cyclase (CrtY), [3-carotene keto-
lase (CrtW), and p-carotene hydroxylase (CrtZ), operably
linked to a strong promoter.

[0108] In certain embodiments, the host cell comprises at
least one gene encoding an enzyme selected from the group
consisting of lycopene cyclase (CrtY), B-carotene ketolase
(CrtW), and f-carotene hydroxylase (CrtZ).

[0109] Incertain embodiments, the host cell comprises one
or more of the genes CrtY (lycopene cyclase) from
Bradyrhizobium sp. ORS 278 [GenBank sequence ID:
YP_001208335.1], CrtW (beta-carotene ketolase) from
Bradyrhizobium sp. ORS 278 [GenBank sequence ID:
YP__001208332.1], and CrtZ (f-carotene hydroxylase) from
Brevundimonas sp. SD212 [GenBank sequence ID:
AB181388].

[0110] Incertain embodiments, the host cell is modified so
that one or more genes producing enzymes that divert iso-
prenoid compounds from the carotenoid biosynthetic path-
way are blocked or deleted.

[0111] Incertain embodiments, the one or more blocked or
deleted genes are selected from the group consisting of genes
involved in hopanoid biosynthesis, genes involved in produc-
ing carotenoids other than astaxanthin, and genes involved in
producing carotenoids other than spirilloxanthin.

[0112] In certain embodiments, the one or more blocked or
deleted genes are selected from the group consisting of hpnC,
hpnD, hpnE, she (hpnF), bchG, behP, ertC, crtD, and crtF.
[0113] In certain embodiments, the host cell is a spontane-
ous mutant whose rate of growth is increased relative to a
corresponding non-mutant.

[0114] In certain embodiments, the host cell is cultured
under stress conditions selected from light depletion, nutrient
depletion, nitrogen depletion, high salt, or a chemical that
inhibits growth of the host cell, wherein the stress conditions
induce changes in gene expression leading to increased caro-
tenoid production.

[0115] One aspect of the present invention is a pigmented
methylotrophic host cell that produces a carotenoid com-
pound, comprising:

[0116] (i) suitable levels of isopentenyl pyrophosphate for
the production of the carotenoid compound; and (ii) at least
one isolated nucleic acid molecule encoding an enzyme in the
carotenoid biosynthetic pathway under the control of suitable
regulatory sequences; wherein the host cell produces a caro-
tenoid compound.

[0117] In certain embodiments, the carotenoid compound
is selected from the group consisting of non-natural caro-
tenoids, antheraxanthin, adonixanthin, astaxanthin, canthax-
anthin, capsorubrin, (-cryptoxanthin, a-carotene, (-caro-
tene, e-carotene, echinenone, y-carotene, f-carotene,
a-cryptoxanthin, diatoxanthin, 7,8-didehydroastaxanthin,
fucoxanthin, fucoxanthinol, isorenieratene, lactucaxanthin,
lutein, lycopene, neoxanthin, neurosporene, hydroxyneuro-
sporene, peridinin, phytoene, rhodopin, rhodopin glucoside,
siphonaxanthin, spheroidene, spheroidenone, spirilloxan-
thin, uriolide, uriolide acetate, violaxanthin, zeaxanthin-[3-
diglucoside, zeaxanthin, and intermediates in the biosyn-
thetic production of any of the foregoing carotenoid
compounds.

[0118] In certain embodiments, the carotenoid compound
is selected from the group consisting of B-carotene, lycopene,
rhodopin, echinenone, [-cryptoxanthin, canthaxanthin,
adonirubin, cis-adonixanthin, adonixanthin, astaxanthin,
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zeaxanthin, spirilloxanthin, and intermediates in the biosyn-
thetic production of any of the foregoing carotenoid com-
pounds.

[0119] In certain embodiments, the carotenoid compound
is selected from the group consisting of f-carotene, lycopene,
rhodopin, astaxanthin and spirilloxanthin.

[0120] In certain embodiments, the carotenoid compound
is spirilloxanthin.

[0121] In certain embodiments, the host cell is capable of
using as an energy source a C1 carbon substrate selected from
the group consisting of methane, methanol, formaldehyde,
formic acid, methylated amines, methylated thiols, and car-
bon dioxide.

[0122] In certain embodiments, the C1 carbon substrate is
selected from the group consisting of methanol, formalde-
hyde, and methylated amines.

[0123] In certain embodiments, the C1 carbon substrate is
methanol.
[0124] In certain embodiments, the host cell is selected

from the group consisting of Methylomonas, Methylobacter,
Methylococcus, Methylosinus, Methylocyctis, Methylomicro-
bium, Methanomonas, Methylophilus, Methylobacillus,
Methylobacterium, Hyphomicrobium, Xanthobacter, Bacil-
lus, Paracoccus, Nocardia, Arvthrobacter, Rhodopseudomo-
nas, Pseudomonas, Candida, Hansenula, Pichia, Torulopsis,
and Rhodotorula.

[0125] In certain embodiments, the host cell is a Methylo-
bacterium.
[0126] Incertain embodiments, the host cell is Methylobac-

terium extorquens.

[0127] In certain embodiments, the host cell comprises a
functional Embden-Meyerhof carbon pathway, said pathway
comprising a gene encoding a pyrophosphate dependent
phosphofructokinase enzyme.

[0128] In certain embodiments, the host cell contains at
least one gene encoding a fructose bisphosphate aldolase
enzyme.

[0129] In certain embodiments, the host cell contains a
functional Entner-Douderoff carbon pathway.

[0130] In certain embodiments, the suitable levels of iso-
pentenyl pyrophosphate are provided by the expression of
heterologous upper isoprenoid pathway genes.

[0131] In certain embodiments, the upper isoprenoid path-
way genes are selected from the group consisting of D-1-
deoxyxylulose-5-phosphate synthase (Dxs), D-1-deoxyxylu-
lose-5-phosphate reductoisomerase (Dxr), 2C-methyl-D-
erythritol cytidylyltransferase (IspD), 4-diphosphocytidyl-2-
C-methylerythritol kinase (IspE), 2C-methyl-D-erythritol
2,4-cyclodiphosphate synthase (IspF), CTP synthase (PyrG),
LytB, and GepE.

[0132] In certain embodiments, the host cell produces a
non-natural spectrum of carotenoid compounds.

[0133] In certain embodiments, the host cell produces a
spectrum of amino acids suitable for use as a nutritional
supplement.

[0134] In certain embodiments, the spectrum of amino
acids comprises all essential amino acids.

[0135] In certain embodiments, the host cell produces tau-
rine.
[0136] In certain embodiments, the host cell produces one

or more vitamins or antioxidants.
[0137] In certain embodiments, the host cell produces one
or more fatty acids.
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[0138] In certain embodiments, the one or more fatty acids
comprises monounsaturated fatty acids, polyunsaturated
fatty acids, or one or more essential omega-3 fatty acids.
[0139] In certain embodiments, the one or more essential
omega-3 fatty acids is EPA, DHA, or both.

[0140] In certain embodiments, the host cell is a spontane-
ous mutant which overexpresses one or more carotenoid com-
pounds relative to the non-mutant cell.

[0141] In certain embodiments, the isolated nucleic acid
molecule encodes a carotenoid biosynthetic enzyme selected
from the group consisting of geranylgeranyl pyrophosphate
(GGPP) synthase, phytoene synthase, phytoene desaturase,
lycopene cyclase, [3-carotene hydroxylase, zeaxanthin gluco-
syl transferase, [3-carotene ketolase, §-carotene C-4 oxyge-
nase, [-carotene desaturase, spheroidene monooxygenase,
carotene hydratase, carotenoid 3,4-desaturase, 1-OH-caro-
tenoid methylase, farnesyl diphosphate synthetase, and
diapophytoene dehydrogenase.

[0142] In certain embodiments, the host cell is a trans-
formed cell comprising multiple copies of at least one gene
encoding an enzyme selected from the group consisting of
D-1-deoxyxylulose-5-phosphate synthase (Dxs), D-1-deox-
yxylulose-5-phosphate reductoisomerase (Dxr), 2C-methyl-
D-erythritol cytidylyltransferase (IspD), 4-diphosphocyti-
dyl-2-C-methylerythritol kinase (IspE), 2C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase (IspF), CTP
synthase (PyrG), LytB, GepE, isopentyl diphosphate
isomerase, farnesyl diphosphate synthase, geranylgeranyl
diphosphate synthase, phytoene synthase, phytoene desatu-
rase, lycopene cyclase (CrtY), [-carotene ketolase (CrtW),
and f-carotene hydroxylase (CrtZ).

[0143] In certain embodiments, the host cell is a trans-
formed cell comprising at least one gene encoding an enzyme
selected from the group consisting of D-1-deoxyxylulose-5-
phosphate synthase (Dxs), D-1-deoxyxylulose-5-phosphate
reductoisomerase (Dxr), 2C-methyl-D-erythritol cytidylyl-
transferase (IspD), 4-diphosphocytidyl-2-C-methylerythritol
kinase (IspE), 2C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase (IspF), CTP synthase (PyrG), LytB, GepE, isopentyl
diphosphate isomerase, farnesyl diphosphate synthase, gera-
nylgeranyl diphosphate synthase, phytoene synthase, phy-
toene desaturase, lycopene cyclase (CrtY), f-carotene keto-
lase (CrtW), and p-carotene hydroxylase (CrtZ), operably
linked to a strong promoter.

[0144] In certain embodiments, the host cell comprises at
least one gene encoding an enzyme selected from the group
consisting of lycopene cyclase (CrtY), p-carotene ketolase
(CrtW), and f-carotene hydroxylase (CrtZ).

[0145] Incertain embodiments, the host cell comprises one
or more of the genes CrtY (lycopene cyclase) from
Bradyrhizobium sp. ORS 278 [GenBank sequence ID:
YP_001208335.1], CrtW (beta-carotene ketolase) from
Bradyrhizobium sp. ORS 278 [GenBank sequence ID:
YP__001208332.1], and CrtZ (f-carotene hydroxylase) from
Brevundimonas sp. SD212 [GenBank sequence ID:
AB181388].

[0146] Incertain embodiments, the host cell is modified so
that one or more genes producing enzymes that divert iso-
prenoid compounds from the carotenoid biosynthetic path-
way are blocked or deleted.

[0147] Incertain embodiments, the one or more blocked or
deleted genes are selected from the group consisting of genes
involved in hopanoid biosynthesis, genes involved in produc-
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ing carotenoids other than astaxanthin, and genes involved in
producing carotenoids other than spirilloxanthin.

[0148] In certain embodiments, the one or more blocked or
deleted genes are selected from the group consisting of hpnC,
hpnD, hpnE, she (hpnF), bchG, behP, ertC, crtD, and crtF.
[0149] In certain embodiments, the host cell is a spontane-
ous mutant whose rate of growth is increased relative to a
corresponding non-mutant.

[0150] In certain embodiments, the host cell is cultured
under stress conditions selected from light depletion, nutrient
depletion, nitrogen depletion, high salt, or a chemical that
inhibits growth of the host cell, wherein the stress conditions
induce changes in gene expression leading to increased caro-
tenoid production.

[0151] In one aspect, the invention relates to a feed com-
position, comprising biomass from a host cell as described
above.

[0152] In certain embodiments, the composition further
comprises a source of protein comprising all of the essential
amino acids.

[0153] In certain embodiments, the composition further
comprises one or more vitamins or antioxidants.

[0154] In certain embodiments, the composition further
comprises one or more fatty acids.

[0155] In certain embodiments, the one or more fatty acids
comprises monounsaturated fatty acids, polyunsaturated
fatty acids, or one or more essential omega-3 fatty acids.
[0156] In certain embodiments, the one or more essential
omega-3 fatty acids is EPA, DHA, or both.

[0157] In certain embodiments, the biomass comprises
whole cells.

[0158] In certain embodiments, the biomass comprises
lysed cells.

[0159] Incertain embodiments, the biomass is processed or
partially processed.

[0160] In certain embodiments, the composition is for
aquaculture, including aquaculture feed organisms such as
krill, rotifers, or the like.

[0161] In certain embodiments, the composition is for use
in agriculture as an animal feed.

[0162] In certain embodiments, the composition is for use
with ornamental fish, shrimp, corals, or other hobbyist aquac-
ulture.

[0163] In certain embodiments, the composition is for
human use.
[0164] In certain embodiments, the human useis as a nutri-

tional supplement.

[0165] In one aspect, the invention relates to a method of
preparing a feed composition as described above, the method
comprising

[0166] (a) culturing in an appropriate medium at least one
host cell as described above;

[0167] (b) concentrating the medium to provide a biomass,
[0168] (c) optionally providing additional feed compo-
nents, and

[0169] (d) producing the feed composition from the biom-
ass.

[0170] In certain embodiments, step (b) comprises cen-
trifugation.

[0171] In certain embodiments, step (b) comprises allow-

ing the biomass to settle.
[0172] In certain embodiments, step (b) comprises filtra-
tion.
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[0173] In certain embodiments, the method further com-
prises a pre-treatment of the biomass after step (a) with a
chemical agent to disrupt the cell membranes of the biomass.
[0174] In certain embodiments, the chemical agent is a
surfactant or solvent.

[0175] In certain embodiments, the method further com-
prises mechanical disruption of the cell membranes of the
biomass after step (a).

[0176] In this disclosure, a number of terms and abbrevia-
tions are used. The following definitions are provided.
[0177] Carotenogenic modification: The term “caroteno-
genic modification”, as used herein, refers to a modification
of a host organism that adjusts production of one or more
carotenoids, as described herein. For example, a caroteno-
genic modification may increase the production level of one
or more carotenoids, and/or may alter relative production
levels of different carotenoids. In principle, an inventive caro-
tenogenic modification may be any chemical, physiological,
genetic, or other modification that appropriately alters pro-
duction of one or more carotenoids in a host organism pro-
duced by that organism as compared with the level produced
in an otherwise identical organism not subject to the same
modification. In most embodiments, however, the caroteno-
genic modification will comprise a genetic modification,
typically resulting in increased production of one or more
selected carotenoids. In some embodiments, the selected
carotenoid is one or more of astaxanthin, (-carotene, can-
thaxanthin, lutein, lycopene, phytoene, zeaxanthin, modified
zeaxanthin or astaxanthin (e.g., glycoside, esterified zeaxan-
thin or astaxanthin), spirilloxanthin, and intermediates lead-
ing to spirilloxanthin such as lycopene and rhodopin. In cer-
tain embodiments, the carotenoid is one or more
xanthophylls, and/or a modification thereof (e.g., glycoside,
esterified xanthophylls). In certain embodiments, the xantho-
phyll is selected from the group consisting of astaxanthin,
lutein, zeaxanthin, lycopene, spirilloxanthin, and intermedi-
ates leading to spirilloxanthin such as rhodopin, and modifi-
cations thereof. In certain embodiments, the carotenoid is one
or more of astaxanthin, f-carotene, canthaxanthin, lutein,
lycopene, and zeaxanthin and/or modifications of zeaxanthin
or astaxanthin. In certain embodiments, the carotenoid is
[-carotene. In certain embodiments, the selected carotenoid
is astaxanthin. In some embodiments, the selected carotenoid
is spirilloxanthin. In certain embodiments, the selected caro-
tenoid is astaxanthin. In some embodiments, the selected
carotenoid is one or more intermediates that are precursors of
spirilloxanthin such as, for example, lycopene or rhodopin.
[0178] Carotenoid: The term “carotenoid” is understood in
the art to refer to a structurally diverse class of pigments
derived from isoprenoid pathway intermediates. The commit-
ment step in carotenoid biosynthesis is the formation of phy-
toene from geranylgeranyl pyrophosphate. Carotenoids can
be acyclic or cyclic, and may or may not contain oxygen, so
that the term carotenoids include both carotenes and xantho-
phylls. In general, carotenoids are hydrocarbon compounds
having a conjugated polyene carbon skeleton formally
derived from the five-carbon compound IPP, including triter-
penes (C,, diapocarotenoids) and tetraterpenes (C,, caro-
tenoids) as well as their oxygenated derivatives and other
compounds that are, for example, C;s, Csq, Ogg, Co, Cgo In
length or other lengths. Many carotenoids have strong light
absorbing properties and may range in length in excess of
C,00- C5o diapocarotenoids typically consist of six isoprenoid
units joined in such a manner that the arrangement of iso-
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prenoid units is reversed at the center of the molecule so that
the two central methyl groups are in a 1,6-positional relation-
ship and the remaining non-terminal methyl groups are in a
1,5-positional relationship. Such C,, carotenoids may be for-
mally derived from the acyclic C;,H,, structure, having a
long central chain of conjugated double bonds, by: (i) hydro-
genation (ii) dehydrogenation, (iii) cyclization, (iv) oxida-
tion, (v) esterification/glycosylation, or any combination of
these processes. C,, carotenoids typically consist of eight
isoprenoid units joined in such a manner that the arrangement
of'isoprenoid units is reversed at the center of the molecule so
that the two central methyl groups are in a 1,6-positional
relationship and the remaining non-terminal methyl groups
areina 1,5-positional relationship. Such C,, carotenoids may
be formally derived from the acyclic C,,Hs, structure, having
along central chain of conjugated double bonds, by (i) hydro-
genation, (ii) dehydrogenation, (iii) cyclization, (iv) oxida-
tion, (v) esterification/glycosylation, or any combination of
these processes. The class of C,, carotenoids also includes
certain compounds that arise from rearrangements of the
carbon skeleton, or by the (formal) removal of part of this
structure. More than 600 different carotenoids have been
identified in nature. Carotenoids include but are not limited
to: antheraxanthin, adonirubin, adonixanthin, astaxanthin,
canthaxanthin, capsorubrin, f-cryptoxanthin, ca-carotene,
[-carotene, [3.,y-carotene, d-carotene, e-carotene,
echinenone, 3-hydroxyechinenone, 3'-hydroxyechinenone,
y-carotene, 1p-carotene, 4-keto-y-carotene, f-carotene,
a-cryptoxanthin, deoxyflexixanthin, diatoxanthin, 7,8-dide-
hydroastaxanthin, didehydrolycopene, fucoxanthin, fucox-
anthinol, isorenieratene, f-isorenieratene, lactucaxanthin,
lutein, lycopene, myxobactone, neoxanthin, neurosporene,
hydroxyneurosporene, peridinin, phytoene, rhodopin,
rhodopin glucoside, 4-keto-rubixanthin, siphonaxanthin,
spheroidene, spheroidenone, spirilloxanthin, torulene,
4-keto-torulene, 3-hydroxy-4-keto-torulene, uriolide, uri-
olide acetate, violaxanthin, zeaxanthin-f-diglucoside, zeax-
anthin, and C30 carotenoids. Additionally, carotenoid com-
pounds include derivatives of these molecules, which may
include hydroxy-, methoxy-, 0xo-, epoxy-, carboxy-, or alde-
hydic functional groups. Further, included carotenoid com-
pounds include ester (e.g., glycoside ester, fatty acid ester)
and sulfate derivatives (e.g., esterified xanthophylls).

[0179] Isoprenoid pathway: The “isoprenoid pathway” is
understood in the art to refer to a metabolic pathway that
either produces or utilizes the five-carbon metabolite isopen-
tyl pyrophosphate (IPP). As discussed herein, two different
pathways can produce the common isoprenoid precursor
IPP—the “mevalonate pathway” and the “non-mevalonate
pathway”. The term “isoprenoid pathway” is sufficiently gen-
eral to encompass both of these types of pathway. Biosynthe-
sis of isoprenoids from IPP occurs by polymerization of sev-
eral five-carbon isoprene subunits. Isoprenoid metabolites
derived from IPP vary greatly in chemical structure, including
both cyclic and acyclic molecules. Isoprenoid metabolites
include, but are not limited to, monoterpenes, sesquiterpenes,
diterpenes, sterols, and polyprenols such as carotenoids.

[0180] Oleaginic modification: The term “oleaginic modi-
fication”, as used herein, refers to a modification of a host
organism that adjusts the desirable oleaginy of that host
organism, as described herein. In some cases, the host organ-
ism will already be oleaginous in that it will have the ability to
accumulate lipid to at least about 20% of'its dry cell weight.
It may nonetheless be desirable to apply an oleaginic modi-
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fication to such an organism, in accordance with the present
invention, for example to increase (or, in some cases, possibly
to decrease) its total lipid accumulation, or to adjust the types
or amounts of one or more particular lipids it accumulates
(e.g., to increase relative accumulation of triacylglycerol). In
other cases, the host organism may be non-oleaginous
(though may contain some enzymatic and regulatory compo-
nents used in other organisms to accumulate lipid), and may
require oleaginic modification in order to become oleaginous
in accordance with the present invention. The present inven-
tion also contemplates application of oleaginic modification
to non-oleaginous host strains such that their oleaginicity is
increased even though, even after being modified, they may
not be oleaginous as defined herein. In principle, the oleaginic
modification may be any chemical, physiological, genetic, or
other modification that appropriately alters oleaginy of a host
organism as compared with an otherwise identical organism
not subjected to the oleaginic modification. In most embodi-
ments, however, the oleaginic modification will comprise a
genetic modification, typically resulting in increased produc-
tion and/or activity of one or more oleaginic polypeptides. In
certain embodiments, the oleaginic modification comprises at
least one chemical, physiological, genetic, or other modifica-
tion; in other embodiments, the oleaginic modification com-
prises more than one chemical, physiological, genetic, or
other modification. In certain aspects where more than one
modification is utilized, such modifications can comprise any
combination of chemical, physiological, genetic, or other
modification (e.g., one or more genetic modification and
chemical or physiological modification).

[0181] The term “feed premix” refers to the crude mixture
of'aquaculture feed components prior to processing, option-
ally at high temperature, into an aquaculture feed composi-
tion that is in the form of pellets or flakes.

[0182] An aquaculture feed composition is used in the pro-
duction of an “aquaculture product”, wherein the productis a
harvestable aquacultured species (e.g., finfish, crustaceans),
which is often sold for human consumption. For example,
salmon are intensively produced in aquaculture and thus are
aquaculture products.

[0183] Aquaculture compositions may also be used as feed
for aquaculture feed organisms such as small fish like krill,
rotifers, and the like, that are food sources for larger aquac-
ulture organisms such as carnivorous fish. In addition, aquac-
ulture compositions described herein can be used as feed for
ornamental fish, shrimp, hobbyist aquaculture, and the like,
that are not intended as food for other organisms.

[0184] The term “aquaculture meat product™ refers to food
products intended for human consumption comprising at
least a portion of meat from an aquaculture product as defined
above. An aquaculture meat product may be, for example, a
whole fish or a filet cut from a fish, each of which may be
consumed as food. In some embodiments, such a product can
be referred to as a fish or seafood product.

[0185] “Eicosapentaenoic acid” (“EPA”) is the common
name for cis-5,8,11,14,17-eicosapentaenoic acid. This fatty
acid is a 20:5 omega-3 fatty acid. The term EPA as used in the
present disclosure will refer to the acid or derivatives of the
acid (e.g., glycerides, esters, phospholipids, amides, lactones,
salts or the like) unless specifically mentioned otherwise.
[0186] “Docosahexaenoic acid” (“DHA”) is the common
name for cis-4,7,10,13,16,19-docosahexaenoic acid. It is a
22:6 omega-3 fatty acid. The term DHA as used in the present
disclosure will refer to the acid or derivatives of the acid (e.g.,
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glycerides, esters, phospholipids, amides, lactones, salts or
the like) unless specifically mentioned otherwise.

[0187] As used herein the term “biomass” refers to micro-
bial cellular material. Biomass may be produced naturally, or
may be produced from the fermentation of a native host or a
recombinant production host. The biomass may be in the
form of whole cells, whole cell lysates, homogenized cells,
partially hydrolyzed cellular material, and/or partially puri-
fied cellular material (e.g., microbially produced oil).

[0188] The term “processed biomass” refers to biomass
that has been subjected to additional processing such as dry-
ing, pasteurization, disruption, etc., each of which is dis-
cussed in greater detail below.

[0189] The term “C-1 carbon substrate” refers to any car-
bon-containing molecule that lacks a carbon-carbon bond.
Examples are methane, methanol, formaldehyde, formic
acid, formate, methylated amines (e.g., mono-, di-, and tri-
methyl amine), methylated thiols, and carbon dioxide. The
term “C1 metabolizer” refers to a microorganism that has the
ability to use a single carbon substrate as a sole source of
energy and biomass. C1 metabolizers will typically be methy-
lotrophs and/or methanotrophs capable of growth.

[0190] The term “methylotroph” means an organism
capable of oxidizing organic compounds which do not con-
tain carbon-carbon bonds. Where the methylotroph is able to
oxidize CH,, the methylotroph is also a methanotroph.
[0191] The term “methanotroph” means a prokaryote
capable of utilizing methane as a substrate. Complete oxida-
tion of methane to carbon dioxide occurs by aerobic degra-
dation pathways. Typical examples of methanotrophs useful
in the present invention include but are not limited to the
genera Methylomonas, Methylobacter, Methylococcus, and
Methylosinus.

[0192] The term “high growth methanotrophic bacterial
strain” refers to a bacterium capable of growth using methane
as its sole carbon and energy source.

[0193] Theterm “isoprenoid compound” refers to any com-
pound which is derived via the pathway beginning with iso-
pentenyl pyrophosphate (IPP) and formed by the head-to-tail
condensation of isoprene units which may be of 5, 10, 15, 20,
30 or 40 carbons in length. There term “isoprenoid pigment”
refers to a class of isoprenoid compounds which typically
have strong light absorbing properties.

[0194] The term “upper isoprene pathway” refers to any of
the genes and gene products (including homologs and
mutants thereof, whether naturally-occurring or genetically
engineered) associated with the isoprenoid biosynthetic path-
way including the dxs gene (encoding 1-deoxyxylulose-5-
phosphate synthase), the dxr gene (encoding 1-deoxyxylu-
lose-5-phosphate reductoisomerase), the “ispD” gene
(encoding the 2C-methyl-D-erythritol cytidyltransferase
enzyme; also known as ygbP), the “ispE” gene (encoding the
4-diphosphocytidyl-2-C-methylerythritol ~ kinase;  also
known as ychB), the “ispF” gene (encoding a 2C-methyl-d-
erythritol 2,4-cyclodiphosphate synthase; also known as
ygbB), the “pyrG” gene (encoding a CTP synthase); the
“lytB” gene involved in the formation of dimethylallyl
diphosphate; and the gcpE gene involved in the synthesis of
2-C-methyl-D-erythritol 4-phosphate in the isoprenoid path-
way. The term “Dxs” refers to the 1-deoxyxylulose-5-phos-
phate synthase enzyme encoded by the dxs gene.

[0195] The term “Dxr” refers to the 1-deoxyxylulose-5-
phosphate reductoisomerase enzyme encoded by the dxr
gene.
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[0196] Theterm“YgbP” or “IspD” refers to the 2C-methyl-
D-erythritol cytidyltransferase enzyme encoded by the ygbP
or ispD gene. The names of the gene, ygbP or ispD, are used
interchangeably in this application. The names of gene prod-
uct, YgbP or IspD are used interchangeably in this applica-
tion.

[0197] The term “YchB” or “IspE” refers to the 4-diphos-
phocytidyl-2-C-methylerythritol kinase enzyme encoded by
the ychB or ispE gene. The names of the gene, ychB or ispE,
are used interchangeably in this application. The names of
gene product, YchB or IspE are used interchangeably in this
application.

[0198] Theterm “YgbB” or “IspF” refers to the 2C-methyl-
D-erythritol 2,4-cyclodiphosphate synthase enzyme encoded
by the ygbB or ispF gene. The names of the gene, ygbB or
ispF, are used interchangeably in this application. The names
of the gene product, YgbB or IspF, are used interchangeably
in this application.

[0199] The term “PyrG” refers to a CTP synthase enzyme
encoded by the pyrG gene.

[0200] The term “IspA” refers to Geranyltransferase or
farnesyl diphosphate synthase enzyme as one of prenyl trans-
ferase family encoded by ispA gene. The term “LytB” refers
to protein having a role in the formation of dimethylallyl-
pyrophosphate in the isoprenoid pathway and which is
encoded by lytB gene.

[0201] The term “GepE” refers to a protein having a role in
the formation of 2-C-methyl-D-erythritol 4-phosphate in the
isoprenoid pathway (Altincicek et al., J. Bacteriol. (2001),
183(8),2411-2416; Camposetal., FEBS Lett. (2001), 483(3),
170-173).

[0202] The term “lower carotenoid biosynthetic pathway”
refers to any of the following genes and gene products (in-
cluding homologs and mutants thereof, whether naturally-
occurring or genetically engineered) associated with the iso-
prenoid biosynthetic pathway, which are involved in the
immediate synthesis of phytoene (whose synthesis represents
the first step unique to biosynthesis of carotenoids) or subse-
quent reactions. These genes and gene products include the
“ispA” gene (encoding geranyltransferase or farnesyl diphos-
phate synthase), the “ctrN” and “ctrN1” genes (encoding
diapophytoene dehydrogenases), the “crtE” gene (encoding
geranylgeranyl pyrophosphate synthase), the “crtX” gene
(encoding zeaxanthin glucosyl transferase), the “crtY” gene
(encoding lycopene cyclase), the “crtl” gene (encoding phy-
toene desaturase), the “crtB” gene (encoding phytoene syn-
thase), the “crtZ” gene (encoding f3-carotene hydroxylase),
and the “crtO” gene (encoding a f-carotene ketolase). Addi-
tionally, the term “carotenoid biosynthetic enzyme” is an
inclusive term referring to any and all of the enzymes in the
present pathway including CrtE, CrtX, CrtY, Crtl, CrtB, CrtZ,
and CrtO.

[0203] Theterm “IspA” refers to the protein encoded by the
ispA gene, and whose activity catalyzes a sequence of 3
prenyltransferase reactions in which geranyl pyrophosphate
(GPP), farnesyl pyrophosphate (FPP), and geranylgeranyl
pyrophosphate (GGPP) are formed.

[0204] The term “CrtN1” or “CrtN, copyl” refers to copy 1
of the diapophytoene dehydrogenase enzyme encoded by
crtN1 gene. The term “CrtN2” or “CrtN copy2” refers to copy
2 of the diapophytoene dehydrogenase enzyme (Crt) encoded
by crtN2 gene.

[0205] The term “CrtE” refers to geranylgeranyl pyrophos-
phate synthase enzyme encoded by crtE gene which converts
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trans-trans-farnesyl diphosphate and isopentenyl diphos-
phate into pyrophosphate and geranylgeranyl diphosphate.
[0206] The term “CrtX” refers to the zeaxanthin glucosyl
transferase enzyme encoded by the crtX gene, and which
glycosolates zeaxanthin to produce zeaxanthin-f-digluco-
side. The term “CrtY” refers to the lycopene cyclase enzyme
encoded by the ctfYgene and which catalyzes conversion of
lycopene to §-carotene.

[0207] The term “Crtl” refers to the phytoene desaturase
enzyme encoded by the crtl gene and which converts phy-
toene into lycopene via the intermediaries of phytofiuene,
zeta-carotene, and neurosporene by the introduction of four
double bonds.

[0208] The term “CrtB” refers to the phytoene synthase
enzyme encoded by the crtB gene which catalyzes the reac-
tion from prephytoene diphosphate to phytoene. The term
“CrtZ” refers to the 3-carotene hydroxylase enzyme encoded
by crtZgene which catalyzes the hydroxylation reaction from
[-carotene to zeaxanthin.

[0209] The term “CrtO” refers to the f3-carotene ketolase
enzyme encoded by crtO gene which catalyzes conversion of
[(-carotene into canthaxanthin (two ketone groups) via
echinenone (one ketone group) as the intermediate.

[0210] The term “HpnD” refers to putative dehy-
drosqualene synthase, which is thought to combine a dehy-
drated and a standard farnesyl-PP group to generate the C,,
molecule dehydrosqualene and is encoded by the gene hpnD.
[0211] The term “HpnE” refers to putative dehy-
drosqualene reductase, which is thought to reduce dehy-
drosqualene to generate the C,, molecule dehydrosqualene
and is encoded by the gene hpnE.

[0212] The term “HpnC” refers to squalene synthase,
which combines two farnesyl-PP groups to generate the C,,
molecule squalene and is encoded by the gene hpnC.

[0213] The term “SHC” refers to squalene-hopene cyclase
that converts the linear squalene molecule into the pentacy-
clic molecule hopene and is encoded by the gene shc (also
known as hpnF). In some embodiments, the modified bacteria
of the invention contains a knockout of shc, e.g., as M.
extorquens having a shc knockout which results in elevated
levels of carotenoid production (see, e.g., Example 7).
[0214] The term “carotenoid compound” is defined as a
class of hydrocarbons (carotenes) and their oxygenated
derivatives (xanthophylls) consisting of eight isoprenoid
units joined in such a manner that the arrangement of iso-
prenoid units is reversed at the center of the molecule so that
the two central methyl groups are in a 1,6-positional relation-
ship and the remaining nonterminal methyl groups are in a
1,5-positional relationship. All carotenoids may be formally
derived from the acyclic C,,Hs structure (Formula I below),
having a long central chain of conjugated double bonds, by (i)
hydrogenation. (ii) dehydrogenation, (iii) cyclization, or (iv)
oxidation, or any combination of these processes.
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[0215] The present invention provides for the expression of
genes involved in the biosynthesis of carotenoid compounds
in microorganisms which are able to use single carbon sub-
strates as a sole energy source. Such microorganisms are
referred to herein as C1 metabolizers. The host microorgan-
ism may be any C1 metabolizer which has the ability to
synthesize isopentenyl pyrophosphate (IPP) the precursor for
many of the carotenoids. Many C1 metabolizing microorgan-
isms are known in the art which are able to use a variety of
single carbon substrates. Single carbon substrates useful in
the present invention include but are not limited to methane,
methanol, formaldehyde, formic acid, methylated amines
(e.g., mono-, di- and tri-methyl amine), methylated thiols,
and carbon dioxide. All C1 metabolizing microorganisms are
generally classified as methylotrophs. Methylotrophs may be
defined as any organism capable of oxidizing organic com-
pounds which do not contain carbon-carbon bonds. A subset
of methylotrophs is the methanotrophs, which have the dis-
tinctive ability to oxidize methane. Facultative methylotrophs
have the ability to oxidize organic compounds which do not
contain carbon-carbon bonds, but may also use other carbon
substrates such as sugars and complex carbohydrates for
energy and biomass. Obligate methylotrophs are those organ-
isms which are limited to the use of organic compounds
which do not contain carbon-carbon bonds for the generation
of energy and obligate methanotrophs are those obligate
methylotrophs that have the ability to oxidize methane.

[0216] Facultative methylotrophic bacteria are found in
many environments, but are isolated most commonly from
soil, landfill and waste treatment sites. Many facultative
methylotrophs are members of the a, 3, and y subgroups of
proteobacteria (Hanson et al., Microb. Growth 01 Com-
pounds., [Int. Symp.], 7th (1993), 285-302. Editor(s): Mur-
rell, J. Collin; Kelly, Don P. Publisher: Intercept, Andover,
UK; Madigan et al., Brock Biology of Microorganisms, 8th
edition, Prentice Hall, UpperSaddle River, N.J. (1997)). Fac-
ultative methylotrophic bacteria suitable in the present inven-
tion include but are not limited to, Methylophilus, Methylo-
bacillus, Methylobacterium, Hyphomicrobium,
Xanthobacter, Bacillus, Paracoccus, Nocardia, Arthrobacter,
Rhodopseudomonas, and Pseudomonas. Preferred obligate
methanotrophs are included in, but not limited to, the genera
Methylobacterium, Methylomonas, Methylobacter, Methylo-
coccus, Methylosinus, Methylocyctis, Methylomicrobium,
and Methanomonas.

[0217] The ability to utilize single carbon substrates is not
limited to bacteria but extends also to yeasts and fungi. A
number of yeast genera are able to use single carbon sub-
strates in addition to more complex materials as energy
sources. Specific methylotrophic yeasts useful in the present
invention include but are not limited to Candida, Hansenula,
Pichia, Torulopsis, and Rhodotorula.
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[0218] Of particular interest in the present invention are
high growth facultative methylotrophs having an energeti-
cally favorable carbon flux pathway. For example, the Appli-
cants have discovered a specific strain of methylotroph hav-
ing several pathway features which make it particularly
useful for carbon flux manipulation and the production of
carotenoids and additional nutrients. This type of strain has
served as the host in the present application and is an a-pro-
teobacterium known as Methylobacterium extorquens.
[0219] The C1 metabolizing microorganisms of the present
invention are ubiquitous and many have been isolated and
characterized. A general scheme for isolation of these strains
includes addition of an inoculum into a sealed liquid mineral
salts media, containing either methane or methanol. Care
must be made of the volume:gas ratio and cultures are typi-
cally incubated between 25-55° C. Typically, a variety of
different methylotrophic bacteria can be isolated from a first
enrichment, if it is plated or streaked onto solid media when
growth is first visible. Methods for the isolation of methan-
otrophs are common and well known in the art (see for
example Thomas D. Brock in Biotechnology: A Textbook of
Industrial Microbiology, Second Edition (1989) Sinauer
Associates, Inc., Sunderland, Mass.; Deshpande, Mukund V.,
Appl. Biochem. Biotechnol., 36: 227 (1992); or Hanson, R. S.
et al. The Prokaryotes: a handbook on habitats, isolation, and
identification of bacteria; Springer-Verlag: Berlin, New York,
1981; Volume 2, Chapter 118).

[0220] Tt is expected that the present teaching will enable
the general identification and isolation of organisms exhibit-
ing desired characteristics. One aspect of a C1 metabolizer is
that it incorporates an active Embden-Meyerhof pathway as
indicated by the presence of a pyrophosphate dependent
phosphofructokinase. Another key characteristic of the
present high growth strain is that it is a facultative methy-
lotroph, able to use methanol (or other C1 substrates) as a sole
carbon source; of course, for optimal growth, other carbon-
containing nutrients may be included, or other C1 nutrients
supplemented in addition to the methanol. Methods for the
isolation of methanotrophs are common and well known in
the art. Similarly, pyrophosphate dependent phosphofruc-
tokinase has been well characterized in mammalian systems
and assay methods have been well developed (see for
example Schliselfeld et al. Clin. Biochem. (1996), 29(1),
79-83; Clark et al., J. Mol. Cell. Cardiol. (1980), 12(10),
1053-64. The contemporary microbiologist will be able touse
these techniques to identify the present high growth strain.

EXEMPLIFICATION

[0221] The invention having been described, it will be fur-
ther understood by reference to the following non-limiting
examples.

Example 1

Directed Evolution of Methylotrophic Bacteria

[0222] Directed evolution is capable of yielding enhance-
ment of a desired trait, such as selection for highly pigmented
organisms. The technique is adapted here for the selection/
evolution of M. extorquens overproducing astaxanthin and a
number of essential amino acids. According to the present
invention, one route to carotenoid production is to simply
evolve cultures under the desired industrial conditions in
order to improve growth rates and/or survival under the rel-
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evant environmental parameters. As this is proceeding, the
visible nature of carotenoids can be used as a screen for
lineages that are either losing coloration while they adapted,
or those that have fortuitously become more highly pig-
mented. An example selection regime would be serial trans-
fers in minimal medium containing just methanol. Upon plat-
ing cultures occasional isolates may be noted for having a
“dark pink” or “reddish” colony morphology. This approach
has yielded various strains with increased or altered pigmen-
tation, as noted in Table 1 of Lee et al. (2009. Evolution.
63:2816-2830). Upon genome resequencing, the basis of the
pigmentation can be revealed and combined with other devel-
opments below. Application of selection/evolution will also
lead to increased methanol tolerance by culturing under ever
higher concentrations beyond the ~1% tolerated now, to 5%,
10%, or higher. Experimental evolution may be carried out by
serial transfers performed every 48 hours (within 1 hour) by
transferring 150 plL into 9.45 mL of fresh media (a 1/64
dilution, thus permitting six generations of growth before
reaching stationary phase). This provides a population size at
the end of each cycle of ~2x10° (9.6 mL). Populations can be
maintained at 30° C.in 50 mL flasks with 225 rpm shaking. At
regular intervals following the transfer of 1/64 of the popula-
tion to fresh media, an appropriate dilution of the remaining
culture can be plated to test for contamination, and then 750
pL of DMSO was added to the remaining liquid (~8% v/v
DMSO final concentration) and duplicate vials of this mix-
ture were preserved at —80° C. It is at the time of plating that
colonies may be examined for variants with differing pigmen-
tation. FIG. 11 in U.S. Ser. No. 61/863,701 is an image of
“matchsticks” showing various levels of carotenoids in
Methylobacterium extorquens strains: compared to the con-
trol (1), the next three (2-4) show evolved isolates, and (6)
shows a hopanoid-deficient strain compared to its progenitor
®.

[0223] Directed evolution can also be utilized to select for
increased production of diffusible molecules such as amino
acids.

Example 2

Directed Genetic Engineering of Methylotrophic
Bacteria Using Recyclable Antibiotic Marker System

[0224] By combining a “feeder” strain of E. coli that
requires a given nutrient (such as methionine, or other amino
acids) with the methylotroph utilized (such as M. extorquens)
it is possible to select for strains whose amino acid production
feed their partner and allow growth of the consortia. In order
to correlate production with growth advantage of that new
genotype it is essential to perform these experiments in a
spatially structured manner, such as on agar or agarose-con-
taining petri dishes that contain a food source only utilizable
by E. coli (such as glucose or lactose) but omit the addition of
the nutrient that that E. co/i mutant requires. Selection con-
ditions involve plating the two strains together for an
extended period of time (multiple days or weeks), then wash-
ing the combined cell material, vortexing, and re-plating a
dilution onto fresh medium as before. In some instances it
may be beneficial to combine this approach with the addition
of a toxic analogue that will create direct selection for
increased production to overcome the inhibitory effects ofthe
toxic analogue.

[0225] Directed genetic engineering can be used as a strat-
egy to increase production of carotenoids, or other desirable



US 2015/0044327 Al

molecules. Two major approaches are envisioned. First, path-
ways which withdraw carbon to alternative products such as
hopanoids, spirilloxanthin, and the addition of geranylgera-
nyl groups to bacteriochlorophyll. Allelic replacement con-
structs can be generated which contain the upstream and
downstream flanks of the genes to be deleted in an allelic
exchange vector such as pCM433 (Marx, C.J. BMC Research
Notes (2008) 1:1). Through use of triparental matings such a
construct can be introduced by selecting for tetracycline
resistance, and then resolved by selecting for sucrose resis-
tance (and counter-screening for tetracycline sensitivity;
potential positives confirmed by PCR or sequencing). The
next gene(s) to be removed can then occur in that background.
The major targets—all described above—are: 1.) the genes
that withdraw farnesyl diphosphate to generate hopanoids
(collectively encoded by the hpnCDEF locus), 2.) those that
withdraw lycopene to make spirilloxanthin (encoded by crtD,
crtE and crtF), and 3.) the genes involved in decorating bac-
teriochlorophyll with a geranylgeranyl group (encoded by
bchG and behP). These removals can occur alone or together,
and may be combined with other alterations.

[0226] One technique to be employed will utilize recy-
clable antibiotic marker systems such as the cre-lox system.
This will include use of the pCM157, pCM158, pCM 184,
pCM351 series of plasmids developed for use in M.
extorquens (Marx, C. J. and M. E. Lidstrom BioTechniques
(2002) 33: 1062-1067). See FIG. 4 in U.S. Ser. No. 61/863,
701, which shows a rationale for cre-lox marker recycling in
Methylobacterium and other methylotrophs. The strategy for
cre-lox recycling of antibiotic markers in Methylobacterium
and other bacteria is illustrated in FIG. 3 of Marx and Lid-
strom, 2002. BioTechniques (33:1062-1067). Cre recombi-
nase is a site-specific recombinase from the P1 phage that
catalyzes in vivo excision of DNA regions flanked by co-
directional 10xP recognition sites. The system used here con-
sists of a mobilizable allelic exchange vector with a loxP-
flanked antibiotic resistance cassette, pCM184 or pCM351,
and an IncP plasmid that expresses the Cre recombinase,
pCM157 or pPCM158. We demonstrate the broad utility ofthis
system by generating unmarked mutant strains of two phylo-
genetically distinct Gram-negative bacteria, Methylobacte-
rium extorquens AMI1 (an o-proteobacterium), and
Burkholderia fungorum 1LB400 (a p-proteobacterium).
[0227] Materials and Methods

[0228] Media and Growth Conditions

[0229] M. extorquens AM1 strains were grown on a mini-
mal salts medium containing carbon sources at the following
levels, 0.2% citrate, 0.5% (v/v) methanol, 0.25% (wt/v)
methylamine, and 0.4% (wt/v) succinate. Escherichia coli
strains were grown on LB medium. Antibiotics were added at
the following final concentrations, unless noted: 50 pg/mlL
ampicillin, 10 pg/mL chloramphenicol, 50 pg/mL (for E. coli
and M. extorquens AM1) or 20 pug/ml. (for B. fungorum
[L.LB400) kanamycin, 50 pg/mlL rifamycin, 35 pg/ml. strepto-
mycin, and 10 pg/mL tetracycline. Chemicals were obtained
from Sigma. Nutrient agar and Bacto-agar were obtained
from Difco. Conjugation was performed using standard tech-
niques.

[0230] Construction of a broad-host-range cre-lox system
for antibiotic marker recycling

[0231] Two allelic exchange vectors, pCM184 and
pCM351 (FIG. 5 in U.S. Ser. No. 61/863,701, which shows
plasmids useful for cre-lox marker recycling in Methylobac-
terium and other methylotrophs. The plasmids used to enable
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cre-lox recycling of antibiotic markers in Methylobacterium
and other bacteria are illustrated in FIGS. 1 and 2 of Marx and
Lidstrom, 2002. BioTechniques (33:1062-1067).), were cre-
ated by inserting a loxP-bounded antibiotic resistance cas-
settes into a variant of the mobilizable suicide plasmid,
pAYC61. The 1.3 kb HindIII fragment bearing the kanamycin
resistance cassette from pUC4K was inserted into pLox1
which had been cut with Xbal and blunted, to create p)CM 161.
In order to introduce convenient multiple cloning sites, the
loxP-bounded kanamycin cassette of pCM161 was amplified
with following primer pair, CM-ufkMCS, 5'-TGACGTCTA-
GATCTGAATTCAGCTGTACAATTGGTAC-
CATGGATGCATATGGC GGCCGCA-3' (SEQ ID NO:1),
and CM-dfkMCS, 5'-GACTAGTGAGCTCACCGGTTAA-
CACGCGTACGTAGGGCCCGCGGTATCGATA AGCTG-
GATCC-3'(SEQIDNO:2). The resulting 1.4 kb PCR product
was purified and cloned into pCR2.1 (Invitrogen, Carlsbad,
Calif) to create pCM183. In order to preserve useful cloning
sites, pAYC61 was cut with EcoRI and Smal, blunted using
T4 DNA polymerase, and self-ligated to produce pCM182.
Finally, the 1.4 kb AatII-Spel fragment from pCM183 con-
taining the loxP-flanked kanamycin cassette was ligated
between the Aatll and Xbal sites of pCM182 to create
pCM184 (GenBank accession number AY093429). A genta-
mycin-resistance conferring version, pCM351, was also gen-
erated. The loxP-flanked gentamycin-resistance cassette (en-
coded by aaaCl) was amplified from pLoxGen4 using
CM-ufkMCS and CM-dfkMCS and cloned into pCR2.1 (In-
vitrogen, Carlsbad, Calif.) to produce pCM350. The 1.0 kb
Aatll/Sacl fragment from pCM350 was cloned between the
Aatll and Sacl sites of pCM184 to generate pCM351 (Gen-
Bank accession number AY093430).

[0232] Two broad-host-range cre expression vectors,
pCM157 and pCM158 (FIG. 5 in U.S. Ser. No. 61/863,701),
were created based upon a pair of small, mobilizable IncP
plasmids. The 1.1 kb Xbal-EcoRI fragment from pJW168
was cloned between the Xbal and EcoRI sites of pCM62 to
generate the tetracycline-resistance conferring cre expression
plasmid pCM157. A kanamycin-resistant version, pPCM 158,
was generated by cloning the same Xbal-EcoRI fragment
from pJW168 between the Xbal and EcoRI sites of pCM66.
These plasmids contain cre behind the E. co/i lac promoter. In
M. extorquens AM1, this promoter provides only low consti-
tutive activity. Despite this low expression, the majority of
cells obtained from the first passage onto plates lacking kana-
mycin are already kanamycin sensitive (data not shown).

[0233] Generation of a Afae mutant of M. extorquens AM1

[0234] M. extorquens AM1 mutants defective for fae (en-
codes formaldehyde-activating enzyme) were generated
using pCM184. The regions immediately flanking fae were
amplified by PCR using the following primer pairs:
CM-Dfae-1,5"-CGGGTTTCGTGACCTGTTC-3" (SEQ ID
NO:3), and CM-Dfae-2,5"-GTTATGCGGCCGCCATCTG-
CATGGAAGCCATCCTTGTTTGC-3" (SEQID NO:4); and
CM-Dfae-3,5"-GCTTATCGATACCGTCGACCTCGAG-
GCAGTCCTGGGCAGA-3" (SEQID NO:5), and CM-Dfae-
4,5"-CGGGCATCGAGCGTTTCAC-3" (SEQ ID NO:6).
The purified PCR products for fae-upstream and fae-down-
stream were cloned into pCR2.1 to produce pCM195, and
pCM196, respectively. The 0.6 kb EcoRI-Notl fragment from
pCM195 was introduced between the EcoRI and Notl sites of
pCM184 to produce pCM197. Subsequently, the 0.6 kb Apal-
Sacl fragment from pCM196 was ligated between the Apal
and Sacl sites of pCM197 to produce pCM198.
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[0235] A Afae::kan mutant of M. extorquens AM1 was
generated by introducing pCM198 by conjugation from E.
coli S17-1. Kanamycin-resistant transconjugants obtained on
succinate medium containing rifamycin were screened for
tetracycline sensitivity to identify potential null mutants. To
date, we have generated over thirty different null mutant
strains utilizing this system, and the frequency of double-
crossover events has varied from 5% to 80% (C. J. Marx and
M. E. Lidstrom, unpublished data). One such Afae::kan
mutant, CM198K.1, was chosen for further study. The plas-
mid pCM157 was introduced by conjugation into CM198K. 1
using the helper plasmid pRK2073. Tetracycline-resistant
strains were streaked for purity until the resulting strain pro-
duced only kanamycin-sensitive colonies (generally only two
transfers). Subsequently, pCM157 was cured from the strain
by two successive transfers on medium lacking tetracycline to
produce the Afae strain CM198.1. Analytical PCR was per-
formed with wild-type M. extorquens AM1, CM198K.1, and
CM198.1 for confirmation of allelic exchange, and subse-
quent deletion of the kanamycin cassette (data not shown).
Where examined, the sequence of the analytical PCR product
indicated faithful recombination between the loxP sites (data
not shown).

[0236]
LB400

[0237] B. fungorum LB400 mutants defective for flh A (pre-
dicted to encode a NAD- and glutathione-dependent formal-
dehyde dehydrogenase) were generated using pCM184, as
described above with M. extorquens AM1. The regions flank-
ing flhA were amplified by PCR using the following primer
pairs: CM-BfflhAuf, 5-GGTGACGGCATTGAAGCTG-3
(SEQ ID NO:7), and CM-BfflhAur, 5-CATGCATCTTTG-
GTCTTCATCGTGAATG-3 (SEQ ID NO:8); and CM-Bfil-
hAdf, 5-ACCGCGGTCGTGCTGTACTAATCC-3 (SEQ ID
NO:9), and CM-BfflhAur, 5-AGAGCTCGATACCGAC-
CGATAGATCTC-3 (SEQIDNO:10). The flhA upstream and
downstream PCR products were cloned into pCR2.1 (Invit-
rogen, Carlsbad, Calif.) to produce pCM360 and pCM361,
respectively. The 0.6 kb Sacll-Sacl downstream fragment
from pCM361 was introduced between the Sacll and Sacl
sites of pCM184 to produce pCM362. Subsequently, the 0.5
kb EcoRI-Nsil upstream fragment from pCM360 was ligated
between the EcoRI and Nsil sites of pCM362 to produce
pCM363.

[0238] A AflhA::kan mutant of B. fungorum [L.B400 was
generated by introducing pCM363 by conjugation. Kanamy-
cin-resistant transconjugants were obtained on citrate
medium containing chloramphenicol (wild-type B. fungorum
LB400 was found to be naturally resistant below 10-20
pg/mL). One tetracycline-sensitive strain representing a Afl-
hA::kan mutant, CM363K.1, was chosen for further study.
The plasmid pCM157 was used as described above to pro-
duce the AflhA strain CM363.1. Analytical PCR was per-
formed with wild-type B. fungorum LB400, CM363K.1, and
CM363.1 for confirmation (data not shown).

[0239] The minimal inhibitory concentration (MIC) of
formaldehyde was determined by comparing the rate and
extent of colony formation of wild-type B. fungorum L.B400
to that of the flhA mutants CM363K.1 and CM363.1 on solid
medium containing succinate as a growth substrate with vari-
ous concentrations of formaldehyde. Formaldehyde was
added to the plates immediately prior to the addition of the
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molten agar. Because an undetermined fraction of the form-
aldehyde will volatilize, the reported MIC of formaldehyde is
a maximum value.

[0240] Results and Discussion

[0241] In order to test the broad-host-range cre-lox antibi-
otic marker recycling system, unmarked mutants were gen-
erated in M. extorquens AM1 (an a.-proteobacterium) and B.
Sfungorum 1LB400 (a f-proteobacterium). Analytical PCR
confirmed replacement of each deleted gene with kan, and the
subsequent excision of kan to produce the unmarked deletion
(data not shown). The Mae mutant of M. extorquens AM1
grew like wild-type on succinate, but failed to grow on metha-
nol or medium containing succinate and methanol. This
mutant phenotype is in agreement with previous observations
with a fae::kan mutant. The CM198.1 Mae strain can serve as
a convenient host for structure-function studies that require
expression of variant Fae proteins.

[0242] As asecond demonstration of this broad-host-range
antibiotic marker recycling system, a AflhA mutant of B.
Sfungorum 1L B400 was generated. In other bacteria, the flhA
gene encodes a glutathione-dependent formaldehyde dehy-
drogenase. This enzyme is involved in formaldehyde detoxi-
fication in E. coli and Paracoccus denitrificans, and is
required for methylotrophic growth by the latter. The AflhA
strain CM363.1 was found to be somewhat more sensitive to
the presence of formaldehyde during growth on citrate than
wild-type B. fungorum 1L B400, with a MIC of 0.1 mM com-
pared to 0.2 mM for the wild-type. This finding demonstrates
that the glutathione-dependent pathway is involved in form-
aldehyde detoxification across multiple branches of the pro-
teobacteria.

[0243] In conclusion, this new broad-host-range cre-lox
antibiotic marker recycling system offers the possibility to
create unmarked mutants in a wide variety of Gram-negative
bacteria. Utilization of allelic exchange with counter-selec-
tion against integrants, and an inherently unstable minimal
IncP Cre expression plasmid, obviates the need for successful
negative selection in the target organism, a feature of some
previously developed marker recycling systems. Use of PCR
to generate flanks for gene replacement allows for the facile
generation of precise deletion mutants, as well as truncations
through the introduction of start or stop codons in the primers,
as needed. Variants of this system can be readily developed to
allow the construction of chromosomal transcriptional or
translational fusions (T. Strovas, C. J. Marx, and M. E. Lid-
strom, unpublished data). Marker recycling systems such as
ours described here offer a substantial advantage over stan-
dard allelic exchange methods due to the fact that it can be
used iteratively to enable generation of unmarked strains
bearing multiple genetic modifications. Our laboratory has
already utilized this system to generate a M. extorquens AM1
strain bearing four separate mutations (C. J. Marx, L. Chis-
toserdova, and M. E. Lidstrom, unpublished data). Finally,
engineered strains generated with these tools are more
acceptable for environmental release owing to the absence of
introduced antibiotic resistance markers.

Example 3

Directed Genetic Engineering of Methylotrophic
Bacteria Using Alleic Exchange Vectors

[0244] Another option for multiple genetic manipulations,
which also avoids leaving behind undesired scars, is to use an
“in-out” system (FIG. 7 in U.S. Ser. No. 61/863,701 shows
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rationale and plasmid useful for clean allelic exchange in
Methylobacterium and other methylotrophs via sucrose
counter selection. The strategy and plasmid used to enable
antibiotic-free allelic exchange in Methylobacterium and
other bacteria are illustrated in FIG. 1 of Marx, 2008. BMC
Research Notes (1:1)). The basic idea behind these tech-
niques is to first employ positive selection to select for single
crossover integration of the entire donor vector due to recom-
bination between a cloned region spanning the desired muta-
tion in the vector and the corresponding chromosomal site. In
the second step, negative selection is used to select for isolates
that have recombined out the vector sequence. If the second
recombination event excising the vector occurs on the same
side of the introduced mutation as the first recombination
event that introduced it onto the chromosome, the original
chromosomal locus will be restored unchanged. If the second
recombination event occurs on the opposite side of the intro-
duced mutation, however, this results in excision of the origi-
nal allele and the new mutation remains. As such, negative
selection results in colonies with both resulting final states, as
well as some percentage of false-positives that are resistant
but have not excised the vector. As long as the false positives
do not dominate, and the recombination rates to each side of
the introduced mutation are reasonably balanced, screening
ofamodest collection of resulting recombinants will generate
the desired unmarked mutation.

[0245] An “in-out” allelic exchange vector for generating
unmarked mutations therefore must be able to be introduced
into the recipient organism, be incapable of vegetative repli-
cation, and bear appropriate markers for positive and negative
selection. Positive selection is generally accomplished using
any number of antibiotic resistance genes, whereas compara-
bly fewer options for negative selection generally exist. The
most commonly used techniques are to use streptomycin
(Sm) sensitivity, which comes as a pleiotropic effect of
expressing the tetracycline (Tc) efflux pump, or sucrose-sen-
sitivity that results from expression of levansucrase, encoded
by sacB. Levansucrase activity is lethal in the presence of
sucrose for most gram-negative bacteria. This paper presents
a facile, broad-host-range “in-out” system based on sacB and
has been specifically designed to allow facile unmarked
allelic exchange in a wide variety of bacterial taxa. In order to
test this system, allelic exchange has been performed at three
different loci in M. extorquens AMI.

[0246] Results and Discussion

[0247] Construction of the “in-out” allelic exchange vector
pCM433

[0248] In order to generate a facile system for marker-free

allelic exchange across a wide variety of bacterial species, the
loxP-flanked kanamycin (Km) resistance cassette of the
broad-host-range marker-recycling vector, pCM184 was first
excised and replaced with a synthetic linker that introduced
three new restriction sites to the extensive multiple-cloning
sites. Subsequently, a fragment from pDS132 bearing sacB
and cat (encoding levansucrase and chloramphenicol (Cm)
acetyltransferase, respectively) was introduced, generating
pCM433 (FIG. 7 in U.S. Ser. No. 61/863,701)). It may be
noted that initial attempts to were made to take advantage of
the potential negative selection (Sm sensitivity) afforded by
expression of the Tc efflux pump present on pCM184. Sm
sensitivity was found to be enhanced in tet bearing cells, but
the sensitivity was too modest to be utilized effectively for
negative selection (Marx, unpublished results).

[0249] Allelic exchange at three loci in M. extorquens AM1

Feb. 12, 2015

[0250] Three loci of interest in M. extorquens AM1 were
chosen to test the utility of pCM433 for allelic exchange.
These loci were hprA (encodes hydroxypyruvate reductase, a
key enzyme of the serine cycle for assimilation of formalde-
hyde into biomass), mptG (encodes [-ribofuranosylami-
nobenzene 5'-phosphate synthase, the first dedicated enzyme
for the synthesis of tetrahydromethanopterin, the C,-carrier
molecule used for this organism’s formaldehyde oxidation
pathway), and crtl (encodes phytoene desaturase, a necessary
enzyme for carotenoid biosynthesis).

[0251] In all cases, constructs were made to convert the
allele from wild-type (wt) to mutant, and the reciprocal rever-
sion of mutant to wt. To accomplish this, both the ancestral,
wt allele and the deletion (AhprA, AmptG) or insertion
(crtl®®2, generated by insertion of ISphoA/hah-Tc into crtl,
followed by Cre-mediated excision of all but 132 bp ofthe IS)
alleles were amplified by PCR, cloned into pCR2.1,
sequenced, and then introduced into pCM433. Each of these
donor plasmids were then introduced into the appropriate
target strain via triparental conjugations and plated onto Tc
plates (also containing Rif for counter-selection against E.
coli). Tc® transconjugants were obtained at a frequency of
107° to 1077, In some cases, even these single-crossover
recombinants that contained both the wild-type and mutant
alleles exhibited a phenotype. For example, the pool of
single-crossover intermediates from either pCM441 (wt crtl
allele) inserted into the white CM502 strain or pCM440 (de-
fective crtl®>°? allele) inserted into the pink CM501 strain each
contained Tc® colonies of both colors. As such, one pink and
one white isolate from the conjugation into each background
were isolated (CM1263 (white) and CM1264 (pink) from
CM502, and CM1265 (pink) and CM1266 (white) from
CM501). A polar effect of pCM433 insertion into this site was
clearly observed. Irrespective of whether the wt allele was
being introduced into the mutant, or vise versa, strains with
the wild-type allele upstream, proximal to the gene’s pro-
moter (as determined by PCR analysis for strains CM1264
and CM1265), were pink, carotenoid-containing colonies,
whereas the other strains (CM1263 and CM1266) had the
crtl®°? allele upstream of pCM433 and were white.

[0252] Inorder to select for recombinants that have excised
the vector, suspensions of Tc¢¥ isolates were diluted and plated
onto plates containing various levels of sucrose (2.5, 5, and
10% w/v). At all sucrose levels sucrose-resistant colonies
were obtained at a frequency of 10~ to 10>, These colonies
were then screened for Tc sensitivity (indicating the expected
loss of the pCM433-based construct), as well as the expected
mutant phenotype (inability to grow on methanol for AhprA
and AmptG, white colonies (versus pink) for crtl’®?). These
were confirmed via PCR analysis using primers situated out-
side the region of the locus where recombination occurred. In
the cases presented here, differences in the size of amplified
products sufficed to distinguish the alleles used, but primers
designed to distinguish single-nucleotide substitutions (or
sequencing) have been used in subsequent studies (Chou and
Marx, unpublished). Overall, a false positive rate of sucrose¥,
Tc® strains generated here in M. extorquens AM1 was 26%
(105/402). It should be noted, however, that the range of
frequencies varied from 0% to 78% for different construct/
recipient pairs. This is likely related to the rate of recombi-
nation for the flanking regions of each locus as compared to
the rate of generating sucrose-resistance from other mecha-
nisms. For all three loci, wild-type alleles were replaced by
mutant alleles, and vise versa. In subsequent work, dozens of



US 2015/0044327 Al

allelic exchanges including the introduction of single-nucle-
otide substitutions have been successfully performed utiliz-
ing this system (Chou and Marx, unpublished).

[0253] The broad-host-range vector for marker-free allelic
exchange described here has several features that greatly
facilitate its use in various systems. First, unlike a number of
similar vectors, such as pDS132 from which much some of
the construct derives, pCM433 relies upon a pUC-derived
ColE1 replicon, such that it can be maintained and easily
purified in high quantities (5-10 pg DNA from 1.5 mL liquid
culture) in any desired E. coli strain. Second, pCM433 con-
tains a polylinker containing a substantially larger number of
restriction sites than comparable tools we are aware of, facili-
tating the introduction of cloned DNA fragments. Third, the
presence of three antibiotic markers on pCM433 permits use
in a wide range of organisms in which they are applicable.
Finally, pCM433 maintains features typically found in other
broad-host-range systems such as the presence of an IncP
oriT that allows conjugation to be utilized for delivery into the
recipient strain.

[0254] Materials and Methods

[0255] Media, Growth Conditions, and Genetic Techniques
[0256] M. extorquens AMI strains were grown at 30° C. on
agar plates with “Hypho” minimal salts medium; E. coli were
grown at 37° C. on Luria-Bertani agar. Substrates and antibi-
otics were used at the following concentrations: methanol
(125 mM), succinate (15 mM), sucrose (5% w/v unless oth-
erwise stated), 50 ug/ml Ap (ampicillin), 20 pg/ml. Cm, 50
pg/ml Km, 50 pg/mL Rif (rifamycin), 35 pg/ml Sm, and 10
pg/ml Te.

[0257] Tri-parental conjugations were performed by mix-
ing the E. coli strain with the donor plasmid, the M.
extorquens AM1 recipient strain, and an E. coli strain with the
helper plasmid pRK2073. This mixture was grown overnight
on permissive Nutrient agar plates at 30° C. before introduc-
ing some of mix (either by streaking with a loop or by wash-
ing with Hypho and re-plating) onto selective medium con-
taining an appropriate C source, Rif for counter-selection
against E. coli, and the selective antibiotic (Tc for pCM433-
based donors; neither Ap nor Cm works effectively in M.
extorquens AM1, Marx, unpublished). Sucrose selection was
accomplished by suspending a loop of a given strain in 100 pl
Hypho (approximately 10° mL~!) and plating 50 ul of a 1072
dilution of this suspension onto Hypho plates containing an
appropriate C source (generally succinate) and 5% sucrose.
Resulting strains were tested for Tc sensitivity, additional
expected phenotypes (depending on the locus and allele being
exchanged), and additionally, the chromosomal organization
of all strains constructed was confirmed through PCR analy-
sis. DNA concentrations were determined using a ND-1000
spectrophotometer (NanoDrop).

[0258] Construction of Plasmids and Generation of Strains
[0259] In order to generate the allelic exchange vector
pCM433, the Km resistance cassette of pCM 184 was excised
with Ndel and Sacll, and the remaining 5.4 kb vector back-
bone was ligated together with a synthetic linker designed to
introduce three additional, unique cloning sites into the final
vector (Pstl, Xhol, and Notl). The linker was formed by
boiling, and then slowly re-annealing at room temperature, a
mixture of two oligos, CM-link1f (tatgctgecagetcgageggecge
(SEQIDNO:47) and CM-link1r (ggccgetegagetgeagea (SEQ
ID NO:48)), which were designed to have complementary
overhangs to Ndel and Sacll. The resulting plasmid,
pCM432, was then transformed into the dam dem E. coli
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strain, C2925H (ara-14 leuB6 thuA31 lacY1 tsx78 glnV44
galK2 galT22 mcrA dem-6 hisG4 rfbD 1 R(zgb210::Tn10)
Tc'endA 1rspL 136 (Sm®)dam 13:: Tn9 (Cm®) xyIA-5mtl-1
thi-1 mcrB1 hsdR2, New England Biolabs), enabling diges-
tion at an otherwise methylated, and therefore blocked, Mscl
site. The 2.7 kb Xbal-Xmal fragment of pDS132 containing
sacB and cat was then purified, blunted with Klenow enzyme,
and ligated with the Mscl-digested pCM432 vector to gener-
ate pCM433 (see FIG. 7 in U.S. Ser. No. 61/863,701). A
construct with the sacB-cat fragment in the opposite orienta-
tion, pCM433r, was also obtained.

[0260] A series of constructs and strains were generated in
order to test the ability of pCM433 to enable unmarked allelic
exchange at three distinct loci in the M. extorquens AM1
chromosome. Donor constructs for allelic exchange at the
mptG locus were generated by first amplifying a region
including mptG from CMS501 (an isolate of wild-type, Rif*
M. extorquens AM1), or the corresponding region from the
AmptG strain, CM508 (anisolate of CM253.1), each of which
were ligated into pCR2.1 (Invitrogen) to generate pCM411
and pCM424, respectively. These PCR-amplified inserts (and
all other alleles described below that were cloned into pCR2.
1) were sequenced to confirm no PCR errors were introduced
during amplification. The 2.1 kb Apal-BamHI fragment of
pCM411 containing the mptG region was then introduced
into pCM433 that had been digested with Apal and BgllI,
resulting in the donor vector pCM436. Similarly, the 1.3 kb
Sacl-Xhol fragment of pCM438 with the AhprA region was
cloned into the same sites of pCM433 to generate the donor
vector pCM439. This allowed the use of pCM436 (containing
the wild-type mptG allele) to reverse the lesion found in
CM508, while pCM437 (AmptG allele) was introduced into
CM501 to do the opposite, generating the deletion in a single
step.

[0261] Similarly, donor constructs for allelic exchange at
the crtl locus were generated by first amplifying a region
including crtl (encodes phytoene desaturase) from the pink
CM501 strain, or the corresponding region from the white
crtl::ISphoA/hah (i.e., crtl®?) strain, CM502 (an isolate of
AM1-W). These fragments were ligated into pCR2.1 (Invit-
rogen) to generate pCM417 and pCM426, respectively. The
1.6 kb BamHI-Nsil fragment of pCM411 containing the crtl
region was then introduced into pCM433 that had been
digested with BglIl and Nsil, resulting in the donor vector
pCM440. Similarly, the 1.7 kb BamHI-NotI fragment of
pCM426 with the crt]>°? region was cloned between the BglII
and Notl sites of pCM433 to generate the donor vector
pCM441. This allowed the use of pCM440 (containing the
wild-type crtl allele) to reverse the lesion found in CM502,
while pCM441 (crtl*°? allele) was introduced into CM501 to
do the opposite, generating the insertion allele.

[0262] Finally, for the third locus, hprA, an antibiotic-re-
sistance free deletion strain was generated initially using the
previously developed cre-lox system. In contrast to the sys-
tem described here using pCM433, the process to generate the
AhprA strain was substantially more involved (and resulted in
leaving behind a loxP scar). First, the regions upstream and
downstream of hprA, were amplified separately and cloned
into pCR2.1 (Invitrogen) to generate pCM428 and pCM429,
respectively. The 0.5 kb upstream region was then excised
from pCM428 using BglII and Notl and ligated into the same
sites of pCM 184 to generate pCM430. Into this plasmid, the
0.6 kb Apal-Sacl fragment from pCM429 was cloned into the
same sites to generate the donor plasmid pCM431. As previ-
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ously described, this plasmid was introduced into both the
wild-type (pink) M. extorquens AM1 strain, CM501, as well
as the otherwise isogenic white strain with a crtl>°* allele,
CM502, leading to the isolation of the hprA:kan strains
CM1122 and CM1123, respectively. pCM157 (expressing
Cre recombinase) was introduced into these two strains to
catalyze the excision of the kan cassette, and was subse-
quently cured, ultimately resulting in the antibiotic-resistance
free AhprA strains CM1203 and CM1204 used below.
[0263] Donor constructs for allelic exchange of the hprA
locus were generated by first amplifying a region including
hprA from CM501, or the corresponding region from the
AhprA strain generated above, CM1203. Ligation of these
fragments into pCR2.1 (Invitrogen) generated pCM434 and
pCM438, respectively. The 2.2 kb Apal-BamHI fragment of
pCM434 containing the hprA region was introduced into
pCM433 that had been digested with Apal and Bglll, result-
ing in the donor vector pCM434. Similarly, the 1.3 kb Spel-
Nisil fragment of pCM438 with the AhprA region was cloned
between the Xbal and Nsil sites of pCM433 to generate the
donor vector pCM439. This allowed the use of pCM434
(containing the wild-type hprA allele) to reverse the lesion
found in CM 1203, while pCM439 (AhprA allele) was intro-
duced into CM501 to do the opposite, generating the deletion
in a single step.

Example 4

Directed Genetic Engineering of Methylotrophic
Bacteria Using Recyclable Antibiotic Marker System

[0264] Over the past few years, the genetic “toolkit” avail-
able for use with Methylobacterium extorquens AMI1 has
expanded significantly. The Methylobacterium organisms
selected for genetic modification in the present invention can
be engineered using, for example, small IncP vectors includ-
ing pCM62 (FIG. 3 in U.S. Ser. No. 61/863,701 shows plas-
mids useful for cloning in Methylobacterium and other
methylotrophs. The base plasmids for cloning and expression
in Methylobacterium and other bacteria are shown in FIGS. 2
and 4 of Marx and Lidstrom, 2001. Microbiology (147:2065-
2075)), pCM66, or pHC41 for cloning (Marx, C. J. and M. E.
Lidstrom Microbiology (2001) 147: 2065-2075; Chou, H.-H.
etal. PLoS Genetics (2009) 5: e1000652). Genetic modifica-
tions will also take advantage of freely replicating expression
plasmids such as pCMB80 (see FIG. 3 in U.S. Ser. No. 61/863,
701), pCM160, pHC90, or pHC91 (Marx, C. J. and M. E.
Lidstrom Microbiology (2001) 147: 2065-2075; Chou, H.-H.
et al. PLoS Genetics (2009) 5: €1000652). Other plasmids
have the ability to respond to levels of inducing molecules
such as cumate or anhydrotetracycline. These include
pHC115, pL.C 290, pLC291 (Chou, H.-H. et al. PLoS Genet-
ics (2009) 5: el 000652; Chubiz, L. M. et al. BMC Research
Notes (2013) 6: 183). In certain embodiments, genetic modi-
fications will utilize expression systems introduced directly
into a chromosomal locus. These may include pCM168,
pCM172, and pHCO1 plasmids developed for M. extorquens
AMI1 (Marx, C. J. and M. E. Lidstrom Microbiology (2001)
147:2065-2075; Lee, M.-C. et al. Evolution (2009) 63: 2813-
2830).

[0265] FIG. 6in U.S. Ser. No. 61/863,701 shows plasmids
useful for insertional expression from a chromosomal locus
in M. extorquens AM1. The plasmids used for chromosomal
cloning and expression in Methylobacterium extorquens are
illustrated in FIG. 2 of Marx and Lidstrom, 2004. Microbiol-

Feb. 12, 2015

ogy (150:9-19). As described in Marx, C. I. et al. Microbiol-
ogy (2004), 150: 9-19, an insertional expression system has
been developed that allows expression of genes from a stable,
unmarked chromosomal locus. This system has been used to
better understand the role of the tetrahydrofolate (H,F) path-
way in methylotrophy. Previously, it has not been possible to
generate null mutants lacking either mtdA (encoding an
NADP-dependent methylene-H,F/methylene-tetrahy-
dromethanopterin dehydrogenase) or fch (encoding meth-
enyl-H,F cyclohydrolase). An unmarked strain was gener-
ated that expressed the analogous folD gene (encoding a
bifunctional NADP-dependent methylene-H,F dehydroge-
nase/methenyl-H,F cyclohydrolase) from Methylobacterium
chloromethanicum CM47. In this strain, null mutants could
be obtained that grew normally on multicarbon substrates but
were defective for growth on C, substrates. Additionally, null
mutants of mtdA and/or fch could also be generated in the
wild-type by supplementing the succinate medium with for-
mate. These strains were unable to grow on C, compounds but
were not methanol-sensitive. These approaches have demon-
strated that the apparent essentiality of mtdA and fch is due to
the need for formyl-H,F for biosynthesis of purines and other
compounds, and have provided clear genetic evidence that the
H,F pathway is required for methylotrophy.

[0266] Directed genetic engineering can also be used to
increase expression of biosynthetic pathways needed to gen-
erate lycopene. This can be accomplished by cloning the
region flanking the native promoter upstream of such a gene
(or operon) and replacing the promoter with one of moderate
to high strength. These include the strong promoter driving
expression of the methanol dehydrogenase operon (P,,,,.~) or
the rhizobiaphage promoter (Pg) (Chubiz, L. M. et al. BMC
Research Notes (2013) 6: 183). As described above, these
genes included dxs, dxr, and ispDEF that lead to isopentyl
diphosphate, and idi, ispA, crtE, crtB, and ctr] to generate
lycopene. These manipulations can occur alone or together,
and may be combined with other alterations.

[0267] Directed genetic engineering can be used to intro-
duce novel enzymatic capacities needed to synthesize novel
biomolecules, such as astaxanthin. This can be accomplished
by cloning the necessary genes in their native, codon opti-
mized, or otherwise manipulated version. These enzymes can
be introduced into the desired host with a replicating plasmid-
based system, such as pCM80, pCM160, pHC90, pHCI1,
pHC115, pL.C290, or pLC291. Alternatively, for stable main-
tenance in the absence of selection they can be introduced
onto the chromosome using systems described above, includ-
ing pCM168, pCM172, and pHCO1 developed for M.
extorquens. Just three enzymes are required to extend from
lycopene to astaxanthin: lycopene cyclase, encoded by crtY,
[-carotene ketolase, encoded by crtW, and f-carotene
hydroxylase, encoded by crtZ. These can be expressed from
individual loci or fused into a synthetic operon. In some
embodiments crtY and crtW will originate from the closely
related Bradyrhizobium sp. ORS 278. In some embodiments
crtZ will originate from the fellow a-proteobacterium
Brevundimonas sp. SD212.

[0268] Wild-type M. extorquens or an available high pig-
ment strain may be grown on methanol in order to serve as a
feedstock for fish. Methanol levels added in fed-batch method
can be maximized, within the constraints of the other nutri-
ents present in the medium. Total additions of methanol to
5-10% v/v are desirable. To enable this, additional nitrogen
may need to be added in the form of ammonium sulfate or
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ammonium chloride. Given the tendency for methanol
growth to lower the pH of the medium, bases such as sodium
bicarbonate or sodium hydroxide can be added to maintain
pH close to initial levels (generally pH 6.2 to 7). The final
optical density of the culture can be determined via dilutions
analyzed spectrophotometrically.

Example 5

Inducible Expression Vectors for use in
Methylotrophic Bacteria

[0269] To date, only one regulated expression system has
been demonstrated to be functional in M. extorquens. Choi
and coworkers constructed an inducible expression system
utilizing the cumate responsive transcriptional repressor,
CymR, from Pseudomonas putida F1 and the strong P, .~
promoter that drives the expression of methanol dehydroge-
nase in M. extorquens. This hybrid system has been modified
and utilized to test the fitness consequences of gene expres-
sion levels of different formaldehyde oxidation enzymes in
Methylobacterium. While functional, this promoter-operator
pairs are extremely “leaky”, wherein the basal level of expres-
sion in non-inducing conditions is quite high. This limitation
makes heterologous gene expression exceedingly difficult,
and hampers the exploration of conditionally null pheno-
types.

[0270] Building on these previous findings, we have
employed an additional transcriptional repressor, TetR, from
the transposon Tn 10. As the foundational member of the
TetR-family of DNA binding proteins, of which CymR is also
a member, TetR has been extensively studied yielding much
data on ligand binding, DNA binding kinetics, and operator
site specificity. In the absence of inducer, TetR and CymR
bind tightly to their respective operator sites (see FIG. 8 in
U.S. Ser. No. 61/863,701 shows cumate- and anhydrotetra-
cycline-regulated promoter systems for use in Methylobacte-
rium. The plasmids used to for regulated expression in Methy-
lobacterium are illustrated in FIG. 1 of Chubiz et al., 2013.
BMC Research Notes (6:183).), thereby inhibiting transcrip-
tional initiation by RNA polymerase. Upon binding of
ligands such as tetracycline or anhydrotetracycline (a high-
affinity ligand) in the case of TetR, or cumate (p-isopropyl
benzoate) with CymR, the affinity of TetR and CymR for their
respective operator sites is nearly abolished, allowing for
transcription initiation to proceed. Exploiting these charac-
teristics, numerous studies have modified existing expression
systems to behave in a dose-dependent manner. In fact, TetR
and related transcriptional repressors have found use in
numerous synthetic biology applications in bacteria, archaea,
and eukaryotes.

[0271] Here we describe the construction of two McP-
based, inducible expression vectors for use in M. extorquens,
and possibly numerous other proteobacteria with minor
modification. The novelty of these vectors lies in their use of
two separate transcriptional repressors, TetR and CymR,
along with a strong promoter from the rhizobial phage 16-3.
We demonstrate the utility of these vectors by showing that i)
induction is dose-dependent, ii) induction is continuous
through time, and iii) the regulatory range of both systems
exceeds those currently available for M. extorquens. Collec-
tively, these results supply researchers investigating M.
extorquens, and likely numerous other proteobacteria, with
two alternative systems to express genes in traditional and
synthetic biology applications.
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[0272] Findings
[0273] Promoter Design and Rationale
[0274] During the process of selecting an appropriate pro-

moter, we desired that the promoter 1) be sufficiently active in
M. extorquens and ii) not be subject to regulation by native
transcription factors. Based on these two criteria, a natural
source for such a promoter was from bacteriophage. Many
bacteriophage promoters have a wide host range and often
have strong, constitutive activity in the absence of their tran-
scriptional control mechanisms. However, numerous well
characterized coliphage-derived promoters such as AP;, AP,
T5 P, 25, T7 P,, are weakly active or inactive in M.
extorquens. To this end, we looked to other bacteriophage
promoters that have been shown to be active in a.-proteobac-
teria. Based on this metric, we explored the use of promoters
from the control region of the rhizobial phage 16-3 (P, and
Py). Phage 16-3 has been extensively examined with physi-
ological and biochemical studies in both its host, the a-pro-
teobacterium Sinorhizobium meliloti, and Escherichia coli,
suggesting that P; and Py may be functional in a variety of
hosts. Additionally, the only transcriptional regulator known
to interact with P, and Py is the 16-3 C repressor.

[0275] Inasetofexploratory experiments, we found that P,
was active in M. extorquens (data not shown). As we desired
to construct inducible systems, we focused attention to engi-
neering P, derivatives containing operator sites for the CymR
and TetR regulators (FIG. 8 in U.S. Ser. No. 61/863,701
shows cumate- and anhydrotetracycline-regulated promoter
systems for use in Methylobacterium). The plasmids used to
for regulated expression in Methylobacterium are illustrated
in FIG. 1 of Chubiz et al., 2013. BMC Research Notes
(6:183).). Theresulting hybrid promoters, Px,..,...o and Pr ...
were found to produce the widest regulatory range with-out
interfering with PR promoter activity. Interestingly, we found
that placing the operators, specifically tetO, throughout other
regions of the promoter resulted in either loss of promoter
repression or activity (data not shown). This was a somewhat
surprising result given the flexibility of many other phage-
derived systems to be manipulated with multiple repressor
and activator operator sites. Collectively, these findings
allowed us to engineer two inducible promoters with similar
maximal activity (FIG. 9 in U.S. Ser. No. 61/863,701 shows
titratability of the regulated promoter systems shown in FIG.
7). The response of expression from pLC290 and pLC291
with addition of inducer in Methylobacterium are shown in
FIG. 2 of Chubiz et al., 2013. BMC Research Notes (6:183).).
[0276] Activation of Py, and Pg,,.,o is dose-Dependent
[0277] A desirable property for regulated expression sys-
tems is for levels of gene expression from the promoter to be
proportional to the concentration of inducer. In order to
explore the range of induction of Py, .., and P, ..o, the
promoters along with their respective regulatory proteins
were introduced onto broad-host-range plasmids (IncP com-
patibility group) to create the expression vectors p.C290 and
pLC291 (FIG. 8 in U.S. Ser. No. 61/863,701). Since previous
studies have demonstrated mCherry to be a sensitive measure
of gene expression in M. extorquens, we decided to use
mCherry fluorescence as a metric of promoter activity. We
placed the red-fluorescent protein variant mCherry under the
control of each promoter in pL.LC290 and pL.C291 and intro-
duced the resulting vectors (pJP18T and pJP22T) into M.
extorquens. To induce expression from Pg,....0 and Pz .0,
we supplied varied concentrations of cumate (Q) and anhy-
drotetracycline (aTc), respectively, to M. extorquens cultures.
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[0278] In general, both promoters were found to be respon-
sive to concentrations of Q and aTc that were in agreement
with previous studies in M. extorquens or other organisms.
The Py,..,...o promoter was observed to respond to a range of
0.1 to 5 pg/mL (0.6 to 30 uM) of Q and the Pg/,.,, promoter
from 0.1 to 25 ng/mL (0.2 nM to 50 nM) aTc. Interestingly,
the induction profile of P, increased in a log-linear fash-
ion over the entire concentration range, whereas Py ,.,, was
observed to have a much more concave profile. In terms of
regulatory range, Pg/...o and Py ,,..o were observed to have
10-fold and 30-fold induction, respectively, with both pro-
moters having the same maximum absolute levels of expres-
sion (FIG. 9 in U.S. Ser. No. 61/863,701). Importantly, the
basal level of expression from Py, was found to be
approximately 3-fold higher than that of Pg,.,,. Taken
together, these data suggest that while P,_, ., may be more
tunable, Py, serves as a superior expression system for
genes requiring tight repression, such as cytotoxic proteins.
Also, we found that there was minimal crosstalk between the
CymR and TetR ligand specificity or promoter binding indi-
cating these systems would work independent of one another
(pJP18T: 4.6 Uninduced/4.2 with aTc; pJP22T: 1.0 Unin-
duced/1.1 with Q; Grown in succinate).

[0279] Comparing the levels of gene expression and regu-
latory range of Pg,.,..0 and Pg,..o to the cumate inducible
P...r promoter previously reported, we found that in M.
extorquens these promoters achieve 33% of the maximal
activity of P, - (the strongest known Methylobacterium
promoter) and provide a greater degree of repression. Spe-
cifically, a cumate-inducible P, ..~ mCherry expression vec-
tor, pHC115m, yielded relative fluorescence values of
15.6%1.5 (uninduced) to 157.1x3.7 (induced). While this
10-fold regulatory range was similar to Py, the minimal
and maximal expression from Py, .,,,,, were both 3-fold lower.
By comparison, Py, With a 30-fold regulatory range, was
able to repress expression 8-fold lower than the P,,,, .- system
with only a 3-fold difference in maximum expression. Col-
lectively, these results demonstrate that both Pg,.,.., and
Px/eero pProvide improvement over previously explored sys-
tems. However, we do note that P, may remain a superior
promoter in cases when high-level protein over-expression is
desired. Importantly, these hybrid promoters allow for more
relevant exploration of cellular physiology as their expression
levels and ranges fall well within or above native promoters in
M. extorquens.

[0280] Maximal Activation of Pg,,,.o and P, is Sub-
strate Dependent

[0281] An issue with many expression systems designed
with host-derived promoters is the possibility of interactions
with native transcription factors. Specifically, the P mxaF
promoter is known to be more highly active in cells grown on
methanol as opposed to succinate. To explore this possibility,
withrespectto P, . ,and Py, ., we cultured M. extorquens
harboring pJP18T and pJP22T in media with either methanol
or succinate as the sole carbon source. We found that succi-
nate grown cells possessed a nearly 2-fold increase in maxi-
mal gene expression, compared to methanol grown cells;
effectively, the opposite behavior seen with P, .. We sus-
pect that this disparity in maximal expression may be due to
an external factor, such as different plasmid copy numbers,
between methanol and succinate growth. Previously reported
XylE and p-galactosidase promoter probe vectors used in M.
extorquens, such as pCM 130 and pCM132 (plasmids with the
same back-bone as pL.C290 and pL.C291), exhibit between 2-
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and 3-fold increases in background activity during succinate
versus methanol growth. As pCM130 and pCM132 possess
no promoter sequences upstream of their reporter genes, the
only likely variation that might exist is in plasmid copy num-
ber. Comparing these findings to our own, where Py,.,..., and
Pz ero contain no host-related transcription factor binding
sites, we see similar fold changes in maximal expression
suggesting that a similar mechanism may be affecting these
expression systems. Taken together, these data indicate that
single-copy or chromosomally integrated systems be used in
situations where uniform expression is desired across sub-
strates.

[0282] Induction of P,.,..0 and P, is Continuous
[0283] A problematic feature of many expression systems,
particularly those associated with metabolic pathways, is that
gene expression can exhibit phenotypic heterogeneity
throughout the population of cells, such as an on-off, switch-
like behavior. To explore this possibility, we grew M.
extorquens strains bearing the mCherry expression vectors
pJP18T and pJP22T to mid-log phase, induced cultures with
either Q or aTc, and measured the time course of individual-
cell fluorescence by flow cytometry. We found that over 8
hours of induction the induced populations activated tran-
scription in a uniform, continuous manner (FIG. 10 in U.S.
Ser. No. 61/863,701 shows unimodal expression during an
induction time-course for each of the regulated promoter
systems shown in FIG. 7 of U.S. Ser. No. 61/863,701). The
time-course of smooth, non-bimodal regulation of expression
from pLL.C290 and pl.C291 in Methylobacterium are shown in
FIG. 3 of Chubiz et al., 2013. BMC Research Notes (6:183).).
Though we did observe residual uninduced cells, we suspect
this may be due to debris introduced by our cell fixing method
or possibly cells losing mCherry due to costly over-expres-
sion. These data demonstrate the utility of the Py, and
Pr.co €Xpression systems in studying aspects of cellular
physiology requiring uniform gene expression.

[0284] Complementation and Conditional Null Phenotypes
Using Py ,.,o Constructs

[0285] To examine the utility of these vectors for studying
M. extorquens physiology, we complemented a gene encod-
ing a key enzyme in methanol metabolism using the Py,
based plasmid pLLC291. We chose to use utilize P/, due to
the tight induction properties we have observed using an
mCherry reporter (FIG. 8 in U.S. Ser. No. 61/863,701). The
product of ftfl. (formate-tetrahydrofolate ligase) is required
for the assimilation of formate into biomass during one-car-
bon metabolism. A disruption in fifl, results in a methanol
minus growth phenotype. By complementing a ftfl. knock-
outs using ftfl.-expressing vectors under the control of
Px,er0- 1t the presence of aTc, we found that we could fully
restore growth on methanol. Importantly, in the absence of
aTc, we observed that we were able to produce a complete
null phenotype for ftfl.. To date, no expression system for M.
extorquens has been capable of producing conditional null
phenotypes. These results demonstrate the utility of P, to
study M. extorquens physiology and generate conditional null
mutants regulated by aTc.

[0286] To date, only a handful of expression systems exist
for bacterial models outside E. coli and other closely related
y-proteobacteria. In an effort to expand the genetic toolkit
available to researchers working with M. extorquens, and
presumably other proteobacteria, we have constructed a set of
two inducible expression vectors that utilize the CymR and
TetR (cumate and tetracycline repressors) in conjunction with
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the strong PR promoter from phage 16-3. The pL.C290 and
pLC291 vectors were found to provide uniform, high-level
expression in M. extorquens over a wide range of inducer
concentrations. Importantly, compared to the only existing
inducible system for M. extorquens, we found that Py,_,..o
and P, have 3 and 8-fold increases in repression, respec-
tively. This provides a significant improvement in the ability
to explore M. extorquens cellular physiology. Further, as
these promoters operate orthogonally to one another, we
believe these expression systems will easily work in concert
within a single strain to allow complex genetic engineering in
a wider range of bacteria. For these reasons, we believe these
vectors and promoter systems will be of great use to the
bacteriological community in many research and industrial
settings.
[0287] Materials and Methods

[0288] Bacterial Strains, Medium, and Growth Conditions
[0289] All bacterial strains used in this work are derivatives
of Escherichia coli NEB10f (New England Biolabs), E. coli
LC100 (F rph-1ilvG atth::[spcR lacI€ tetR]), Methylobacte-
rium extorquens PAl strain CM2730 (A celABCD) or M.
extorquens AM1. Growth of all strains, except E. coli, was
performed in modified ‘Hypho’ minimal medium as
described by Chou and coworkers, with succinate at 5 mM or
methanol at 20 mM. E. coli strains were cultured in Luria-
Bertani broth as described by Miller or nutrient broth. Media
was supplemented with kanamycin at 50 pg/mL or ampicillin
at 100 pg/mL to select for the presence of all plasmids. Induc-
ers anhydrotetracycline (aTc) and cumate-KOH (Q) were
supplied at 25 ng/mL or 5 pg/ml from aqueous stocks,
respectively, unless otherwise indicated. Growth and gene
expression experiments were performed at 30° C. using an
automated growth system described by Delaney and cowork-
ers.

[0290] Plasmid and Strain Construction

[0291] Promoter designs were initially constructed and
subsequently mutated in a pBluescript(SK-) (Stratagene)
backbone. Synthetic oligonucleotides CAACAACTTATAC-
CATGGCCTACAAAAAGGCAAACAATGG-
TACTTGACGACTC ATCACAA (SEQ ID NO:11) and
GTCCGTTCGTTACAATCTACAACTA-
CAATTGTTGTGATGAGTCGTCAAGTACC ATTG (SEQ
ID NO:12) containing the sequence for a 91 nt region encod-
ing the PR promoter from the rhizobial phage 16-3. The
oligonucleotides were annealed to form a 91 bp dsDNA frag-
ment, followed by PCR amplification with primers
ATAGGGCCCCAACAACTTATACCATGGCCTAC (SEQ
ID NO:13) and ATAGGTACCGTCCGTTCGTTACAATC-
TACAAC (SEQ ID NO:14) to introduce PspOMI and Kpnl
restriction sites. The resulting fragment was digested with
PspOMI and Kpnl and cloned into the respective sites in
pBluescript(SK-) to form pL.C265. TetR and CymR opera-
for sites (tetO and cmtO), were introduced at the distal end of
PR in pLC265 using enzymatic inverse PCR (EI-PCR) using
primers ATACGTCTCATCCCTATCAGTGATA-
GAGAGTTGTAGATTGTAACGAACGGAC (SEQ 1D
NO:15), ATACGTCTCAGGGACGTCAAGTACCAT-
TGTTTGCC (SEQ ID NO:16), ATACGTCTCAACAAA-
CAGACAATCTGGTCTGTTTGTGGTAC-
CCAATTCGCCCT AG (SEQ ID NO:17), and
ATACGTCTCATTGTTTACAATCTACAAC-
TACAATTGTTGTG (SEQ ID NO:18) followed by BsmBI
digestion and ligation to generate plasmids pLC271 (PR/tetO
containing) and pLC277 (PR/cmtO containing).
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[0292] The subsequent broad-host-range vectors were con-
structed using the expression vector pHC115 as a template. A
DNA region encoding Tnl0 tetR was PCR amplified from
LC100 wusing primers ATAGCTAGCAGGGAGAGAC-
CCCGAATGATGTCTAGATTAGATAAAAGTAAAGT G
(SEQ ID NO:19) and ATAGGGCCCTTAAGAC-
CCACTTTCACATTTAAG (SEQ ID NO:20) containing
Nhel and PspOMI restriction sites. The resulting product was
digested and ligated into the Nhel and PspOMI sites of
pHC115, thereby replacing the cymR coding region with tetR
to form pL.C261. From pHC115 and pL.C261, the PmxaF
region was excised with PspOMI and Kpnl and replaced with
subcloned PR/cmtO and PR/tetO fragments from pLC277
and pLC271. To the resulting plasmids, a trrnB terminator
was PCR amplified from pHCO1 using primers ACGC-
GAAATTCAAGCGCTAGGGCCAAGTTGGG-
TAACGCCAGGGTTTTCCC (SEQ ID NO:21) or ATGT-
GAAAGTGGGTCTTAAGGGCCAAGTTGG (SEQ 1D
NO:22) (Chubiz et al. BMC Research Notes (2013), 6:183)
GTAACGCCAGGGTTTTCCC (SEQ ID NO:23) and
TGTAGGCCATGGTATAAGTTGTTGGGAT-
GCAAAAACGAGGCTAGTTTACC (SEQ ID NO:24) and
cloned into the PspOMI site, using the method of Gibson and
coworkers, to reduce transcriptional read-through into the
PR/cmtO and PR/tetO promoter regions. Likewise a more
comprehensive multiple cloning site was introduced into the
Kpnl and EcoRI sites using annealed synthetic oligonucle-
otides GATAGGTACCTCTAGAAGATCTACGCG-
TACTAGTGCATGCGAGCTCACCGGT  GATTCATAG
(SEQIDNO:25) and CTATGAATTCACCGGTGAGCTCG-
CATGCACTAGTACGCGTAGATCTTCTAGAG GAC-
CTATC (SEQ ID NO:26) to produce the final expression
vectors pL.C290 and pL.C291. The mCherry expression vec-
tors pJP18T and pJP22T were created by subcloning a Kpnl
and EcoRI digestion product containing mCherry from
pHC115m into the corresponding sites in pLC290 and
pLC291, respectively. The vectors pL.C290 (GenBank Acces-
sion KC296704) and pLC291 (Gen Bank Accession
KC296705) are publically available.

[0293] Unmarked ftfl. knockouts were generated by trans-
forming the Cre-recombinase expression plasmid pCM157
into M. extorquens AM1 derivatives CM216K.1 generating
strain CM2336 (Aftfl.::10xP). The ftfl. complementation vec-
tor was generated by subcloning a Kpnl and EcoRI digestion
product of a pHC115-based ftfl. plasmid (SMC unpublished)
into the corresponding sites of p[.LC291, creating plasmids
pSC54. The vector, pSC54, was introduced into CM2336 via
triparental mating using the helper plasmid pRK2073, to
produce strains CM4103 (AftfL.::1oxP/pSC54). Complemen-
tation was performed by inoculation of succinate grown
(CM4103 into methanol minimal medium containing 0 pg/mL
or 20 pg/ml aTe.

[0294]

[0295] Assays to measure levels of mCherry protein
expression were performed as follows. For dose-dependent
response curves, M. extorquens strains harboring pJP18T or
pIP22T were grown to saturation in 10 mL of Hypho-succi-
nate medium. These cultures were then diluted 1:200 in fresh
medium, followed by 630 pl aliquots being dispensed to
clear, flat-bottom, 48-well microtiter plates (Costar). Cultures
were grown for 4 hours on a plate shaking tower (Caliper) at
150 rpm in a 30° C. humidified room. After 4 hours of growth,
10 pl of fresh medium containing Q or aTc was added to
supply Q and aTc at desired concentrations. Cultures were

Fluorescence-Based Expression Assays
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allowed to continue growth for an additional 24 hours prior to
fluorescence (excitation 587 nm/emission 610 nm) and opti-
cal density (600 nm) measurements made using a Tecan
Safire2 plate reader. Relative fluorescence values reported
are: Relative fluorescence (A.U.)=RFU/ODy,,*107>.

[0296] Dynamic expression assays were conducted under
similar conditions as above with the following exceptions.
Cells (200 pL of culture) were harvested after induction at 0,
2, 4, 6, 8, and 24 hrs. Culture samples were pelleted by
centrifugation (6,000xg) and resuspended in an equal volume
of cold Hypho medium without succinate and supplemented
with 100 mg/mL streptomycin to inhibit mCherry translation.
Fixed cells were kept on ice prior to fluorescence measure-
ments made using a BD LSR II Flow Cytometer. Flow cytom-
etry data were then analyzed using the BioConductor flow-
Core package in R. Reported fluorescence values for flow
cytometry are raw values from the BD LSR II and were not
correlated to those of the Tecan Safire2.

Example 6

Harvesting of Biomass; Processing into Feed

[0297] Nutrient-rich biomass can be harvested via 1.) fil-
tration, perhaps using a series of filters of decreasing pore size
or tangential flow filtration 2.) continuous centrifugation, 3.)
settling to the bottom of the fermentation vessel, or 4.) any
combination of the above, or other approaches. Settling may
be enhanced through the addition of a fining agent such as egg
whites, gelatin, isinglass, the sequential addition of kieselsol
and chitosan, carboxymethylcellulose, or other agents alone
or in combination. Wet and dry cell mass can be determined
before and after drying material in an oven. Total protein can
be estimated via colorimetric assays (Bradford, M. M. 4na-
Iytical Biochemistry (1976) 72: 248-254; Lowry, O. H. et al.
J. Biological Chemistry (1951) 193: 265-275). Carotenoid
content can be assessed spectrophotometrically following
organic extraction (Takaichi and Shimada Methods Enzymol.
(1992) 213: 374-385). Further characterization can occur via
nuclear magnetic resonance or liquid chromatography-mass
spectrometry (Holtin, K. et al. Anal Bioanal Chem (2009)
395: 1613-1622). Through comparison to standards, this can
establish the identity and weight percentage of carotenoids
present. Vitamins such as B-12 can be determined via bioas-
say (Berg, T. M. et al. Appl. Environ. Microbiol. (1976) 31:
459-464). Cellulose content can be determined enzymatically
(Zhang,Y. H. et al. Methods Mol. Biol. (2009) 581: 213-231).
Poly-p-hydroxybutyrate content can be determined by flow
cytometry or spectorfluorometry (Degelau, A. et al. Appl.
Microbiol. Biotechnol. (1995) 42: 653-657). Free amino
acids can be quantified via derivativization and analysis via
gas chromatography-mass spectrometry (Krémer, J. O. et al.
J. Bacteriol (2004) 186: 1769-1784; Marx, C. J. et al. PLoS
Biology (2005) 3: el6).

[0298] One method of preparing cell mass is via freeze-
drying in a lyophilizer, and then readdition of dried cell pow-
der into gel, pellet, or flake forms of fish food. Alternatively,
fresh (wet) cell material may be added to other ingredients
prior to preparation via drying or heating. In other methods,
cell material may be disrupted via homogenization, sonica-
tion, enzymatic treatment, or other treatments alone or
together in order to alter the bioavailability of pigments, other
nutrients, and protein. This will likely be accompanied by
addition of an antioxidant. The optimal method of preparation
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can be found by trial and error or by prediction based on the
animal for which the feed is intended.

[0299] Trials to test the utility of pigmented methylotrophs
as a carotenoid-rich protein source for aquaculture feed can
proceed in various stages. As a simple first test of palatability,
Methylobacterium can be added to a gel fish food at a smaller
volume. Contingent upon interest in feeding, flavor additives
such as fish hydrolysate can be adjusted, accordingly. As a
second stage, the nutritional value of Methylobacterium cell
material and the ability to deposit pigments can be assessed in
a small, rapidly growing fish such as Amphiprion (i.e., clown
fish). Using a combinatorial design, we can consider six ini-
tial treatments. Traditional fish food can be prepared with and
without the addition of commercial astaxanthin. Pigment-
free Methylobacterium and a high pigment strain (such as in
Lee, M.-C. et al. Evolution (2009) 63: 2813-2830) can be
added to varying levels, such as 5% and 25% total dry weight
of feed, into 95% or 75% traditional feed. Further tests could
compare additions to alternative technologies such as treated
or untreated soy protein. From this we will be able to assess
fish vigor, survival, weight gain and body dimensions, exter-
nally visible coloration in the scales, and pigment deposition
in the flesh. Follow-up trials could assess the rate and speci-
ficity of deposition using isotopically-labelled biomass using
13C-methanol or **N-ammonium. There are two grounds for
determining the success of these trials. First, are the fish at
least as healthy as the standard feed, or perhaps more healthy
than a similar replacement with soy-based protein instead of
Methylobacterium? Second, is there detectable pigmentation
in the flesh and scales relative to the negative control, and how
far toward (or above) the positive control is this coloration?
Positive results in model organisms as indicators for larger,
commercially relevant species will already indicate utility as
a pigment-laden feed for ornamental fish, and may point to
specific utility of sprilloxanthin if the coloration is distinct
from that seen with astaxanthin. The ultimate effectiveness in
aquaculture applications can be assessed with similar feeding
trials performed with the commercial species to be utilized,
such as salmon or shrimp. As above, among the important
criteria are fish vigor, survival, weight gain, prevention of
disease (e.g. enteritis), and body dimensions, externally vis-
ible coloration in the scales, and pigment deposition in the
flesh.

Example 7

General Plasmid Construction

[0300] Deletion mutants were generated in M. extorquens
PA1 using pPS004 (Michener et al, 2014. J. Bacteriology.
196:2101-2107), a kanamycin-resistance allelic exchange
vector derived from pCM433 (Marx 2008). Briefly, 500+ bp
regions flanking the target locus were PCR amplified and
assembled into pPS04 using Gibson isothermal assembly
(Gibson 2009). All plasmids relevant to this study are listed in
Table 1.

TABLE 1

List of relevant plasmids

Plasmid ~ Description Reference

deletion construct for ctrl-like locus  This work

(Mext_3011)

pKBO1
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TABLE 1-continued

List of relevant plasmids

Plasmid Description Reference
pKBO2 deletion construct for crtF This work
(Mext__2528)
pKBO3 deletion construct for cluster of This work
crtCDF (Mext_2725-26, -28)
pCM433  Allelic exchange vector Marx 2008
pPS04 kanR derivative of pCM433 Michener et al., 2014
pRK2073  helper plasmid for triparental Figurski 1979
matings
[0301] Construction of pKBOI to delete crtl-like locus
(Mext_3011)
[0302] To delete Mext 3011 (a crtl-like gene), two flank-

ing regions were amplified using the following oligonucle-
otide pairs: upstream,

ATGGATGCATATGCTGCAGCTCGAGCGGCCGCGGCCCCCeJﬁaf

(SEQ D NO:27) plus
ATCCGGCACGGTTGACACTATGGCTGGGA (SEQ ID
NO:28); and downstream,

GCGCTGACGAAAATCCCAGCCATAGTGTCAACCGTGCC

(SEQ D NO:29) plus

GGTTAACACGCGTACGTAGGGCCCGCGGCCGCGGGCGA

(SEQ ID NO:30). Underlined sequences denote overlapping
regions designed to facilitate Gibson isothermal assembly. A
map of the resulting plasmid—pKB01—is listed in FIG. 2.

[0303] Construction of pKBO3 to delete crtCDF (Mext
2725-26, -28)
[0304] The construct to delete crtCDF (Mext_ 2725-26,

-28) while maintaining crtE (Mext_ 2727) was slightly more
complex, requiring 3 PCR products with the following primer
pairs: upstream flank of crtCD,

(SEQ ID NO: 31)
ATGGATGCATATGCTGCAGCTCGAGCGGCCGCCCGATTGCCTGCCCCTAG

plus

(SEQ ID NO: 32)
GGATCAACGGTGATGCGAGGCGGAGCGCATTTTCGGTGGCAGGCGCCTGA

GCGAAGTCC;

middle region encoding crtE

(SEQ ID NO: 33)

CTGCCACCGARRATG
plus
(SEQ ID NO: 34)
TTAGCGCCGCGGCARGGCCGGTTCT;
and downstream flank of crtF,

(SEQ ID NO: 35)
CGAGCGATGGCGTGAGAACCGGCCTTGCCGCGGCGCTAAGAGTGT
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plus

(SEQ ID NO: 36)
GGTTAACACGCGTACGTAGGGCCCGCGGCCGCCGAATCGCCGCTGACA .

A map of the resulting plasmid—pKB03—is listed in FIG. 4.
[0305] Construction of pKBO02 for AcrtF (Mext_ 2728)
[0306] A construct to delete crtF (Mext_2728) was inad-
vertently created during the Gibson assembly of pKBO3 frag-
ments. In this construct, approximately 129 bp of spurious
PCR product (from Mext_1932) were assembled upstream
of'the middle and downstream fragments of pKBO03 described
above. Given that this upstream fragment bears no homology
to the target locus, this region behaved as “vector” and was
lost in the double-crossover recombinant, resulting in a clean
deletion as verified by PCR analysis and Sanger sequencing.
[0307] Strain Construction

[0308] Deletion constructs were introduced into M.
1 using triparental matings with the helper
plasmiidp 073 (Figurski 1979). Mutants were engineered
in several M. extorquens PA1 genetic backgrounds: “wild-
type” M. extorquens PA1 (Knief 2010); a Acel mutant defi-

ient Lﬂ%ﬁse biosynthesis (Delaney 2013); and a double
éA&fgﬂ?gg strain lacking both cellulose biosynthesis and

@Jﬁiﬁ%} e cyclase. Clean genomic deletions were con-
rmed by analysis and Sanger sequencing using a com-
bination of primers from the constructs, as well as the follow-
ing oligonucleotides designed outside the region of
recombination: pKB01, CTCCCCATCCTCGTGATC (SEQ
ID NO:37) and GAGGAAGGCGTCCGGGTC (SEQ ID
NO:38); pKB02, GTGCCGGATGCCCG (SEQID NO:39) T
and CGCCGAAACCCGGATG (SEQ ID NO:40); pKB03,
GCTCGCCACCAAGTTCG (SEQ ID NO:41) and CGC-
CGAAACCCGGATG (SEQ ID NO:42).

REFERENCES CITED IN THIS EXAMPLE

[0309] Delaney N F, Kaczmarek M E, Ward L M, Swanson
P K, Lee M-C, et al. (2013) Development of an optimized
medium, strain and high-throughput culturing methods for
Methylobacterium extorquens. PLoS ONE 8: ¢62957. doi:
10.1371/journal.pone.0062957.

[0310] Figurski D H, Helinski D R (1979) Replication of an
origin-containing derivative of plasmid RK2 dependent on
a plasmid function provided in trans. P Natl Acad Sci Usa
76: 1648-1652.

[0311] Gibson D G, Young L, Chuang R-Y, Venter J C,
Hutchison C A, et al. (2009) Enzymatic assembly of DNA
molecules up to several hundred kilobases. Nat Meth 6:
343-345. doi:10.1038/nmeth.1318.

[0312] KniefC, Frances L, Vorholt JA (2010) Competitive-
ness of diverse Methylobacterium strains in the phyllo-
sphere of Arabidopsis thaliana and identification of repre-
sentative models, including M. extorquens PAl. Microb
Ecol 60: 440-452. doi:10.1007/s00248-010-9725-3.

[0313] Marx C J (2008) Development of a broad-host-
range sacB-based vector for unmarked allelic exchange.
BMC Research notes 1:1. doi:10.1186/1756-0500-1-1.

Example 8
Construction of CM3945

[0314] An allelic exchange plasmid was constructed from
pCM433, a sacB-based suicide plasmid. The genomic region
annotated as squalene hopene cyclase (shc) is numerically
annotated in the reference M. extorquens PA1 genome as
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Mext_1944. To knockout the gene, PCR products of
sequences upstream and downstream shc were ligated into
pCM433 to create cloning vector pAB194.

[0315] The primer pair taccatggatgcatatgctgcagcete-
gagcCCG CGC CGC AGG AAT TC (SEQ ID NO:43) (for-
ward) and CGC ATC GTT CTC GCC TCG TTC (SEQ ID
NO:44) (reverse) was used to amplify the region upstream of
the she locus. The primer pair gag aca gtc gaa cga ggce gag aac
gat gcg GCA ACC TGA AGC GGG GCA AC (SEQ ID
NO:45) (forward) and ggttaacacgegtacgtagggccegeggecGAT
TGA GAC CCG CGG GTC ATC (SEQ ID NO:46) (reverse)
was used to amplify the region downstream of the she locus.
These primers were designed to add homology to the
pCM433 backbone.

[0316] Following digestion of pCM433 with Notl, the
upstream and downstream PCR products were ligated into the
vector backbone via Gibson assembly, generating cloning
vector pAB194.

[0317] CM3945 was generated by mating pAB194 into the
recipient strain M. extorquens PAl cel deletion strain
(CM2730; Delaney et al., 2013). The allelic exchange was
performed as described in Marx et al 2008. The deletion was
confirmed by Sanger sequencing.

Example 9

Grunt Trial

[0318] An experiment was designed for growing the small-
mouth grunt (Haemulon chrysargyreum) on four different
experimental diets to determine if KnipBio’s SCP, or KBM,
was a suitable feed ingredient for a model fish. The four diets
were composed of (1) a standard commercially available
grunt diet, (2) the standard diet plus astaxanthin pigment
(~80PPM), (3) a diet containing 5% of the total feed pellet
replaced by KnipBio single cell protein (KBM), and (4) a diet
with 25% of the fish meal replaced by KBM (~60 PPM
carotenoids). CM3945 strain was used to produce KBM. Fish
length, weight, feed conversion ratio, and gut microbiota
were all assessed. Each condition was tested in triplicate (12
aquarium tanks) with approximately 15 fish in each tank, for
a total of 180 fish.

[0319] FIG. 5 shows growth of the smallmouth grunt using
4 experimental diets including a 25% inclusion of KBM
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[0320] In this pilot trial, smallmouth grunts were fed to
satiation over the course of 34 days using the four experimen-
tal diets. The data suggests that the two diets with carotenoids
(at roughly similar PPM levels), support the highest growth
rates relative to the control diets without pigments over the
same time (see FIG. 12). Growth of the grunt was observed to
be 370% and 391% for the Control+Pigment and the 25%
KBM inclusion respectively. The averaged-out feed conver-
sion ratio (FCR) ranged from 1.09-1.24.

[0321] An interesting indication from this data is that the
pigments in KBM appear to be bio-accessible to the fish
tested which implies the intense processing for pigment
extraction typical with algae and yeast today is unnecessary in
this system. Advantages to this include lower processing
costs as well as longer viability of the anti-oxidant pigments
as exposure to O2-damage is considerably lower while
remaining intact.

[0322] Inpart, KnipBio’s single cell protein (KBM) serves
as a viable protein alternative for animal feeds given its natu-
ral composition and potential for enhanced expression. In
aquaculture and agriculture, vegetable proteins (e.g., soy) are
commonly used. However, these vegetable protein sources
lack essential amino acids like lysine, methionine and others
which require formulated feeds to add these essential nutri-
ents exogenously. As seen in FIG. 6, KBM as a raw ingredient
is largely comparable to commercially available final feeds
based on soy or fish meal. The genetic tractability of M.
extorquens lends itself to the further fine tuning of specific or
groups of amino acids. Another consideration for the use of
vegetable proteins are the carbohydrates that are often asso-
ciated as high as 10%. Certain animals (e.g., salmon) react
unfavorably to excess sugar and result in stomach inflamma-
tion (enteritis). KBM carbohydrate composition can be an
order of magnitude lower minimizing or avoiding these
effects considerably. Blood meal and poultry byproducts are
often included as part or in combination with our proteins for
animal feeds. One of the significant drawbacks to this mate-
rial is the undigested phosphorous content from bone that
then subsequently enters the environment. The composition
of KBM is 5-10x lower in phosphorous which means more of
the feed is usable to the animal simultaneously resulting in a
lower environmental footprint.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 48

<210> SEQ ID NO 1

<211> LENGTH: 60

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer

<400> SEQUENCE: 1

tgacgtectag atctgaatte agetgtacaa ttggtaccat ggatgcatat ggeggecgea 60

<210> SEQ ID NO 2

<211> LENGTH: 62

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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<223> OTHER INFORMATION: Description of Artificial Sequence:

primer

<400> SEQUENCE: 2

Synthetic

gactagtgag ctcaccggtt aacacgcgta cgtagggecce geggtatcga taagctggat 60

[e1e

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 19

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 3

cgggtttegt gacctgtte

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4

LENGTH: 41

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 4

gttatgcgge cgecatctge atggaagcca teettgtttg ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 5

LENGTH: 40

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 5

gcttatcgat accgtegace tegaggcagt cctgggcaga

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 6

LENGTH: 19

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 6

cgggeatcega gegtttcac

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 7

LENGTH: 19

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 7

ggtgacggca ttgaagcetg

<210> SEQ ID NO 8

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

62

Synthetic

19

Synthetic

41

Synthetic

40

Synthetic

19

Synthetic

19
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<211>
<212>
<213>
<220>
<223>

LENGTH: 28

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 8

catgcatett tggtcttcat cgtgaatg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 9

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 9

accgeggteg tgetgtacta atcce

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 10

LENGTH: 27

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer

<400> SEQUENCE: 10

agagctcgat accgaccgat agatcte

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 11

LENGTH: 60

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide

<400> SEQUENCE: 11

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

28

Synthetic

24

Synthetic

27

Synthetic

caacaactta taccatggcc tacaaaaagg caaacaatgg tacttgacga ctcatcacaa 60

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 12

LENGTH: 57

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide

<400> SEQUENCE: 12

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

gtcegttegt tacaatctac aactacaatt gttgtgatga gtegtcaagt accattg 57

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 13

LENGTH: 32

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

primer
<400> SEQUENCE: 13

atagggccece aacaacttat accatggect ac

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

32
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<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 14

LENGTH: 32

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
primer

SEQUENCE: 14

ataggtaccg tccgttcegtt acaatctaca ac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 15

LENGTH: 52

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
primer

SEQUENCE: 15

atacgtcteca tccctatcag tgatagagag ttgtagattg taacgaacgg ac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 16

LENGTH: 35

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
primer

SEQUENCE: 16

atacgtctca gggacgtcaa gtaccattgt ttgece

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 17

LENGTH: 55

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

primer

SEQUENCE: 17

atacgtctca acaaacagac aatctggtcet gtttgtggta cccaattcge cctag

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 18

LENGTH: 41

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
primer

SEQUENCE: 18

atacgtctca ttgtttacaa tctacaacta caattgttgt g

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 19

LENGTH: 54

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

primer

SEQUENCE: 19

Synthetic

32

Synthetic

52

Synthetic

35

Synthetic

55

Synthetic

41

Synthetic
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atagctageca gggagagacc ccgaatgatg tctagattag ataaaagtaa agtg

<210> SEQ ID NO 20

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 20

atagggccect taagacccac tttcacattt aag

<210> SEQ ID NO 21

<211> LENGTH: 50

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 21

acgcgaaatt caagcgctag ggccaagttg ggtaacgcca gggttttece

<210> SEQ ID NO 22

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 22

atgtgaaagt gggtcttaag ggccaagttg g

<210> SEQ ID NO 23

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 23

gtaacgccag ggttttcecce

<210> SEQ ID NO 24

<211> LENGTH: 50

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 24

tgtaggccat ggtataagtt gttgggatge aaaaacgagg ctagtttacc

<210> SEQ ID NO 25

<211> LENGTH: 61

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic

54

33

50

31

19

50
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<400> SEQUENCE: 25

gataggtacc tctagaagat ctacgcgtac tagtgcatge gagctcacceg gtgattcata 60

g

<210> SEQ ID NO 26

<211> LENGTH: 61

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide

<400> SEQUENCE: 26

61

Synthetic

ctatgaattc accggtgagc tcgcatgcac tagtacgegt agatcttcta gaggacctat 60

C

<210> SEQ ID NO 27

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 27

atggatgcat atgctgcagc tcgageggece geggeccect ttgeccett

<210> SEQ ID NO 28

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 28

atccggeacyg gttgacacta tggetggga

<210> SEQ ID NO 29

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 29

gcgctgacga aaatcccage catagtgtca accgtgecgg atgecegt

<210> SEQ ID NO 30

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 30

ggttaacacg cgtacgtagg gcccgeggee gegggcegatg ttggtgaa

<210> SEQ ID NO 31
<211> LENGTH: 50

61

Synthetic

48

Synthetic

29

Synthetic

48

Synthetic

48
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<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 31

atggatgecat atgctgcagce tcgageggece gecegattge ctgeccctag

<210> SEQ ID NO 32

<211> LENGTH: 59

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer

<400> SEQUENCE: 32

Synthetic

Synthetic

ggatcaacgg tgatgcgagg cggagegcat ttteggtgge aggegectga gcgaagtcec

<210> SEQ ID NO 33

<211> LENGTH: 15

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 33

ctgccaccga aaatg

<210> SEQ ID NO 34

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 34

ttagegeege ggcaaggecg gttet

<210> SEQ ID NO 35

<211> LENGTH: 45

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 35

cgagcgatgyg cgtgagaacce ggecttgeeg cggegctaag agtgt

<210> SEQ ID NO 36

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 36

ggttaacacg cgtacgtagg gcccgeggee gccgaatcge cgetgaca

Synthetic

Synthetic

Synthetic

Synthetic

50

59

15

25

45

48
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<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 37

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide
<400> SEQUENCE: 37

ctceccatee tegtgate

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 38

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide

<400> SEQUENCE: 38

gaggaaggcg tCnggtC

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 39

LENGTH: 14

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide

<400> SEQUENCE: 39

gtgcecggatyg cceg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 40

LENGTH: 16

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide

<400> SEQUENCE: 40

cgeccgaaace cggatg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 41

LENGTH: 17

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide
<400> SEQUENCE: 41

gctegecace aagtteg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 42

LENGTH: 16

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

oligonucleotide
<400> SEQUENCE: 42

cgececgaaace cggatg

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

OTHER INFORMATION: Description of Artificial Sequence:

Synthetic

18

Synthetic

18

Synthetic

14

Synthetic

16

Synthetic

17

Synthetic

16
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<210> SEQ ID NO 43

<211> LENGTH: 47

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 43

taccatggat gcatatgctg cagctcgage cegegecgca ggaatte

<210> SEQ ID NO 44

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 44

cgcategtte tegectegtt ¢

<210> SEQ ID NO 45

<211> LENGTH: 50

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 45

gagacagtcg aacgaggcga gaacgatgceg gcaacctgaa geggggcaac

<210> SEQ ID NO 46

<211> LENGTH: 51

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 46

ggttaacacg cgtacgtagg gccegeggece gattgagace cgegggtcat ¢

<210> SEQ ID NO 47

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

oligonucleotide
<400> SEQUENCE: 47
tatgctgeag ctegagegge cge
<210> SEQ ID NO 48
<211> LENGTH: 19

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence

Synthetic

47

Synthetic

21

Synthetic

50

Synthetic

51

Synthetic

23
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-continued

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

oligonucleotide
<400> SEQUENCE: 48

ggcegetega getgcagea

19

1. A biomass comprising substantially one or more isolated
methylotrophic bacterial cultures, wherein the bacteria are
genetically modified or artificially pre-selected to produce
elevated levels of a carotenoid compound relative to the cor-
responding unmodified or unselected bacterium.

2. The biomass of claim 1, wherein the biomass is in a dry
or substantially dry form.

3. The biomass of claim 1, wherein the bacterium of the
cultures is selected from the group consisting of Methylomo-
nas, Methylobacter, Methylococcus, Methylosinus, Methylo-
cyctis, Methylomicrobium, Methanomonas, Methylophilus,
Methylobacillus, Methylobacterium, Hyphomicrobium, Xan-
thobacter, Bacillus, Paracoccus, Nocardia, Arthrobacter,
Rhodopseudomonas, Pseudomonas, Candida, Hansenula,
Pichia, Torulopsis, and Rhodotorula.

4. The biomass of claim 3, wherein the bacterium is a
Methylobacterium.

5. The biomass of claim 4, wherein the bacterium is M.
extorquens.

6. The biomass of claim 5, wherein the strain of A.
extorquens is selected from the group consisting of M.
extorquens AM1, M. extorquens DM4, M. extorquens CM4,
M. extorquens PAl, M. extorquens BJOO1 (formerly M.
populi), M. radiotolerans, M. nodulans, and Methylobacte-
rium spp. 4-46.

7. The biomass of claim 1, wherein the carotenoid com-
pound is selected from the group consisting of §-carotene,
lycopene, rhodopin, astaxanthin and spirilloxanthin.

8. The biomass of claim 1, wherein the genetically modi-
fied bacterium is modified so that one or more genes produc-
ing enzymes that divert isoprenoid compounds from the caro-
tenoid biosynthetic pathway are blocked or deleted.

9. The biomass of claim 1, wherein the bacterium com-
prises a non-lethal knock-out of she.

10. The biomass of claim 1, wherein the pre-selected bac-
terium is a spontaneous mutant that is selected to express a
“dark pink” or “reddish” pigment.

11. A feed composition, comprising the biomass of claim 1.

12. The feed composition of claim 11, wherein the biomass
is obtained without bacterial lysis.

13. The feed composition of claim 12, that wherein the
biomass is collected by filtering, sedimentation, or centrifu-
gation.

14. The feed composition of claim 11, wherein composi-
tion contains at least 1% of the biomass by weight.

15. The feed composition of claim 11, wherein the com-
position is optimized for consumption by fish.

16. The method of claim 15, wherein the fish is of species
farmed for human consumption that has pink-, reddish-, yel-
low-, or orange-colored flesh.

17. The feed composition of claim 15, wherein the com-
position comprises one or more of: EPA, DHA, taurine, and
an essential amino acid.

18. A method of preparing a biomass, the method compris-
ing:

(a) culturing in an appropriate medium methylotrophic

bacteria, and

(b) collecting the biomass of claim 1.

19. The method of claim 16, wherein the biomass is col-
lected by filtering, sedimentation, or centrifugation.

20. An M. extorquens comprising a non-lethal knock-out of
she.

21. A method of producing fish or seafood, the method
comprising:

(a) farming fish or seafood, and

(b) providing the feed composition of claim 11 to the fish or

seafood.

22. A fish or seafood product exhibiting an elevated level of
a carotenoid pigment in the flesh, said level attributable to the
diet comprising the feed of claim 11.

* ok ok ok ok



Appendix 2-1. 16S Sequencing.

Methylobacterium extorquens strain CM2730 was acquired from (b) (4) laboratory. This strain was
described in the following paper: Development of an Optimized Medium, Strain and High-Throughput Culturing
Methods for Methylobacterium extorquens (Delaney et al., 2013). Deletion of the spirilloxanthin pathway was
performed as described in that paper, leading to strain KB203. During KnipBio’s fermentation experiments, the
culture was streaked out to determine if there was any contamination during in-house lab fermentation. We
selected one pink colony from the culture and outsourced it for 165 sequencing to (b) (4)

who used standard in-house 16S bacterial forward and reverse primers. The sequence obtained was then
compared to the bacterial database using the BLAST program on the NCBI website
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The results showed below confirm that strain KB203 is a
Methylobacterium extorquens strain.

1. 203-16S-rRNA-F-abl

TGCAGTCGAACGGGCACCTTCGGGTGTCAGTGGCAGACGGGTGAGTAACACGTGGGAACGTACCCTTCGGTTCGGAATAACT
CAGGGAAACTTGAGCTAATACCGGATACGCCCTTTTGGGGAAAGGTTTACTGCCGAAGGATCGGCCCGCGTCTGATTAGCTTG
TTGGTGGGGTAACGGCCTACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGG
CCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGA
AGGCCTTAGGGTTGTAAAGCTCTTTTGTCCGGGACGATAATGACGGTACCGGAAGAATAAGCCCCGGCTAACTTCGTGCCAGC
AGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATCACTGGGCGTAAAGGGCGCGTAGGCGGCCGATTAAGTCGGGG
GTGAAAGCCTGTGGCTCAACCACAGAATTGCCTTCGATACTGGTTGGCTTGAGACCGGAAGAGGACAGCGGAACTGCGAGTG
TAGAGGTGAAATTCGTAGATATTCGCAAGAACACCAGTGGCGAAGGCGGCTGTCTGGTCCGGTTCTGACGCTGAGGCGCGAA
AGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAATGCCAGCCGTTGGCCTGCTTGCAGGT
CAGTGGCGCCGCTAACGCATTAAGCATTCCGCCTGGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCC
CGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCATCCCTTGACATGG

Description Max Total | Query | E Ident | Accession
score | score | cover | value

Methylobacterium extorquens 16S ribosomal RNA gene, partial sequence 1633 | 1633 | 100% 0 99% KF192614.1
Uncultured Methylobacterium sp. clone SB6-38 16S ribosomal RNA gene, partial sequence 1633 | 1633 | 100% 0 99% KJ197806.1
Uncultured Methylobacterium sp. clone SB6-21 16S ribosomal RNA gene, partial sequence 1633 | 1633 | 100% 0 99% KJ197793.1
Methylobacterium zatmanii strain M0505 16S ribosomal RNA gene, partial sequence 1633 | 1633 | 100% 0 99% KF924223.1
Methylobacterium sp. CBMB43 16S ribosomal RNA gene, partial sequence 1633 | 1633 | 100% 0 99% EF126748.1
Methylobacterium pseudosasae strain BL44 16S ribosomal RNA, partial sequence 1631 | 1631 | 100% 0 99% NR_108240.1
Methylobacterium pseudosasae strain BL44 16S ribosomal RNA gene, partial sequence 1631 | 1631 | 100% 0 99% EU912442.1
Methylobacterium zatmanii strain PSBB041, complete genome 1629 | 8149 | 100% 0 99% CP021054.1
Methylobacterium extorquens strain PSBB040, complete genome 1629 | 8149 | 100% 0 99% CP019322.1
Methylobacterium extorquens partial 16S rRNA gene, isolate 5-3-1.1(1) 1629 | 1629 | 100% 0 99% LT601404.1
Uncultured bacterium clone BJ201307-22 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 0 99% KX508034.1
Methylobacterium sp. EP_L_58 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 0 99% KJ642436.1
Methylobacterium extorquens strain IARI-IIWP-43 16S ribosomal RNA gene, partial 1629 | 1629 | 100% 0 99% KF572999.1




sequence

Methylobacterium sp. IARI-HHS2-69 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% KF572997.1
Methylobacterium zatmanii gene for 16S ribosomal RNA, partial sequence, strain: z15a 1629 | 1629 | 100% 99% AB698688.1
Methylobacterium zatmanii gene for 16S ribosomal RNA, partial sequence, strain: 37d 1629 | 1629 | 100% 99% AB698687.1
Uncultured bacterium clone 16slp87-03h04.p1ka 16S ribosomal RNA gene, partial 1629 | 1629 | 100% 99% FJ512822.1
sequence

Methylobacterium sp. SuP10 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% EU912450.1
Methylobacterium sp. SuP6 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% EU912449.1
Methylobacterium sp. 602 partial 16S rRNA gene, strain 602 1629 | 1629 | 100% 99% FN868956.1
Uncultured bacterium clone TF76 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% GU272244.1
Methylobacterium sp. HS_8 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% GQ365189.1
Methylobacterium sp. 5b.2.1 collection-date 15-Sep-2003 from Germany 16S ribosomal 1629 | 1629 | 100% 99% FJ157971.1
RNA gene, partial sequence

Methylobacterium sp. 5b.1.5 collection-date 15-Sep-2003 from Germany 16S ribosomal 1629 | 1629 | 100% 99% FJ157970.1
RNA gene, partial sequence

Methylobacterium sp. 5b.1.4 collection-date 15-Sep-2003 from Germany 16S ribosomal 1629 | 1629 | 100% 99% FJ157969.1
RNA gene, partial sequence

Methylobacterium sp. 5a.1.8 collection-date 15-Sep-2003 from Germany 16S ribosomal 1629 | 1629 | 100% 99% FJ157966.1
RNA gene, partial sequence

Methylobacterium sp. 1c.1 collection-date 15-Sep-2003 from Germany 16S ribosomal RNA | 1629 | 1629 | 100% 99% FJ157962.1
gene, partial sequence

Methylobacterium extorquens DM4 str. DM4 chromosome, complete genome 1629 | 8149 | 100% 99% FP103042.2
Methylobacterium extorquens AM1, complete genome 1629 | 8149 | 100% 99% CP001510.1
Uncultured bacterium clone nbw391h07c1 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% GQ096960.1
Uncultured bacterium clone nbw830c11cl 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% GQ009608.1
Uncultured bacterium clone nbw830allcl 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% GQ009592.1
Uncultured bacterium clone nbw829g05c1 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% GQ009304.1
Methylobacterium sp. M417 gene for 16S rRNA, partial sequence, strain: M417 1629 | 1629 | 100% 99% AB461759.1
Methylobacterium extorquens PA1, complete genome 1629 | 8149 | 100% 99% CP000908.1
Methylobacterium extorquens gene for 16S rRNA, partial sequence, strain: TA5 (=NEU 48) 1629 | 1629 | 100% 99% AB298399.1
Methylobacterium sp. CBMB38 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% EF165044.1
Methylobacterium sp. TMAH-R0422 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% EF062507.1
Methylobacterium sp. GW2 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% DQ400509.1
Methylobacterium extorquens 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% AF531770.1
Methylobacterium sp. P1 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% AF148859.2
Methylobacterium sp. iRIlI1 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% 99% AY358000.2
Methylobacterium extorquens strain IAM 12631 16S ribosomal RNA gene, partial 1629 | 1629 | 100% 99% NR_112230.1




sequence

Methylobacterium extorquens 16S ribosomal RNA gene, partial sequence; tRNA-Ile and 1629 | 1629 | 100% 99% AF293375.1
tRNA-Ala genes, complete sequence; and 23S ribosomal RNA gene, partial sequence

Uncultured alpha proteobacterium partial 16S rRNA gene, clone MTAA10 1629 | 1629 | 100% 99% AJ964950.1
Methylobacterium sp. 16S rRNA gene 1629 | 1629 | 100% 99% D25305.1
Methylobacterium sp. 15R46 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 100% 99% KR094821.1
Uncultured Methylobacterium sp. clone SB6-7 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 100% 99% KJ197814.1
Uncultured Methylobacterium sp. clone SB6-39 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 100% 99% KJ197807.1
Uncultured Methylobacterium sp. clone SB6-34 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 100% 99% KJ197803.1
Uncultured Methylobacterium sp. clone SB6-32 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 100% 99% KJ197802.1
Uncultured Methylobacterium sp. clone SB6-2 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 100% 99% KJ197791.1
Methylobacterium extorquens strain Fab1 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 99% 99% GU992345.1
Methylobacterium sp. JW66.2a partial 16S rRNA gene, strain JW66.2a 1628 | 1628 | 100% 99% FN556577.1
Uncultured Methylobacterium sp. clone SB6-8 16S ribosomal RNA gene, partial sequence 1626 | 1626 | 99% 99% KJ197815.1
Uncultured Methylobacterium sp. clone SB6-16 16S ribosomal RNA gene, partial sequence 1626 | 1626 | 99% 99% KJ197787.1
Uncultured bacterium clone JPL1_46 16S ribosomal RNA gene, partial sequence 1626 | 1626 | 100% 99% DQ532136.1
Uncultured bacterium clone BJ201307-47 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KX508056.1
Methylobacterium extorquens strain QTYC47b 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KM974666.1
Methylobacterium sp. EP_L_93 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ642434.1
Uncultured Methylobacterium sp. clone SB6-5 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ197812.1
Uncultured Methylobacterium sp. clone SB6-37 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ197805.1
Uncultured Methylobacterium sp. clone SB6-29 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ197800.1
Uncultured Methylobacterium sp. clone SB6-20 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ197792.1
Uncultured Methylobacterium sp. clone SB6-19 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ197790.1
Uncultured Methylobacterium sp. clone SB6-15 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ197786.1
Uncultured Methylobacterium sp. clone SB6-1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% KJ197782.1
Methylobacterium extorquens strain CM4 16S ribosomal RNA gene, complete sequence 1624 | 1624 | 100% 99% NR_074215.1
Methylobacterium sp. Bg2z partial 16S rRNA gene, isolate Bg2z 1624 | 1624 | 100% 99% HF548411.1
Uncultured bacterium clone A45 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% JN882050.1
Uncultured organism clone ELU0028-T175-S-NIPCRAMgANa_000113 small subunit 1624 | 1624 | 100% 99% HQ749723.1
ribosomal RNA gene, partial sequence

Uncultured organism clone ELU0028-T175-S-NIPCRAMgANa_000035 small subunit 1624 | 1624 | 100% 99% HQ749645.1
ribosomal RNA gene, partial sequence

Uncultured organism clone ELU0021-T97-S-NI_000060 small subunit ribosomal RNA gene, 1624 | 1624 | 100% 99% HQ746582.1
partial sequence

Uncultured bacterium clone ncd2777f09c1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 99% JF238902.1




Uncultured bacterium clone ncd2763a01c1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% JF223114.1

Uncultured bacterium clone ncd2761c08c1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% JF223072.1
Uncultured bacterium clone ncd29b03c1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% HM252364.1
Methylobacterium zatmanii strain 6012 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% GU294335.1
Methylobacterium zatmanii strain 7211 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% GU294329.1
Uncultured bacterium clone TF78 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% GU272245.1
Uncultured bacterium clone 208 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% GU225982.1
Uncultured bacterium partial 16S rRNA gene, clone 13_F01 1624 | 1624 | 100% 0 99% FN421635.1
Methylobacterium zatmanii strain NBCS25 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% GQ281065.1
Uncultured bacterium clone nbw829f02c1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% GQ009291.1
Methylobacterium extorquens CM4, complete genome 1624 | 8121 | 100% 0 99% CP001298.1
Methylobacterium extorquens partial 16S rRNA gene, strain F46 1624 | 1624 | 100% 0 99% AM910538.1
Methylobacterium extorquens strain JSCtot103 16S ribosomal RNA (rrn) gene, partial 1624 | 1624 | 99% 0 99% DQ870723.1
sequence

Uncultured bacterium clone JSC9-1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% DQ532265.1
Methylobacterium sp. iRIV1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% 0 99% AY358005.2
Methylobacterium extorquens gene for 16S ribosomal RNA, partial sequence, 1624 | 1624 | 100% 0 99% AB175630.1

strain:NCIMB 13688

Uncultured bacterium clone 16slp108-1f08.w2k 16S ribosomal RNA gene, partial sequence | 1622 | 1622 | 100% 0 99% GQ157975.1
Methylobacterium extorquens strain Hab1 16S ribosomal RNA gene, partial sequence 1622 | 1622 | 99% 0 99% GU992354.1
Methylobacterium extorquens strain Fab2 16S ribosomal RNA gene, partial sequence 1622 | 1622 | 99% 0 99% GU992346.1
Methylobacterium sp. D1B20 partial 16S rRNA gene, isolate D1B20 1620 | 1620 | 100% 0 99% LN614691.1
Uncultured Methylobacterium sp. clone SB6-41 16S ribosomal RNA gene, partial sequence 1620 | 1620 | 99% 0 99% KJ197809.1

Methylobacterium extorquens strain VRI2-7 16S ribosomal RNA gene, partial sequence 1618 | 1618 | 100% 0 99% KY882061.1
Methylobacterium extorquens strain VRI2-2 16S ribosomal RNA gene, partial sequence 1618 | 1618 | 100% 0 99% KY882058.1
Methylobacterium thiocyanatum strain TMV2-1 16S ribosomal RNA gene, partial sequence | 1618 | 1618 | 100% 0 99% KY882043.1
Uncultured bacterium clone DWTP1.3B.H04 16S ribosomal RNA gene, partial sequence 1618 | 1618 | 100% 0 99% KU713506.1
Uncultured bacterium clone DWTP1.3A.F10 16S ribosomal RNA gene, partial sequence 1618 | 1618 | 100% 0 99% KU713404.1

203-16S-rRNA-R-ab1l

GGTCGCCTGCCTCCTTGCNGGTTGGCGCAGCGCCGTCGGGTAAGACCAACTCCCATGGTGTGACGGGCGGTGTGT
ACAAGGCCCGGGAACGTATTCACCGTGGCGTGCTGATCCACGATTACTAGCGATTCCGCCTTCATGCACCCGAGTT
GCAGAGTGCAATCCGAACTGAGACGGTTTTTGGGGATTTGCTCCACCTCGCGGCTTCGCGTCCCACTGTCACCGCC
ATTGTAGCACGTGTGTAGCCCATCCCGTAAGGGCCATGAGGACTTGACGTCATCCACACCTTCCTCGCGGCTTATC
ACCGGCAGTCTCCCTAGAGTGCCCAACTGAATGATGGCAACTAAGGACGTGGGTTGCGCTCGTTGCGGGACTTAA
CCCAACATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTGTGTGCACGCCTCCGAAGAGGATCCCCGATCT




CTCGAGGTAACATGCCATGTCAAGGGATGGTAAGGTTCTGCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCT
TGTGCGGGCCCCCGTCAATTCCTTTGAGTTTTAATCTTGCGACCGTACTCCCCAGGCGGAATGCTTAATGCGTTAGC
GGCGCCACTGACCTGCAAGCAGGCCAACGGCTGGCATTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCC
TGTTTGCTCCCCACGCTTTCGCGCCTCAGCGTCAGAACCGGACCAGACAGCCGCCTTCGCCACTGGTGTTCTTGCG
AATATCTACGAATTTCACCTCTACACTCGCAGTTCCGCTGTCCTCTTCCGGTCTCAAGCCAACCAGTATCGAAGGCA
ATTCTGTGGTTGAGCCACAGGCTTTCACCCCCGACTTAATCGGCCGCCTACGCGCCCTTT

Max | Tota | Quer E Iden | Accession

scor | y valu t

e scor | cover | e

e
Methylobacterium zatmanii strain PSBB041, complete genome 1646 | 8232 | 100% | O 99% CP021054.1
Methylobacterium extorquens strain PSBB040, complete genome 1646 | 8232 | 100% | O 99% CP019322.1
Methylobacterium extorquens partial 16S rRNA gene, isolate 5-3-1.1(2) 1646 | 1646 | 100% | O 99% LT601405.1
Uncultured bacterium clone BJ201307-22 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% KX508034.1
Methylobacterium sp. AMS5, complete genome 1646 | 8232 | 100% | O 99% CP006992.1
Methylobacterium extorquens strain QTYC47b 16S ribosomal RNA gene, partial 1646 | 1646 | 100% | O 99% KM974666.
sequence 1
Methylobacterium extorquens strain 11.2 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% KF681062.1
Methylobacterium zatmanii strain M0505 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% KF924223.1
Methylobacterium extorquens strain IARI-IIWP-43 16S ribosomal RNA gene, partial 1646 | 1646 | 100% | O 99% KF572999.1
sequence
Methylobacterium sp. IARI-HHS2-69 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% KF572997.1
Methylobacterium extorquens strain MS1 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% KC625555.1
Methylobacterium extorquens strain CM4 16S ribosomal RNA gene, complete 1646 | 1646 | 100% | O 99% NR_074215.
sequence 1
Methylobacterium zatmanii gene for 16S ribosomal RNA, partial sequence, strain: 1646 | 1646 | 100% | O 99% | AB698688.1
z15a
Methylobacterium zatmanii gene for 16S ribosomal RNA, partial sequence, strain: 1646 | 1646 | 100% | O 99% | AB698687.1
37d
Uncultured bacterium clone A45 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% | JN882050.1
Methylobacterium sp. AMS5 gene for 16S rRNA, partial sequence 1646 | 1646 | 100% | O 99% | AB600003.1
Methylobacterium sp. SuP10 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% EU912450.1
Methylobacterium sp. SuP6 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% EU912449.1
Uncultured bacterium clone 16slp120-1d12.p1k 16S ribosomal RNA gene, partial 1646 | 1646 | 100% | O 99% GQ157319.
sequence 1
Uncultured bacterium clone 208 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% GU225982.
1

Methylobacterium sp. 5b.2.1 collection-date 15-Sep-2003 from Germany 16S 1646 | 1646 | 100% | O 99% FJ157971.1
ribosomal RNA gene, partial sequence
Methylobacterium sp. 5b.1.5 collection-date 15-Sep-2003 from Germany 16S 1646 | 1646 | 100% | O 99% FJ157970.1
ribosomal RNA gene, partial sequence
Methylobacterium sp. 5b.1.4 collection-date 15-Sep-2003 from Germany 16S 1646 | 1646 | 100% | O 99% FJ157969.1
ribosomal RNA gene, partial sequence
Methylobacterium sp. 5a.1.8 collection-date 15-Sep-2003 from Germany 16S 1646 | 1646 | 100% | O 99% FJ157966.1
ribosomal RNA gene, partial sequence
Methylobacterium extorquens DM4 str. DM4 chromosome, complete genome 1646 | 8232 | 100% | O 99% FP103042.2
Methylobacterium extorquens AM1, complete genome 1646 | 8232 | 100% | O 99% CP001510.1
Methylobacterium extorquens CM4, complete genome 1646 | 8232 | 100% | O 99% CP001298.1
Methylobacterium extorquens PA1, complete genome 1646 | 8232 | 100% | O 99% CP000908.1




Methylobacterium sp. CBMB38 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% EF165044.1
Methylobacterium sp. CBMB43 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% EF126748.1
Methylobacterium sp. GW2 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% DQ400509.
1
Uncultured bacterium clone JSC9-1 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% DQ532265.
1
Methylobacterium extorquens 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% | AF531770.1
Methylobacterium sp. P1 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% | AF148859.2
Methylobacterium sp. iRIlI1 16S ribosomal RNA gene, partial sequence 1646 | 1646 | 100% | O 99% | AY358000.2
Methylobacterium extorquens strain IAM 12631 16S ribosomal RNA gene, partial 1646 | 1646 | 100% | O 99% NR_112230.
sequence 1
Methylobacterium extorquens gene for 16S ribosomal RNA, partial sequence, 1646 | 1646 | 100% | O 99% | AB175630.1
strain:NCIMB 13688
Methylobacterium extorquens 16S ribosomal RNA gene, partial sequence; tRNA-Ile 1646 | 1646 | 100% | O 99% | AF293375.1
and tRNA-Ala genes, complete sequence; and 23S ribosomal RNA gene, partial
sequence
Uncultured alpha proteobacterium partial 16S rRNA gene, clone MTAA10 1646 | 1646 | 100% | O 99% | AJ964950.1
Uncultured bacterium partial 16S rRNA gene, clone 13_F01 1642 | 1642 | 100% | O 99% FN421635.1
Uncultured bacterium clone JPL1_46 16S ribosomal RNA gene, partial sequence 1642 | 1642 | 100% | O 99% DQ532136.
1
Methylobacterium sp. iRIV1 16S ribosomal RNA gene, partial sequence 1642 | 1642 | 100% | O 99% | AY358005.2
Methylobacterium sp. iRII2 16S ribosomal RNA gene, partial sequence 1642 | 1642 | 100% | O 99% | AY357997.2
Methylobacterium sp. Bg2z partial 16S rRNA gene, isolate Bg2z 1640 | 1640 | 100% | O 99% HF548411.1
Uncultured bacterium gene for 16S rRNA, partial sequence, clone: 0502TCLN014 1640 | 1640 | 100% | O 99% | AB695746.1
Methylobacterium sp. 602 partial 16S rRNA gene, strain 602 1640 | 1640 | 100% | O 99% FN868956.1
Methylobacterium sp. DC2c-19 gene for 16S rRNA, partial sequence 1640 | 1640 | 100% | O 99% | AB552870.1
Uncultured bacterium clone 16slp108-1f08.w2k 16S ribosomal RNA gene, partial 1640 | 1640 | 100% | O 99% GQ157975.
sequence 1
Methylobacterium chloromethanicum strain PVAS3 16S ribosomal RNA gene, partial 1640 | 1640 | 100% | O 99% GU130527.
sequence 1
Methylobacterium chloromethanicum strain PVAS2 16S ribosomal RNA gene, partial 1640 | 1640 | 100% | O 99% GU130526.
sequence 1
Methylobacterium sp. HS_8 16S ribosomal RNA gene, partial sequence 1640 | 1640 | 100% | O 99% GQ365189.
1
Uncultured bacterium partial 16S rRNA gene, clone 4_G01 1640 | 1640 | 100% | O 99% FN421767.1
Uncultured bacterium partial 16S rRNA gene, clone 4_C03 1640 | 1640 | 100% | O 99% FN421734.1
Uncultured bacterium partial 16S rRNA gene, clone 13_E04 1640 | 1640 | 100% | O 99% FN421629.1
Methylobacterium sp. 1c.1 collection-date 15-Sep-2003 from Germany 16S ribosomal | 1640 | 1640 | 100% | O 99% FJ157962.1
RNA gene, partial sequence
Methylobacterium extorquens partial 16S rRNA gene, strain F46 1640 | 1640 | 100% | O 99% | AM910538.
1
Methylobacterium extorquens gene for 16S rRNA, partial sequence, strain: TAS 1640 | 1640 | 100% | O 99% | AB298399.1
(=NEU 48)
Methylobacterium sp. sh_20 16S ribosomal RNA gene, partial sequence 1639 | 1639 | 100% | O 99% EU878886.1
Methylobacterium pseudosasae strain BL44 16S ribosomal RNA, partial sequence 1637 | 1637 | 100% | O 99% NR_108240.
1
Alpha proteobacterium F3H1_a8 16S ribosomal RNA gene, partial sequence 1637 | 1637 | 100% | O 99% KF641676.1
Methylobacterium pseudosasae strain BL44 16S ribosomal RNA gene, partial 1637 | 1637 | 100% | O 99% EU912442.1
sequence
Methylobacterium extorquens strain VRI2-7 16S ribosomal RNA gene, partial 1635 | 1635 | 100% | O 99% KY882061.1
sequence
Methylobacterium extorquens strain VRI2-2 16S ribosomal RNA gene, partial 1635 | 1635 | 100% | O 99% KY882058.1
sequence
Uncultured bacterium clone BJ201307-47 16S ribosomal RNA gene, partial sequence 1635 | 1635 | 100% | O 99% KX508056.1




Methylobacterium zatmanii partial 16S rRNA gene, isolate Bts 17 1635 | 1635 | 100% | O 99% HG975596.1
Uncultured bacterium clone 16slp120-1e11.w2k 16S ribosomal RNA gene, partial 1635 | 1635 | 100% | O 99% GQ157320.
sequence 1
Methylobacterium zatmanii strain NBCS25 16S ribosomal RNA gene, partial sequence | 1635 | 1635 | 100% | O 99% GQ281065.
1
Uncultured bacterium clone S2-5-CL33 16S ribosomal RNA gene, partial sequence 1635 | 1635 | 100% | O 99% EU769150.1
Methylobacterium sp. 16S rRNA gene 1635 | 1635 | 100% | O 99% D25305.1
Methylobacterium extorquens strain 11.6 16S ribosomal RNA gene, partial sequence 1633 | 1633 | 99% 0 99% KF681061.1
Methylobacterium sp. sh_28 16S ribosomal RNA gene, partial sequence 1631 | 1631 | 100% | O 99% EU878893.1
Methylobacterium populi strain ICGV-1 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% KY882108.1
Methylobacterium populi strain N3-3 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% KY882097.1
Methylobacterium populi strain VRI2-A3 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% KY882063.1
Methylobacterium populi strain VRI2-3 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% KY882059.1
Methylobacterium extorquens partial 16S rRNA gene, strain MMB1 1629 | 1629 | 100% | O 99% LT594351.1
Uncultured Methylobacterium sp. clone KWLB236 16S ribosomal RNA gene, partial 1629 | 1629 | 100% | O 99% KU519610.1
sequence
Methylobacterium populi DNA, complete genome 1629 | 8149 | 100% | O 99% | AP014809.1
Methylobacterium populi strain VP2 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% KF955558.1
Methylobacterium thiocyanatum gene for 16S ribosomal RNA, partial sequence, 1629 | 1629 | 100% | O 99% | AB698683.1
strain: z4h
Methylobacterium thiocyanatum gene for 16S ribosomal RNA, partial sequence, 1629 | 1629 | 100% | O 99% | AB698682.1
strain: 87a
Methylobacterium populi strain L9-464 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% | JQ659498.1
Methylobacterium populi strain L6-306 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% | JQ659381.1
Methylobacterium sp. PX15_S1 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% | JF274929.1
Methylobacterium sp. D24(2010) 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% GU566357.
1
Methylobacterium sp. AL1(2010) 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% GU566336.
1
Methylobacterium zatmanii strain 6012 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% GU294335.
1
Methylobacterium zatmanii strain 7211 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% GU294329.
1
Methylobacterium sp. CSL-1 gene for 16S rRNA, partial sequence 1629 | 1629 | 100% | O 99% | AB500944.1
Methylobacterium sp. 13635J 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% EU741082.1
Methylobacterium sp. 13632G 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% EU741076.1
Uncultured alpha proteobacterium clone S1-10-CL6 16S ribosomal RNA gene, partial 1629 | 1629 | 100% | O 99% | AY728074.1
sequence
Methylobacterium extorquens 16S ribosomal RNA gene, partial sequence 1629 | 1629 | 100% | O 99% | AF267912.1
Uncultured bacterium clone 16slp117-2d12.p1k 16S ribosomal RNA gene, partial 1628 | 1628 | 100% | O 99% GQ157867.
sequence 1
Uncultured bacterium clone 16slp124-4a10.p1k 16S ribosomal RNA gene, partial 1628 | 1628 | 100% | O 99% GQ157434.
sequence 1
Methylobacterium sp. sh_30 16S ribosomal RNA gene, partial sequence 1628 | 1628 | 99% 0 99% EU878895.1
Methylobacterium populi strain L9-478 16S ribosomal RNA gene, partial sequence 1626 | 1626 | 100% | O 99% | JQ659500.1
Methylobacterium populi strain M2-1 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% | O 99% KY882116.1
Methylobacterium populi strain M1-2 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% | O 99% KY882115.1
Methylobacterium populi strain CO6-3 16S ribosomal RNA gene, partial sequence 1624 | 1624 | 100% | O 99% KY882101.1




Appendix 2-2. Genetic constructions to delete- and -

Section A. Methodology used in the Deletions







Section B: Verification of Deletion of Cellulase Pathway


































Section C: Verification of Deletion of Spirilloxanthin Pathway
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Appendix 2-4. Fermentation Conditions and Results.
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Appendix 2-11. Summary of KnipBio Animal Trials

This appendix summarizes the results of studies reported in KnipBio’s published paper Tlusty et al. (2017) as well
as other unpublished studies that KnipBio has conducted or sponsored in which aquatic animals were fed the
notified substance (in some cases, early formulations of the notified substance). These studies all show that the
notified substance caused no harmful effects on the fish. Full study records for these studies, particularly including
the studies published in Tlusty et al., are available at the KnipBio offices should FDA be interested in reviewing

them.

This report includes the following studies, several of which have been published in Tlusty et al. (2017), as indicated:
A. Smallmouth grunt
B. Atlantic Salmon
C. Trout
D. Pacific White Shrimp
1. New England Aquarium

2. University of Alabama.

A.Smallmouth grunt (included in Tlusty et al. 2017)

1.Experimental design

Hatchery-raised smallmouth grunts (Haemulon chrysargyreum; N=120) were stocked at 10 fish/tank into twelve
110L glass aquaria. Each of the 12 experimental tanks was randomly assigned one of four experimental diets,

totaling three replicates per treatment

Composition (g kg-1 as fed)

Ingredient

GRU-C1 GRU-C2 GRU-KL GRU-KH
Menhaden fish meal 5000.0 5000.0 4700.0 3500.0
KnipBio meal 0.0 0.0 500.0 2500.0
Squid meal 1000.0 1000.0 1000.0 1000.0
Soy bean meal 1000.0 1000.0 1000.0 1000.0
Wheat starch 700.0 700.0 600.0 300.0
Wheat gluten 500.0 500.0 500.0 500.0
Menhaden fish oil 500.0 500.0 550.0 600.0
Soybean lecithin 100.0 100.0 100.0 100.0
Vitamin premix 200.0 200.0 200.0 200.0
Trace mineral premix 200.0 200.0 200.0 200.0
Alpha-cellulose 700.0 660.0 550.0 0.0
Astaxanthin 0.0 40.0 0.0 0.0
Methionine 50.0 50.0 50.0 50.0
Lysine 50.0 50.0 50.0 50.0

* Diet GRU-C2 was identical to GRU-C1 with an added 80 ppm carotenoid.

Composition of four experimental feeds used to test the efficacy of KnipBio single cell protein (KnipBio meal; KBM) as a fishmeal substitute
using smallmouth grunt (H. chrysargyreum), where GRU-C1 = GRUnt Control feed (modelled after Alam et al., 2012; Alam et al., 2008; Alam et
al., 2009), GRU-C2 = GRU-C1 with 80 ppm carotenoid addition, and GRU-KL and GRU-KH are control feed with fishmeal replaced with KBM; KL =
KnipBio meal Low (10% replacement) and KH = KnipBio meal High (50% replacement).



0 Each tank was fed until apparent satiation four times/day. Animal care and procedures used in this trial were

approved by Roger Williams University Animal Care and Use Committee (IACUC protocol R-13-12-20).

0 Wet weight (g) and standard length (mm) was determined for each fish on day 0 and 41 (N=120 and 112,

respectively).

0 On day 41, three fish were randomly selected from each treatment (N=12 total), freeze-dried for 48hr,
homogenized using a mortar and pestle, and stored in borosilicate vials. Processed samples were then shipped to

the (b) (4) for whole body proximate, amino acid, and fatty acid analyses (% composition).

0The foregut of three additional fish from each treatment (N=12 total) was removed via dissection and

immediately frozen on dry ice for gut microbial DNA analysis.

2.Results

0 Diet had no effect on grunt mortality, length, weight, condition factor, or specific growth rate (SGR) (for all
variables, one-way ANOVA F; ¢ > 2.85). Only 12 of the 120 grunts died during the experiment, and no more than
one fish was lost per tank. For all fish, the average weight increase was 353.21+45.9%, length increase was
48.4+6.2% and SGR was 3.8+0.3. Average feed conversion ratio (FCR) per treatment ranged from 1.09-1.24.

0 Diet did not significantly affect grunt gut microbial community (adonis, p > 0.05). Regardless of diet, ~60% of the

fish gut microbiome was composed of three types of bacteria: Halomonas, Oxalobacteracaea, and Shewanella.

3. Conclusion.
The results of this study show that, in smallmouth grunts during a 41-day growth period, the notified substance

can be included up to 10% by replacing Menhaden fish meal in the grunt diet without significantly affecting grunt

mortality, length, weight, condition factor, or specific growth rate.

B.Atlantic Salmon (included in Tlusty et al. 2017)

1.Experimental design

a.Tanks
The purpose of this trial was to establish the digestibility of KBM by Atlantic salmon (Sa/mo salar). Fish N=96;
635197 g wet weight were stocked at 16 animal/tank into six 417L fiberglass tanks. Water quality was monitored
weekly to ensure that a healthy environment was maintained during the trial. Dissolved oxygen and temperature
were monitored daily. Animal care and procedures used in this trial were approved per USDA-ARS Animal Care and
Use Committee (IACUC FY2014-001).

b.Feed

Yttrium oxide was added to the reference diet at 0.1% of dry weight to serve as an inert, indigestible marker. The



chromic oxide was diluted to 0.07% when the test ingredients were added. Diets were stored in polypropylene

plastic bags at room temperature until fed. All diets were fed within 4 months of manufacture.

c.Digestibility
To determine the digestibility of KBM, a reference diet was formulated and then KBM was added in a standard
70%/30% (that is, with KBM substituted at 30% of the diet). Each of the six experimental tanks was randomly
assigned to one experimental treatment, totaling three replicates per treatment. All tanks were fed the control
diet (C) for 7-days prior to initiating the experimental treatments. The basal diet contained 40% protein and 25%

lipid with an estimated digestible energy of 19.6 kJ g'l. Fish were fed three times/day. The feeding strategy was

developed from experimental growth models validated from commercial data and different genetic stocks (

Ruohonen & Makinen, 1992; Ursin, 1967).

Composition (g kg as fed)

Ingredient

g Sal-C
Squid meal 260.0
Soy protein concetrate 171.4 Composition of two experimental feeds used to test the digestibility of
Corn gluten meal 83.4 KnipBio single cell protein (KnipBio meal; KBM) as a fishmeal substitute
Soybean meal 43.0 using Atlantic salmon (S. salmar), where SAL-C = SALmon Control diet
Wheat flour 283.3

. (modelled after Gaylord et al., 2009). And SAL-K = SALmon control diet +

Taurine 5.0 1
Menhaden fish oil 133.9 297.0 g kg™~ KBM (not shown).
Vitamin premis, ARS 702 10.0
Choine chlorine 6.0
Vitamin C 2.0
Ytrimum oxide 1.0
Trace mineral premix 1.0

Fecal material was collected from each tank 18 hr post feeding on day 2 and 4 (Austreng, 1978; Hajen et al., 1993),

dried at 60°C for 24 hr, placed into plastic bags and stored at -20°C until analysis.

The methods of Cho et al. (1982) and Bureau et al. (1999) were used to

estimate apparent digestibility coefficients.

Apparent digestibility coefficients of each nutrient in the experimental diets
were calculated according to the equations from Kleiber (1961) and Forster
(1999).

2.Results

Protein and amino acid digestibility:

(%) of Atlantic salmon (S. salmar) exposed to two experimental feeds used to
determine the viability of KnipBio single cell protein (KnipBio meal; KBM) as a
fishmeal substitute, where SAL-C = SALmon Control diet (modelled after
Gaylord et al., 2009) and SAL-K = SALmon control diet + 297.0 g kg'1 KBM.

KBM inclusion had no measurable effect on the Apparent Digestibility

Coefficient (ADC) value. The ADC for protein was slightly greater for the

Digestibility (%)

Nutrient
SAL-C SAL-K
Crude protein 72.32 69.12
Essential amino acids
Lysine 74.76 79.37
Methionine 75.46 82.01
Histidine 78.14 80.95
Isoleucine 70.72 77.72
Leucine 70.51 81.63
Phenylalanine 75.83 75.26
Tryptophan 77.46 77.71
Valine 74.65 78.82
Nonessential amino acids
Aspartic acid 69.13 70.24
Threonine 68.52 71.37
Serine 79.19 79.89
Glutamine 80.53 79.54
Proline 74.62 80.25
Glycine 70.26 69.73
Alanine 70.35 75.54
Cvsteine 60.99 69.56



animals fed the control diet compared to the 30% inclusion KBM diet (67.8+2.8 and 63.0+3.1 (averages +1 S.D.)
respectively). Diet did have a positive although insignificant influence on amino acid digestibility, as the KBM diet
(SAL-K) resulted in better digestibility for seven of the eight essential amino acids and six of the 11 non-essential
amino acids than the control (SAL-C) diet (for all amino acids, binomial probability, = 0.5p < 0.08).

3. Conclusion.

The results of this study show that inclusion of the notified substance of up to 30% in the diet of salmon had no

measurable effect on the digestibility of the fish meal.

C.Trout (submitted for publication; attached manuscript)

1.Experimental procedure

Trials were done at the USDA- University of Idaho’s Hagerman Fish Culture Experiment station. All analyses were
done in duplicate. Proximate composition (moisture, protein, fat and ash) were determined using AOAC (1990)

procedures. A draft manuscript describing this study and its results is attached to this Appendix as Attachment A.

a.Diets

All experimental diets were formulated to contain 46% crude protein and 20% lipid. All the diets met or exceeded
the nutrient requirements of rainbow trout (NRC, 2011). Fishmeal was replaced with KnipBio product such that
13% and 26% of fishmeal protein was replaced with an equivalent amount of KnipBio product protein

Diet samples were analyzed for proximate composition and gross energy at the Hagerman lab using standard
protocols. Diets were analyzed for protein and lipid content prior to the start of the feeding trial to ensure that
expected values are achieved.

A control plus two experimental diets were produced as follows:

Diet 1: Control — standard upper level of fishmeal in the formulation (32%)
Diet 2:13% of fishmeal protein replaced by KnipBio product
Diet 3:26% of fishmeal protein replaced by KnipBio product

Diet 1 Diet 2 Diet 3
Control/ 5% KB protein 10% KB protein

Ingredient reference diet

Sardine fishmeal 32.34 27.00 22.50
KnipBio protein 0.00 5.00 10.00

Soy protein concentrate 10.00 11.00 12.50
Soybean meal, dehulled and solvent

extracted 10.00 9.51 7.10



Poultry by-product meal 14.00 16.00 16.00

Wheat gluten meal 3.00 3.00 3.00
Wheat flour 13.30 10.00 9.00
Fish oil 14.57 14.61 14.98
Dicalcium phosphate 0.39 1.08 1.70
L-Lysine HCI 0.50 0.60 0.90
DL-Methionine 0.00 0.30 0.42
Vitamin C (Stay-C) 0.20 0.20 0.20
Choline chloride 0.60 0.60 0.60
Trace mineral mix, Trouw Nutrition® 0.10 0.10 0.10
Vitamin premix, ARS 7022 1.00 1.00 1.00
Total 100.0 100.0 100.0

Calculated composition (%)

Moisture 8.02 7.86 7.70
Crude protein (total) 45.49 46.25 45,98
Digestible protein 42.00 42.00 41.00
Fishmeal protein replacement by KB 0.00 13.00 26.00
protein

Crude lipid 20.00 20.00 20.00
Ash 7.28 7.49 7.54
Lysine 3.64 3.40 3.55
Phosphorus 1.50 1.50 1.50

! Trace mineral premix supply the following to the diet (mg/kg diet): Zn (as ZnSO, 7H,0), 50; Mn (as MnS0O,), 7.5; Cu (as CuSO, 5H,0), 2.5; |
(as KIO3), 1; selenium, 0.05.

?Vitamin premix supply the following to the diet (mg/kg diet): D calcium pantothenate, 46.47; pyridoxine (pyridoxine HCl), 13.68; riboflavin,
9.58; niacinamide, 21.78; folic acid, 2.49; thiamine (thiamine mononitrate), 9.1; inositol, 599; biotin, 0.33; vitamin B;,, 0.03; menadione
sodium bisulfite complex, 1.1; vitamin E (DL a-tocopherol acetate), 131.9 IU; vitamin D; (stabilized), 6594 1U; vitamin A (vitamin A palmitate,
stabilized), 9641 IU; ethoxyquin, 198.

Experimental feeds were produced by extrusion pelleting similar to commercial fish feed production technology at
the (b) (4) were stored in plastic lined paper

bags, shipped to the Hagerman Fish Culture Experiment Station and stored at room temperature until fed.

b.Fish and Feeding schedule

Rainbow trout fry, hatched from eggs purchased from a commercial source ((b) (4) ) were used
in the study. Fifty fish (5-10g) were stocked into each of nine 145L tanks. Fish was weighed and counted every
three weeks for the duration of the study (12 weeks). An initial sample of 20 fish from the population used in the
study was sacrificed and frozen for later analysis. At the end of the study, fish was sacrificed (5 per tank) for
proximate analysis on pooled samples (pooled by replicate tank). All fish handling and sampling, plus the
experimental protocols used in the growth trial and subsequent digestibility trial was approved in advance by the

University of Idaho’s Institutional Animal Care and Use Committee.



Tank
129
133
135

Mean
131
134
137

Mean
130
132
136

Mean

c.Statistical Analysis of Data

Tank means was used as units of observation for statistical analysis. Fish growth, feed performance and body

composition data will be tested for normality and homogeneity of variance prior to one-way Analysis of Variance

(ANOVA). If required, data were transformed to achieve normal distribution. If significant differences were found,

data were subjected to Tukey’s HSD test to separate the means at a significance level of P<0.05.

d.Results after 12 weeks

Total Total Average Average Average Feed % Body
Diet Start # Morts End # Startwt End wt Startwt End wt Wtgain PerFish Wtfed/d F.CR.
35 1 34 542 8057 15.5 237 221 183 1.73 0.83
control-12w 35 2 33 537 7717 15.3 234 219 191 1.82 0.87
35 1 34 555 8062 159 237 221 187 1.76 0.85
1 35 13 34 545 7945 15.6 236 220 187 1.77 0.85
35 1 34 556 8335 159 245 229 186 1.7 0.81
5%-12w 35 35 554 8182 15.8 234 218 183 1.74 0.84
35 1 34 545 7529 15.6 221 206 169 1.7 0.82
2 35 0.7 34 552 8015 15.8 233 218 180 1.71 0.82
35 0 35 538 7411 15.4 212 196 166 1.74 0.84
10%-12w 35 0 35 551 7976 15.7 228 212 180 1.75 0.85
35 0 35 538 7695 15.4 220 204 172 1.74 0.84
3 35 0 35 542 7694 15.5 220 204 172 1.74 0.84

2. Conclusion.

SGR
3.25
3.24
3.22
3.24
3.26
3.21
3.16
3.21
3.12
3.18
3.17
3.16

% individual COGH:::;ZH

% Survival  DGI wt gain TGC efficiency
97.1 4.4 1430 0.2857 188
94.3 4.38 1424 0.2842 178
97.1 4.38 1395 0.2843 183
96.2 4.38 1417 0.2847 183
97.1 4.46 1443 0.2895 192
100 4.34 1377 0.2821 184
97.1 4.23 1322 0.2746 186
98.1 4.34 1381 0.2821 187
100 4.14 1278 0.2685 180
100 4.29 1348 0.2784 181
100 4.23 1330 0.2744 182
100 4.22 1318 0.2738 181

The results of this study show that, in juvenile rainbow trout during a 12-week growth period, the notified

substance can be included up to 10% by replacing soybean meal in rainbow trout diet without significantly

affecting growth performance, feed utilization and nutrient retention.

D. Pacific white Shrimps
1.Study 1 New England aquarium (included in Tlusty et al. 2017)

a. Experimental design

Experimental diets used for all animal trials were produced using commercial manufacturing methods. Diets were

stored in polypropylene plastic bags at room temperature until fed. All diets were fed within 4 months of

manufacture.

Hatchery-raised Pacific white shrimp (L.s vannamei) were acquired from SKy8 Shrimp Farm, LLC (Stoughton, MA,

USA) and stocked at 60 shrimp/tank into twelve 110L glass aquaria. Animal care
and procedures used in this trial were approved by Roger Williams University
Animal Care and Use Committee (IACUC protocol R-13-12-20).

To determine the effect of KBM on shrimp growth and survival, three diets of
varying KBM inclusion were formulated (Table). Each of the 12 experimental

tanks was randomly assigned one of the three diets, totaling four replicates per

Composition (g kg'1 as fed)

Ingredient

SHR-C  SHR-KL  SHR-KH
Menhaden fish meal 1200.0 600.0 0.0
KnipBio meal 0.0 630.0 1260.0
Soybean meal 3800.0 3800.0 3800.0
Menhaden fish oil 307.0 371.0 435.0
Corn starch 348.0 174.0 0.0
Whole wheat 3400.0 3400.0 3400.0
Trace mineral premix 50.0 50.0 50.0
Vitamin premix 180.0 180.0 180.0
Choline clorine 20.0 20.0 20.0
Vitamin C 10.0 10.0 10.0
CaP-diebasic 200.0 280.0 360.0



treatment. Each tank was fed to apparent satiation four times/day.

Composition of three experimental feeds used to test the efficacy of KnipBio single cell protein (KnipBio meal; KBM) as a fishmeal substitute
using Pacific white shrimp (L. vannamei), where SHR-C = SHRimp Control feed (modelled after Jobling, 2012) and SHR-KL and SHR-KH are
control feed with fishmeal replaced with KBM; KL = KnipBio meal Low (50% replacement) and KH = KnipBio meal High (100% replacement).

The gross wet weight (g) of all shrimp per tank was measured at day 0 (N=60), day 60 (N=45-55, depending on
tank), and day 105 (N=19-20, depending on tank). At day 60, 20 shrimps from each tank (N=80 per treatment)
were randomly selected and returned to their original tank and maintained according to the above experimental
design for an additional 90 days. The remaining shrimps not used for the second 90-day trial (N=25-35, depending
on tank) were euthanized, placed on ice, and wet weight (g), and carapace length (mm) were measured for each
individual. On day 150, the remaining shrimps in each tank were enumerated and wet weight (g) and carapace
length (mm) were measured for each individual.

b. Results

Diet had no effect on shrimp survival (one-way ANOVA, F,4 = 2.4, p > 0.1, combined average = 84.7+5.6%);
however, diet did influence shrimp growth (one-way ANOVA, % weight gain, F,9=5.4, p <0.5; SGR, F,9 = 8.6, p <
0.01). Shrimp fed diet with 100% FM replacement (SHR-KH) grew less than those fed the control diet (SHR-C), and
shrimp fed diet with 50% FM replacement (SHR-KL) showed growth intermediate to, and not statistically different
from either SHR-C or SHR-KH. Diet influenced shrimp feed efficiency (one-way ANOVA, F,4=5.27, p<0.5). The
food conversion ratio (FCR) of shrimp fed diets containing KBM were not statistically different than those fed the

control diet.
c. Conclusion.
The results of this study show that, in Pacific White shrimp during a 15-week growth period, the notified substance

even when constituting 50% or 100% of the fish diet had no effect on shrimp survival with only minor differences

in growth rate.
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| This is an unpublished study, which KnipBio considers to be CONFIDENTIAL INFORMATION.
. 001 . 1

4 Experimental design 7

In this Study, three trials were conducted to evaluate the biological response of shrimp to BB (Bacterial Biomass) in

soy-based diets in terms of growth. In the trial 1 and 2, test diets were formulated to be isonitrogenous and

isolipidic (35% protein and 8% ﬁEid!. All experimental diets were produced at the_

using the standard procedures for the shrimp feeds described by (Qiu and Davis, 2016)). Dry pellets were

rumbled, packed in sealed bags, and stored in a freezer until use.

and nursed in an indoor recirculating system. PLs were fed a commercial feed _

using an automatic feeder for ~1 week, and then switched to crumbled commercial shrimp

m three experimental diets (Tw were formulated to contain increasinﬁ levels (0, 6, and 12%) of BB;

as a replacement of SBML [ —

Composition (% as is) of test diets utilized in trial 1.

Diet code
Ingredient

oybean mea

orn proteln concentrat . . A
Whole wheat® 25.00 25.00 25.00

. |
Trace mineral premix
Vitamin Bremlx

Choline chloride®

Stay C’ 0.10 0.10 0.10
Mono-dicalcium phosphate® 2.50 2.50 2.50
Lecithin® .00 .00 1.00
Cholesterol® ] 0.05 0.05 0.05
Corn starch® 0.70 131 211

*De-hulled solvent extract soybean meal,

2

@

* KnipBio Inc., Lowell, MA, USA.

*Trace mineral premix(g/100g premix): Cobalt chloride, 0.004; Cupric sulfate pentahydrate, 0.550; Ferrous sulfate, 2.000; Magnesium sulfate
anhydrous, 13.862; Manganese sulfate monohydrate, 0.650; Potassium iodide, 0.067; Sodium selenite, 0.010; Zinc sulfate heptahydrate,
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Proximate composition (% as is) and amino acid profile (% as is) of the test diets used in trial 1.

Composition1

oisture

Crude Fat

.Tge recirculatin system consisted of 12 aquaria (160 L) witH !our re Iicate roups of shrimps.(1.51 g initial mean
ig ere offered diets using a standard fee inﬁ protocol over 6 wee istoric

results, feed inputs were pre-programmed and daily allowances of feed were adjusted based on observed feed

| consumption, weekly counts of the shrimp and'mortality..
. /]

Results for trial 1

Performance of juvenile shrimp L. vannamei (Initial weight 1.51g) offered diets with different bacterial biomass

levels (0, 6, and 12 %) for six weeks in

* PSE: Pooled standard error.
2 FCR: Feed conversion ratio = Feed offered / (Final weight - Initial weight).

*WG: Weight gain = (Final weight - Initial weight) / Initial weight x 100%.

Values within a column with different superscripts are significantly different based on Tukey’s multiple range test.

b.In trial 2, to confirm t!e results in trial 1 and investigate the effects of low inclusion levels of BB, six experimental

diets (T,D; - T.Ds) were formulated to supplement with increasing levels (0, 1, 2, 4, 6, and 12%) of BB as a
eplacement of SBM.

Composition (% as is) of test diets utilized in trial 2.

Ingredient Diet code
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ish meal™

2
oybean mea

S proten SONCICNNNLE OO SN ORI COm—
Bacteriabiomass® 000 100/ 20004000600 .

Fish oil® 5.92 5.93 5.94 5.95 5.97 6.01
Trace mineral premixs 0.50 0.50 0.50 0.50 0.50 0.50

Vitamin premix7

21.10 20.97 21.22

[ Proximate compositionR% as is) of the test dietsusedintrial 2.

26

ompositio 22

Crude protein 36.33 35.52 36.42 34.29 34.48 36.10
Moisture 7.15 8.57 7.34 9.47 9.42 8.08

Crude fat T &2 > R

Shrimps/were offered diets using standard feeding protocol over 6 weeks. Daily allowances of feed were adjusted

based on observed feed consumption, weekly counts of the shrimp and mortality.
Results for trial 2

Growth Performance of juvenile shrimp/L. vannamei(Initial weight 0.98g) offered diets with different bacteria
biomass levels (0, 1, 2, 4, 6, and 12 %) for six weeks in trial 2.

BB levels (%) Final biomass' Final mean weight

ie WG’ (%) FCR? Survival (%)
[ (8)
F 79.3° 8.4 766.6™ 1.64% 95.0
T.D» 1 84.9° 9.2° 836.8° 1.50° 92,5
T.D, 2 84.0° 8.6% 811.1%° 1.56™ 97.5

10
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T,D, 4 85.3° 8.5% 765.3%° 1.63% 100.0
T.Ds 6 75.3° 7.7° 697.5° 1.83° 97.5
T,Ds 12 58.1° 5.8° 493.70° 2.50° 100.0
PSE" 1.2191 0.1031 13.7258 0.0303 1.0623
P-value <0.0001 <0.0001 <0.0001 <0.0001  0.1458

* PSE: Pooled standard error

% FCR: Feed conversion ratio = Feed offered / (Final weight - Initial weight).

Values within a column with different superscripts are significantly different based on Tukey’s multiple range test.

Proximate composition (moisture: % as is; protein and lipid: % dry weight) and amino acid profile’ (% dry weight)

of whole shrimp body.

Diet .0, T.0,  TD;  T0.  TDs  T.D: ) Adjust P
PSE P-value
BB levels (%) 0 1 2 4 6 12 value
Moisture 75.65° 75.48° 75.79%° 75.17° 7693 77.23* 0.2091 0.0117 0.0351
Protein 75.08°  74.97°  7439°  74.80° 75.28° 77.77* 0.1807  <0.0001 0.0003
Lipid 6.37° 654 7.92°  726® 576> 3.62° 01706 _ <0.0001 <0.0001
Alanine 427 433 444 428 440 431 0.0365  0.5092  0.5555
Arginine 545 523° 543 547 572  617° 00325 <0.0001 <0.0001
Aspartic Acid 6.7606.946.79 6.71  6.84=6.86-0.03220.21400.3425
Cysteine 0.60  0.61 0.61 060 062  0.63 0.0039  0.0673 0.1614
Glutamic Acid 1018 1041 1016 1006 1022 1031 00559 03439 0.4855
Glycine 501 483 501 519 549° 608  0.0350 <0.0001 <0.0001
Histidine 1.49 1.52 1.49 1.48 1.50 1.52 0.0115 0.6861  0.7159
Hydroxylysine ~ 0.14  0.15 0.17 018 017  0.17 0.0070  0.5032  0.5555
Hydroxyprolines=+0.20--0.22 0.23 0.210.21 0.20-+-0.00510.4981-0.5555
Isoleucine 2.95 3.00 2.95 2.93 2.97 2.95 0.0111 03829  0.5105
Leucine 4,95 5.03 494 492 497 5.01 0.0162  0.1896  0.3250
Lysine 4.92 504498 . 493 5.04 5.11 0.0239--0.0874-0.1907
Methionine 1.46°  1.49° 150 151" 155° 1577  0.0065 0.0002 0.0010
Phenylalanine  3.16 3.23 3.20 318  3.20 3.27 0.0169  0.3398  0.4855
Proline 4.09° 415 418  400° 3.88® 367° 00415 0.0036 0.0143
Serine 2.35 2.38 2.35 234 236 2.36 0.0195 0.9934 0.9934
Threonine 262° 276 262° 260° 264° 261° 00135 0.0049 0.0169
Tryptophan 0.87p:0.85 0.85 085 085  0.88 0.0048  0.1132  0.2263
Tyrosine 2.51 2.33 2.49 2.52 2.45 2.57 0.0405 04536  0.5555
Valine 410 419 412 416 417 400 00257 0.1632 0.3014
Total 68.05 6866 6849 6808 69.23 7023 02581 0.0629 0.1614

*PSE: Pool standard error.
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utilized to determine diﬁestibilityl coefficients in conjunction with 1% chromic oxide as an inert marker and 70:30

replacement strategy.

Composition (% as is) of test diets utilized in trial 3.

" Dietcode

8.00
6.00

Cholesterol® 0.08 0.08 0.08 0.08 0.08
Methionine™ 0.05 0.04 0.03 0.02 0.02
Lysinen

' 0.04 00 L
orn starch’® ' 0.97 13.8 1.2 9

Crude fat . 7.57

Crude fiber 3.1 2.47 2.64° 2.62 2.39°
Ash 7.08 6.67 7.08 6.61 6.56
'Diets were analyzedat() @)

*Diets were analyzed at(B)

lThe recirculatinﬁ sxstem consiste! o! 24 aauaria ’135L‘ with four replicate groups of shrimps (10 shrimps/ tank)
| that were fed as described for trial 2 for 6 weeks

12
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Results for trial 3

Performance of juvenile shrimp L. vannamei (Initial weight 0.15g) offered diets formulated to partially replace

soybean meal on a digestible protein basis for six weeks in trial 3.

Final biomass Final mean 3 2

Diet BB levels (%) ] WG (%) FCR Survival (%)
(s) weight (g)

TsD, 0 42.68° 474 3160.39° 1.72° 90.0

T.D, 6 43.15%® 4.30™ 2813.38% 1.90% 100.0

TDs 13.3 45.38% 4.54° 2732.16™¢ 1.73¢ 100.0

TsDs 12 38.48% 3.84% 2438.14™ 2.11%° 100.0

T3Ds 26.6 35.05° 3.60° 2304.94° 2.26° 97.5

PSE™ 1.1420 0.0710 57.1783 0.0338 1.9084

P-value 0.0406 0.0002 0.0008 0.0001 0.3194

* PSE: Pooled standard error

ZFCR: Feed conversion ratio = Feed offered / (Final weight - Initial weight).

*WG: Weight gain = (Final weight - Initial weight) / Initial weight x 100%.

Values within a column with different superscripts are significantly different based on Tukey’s multiple range test.

Proximate composition of whole shrimp body and protein retention efficiency (PRE) offered diets formulated to

utilize bacterial biomass (BB) partially replace soybean meal on a digestible protein basis for six weeks in trial 3.

Diet BB levels (%) Protein’ (%) Molsture Lipid® (%) fibeg Ash® (%) PRE’ (%)
(%) (%)

TsD, 0 70.83° 76.1 8.40° 5.25 11.50° 30.50°
T3D, 6 70.68" 76.7 7.89° 5.26 11.80° 29.37°
T3D5 13.3 72.52°® 76.6 5.07° 5.30 12.56° 27.97°
T3Ds 12 72.59% 77.0 6.00™ 5.48 13.35% 25.43%
T5D5 26.6 73.55° 77.4 4.07° 568 14.01° 20.11°
P-value 0.0107 0.2379 0.0003 03623 <0.0001 0.0002
PSE" 0.2819 0.1932 0.2803 0.0849  0.1399 0.6234

*PSE: Pool standard error.

% Dry weight basis.

? Protein retention (%) = (Final weight x Final protein content) - (Initial weight x Initial protein content) x 100 / Protein offered.

Conclusion.

The results of this study show that, during a 12-week growth period, the notified substance can be included up to

10% by replacing soybean meal in shrimps without significantly affecting growth performance, FCR, and protein as

well as amino acids retention efficiency. Moreover, an increase in survivability was observed in the first trial,

suggesting a beneficial effect of the notified substance in the conditions tested.
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Abstract

A feeding trial was conducted with juvenile rainbow trout (15-16g initial weight) to assess the
effects of replacement of a portion of soybean meal in the diet with bacterial protein meal
produced from Methylobacterium extorquens. Three isonitrogenous and isoenergetic diets
were produced: a control diet and two experimental diets containing 5% or 10% bacterial
protein meal replacing soybean meal. Triplicate tanks, each containing 35 fish, were fed each
diet to apparent satiation in constant-temperature (15 °C), flow-through spring water for
twelve weeks. No statistically significant differences in final fish weight or other fish growth
parameters were observed, although the average weight and total feed consumption of fish fed
the 10% bacterial protein meal were numerically lower. Feed efficiency parameter showed no
significant differences among groups. Nutrient retention indices (protein, fat, energy) were
relatively high and similar among fish in each dietary treatment group, as were whole body
proximate compositions. Nitrogen retention, expressed as g’ kg body weight gain, was
approximately 27 g whereas nitrogen loss was 37-39 g, with both being similar among
treatment groups. Fish survival was high, with a small but statistically significant increase for
the 10% bacterial protein meal diet. Overall, results demonstrate that bacterial protein meal
from Methylobacterium extorquens is a suitable alternative protein for rainbow trout diets at all
low inclusion levels tested. Slightly lower weight gain in fish fed the 10% bacterial protein meal
diet was largely due to lower feed intake, suggesting that adding palatability-enhancing
ingredients to feeds may allow higher levels of bacterial protein to be used without

compromising fish growth.
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Introduction

Single-cell proteins (SCPs) have been constituents of fish feeds for decades. Research on the
nutrition of trout conducted at the Cortland Hatchery, a research facility operated under a
cooperative agreement between the New York State Conservation Department, the U.S. Fish
and Wildlife Service and Cornell University, demonstrated that adding 8% brewer’s yeast
(Saccharomyces cerevisiae), a by-product of beer production, to hatchery-made feeds improved
fish growth compared to standard trout feed formulations (Phillips, Brockway, Kolb, & Maxwell,
1950). Thereafter, brewer’s yeast was routinely included in trout feeds, albeit at relatively low
levels. Fish feed formulations of the day were developed empirically through trial-and-error
substitution of ingredients because the dietary requirements of fish for the 40 or so essential
nutrients were not yet known. Over the next two decades, dietary requirements of many
essential nutrients for salmonids were established, making it possible to formulate fish feeds
based on nutrient contents of a given feed mixture (NRC, 1972). This led to improved fish
performance and enabled the use of feed formulation programs to formulate feeds that met
the nutritional requirements of the species being fed at the lowest cost per kg. The
responsibility of the feed formulator was to place restrictions or limits on feed ingredient levels
to ensure that formulations were palatable, able to be pelleted, durable and met other such

practical considerations not accounted for by computer-run feed formulation programs.

For many years, fishmeal was the primary source of protein in formulated feeds for salmonids
due to its competitive price relative to other protein ingredients as well as its contribution of a
range of nutrients to feeds. However, a major disruption in global supply associated with an El
Niflo event in Peru and Chile in 1972-73 caused fishmeal prices to triple (Kolhonen, 1974). This
increased fish feed prices and stimulated efforts to identify and evaluate alternative protein
ingredients for their suitability as fishmeal replacements. Among the alternate proteins
evaluated at the time were SCPs from yeast and bacteria (Nose, 1974; Matty & Smith, 1978;
Beck, Gropp, Koops, & Tiews, 1979; Spinelli, Mahnken, & Steinberg, 1979; Kaushik & Luquet,
1980). Collectively, studies showed that SCPs were suitable ingredients to supply a portion of
dietary protein in trout feeds, although suitable levels in feeds depended on the source of the
SCP (yeast or bacteria), the substrate upon which it was grown, which fish species and life
history stage was tested, and how the experimental feed was formulated. SCP use in livestock
and poultry feeds was limited by the nucleic acid content of SCPs, but trout have high levels of
uricase that allows them to metabolize nucleic acids (Rumsey, Hughes, Smith, Kinsella, &
Shetty, 1991a).
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Bacterial SCP produced using methane as a feedstock was first evaluated in rainbow trout feeds
by Kaushik and Luquet (1980), who reported that up to 80% of fishmeal could be replaced
without compromising fish performance. Skrede, Berge, Storebakken, Herstad, Aarstad, &
Sundstg (1998) and Storebakken, Kvien, Shearer, Grisdale-Helland, Helland, & Berge (1998)
examined digestibility of meal produced from methanotrophic bacteria and reported values
slightly lower than those for high-quality fishmeal. Perera, Carter, & Houlihan (1995) found that
bacterial SCP could be included in rainbow trout diets at 17.4%, replacing 25% of the fishmeal,
without adverse effects on feed consumption (based on radiography), feed efficiency or growth
rate. However, 17.4% dietary bacterial SCP reduced protein efficiency ratio and increased
nitrogen excretion. Even though not significant, there was also a reduction in protein
digestibility (85% vs. 79.9%), which reduced protein retention. These effects were attributed, in
part, to the nucleic acid content of bacterial SCP. Nucleic acids contribute to dietary nitrogen

content but are non-protein nitrogen compounds.

Methylobacterium extorquens is a non-pathogenic, plant epiphyte that is notable for the ability
to consume methanol, in addition to a variety of multi-carbon substrates such as ethanol,
glycerol, or many organic acids (Ochsner, Sonntag, Buchhaupt, Schrader & Vorholt, 2014).
Methanol is a particularly attractive feedstock due to its abundant availability from either
geological or biological sources of natural gas. Because of this, methanol-based biotechnology
has seen considerable development in the past decade (for review Schrader et al., 2009) and
the vast majority of this has occurred in M. extorquens (Bélanger, Figueira, Bourque, Morel,
Béland, Laramée, Groleau, & Miguez, 2004; Tlusty, Rhyne, Szczebak, Bourque, Bowen, Burr,
Marx, & Feinberg, 2017) because of its genetic tractability (Marx and Lidstrom, 2001; Marx,
2008; Schada von Borzyskowski, Remus-Emsermann, Weishaup, Vorholt & Erb, 2014) and
proven track record for high-density fermentation (Bélanger et al., 2001, Bourque, Pomerleau,
& Groleau, 1995; Tlusty et al., 2017). As a model system, the nutritional value of the new
protein products (bacterial protein) can be manipulated to enhance levels of targeted essential
amino acids, alter levels of major biomass constituents, or to produce other high value

molecules.

KnipBio is a US Corporation that has very recently demonstrated that M. extorquens (KnipBio
meal, or KBM) can serve as a suitable feed ingredient for a variety of organisms (Tlusty et al.,
2017). Initial studies with KBM in fish and shrimp feeds reported positive growth results with
Pacific white shrimp (Litopenaeus vannamei) and smallmouth grunts (Haemulon

chrysargyreum). Feeds with KBM had no effect on sensory attributes of Pacific white shrimp.
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Interestingly, addition of KBM to feeds did not lead to significant changes in the shrimp gut
microbiome, as is sometimes the case with alternative feeds (Zhou, Ringg, Olsen, & Song,
2016). KBM was also found to be highly digestible to Atlantic salmon (Salmo salar) (Tlusty et al.,
2017).

The objective of the current study was to evaluate growth and safety of KBM as a feed
component for rainbow trout (Oncorhynchus mykiss) in a laboratory scale feeding trial. The
length of the trial was of sufficient duration to assess the apparent nutritional quality of feeds
in which soybean meal (SBM) was partially replaced with KBM when other protein sources were
kept constant. Evaluation criteria included nutrient retention, an important consideration from

the perspective of regulatory compliance for freshwater aquaculture, as well as survival.

Materials and methods

Experimental Feeds: KBM supplied by Knipbio was analyzed for proximate composition as

described below prior to feed formulation (Table 1). M. extorquens (strain KB203) was grown by
aerobic fermentation at 30 °C with standard procedures for assuring purity of the seed cultures,
as described previously (Bélanger et al., 2004; Tlusty et al., 2017). The defined CHOI4 medium
and trace metals stock solution were used throughout the process, ultimately culminating in
growth in a 1500 L fermenter as before (Bélanger et al., 2004; Tlusty et al., 2017). The collected
biomass was spray-dried (Tlusty et al., 2017) to generate a flour that was used in the feeds (i.e.,
KBM).

Three experimental diets, a control diet plus two experimental diets, were developed with
formulation software (WinFeed 2.8, Cambridge, UK) to contain 45% crude protein, 18% lipid,
3.1% lysine and 1% methionine (as-is basis, Table 2). Amino acid composition data provided by

KnipBio was used for feed formulation. The diets were as follows:

Diet 1: Control — standard level of fishmeal in commercial trout feeds
Diet 2: 5% KBM replaced SBM on a crude protein basis
Diet 3: 10% KBM replaced SBM on a crude protein basis

All diets met or exceeded the minimum nutrient requirements of rainbow trout (NRC, 2011).
Experimental feeds were produced by extrusion pelleting at the Bozeman Fish Technology
Center, Bozeman, MT. All ingredients were ground to a particle size of <200 um using an air-

swept pulverizer (Model 18H, Jacobsen, Minneapolis, MN) and processed into pellets using a
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twin-screw cooking extruder (DNDL-44, Buhler AG, Uzwil, Switzerland) with a ~25 sec exposure
to 127 °C in the extruder barrel (average across 5 sections). Pellets were dried in a pulse bed
drier (Buhler AG, Uzwil, Switzerland) for 20 minutes at 102 °C with a 10 minute cooling period,
resulting in final moisture levels of less than 10%. Added oil was top-coated after the pellets
were cooled using a vacuum-coater (AJ Mixing, Ontario, CA). Diets were placed in plastic lined
paper bags, shipped to the University of Idaho’s Hagerman Fish Culture Experiment Station and
stored at room temperature until fed. Feed samples were analyzed for proximate composition
and gross energy prior to the start of the feeding trial to ensure that expected values were

achieved.

Fish and Feeding: The feeding trial was conducted at the Hagerman Fish Culture Experiment

Station. Rainbow trout fingerlings, hatched from eggs purchased from a commercial source
(TroutLodge, Sumner, WA,) were used in the study. Thirty-five fish (initial average weight: 15.6
g) were stocked into each of nine 145-L tanks. Each tank received 10-12 L/min of constant
temperature (15 °C) spring water supplied by gravity. Using a completely randomized design,
three triplicate tanks were assigned to each of the three experimental diets. Each diet was fed
by hand by trained staff three times per day to apparent satiation, six days per week, for 12
weeks. Photoperiod was held constant at 14 h light: 10 h dark with fluorescent lights on electric
timers. Tanks were cleaned daily and any mortality was removed and recorded when first
noticed. Fish were bulk-weighed and counted every three weeks for the duration of the study.
Twenty fish from the initial population used in the study were sacrificed and frozen at -20 °C for
later whole-body proximate analysis. At the end of 12 weeks, five fish per tank were removed
and euthanized with MS-222 (250 mg/L). Length and weight of fish were measured to calculate
condition factor. Fish were pooled by tank and frozen at -20 °C for proximate analysis. Samples
of proximal and distal intestine from three fish per tank were also collected for histological
assessment. Experimental protocols used in the growth trial were approved in advance by the

University of Idaho’s Institutional Animal Care and Use Committee.

Chemical analysis: Proximate composition (percent moisture, protein, fat and ash) of bacterial

meal, experimental feeds and whole-body fish samples were determined using AOAC (2002)
procedures. Fish samples pooled by tank were pureed using an industrial food processer.
Briefly, samples were dried in a convection oven at 105 °C for 12 h to determine percent
moisture. Dried samples were finely ground by mortar and pestle and analyzed for crude
protein (total nitrogen x 6.25) using the combustion method with a nitrogen determinator
(TruSpec N, LECO Corporation, St. Joseph, MI). Crude fat in the extruded feeds was measured
after acid hydrolysis with an ANKOM HCL hydrolysis system (ANKOM Technology, Macedon, NY)
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by extraction with petroleum ether using an ANKOM XT15 extractor. For other samples, crude
fat was analyzed without the acid hydrolysis step. Ash was analyzed by incineration at 550 °C in
a muffle furnace for 5 hr. Energy contents of samples were determined using an isoperibol
bomb calorimeter (Parr 6300, Parr Instrument Company Inc., Moline, IL). All analyses were

conducted in duplicate.

Calculations: Using the live-weight and feed consumption data, the following indices were

calculated as per Hardy and Barrows (2002):

Weight gain (g/fish) = (g mean final weight — g mean initial weight);
Mean weight gain (%) = [(g mean final weight — g mean initial weight)/g mean initial weight] x
100;
Specific growth rate (SGR, %/d) = [(In mean final weight — In mean initial weight)/number of
days] x 100;
Daily growth index (DGI, g1/3/d) = {[g mean final weigh
of days} x 100;

Feed consumed (g/fish) = g total feed consumed/number of surviving fish;

730 — g mean initial weight(1/3)]/number

Daily feed consumption (DFC, % bw/d) = [(g feed consumed/g mean body weight)/number of
days] x 100,
where mean body weight = (g mean initial weight + g mean final weight)/2;
Feed conversion ratio (FCR) = g feed consumed per fish/ g wet weight gain per fish;
Survival (%) = (humber of fish at the end of the trial/number of fish at the beginning) x 100;
Protein efficiency ratio (PER) = g weight gain/g protein consumed;
Condition factor (K) = {g fish weight/(cm fish length)?} x 100;
Nutrient retention (%) = (g nutrient gain/g nutrient consumed) x 100; and

Energy retention (ER, %) = (MJ energy gain/MJ energy consumed) x 100.

Statistical Analysis of Data: Tank mean values were used as units of observation for statistical

analysis. Fish growth performance, feed utilization, body composition, and nutrient retention
data were tested for normality and homogeneity of variance prior to one-way Analysis of
Variance (ANOVA). When significant differences were found, data were subjected to Tukey’s
HSD test to separate the means at a significance level of P<0.05. All statistical tests were

performed with SAS 9.4 software for personal computers (SAS Institute Inc. Cary, NC).
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Results

The proximate and amino acid composition of KBM is presented in Table 1. Crude protein
content was 51%; fat and ash levels were low in the product. The gross energy was 21.2 MJ/kg.
The sum of amino acids in the product indicated that approximately 9% of the product was
non-protein nitrogen. The proximate composition and energy content of diets used in the
growth trial are presented in Table 2. Moisture was low in the diets (2.07%-2.53%). Crude
protein content was similar across the diets (~48.6%). Measured crude fat level ranged from
14.8% (Diet 1, Control) to 15.62% (Diet 3, 10KBM). Dietary ash levels were similar (10.12% to
10.35%), as were gross energy levels, 21.5 MJ/kg in the control diet to 21.9 MJ/kg in diet 3.

After 12 weeks of feeding, mean final weight of fish varied from 220 g (diet 3) to 236 g (control
diet), with no statistically significant differences among treatment groups (Table 3), although all
growth indices decreased numerically with increasing percentages of KBM protein in the diet.
Mean feed intake (g/fish) also decreased numerically with increasing percentages of KBM in the
diet, whereas feed conversion ratios were low and similar (0.82-0.85) among the dietary
treatments. Protein efficiency ratio varied from 2.42 (control diet) to 2.49 (diet 2). There were

no significant differences among the dietary groups with respect to the feed utilization indices.

Whole-body proximate composition and energy content of fish did not vary significantly among
the dietary treatments (Table 4). Whole-body dry matter (~31%), crude protein (16.6-17%),
crude fat (11.6-12.2%) and ash levels (1.91-2.0%) were similar among the dietary groups.
Energy levels varied from 8.56 MJ/kg (5KBM) to 8.72 MJ/kg (10KBM). There was no trend in the

whole body proximate categories with respect to the dietary inclusion level of KBM.

There was no significant difference among the dietary groups in nutrient retention (Table 4).
Lipid retention ranged from 94.3% (diet 2) to 97.3% (control). Protein retention in rainbow
trout ranged from 40.7% (control) to 43.0% (diet 2). Energy retention varied from 48.2%
(control) to 49% (diet 2). Similarly, nitrogen intake, retention or loss values were not
significantly different among the dietary treatments (Table 5). For each kg body weight gain, N
intake varied slightly from 64.2 g (diet 2) to 66.1 g (control), N retained from 26.9 g (control) to
27.6 g (diet 2) and N loss from 36.6 g (diet 2) to 39.2 g (control). There was no clear trend for N
balance with regard to the graded levels of KBM in the diet.

Survival was high across the treatments (96.2 to 100%). Fish fed the 10KBM diet had a small,

but statistically significant increase in survival compared to those fed the control diet. The fish
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fed the 5KBM diet had intermediate survival not statistically separable from either of the other
two treatments. Condition factor values of fish varied from 1.51 (diet 3) to 1.56 (diet 2) and

were not significantly different among the dietary treatments.
Discussion

The results of this study demonstrate that KBM produced from Methylobacterium extorquens is
a suitable dietary ingredient for use in trout feeds at relatively low levels of inclusion. Although
growth indices numerically decreased with increased inclusion of KBM, this was mostly due to a
reduction in feed intake as dietary KBM levels increased. Kaushik and Luquet (1980) also
recorded a decrease in feed intake in trout fed diets with increasing levels of meal produced
from methanotrophic bacteria. Similarly, Kiessling and Askbrandt (1993) noted a decrease in
feed intake and trout weight gain when fish were fed a diet containing bacterial protein meal
produced from Corynebacterium glutamicum at only 4% of the feed, but not when fish were fed
a diet with up to 16% bacterial protein meal produced from Brevibacterium lactofermentum. In
contrast, other studies with trout or Atlantic salmon have not reported a reduction in feed
intake associated with dietary level of meal produced from methanotrophic bacteria (Aas,
Grisdale-Helland, Terjesen, & Helland, 2006a; Aas, Hatlen, Grisdale-Helland, Terjesen, Bakke-
McKellep, & Helland, 2006b). While the source of bacterial protein meal and the process by
which it is dried likely affect feed intake, the primary factor accounting for these differences are
the feed formulations used in various trials. For example, Aas et al. (2006b) did not observe
reductions in weight gain of trout fed diets containing up to 27% methanotrophic bacteria meal
over the course of a 76-day feeding trial. However, fishmeal levels in feeds were high, 63.5% in
the control diet and 40.7% in the diet containing the highest level of bacterial meal increased.
This contrasts with the study of Kaushik and Luquet (1980) in which the fishmeal level was 35%
in the control diet and other protein sources were used in experimental feeds. The statement
by Kaushik and Luquet that 80% of fishmeal could be replaced with methanotrophic bacteria
meal must be tempered by the fact that the highest level of bacterial meal in their study was
35%, and that feed intake and fish performance were reduced at levels above 21%. In a study in
which feeding rate was held constant, three levels of bacterial protein were used to replace
fishmeal in diets for rainbow trout (Perera et al., 1995). At each level of bacterial protein in
diets (17.4%, 43.5% and 69.5%), fish weight gain was significantly reduced. In this context, it is
notable that increasing levels of KBM did not compromise either the feed conversion ratio or

the protein efficiency ratio.

23



MANUSCRIPT SUBMITTED FOR PUBLICATION 24

In the present study, the nitrogen budget was similar to those found in Atlantic salmon (Aas et
al., 2006a) and rainbow trout (Aas et al., 2006b). Inclusion of KBM did not affect nitrogen loss
(fecal and non-fecal) in rainbow trout. Research with methanotrophic bacterial SCP in feed for
Atlantic salmon has produced results similar to those found with rainbow trout. Aas et al.
(2006a) fed diets containing 0, 4.5, 9, 18 and 36% methanotrophic bacteria SCP that replaced
fishmeal in diets for salmon. The highest and lowest levels of fishmeal in diets were 65% and
35.4%. Over the course of the 52 days study, fish approximately doubled their initial weight
(170g). In contrast to the results of Storebakken et al. (2004), who had found decreased growth
for bacterial SCP above 20% inclusion, fish weight gain increased with increasing levels of
methanotrophic bacteria meal in the diet. Nitrogen retention also increased with increasing
bacterial SCP in the diet, despite the fact that digestibility values for nitrogen, sum of amino
acids, lipid and energy decreased as the bacterial SCP level in the diet increased. Increased
retention suggests that diets containing higher levels of bacterial SCP resulted in more efficient
metabolism of these nutrients rather than more efficient digestion, resulting in lower catabolic
losses. A challenge for interpretation of these studies, however, was the very high and variable
percentages of fishmeal used. Importantly, fishmeal levels in the current study were held
constant at 30% across the three experimental diets, with KBM replacing soybean meal. This
formulation thus provides a more realistic assessment of KBM as an alternative feed ingredient
for salmonids than many previous studies that used extremely high and impractical fishmeal

levels.

Although the total mortality was low throughout the feeding trial, 10% KBM inclusion led to a
small but statistically significant increase in survival compared to the control diet (with the 5%
inclusion intermediate). Additional work will be required to understand this effect, but it should
be noted that there is precedent for SCP sources to increase survival and reduce gastroenteritis
(Dabrowski, 1984; Laranja, Ludevese-Pascual, Amar, Sorgeloos, Bossier & De Schryver, 2014;
Banerjee, Azad, Vikineswary, Selvaraj, & Mukherjee, 2000; Romarheim, @verland, Mydland
Skrede, & Landsverk, 2011) and thus this may represent a significant value added even at a

modest inclusion rate.

These initial findings that KBM represents a suitable protein replacement for trout opens the
door to a variety of future innovations. As it has been found that bacterial protein products’
quality and nutrient profile vary widely due to substrate and conditions of fermentation, type of
bacteria and processing after fermentation (@verland, Romarheim, Hovin, Storebakken, &
Skrede., 2010), there exists a wide space of design choices that can be exploited to produce

KBM that might further enhance the growth or survival traits conferred.
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Conclusion

The present study evaluated KBM as an alternative protein source in feeds for juvenile rainbow
trout during a 12-week growth trial. Results showed that KBM can be included up to 10%
replacing soybean meal in a rainbow trout diet without significantly affecting growth
performance, feed utilization, nutrient retention or fish health. A small but statistically
significant increase in survival under benign testing conditions warrants further investigation to

assess if KBM increases fish survival under production conditions.
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Table 1. Proximate and amino acid composition of bacterial protein meal (% as-is basis unless

mentioned otherwise)

Nutrient Percent
Dry matter 96.33
Crude protein (N x 6.25) 50.88
Crude fat 0.84
Ash 4.12
Organic matter 92.21
Gross energy (MJ/kg) 21.2
Essential and semi-essential amino acids

Arginine 3.28
Histidine 1.13
Isoleucine 1.72
Leucine 3.32
Lysine 2.5
Methionine 0.88
Cysteine 0.34
Phenylalanine 2.03
Tyrosine 1.44
Threonine 1.97
Valine 2.75
Non-essential amino acids

Alanine 3.75
Aspartic acid 4.39
Glutamic acid 6.32
Glycine 2.52
Hydroxyproline 0.02
Proline 1.87
Serine 1.88
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Table 2. Ingredient and proximate composition of experimental diets with graded levels of bacterial
protein meal fed to juvenile rainbow in the growth trial (g/kg, as-fed basis unless mentioned otherwise).

Diet 1 Diet 2 Diet 3

Ingredients Control 5% KBM 10% KBM
Fishmeal, sardine 300.00 300.00 300.0
Poultry by-product meal, feed grade 120.5 120.5 120.5
zzz/rt;iigdmeal, dehulled & solvent- 160.0 108.0 56.0
Bacterial protein meal 0.0 50.0 100.0
Soy protein concentrate, Profine VF 90.0 90.0 90.0
Wheat gluten meal 20.0 20.0 20.0
Wheat flour 161.1 160.7 160.7
Dicalcium phosphate 4.2 6.5 8.4
Trace mineral mix, Trouw Nutrition® 1.0 1.0 1.0
Vitamin premix, ARS 7022 10.0 10.0 10.0
Choline chloride (60%) 6.0 6.0 6.0
Vitamin C (Stay-C, 35%) 2.0 2.0 2.0
Fish oil 125.2 125.3 125.4
Proximate composition (analyzed)

Moisture 25.3 24.9 20.7
Crude protein (N x 6.25) 486.3 486.2 485.8
Crude fat 148.0 153.6 156.2
Ash 101.9 103.5 101.2
Gross energy (MJ/kg) 215 21.6 219

T Trace mineral premix supply the following to the diet (mg/kg diet): Zn (as ZnSO, 7H,0), 50; Mn (as MnSQ,), 7.5; Cu (as
CuSO, 5H,0), 2.5; | (as KIO3), 1; selenium, 0.05.

2 Vitamin premix supply the following to the diet (mg/kg diet): D calcium pantothenate, 46.47; pyridoxine (pyridoxine HCl),
13.68; riboflavin, 9.58; niacinamide, 21.78; folic acid, 2.49; thiamine (thiamine mononitrate), 9.1; inositol, 599; biotin, 0.33;
vitamin Bi,, 0.03; menadione sodium bisulfite complex, 1.1; vitamin E (DL a-tocopherol acetate), 131.9 IU; vitamin D3
(stabilized), 6594 IU; vitamin A (vitamin A palmitate, stabilized), 9641 1U; ethoxyquin, 198.
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Table 3. Growth performance and feed utilization of juvenile rainbow trout fed diets with

graded levels of bacterial protein meal for 12 weeks™”.

Diet 1 Diet 2 Diet 3
Control 5% KBM 10% KBM

Initial weight (g/fish) 15.6+0.2 15.8+0.1 15.5+0.1
Final weight (g/fish) 2361 2337 22015
Weight gain (g/fish) 220+1 21847 20445
Mean weight gain (%) 1417+11 1381435 1318+21
Specific growth rate (SGR, %/d) 3.24+0.01 3.21+0.03 3.16+0.02
Daily growth index (DGI, g"/*/d) 4.38+0.01 4.34+0.07 4.22+0.04
Feed consumed (g/fish) 187+2 18045 172+4
Daily feed consumption (% Body
weight/day) 1.77+0.03 1.71+0.01 1.74+0.01
Feed conversion ratio 0.851+0.01 0.82+0.01 0.84+0.00
Survival (%)’ 96.2+0.9° 98.9+0.9%° 100°
Protein efficiency ratio (PER) 2.42+0.04 2.49+0.02 2.44+0.01
Condition factor? 1.55+0.05 1.56+0.04 1.51+0.01

"Mean+SE (n=3) in the same row that share the same superscript or do not have superscripts are
not statistically different (P>0.05; Completely Randomized Design, One-factor ANOVA; Tukey’s

HSD Test).

’All calculations were performed on an average fish weight basis.

3Each treatment group consisted of 105 fish (3 tanks, 35 fish per tank).

*Five fish per tank were measured for weight and length to calculate condition factor.
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Table 4. Whole-body proximate composition and nutrient retention of juvenile rainbow trout
(average initial weight, 15.6 g) fed experimental diets containing graded levels of bacterial

protein meal for 12 weeks (%, wet basis)"™*.

Diet 1 Diet 2 Diet 3

Initial fish® Control 5% KBM 10% KBM
Proximate composition
Dry matter 23.5 31.0+0.4 31.0+0.3 31.2+0.4
Crude protein 13.8 16.610.1 17.0£0.1 16.7+0.1
Crude fat 7.07 11.9+0.5 11.6%0.3 12.2+0.5
Ash 2.13 2.00+0.01 1.91+0.07 2.00+0.11
Gross energy (MJ/kg) 6.03 8.61+0.16 8.5610.14 8.72+0.19
Nutrient retention
Fat 97.313.4 94.3+2.0 95.3+4.3
Protein 40.7+0.8 43.0+0.7 41.310.4
Energy 48.210.6 49.0£0.6 48.4%1.1

"MeanSE (n=3) in the same row that share the same superscript or do not have superscript are
not statistically different (P>0.05; Completely Randomized Design, One-factor ANOVA).

“Five fish from each tank were used for analysis.

*Initial fish composition are for reference only and were not included for statistical analysis.
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Table 5. Nitrogen budget in juvenile rainbow trout (average initial weight, 15.6 g) fed
experimental diets containing graded levels of bacterial protein meal for 12 weeks (g/kg body
weight gain)™*.

Diet 1 Diet 2 Diet 3
Control 5% KBM 10% KBM
N intake 66.1+1.0 64.2+0.6 65.6+0.1
N retained 26.9+0.2 27.610.2 27.1+0.3
N lost 39.2+1.2 36.6+0.8 38.5+0.4

"MeanSE (n=3) in the same row that share the same superscript or do not have superscript are
not statistically different (P>0.05; Completely Randomized Design, One-factor ANOVA).
“Five fish from each tank were used for analysis.
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Carotenoid analysis PA1 and related strains

1. Purpose

Compare carotenoid profile of Methylobacterium extorquens PA1 (internally designated KB200) to related
strains KB203 (KB200 AcelABC AcrtCDF), KB208 (KB203 AMext_4818-4824), KB440 (KB203 AMext_3434-
3441).

2. Materials

3. Procedure
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Appendix 6-1

A Google Scholar search “Methylobacterium pathogenicity” on October 31, 2017 yielded
4420 hits.



A Google Scholar search adding the species extorquens “Methylobacterium extorquens
pathogenicity” on September 12, 2017 yielded 1490 hits, most of which related to plant
pathogenicity.



When the word plant was removed from the search, ~ 400 hits are generated. The list of
all the papers are in attached as part of this Appendix.

Most of the papers identified in this search are not directly relevant to M. extorquens
pathogenicity, for several reasons. First, in many cases, it is clear from the titles of these
papers that they are reports that organisms of entirely different genera and species are
pathogens or have pathogenic properties, and when species of Methylobacterium were
mentioned, it was only peripherally. Sometimes Methylobacterium species have been cited
merely because certain genes in the alleged pathogenic species had homology to certain
Methylobacterium genes. In some cases where the title points to a different microbial
species, it is not at all clear what reference there may be for Methylobacterium. There are
other papers where the term “pathogen” appears to have been used in a completely
different context, such as discussions of factors affecting the growth of environmental
pathogens. Further, as discussed below, there were papers which pertained to species of
Methylobacterium other than M. extorquens, although some of these are discussed below.
We discuss those articles deemed to be relevant as follows.

We first note that several of the papers uncovered in the literature search report that
different Methylobacterium species may be opportunistic pathogens that can cause illness
in immunocompromised individuals. Methylobacterium species have also been isolated
from various medical-related sources such as catheters, endoscopes and hospital water
supplies, but with little or no evidence that any of the isolates are pathogenic. (Truant et al.,
2015) said that, as of its 1998 publication date, “to our knowledge, only 21 cases of human



methylobacterium infection have been reported in the world's literature (emphasis
added)”:

Truant, A.L,, Gulati, R., Giger, 0., Satishchandran, V. and Caya, J.G., 2015.
Methylobacterium species: an increasingly important opportunistic
pathogen. Laboratory Medicine, 29(11), pp.704-710.

Methylobacterium species rarely cause human disease. Those isolated from humans are
usually found as opportunistic pathogens in patients weakened by an underlying disease
process. This report describes a case of Methylobacterium bacteremia in a 35-year-old
woman with AIDS, compares the clinical presentation of this case with that of other
previously reported cases of Methylobacterium infection, and provides a history of the
Methylobacterium genus and its relevant taxonomy. Recommendations for presumptive
identification include pink to orange colony growth on blood or Sabouraud agar but not on
MacConkey agar; gram-negative, vacuolated bacillus or coccobacillus; growth at 25 to 30
degrees C and not at 42 degrees C; and positive results on tests for oxidase and urease.
Antibiotics with demonstrated efficacy against Methylobacterium species include amikacin,
gentamicin, ciprofloxacin, trimethoprim-sulfamethoxazole, ceftizoxime, and ceftriaxone.

In 2000, Sanders et al. reported 29 cases of infection putatively linked to
Methylobacterium mesophilicum.

Sanders, J.W., Martin, J.W., Hooke, M. and Hooke, ]., 2000. Methylobacterium
mesophilicum infection: case report and literature review of an unusual
opportunistic pathogen. Clinical Infectious Diseases, 30(6), pp.936-938.

Methylobacterium mesophilicum is a methylotrophic, pink pigmented, gram-negative rod
that was initially isolated from environmental sources that is being increasingly reported as
a cause of opportunistic infections in immunocompromised hosts. We present the case of an
immunocompromised woman who developed a central catheter infection with M.
mesophilicum and review the other 29 cases reported in the literature, noting that it is
frequently resistant to beta-lactam agents but is generally susceptible to aminoglycosides
and quinolones.

A more recent review (Kovaleva et al., 2014) reports that Methylobacterium species have
been reported as sources of health care-associated infections, including infections in
immunocompromised hosts (see references cited in this paper).

Kovaleva, ]., Degener, J.E. and van der Mei, H.C., 2014. Methylobacterium and its role
in health care-associated infection. Journal of clinical microbiology, 52(5), pp-1317-
1321.

Methylobacterium species are a cause of health care-associated infection, including
infections in immunocompromised hosts. The ability ofMethylobacterium species to form
biofilms and to develop resistance to high temperatures, drying, and disinfecting agents
may explain the colonization of Methylobacterium in the hospital environment in, e.g.,
endoscopes. Due to its slow growth, it can be easily missed during microbiological
surveillance of endoscope reprocessing. The purpose of this minireview is to present an
overview of documented infections and cross-contaminations

with Methylobacterium related to endoscopic procedures and to illustrate the health care-
associated relevance of this slow-growing bacterium.



In many of the papers identified in the literature search, the authors identified the isolated
microorganism simply as a species of Methylobacterium without assigning a definitive
species identification (see above (Sanders et al., 2000); (Truant et al., 1998)) as well as
(Furuhata et al., 2006); (Kelley et al., 2004).

Furuhata, K,, Kato, Y., Goto, K., Hara, M., Yoshida, S.I. and Fukuyama, M., 2006.
Isolation and identification of Methylobacterium species from the tap water in
hospitals in Japan and their antibiotic susceptibility. Microbiology and
immunology, 50(1), pp-11-17.

Contamination of tap water by Methylobacterium species has become a serious concern in
hospitals. This study was planned to examine the distribution of Methylobacterium species
inhabiting tap water used in Japanese hospitals and antibiotic sensitivity of the isolates in
2004. Species identification of 58 isolates was performed based on the homology of a partial
sequence of 16S rDNA. The dominant Methylobacterium species in hospital water were M.
aquaticum and M. fujisawaense. To examine the biochemical properties of these isolates, a
carbon source utilization was tested using an API5S0CH kit. The phenotypic character varied
widely, and was not necessarily consistent with the results of phylogenic analysis based on
the partial 16S rDNA sequence, suggesting that the biochemical properties are not suitable
for identification of Methylobacterium species. The isolates were also subjected to antibiotic
sensitivity tests. They were resistant to 8 antibiotics, but highly sensitive to imipenem
(MICg0=1 pug/ml) and tetracycline (MIC99=8 png/ml). These findings concerning the isolates
revealed the presence of Methylobacterium species with resistance to multiple antibiotics in
hospital tap water.

Kelley, S.T., Theisen, U., Angenent, L.T., Amand, A.S. and Pace, N.R., 2004. Molecular
analysis of shower curtain biofilm microbes. Applied and environmental
microbiology, 70(7), pp-4187-4192.

Households provide environments that encourage the formation of microbial communities,
often as biofilms. Such biofilms constitute potential reservoirs for pathogens, particularly
for immune-compromised individuals. One household environment that potentially
accumulates microbial biofilms is that provided by vinyl shower curtains. Over time, vinyl
shower curtains accumulate films, commonly referred to as “soap scum,” which microscopy
reveals are constituted of lush microbial biofilms. To determine the kinds of microbes that
constitute shower curtain biofilms and thereby to identify potential opportunistic
pathogens, we conducted an analysis of rRNA genes obtained by PCR from four vinyl
shower curtains from different households. Each of the shower curtain communities was
highly complex. No sequence was identical to one in the databases, and no identical
sequences were encountered in the different communities. However, the sequences
generally represented similar phylogenetic kinds of organisms. Particularly abundant
sequences represented members of the a-group of proteobacteria,

mainly Sphingomonas spp. and Methylobacterium spp. Both of these genera are known to
include opportunistic pathogens, and several of the sequences obtained from the
environmental DNA samples were closely related to known pathogens. Such organisms
have also been linked to biofilm formation associated with water reservoirs and conduits. In
addition, the study detected many other kinds of organisms at lower abundances. These
results show that shower curtains are a potential source of opportunistic pathogens



associated with biofilms. Frequent cleaning or disposal of shower curtains is indicated,
particularly in households with immune-compromised individuals.

Other papers, particularly ones from the 1990s or earlier, assigned species identifications
that are now known not to be correct, or which KnipBio believes are erroneous, based on
more up-to-date taxonomic tools such as 16S rRNA sequencing.

We summarize those papers that have explicitly identified M. extorquens as the strain
implicated in opportunistic pathogenicity. (Hogue et al., 2007) reports that M. extorquens
has been implicated as an opportunistic pathogen (see Table 1 in this paper), but also says
that “The clinical relevance of Methylobacterium species is not always clear due to the
limited information available in many publications.”.

Hogue, R,, Graves, M., Moler, S. and Janda, ].M., 2007. Pink-pigmented non-
fermentative gram-negative rods associated with human infections: a clinical and
diagnostic challenge. Infection, 35(3), p.126.

Over the past several decades, the appearance of pink-pigmented bacteria in clinical
specimens has gone from being a microbiologic curiosity in the clinical laboratory to the
recognition of these aerobic microorganisms as etiologic agents of human disease, most
notably bloodstream infections. Advances in the fields of molecular taxonomy and
phylogenetics indicate that at least four distinct genera and eight different species are
associated with clinical infections in susceptible patient populations. However, these
bacteria are slow growing and present multiple diagnostic challenges to the microbiology
laboratory including culture, isolation, and identification to species rank. This article
provides a current review of these unusual non-fermentative chromogenic bacteria
including their disease spectrum, taxonomy, and laboratory identification. The review
also highlights the pitfalls or shortcomings we currently have in our knowledge of these
microbes and their disease-producing capabilities.

Another paper (Kaye et al, 1992) reports that M. extorquens was found to be the source of a
catheter-borne infection, but we believe this strain classification is incorrect, because it
was done based on morphological and physiological tests. For instance, the isolated strains
grew on xylose and fructose, while typical M. extorquens strains identified by 16S RNA
sequencing are not able to utilize these compounds. In any event, this paper characterized
the putative M. extorquens strain as “low virulence” and that the infection it caused was
only “low-grade or intermittent”.

Kaye, K.M., Macone, A. and Kazanjian, P.H., 1992. Catheter infection caused by
Methylobacterium in immunocompromised hosts: report of three cases and review of
the literature. Clinical infectious diseases, 14(5), pp-1010-1014.

Three cases of catheter infection due to Methylobacterium extorquens are reported. Each
patient had a history of acute leukemia and was immunocompromised; two had undergone
bone marrow transplantation, and the third was receiving consolidation chemotherapy. All
three patients survived after removal of the central venous catheter and antibiotic
treatment. The clinical features of these cases are compared with those of the 12 previously
reported cases of infection due to Methylobacterium species.



(Greub, et al., 2004) isolated a microorganism resembling M. extorquens from amoebal
cocultures from nasal swabs, although these authors did not report any direct evidence
that this culture was pathogenic.

Greub, G., 2004. Amoebae-resisting bacteria isolated from human nasal swabs by
amoebal coculture.

Amoebae feed on bacteria, and few bacteria can resist their microbicidal ability. Amoebal
coculture could therefore be used to selectively grow these amoebae-resisting bacteria
(ARB), which may be human pathogens. To isolate new ARB, we performed amoebal
coculture from 444 nasal samples. We recovered 7 (1.6%) ARB from 444 nasal swabs,
including 4 new species provisionally named Candidatus Roseomonas massiliae, C.
Rhizobium massiliae, C. Chryseobacterium massiliae, and C. Amoebinatus massiliae. The
remaining isolates were closely related to Methylobacterium extorquens, Bosea vestrii, and
Achromobacter xylosoxidans. Thus, amoebal coculture allows the recovery of new bacterial
species from heavily contaminated samples and might be a valuable approach for the
recovery of as-yet unrecognized emerging pathogens from clinical specimens.

(Patel and Gutierrez, 1992) reported an unusual case of pneumonia with full-blown septic
shock syndrome which they attributed to an infection of M. extorquens infection in a non
immunocompromised adult host (a 66-year old man). The microorganism was identified by
CDC as M. extorquens, but KnipBio believes that this classification, from the early 1990s,
may not be reliable.

Patel, Y. and Gutierrez, C., 1992. Severe Pneumonia With Sepsis Due To
Methylobacterium Extorquens. Southern Medical Journal, 85(9), pp.3S-42.

Methylobacterium extorquens is a pink facultative methylotrophic organism previously
known as Pseudomonoas mesophilica. There are a few reports in the microbiology literature
(none in the medical literature) describing occasional isolation of similar bacteria from
clinical specimens, but the specific role of this organism in human pathogenesis is virtually
unknown. We describe an unusual case of pneumonia with full-blown septic shock
syndrome due to Methylobacterium extorquens infection in a nonimmunocompromised
adult host.

(Lambert et al., 1983) reported that lesions obtained from a 48-year-old Puerto Rican
woman with extensive ulcers on her buttocks, right arm, and thighs showed the presence
bacilli which were identified as Vibrio extorquens, which they characterized as a partially
acid-fast methanolophilic organism.

Lambert, W.C., Pathan, A.K,, Irnaeda, T., Kaminski, Z.C. and Reichman, L.B., 1983.
Culture of Vibrio extorquens from severe, chronic skin ulcers in a Puerto Rican
woman. Journal of the American Academy of Dermatology, 9(2), pp.262-268.

A 48-year-old Puerto Rican woman developed extensive ulcers on her buttocks, right arm,
and thighs over a 3 1/2-year period, The lesions began as small, subcutaneous nodules
which subsequently ulcerated and expanded up to 19 cm in diameter. Biopsy of both
ulcerated and nonulcerated lesions showed acid-fast bacilli. Culture of both types of lesions
grew Vibrio extorquens, a partially acid-fast methanolophilic organism not previously
associated with disease in humans. The patient developed agglutinating antibody, titer 1:80,



to this organism. The disease responded to treatment with antibiotics to which the
organism was sensitive in vitro.

(Frank, et al., 2007) tentatively identified a microbial strain isolated from toys in a pediatric
waiting room as M. extorquens, although the paper expressed some doubt about the
accuracy of this classification, and did not assert that the presence of this organism on the
toys posed any risk to children.

Frank, J., Rodriguez, D. and Guzman, J., Methylobacterium extorquens which is found
in the soil and is not harmful. We feel that we just scratched the surface on the
amount of research that needs to be done to ensure that these waiting rooms are
clean and safe for our Kids. Sierra College Journal of Microbiology, p.16.

We obtained organisms from pediatric waiting room toys to be observed and identified. We
swabbed toys from both Sutter and Kaiser facilities and did numerous tests on them to
decipher what kinds of organisms were living on the toys. We got mixed results being that
Kaiser had less bacteria growing than Sutter, but the problem that we encountered was that
we did not know whether the organisms growing were harmful or not. The one organism
that we did identify was Methylobacterium extorquens which is found in the soil and is not
harmful. We feel that we just scratched the surface on the amount of research that needs to
be done to ensure that these waiting rooms are clean and safe for our kids.

Many of the papers identified in the search implicate Methylobacterium mesophilicum
(previously known as M. mesophilica) as an opportunistic pathogen. These papers include
(Sanders et al., 2000) see above; and the following:

Imbert, G., Seccia, Y. and La Scola, B., 2005. Methylobacterium sp. bacteraemia due to
a contaminated endoscope. Journal of Hospital Infection, 61(3), pp.268-270.

Methylobacterium mesophilicum is a fastidious Gram-negative bacterium that belongs to the
alpha subgroup of Proteobacteria. It forms pink colonies on agar plates and is a common
contaminant in water.! Although an opportunistic pathogen in immunocompromised hosts,
it does cause pseudo-infections. When retrieved, the most common source of contamination
is environmental contamination or exposure.l.2 We present a patient who developed
bacteraemia due to M. mesophilicum following endoscopic retrograde
cholangiopancreatography (ERCP), and report the investigation of the source of
contamination.

Norton, C.E.R., 2001. Recurrent Methylobacterium mesophilicum sepsis associated
with haemodialysis. Pathology, 33(4), pp.536-537.

Methylobacterium mesophilicum is an environmental organism that has infrequently been
implicated as a human pathogen. Most reported cases are in immunocompromised hosts.
The natural ecology of this organism is related to vegetation or soil. We report the case of a
51-year-old man who developed a recurrent bacteraemia with this organism while
receiving haemodialysis through an indwelling intravascular catheter. The literature on the
clinical significance of this organism is reviewed together with specific microbiological
identifying features which could be of use in the routine diagnostic laboratory.



Fernandez, M., Dreyer, Z., Hockenberry-Eaton, M. and Baker, C.J., 1997.
Methylobacterium mesophilica as a cause of persistent bacteremia in a child with
lymphoma. The Pediatric infectious disease journal, 16(10), pp.1007-1008.

Methylobacterium mesophilica, a Gram-negative, pink-pigmented rod bacterium, was first
isolated from leaf surfaces.1 It is an opportunistic pathogen that causes disease primarily in
immunocompromised patients. Its low virulence probably accounts for the low attendant
mortality, but this organism can cause morbidity in the immunosuppressed. Among the
infectious manifestations reported in such patients, those associated with indwelling
intravascular devices are common.z 3 These infections have been indolent and non-life-
threatening, leading Kaye et al.2to recommend monotherapy with an aminoglycoside,
without removal of the intravascular device.

We present a pediatric patient with protracted central venous catheter-associated infection
caused by M. mesophilica.Our patient's bacteremia and prolonged febrile episodes did not
resolve until the catheter was removed.

Flournoy, D.]., Petrone, R.L. and Voth, D.W., 1992. A pseudo-outbreak
ofMethylobacterium mesophilica isolated from patients undergoing

bronchoscopy. European Journal of Clinical Microbiology & Infectious Diseases, 11(3),
pp.240-243.

An unusual, slow growing, pink-pigmented gramnegative bacillus was isolated from
bronchoscopy specimens of seven patients over a three-month period. The organism was
identified asMethylobacter mesophilica. None of the patients were believed to be infected
withMethylobacter mesophilica. The results of environmental cultures showed that the
organism was present in tap water from the bronchoscopy room.

There are many references in the literature which indicate that, at one time, there was
confusion in the field about whether M. mesophilicum and M. extorquens were the same or
different species, but the consensus in the field is that these are separate and distinct
species (see for example, (MicrobeWiki, no date), which lists both as distinct species). It is
known that M. mesophilicum and M. extorquens utilize different carbon sources, among
other differences between these species. KnipBio will not comment further on references
reporting that M. mesophilicum is an opportunistic pathogen, other than to note the
presence of such references in the literature search, and to specifically mention the several
papers cited above.

The following pages list all the papers identified in this search.






















































































