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I. Introduction 

CinderBio has developed a microbial protein expression platform to produce recombinant 
proteins in hyper-thermoacidic Archaea using a shuttle vector derived from a natural viral 
pathogen of the host/platform organism Sulfolobus solfataricus. The strains considered here 
are derived by electroporation of the viral shuttle vector that autonomously integrates into the 
tRNAARG locus of the host genome carrying the constructed expression cassette.  
 
II. Intended Use 

The resulting microorganisms are used to produce hyper-thermoacidic enzymes from 
several enzyme classes, currently including proteases, lipases, carbohydratases, cellulases, and 
xylanases. The strains are grown in custom bioreactors in our facilities to isolate the target 
enzymes for use in laboratory biochemical reactions and as non-chemical alternatives for 
cleaning and sanitation in the food and beverage industries. 

 
III. Taxonomy and Characterization 

Sulfolobus species have been isolated from solfataric springs in many different locations 
around the world. All members of the Sulfolobus genus live in nearly boiling acidic waters in 
areas of active volcanism all around the globe. Sulfolobus isolates have been collected from 
volcanic springs in Yellowstone National Park, Mount St. Helens, Iceland, Italy, Japan, and Russia 
among many other areas. Sulfolobus is located almost wherever there is volcanic activity. They 
thrive in environments where the temperature is about 80oC with a pH about 3 and sulfur is 
present. 

CinderBio host organisms (Sulfolobus) are members of the Archaeal Domain. Such hyper-
extremophilic organisms were discovered in the 1970’s (Brock, Brock, Belly, & Weiss, 1972). 
These fascinating organisms were found to be so fundamentally different from previously 
understood forms of life that a new 
hierarchy of taxonomy was proposed by 
Carl Woese in the 1990’s (Woese, 
Kandler, & Wheelis, 1990). Because these 
new organisms had distinct membrane 
lipids and diverged in other basic 
biological characteristics Woese proposed 
a system of taxonomy that separated all 
known life into three “Domains” as shown 
in Figure 1; Bacteria, Eukarya, and the 
new domain including these new extreme 
life forms, the Archaea. This taxonomical 

 

Figure 1. The Woese “three domain” taxonomical system.  
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system has been widely adopted and ensuing studies strongly validate the legitimacy of this 
new division and hierarchy in taxonomy (Figure 1). 
 
IV. CB Strain History 

The original isolate of Sulfolobus that our strain was derived from was isolated from a 
solfataric hot spring in Italy by Karl Stetter and 
Wolfram Zillig in 1980 (Figure 2). The 
organisms described here are derived from 
Sulfolobus solfataricus P1, renamed recently 
to Saccharolobus solfataricus (Sakai & 
Kurosawa, 2018), herein referred to as 
Sulfolobus solfataricus P1.  

Morphological & Physiological Features: The 
CinderBio microbial strains under 
consideration here are morphologically and 
phenotypically indistinguishable from the wild-
type parental strain Sulfolobus solfataricus P1 
(accession # LT549890.1), the derivative strain Sulfolobus solfataricus PH1-16, and the highly 
homologous Sulfolobus solfataricus P2 (accession # AE006641) with respect to optimal growth 
temperature and pH (80°C, pH = 3.0) and carbon sources capable of supporting heterotrophic 
growth (Brock et al., 1972; Grogan, 1989). Growth rates, cryogenic recovery traits, colony 
morphology, motility, color, and smell are all indistinguishable from wild type Sulfolobus 
solfataricus organisms and the Sulfolobus solfataricus PH1-16 strain. The morphology of 
CinderBio strains are also indistinguishable from wild type Sulfolobus solfataricus and 
Sulfolobus solfataricus PH1-16 strains, generally being 1-2 micrometer spheres but taking on 
geometric shapes when cooled for periods of time. The only discernable physiological 
difference of the strains considered here from wild type strains is the overexpression (10-100x) 
of the gene of interest relative to wild type strains. 

Furthermore, we have prepared genomic DNA from our parental strain Sulfolobus 
solfataricus PH1-16 (aka CinderBio-1) and used this DNA as the template for our PCR reactions. 
We have amplified, cloned, and sequenced well over 100 separate genes from genomic DNA 
isolated from the CinderBio-1 host strain (Sulfolobus solfataricus PH1-16) using the digital 
genetic sequence of Sulfolobus solfataricus P1, the parent strain of Sulfolobus solfataricus PH1-
16, to facilitate PCR primer design and sequence validation. We have not found any significant 
variation from our PCR amplifications and sequencing relative to the genetic codes associated 
with Sulfolobus solfataricus P1. Our in-house phenotypic and genetic work is entirely consistent 
with CinderBio strains descending from the original Sulfolobus solfataricus P1 isolate as 
documented. In addition, the genomes of closely related Sulfolobus species have been 
sequenced in their entirety and annotated; the genome of Sulfolobus solfataricus P2 was 
completed in 2001 (She et al., 2001) with a follow-on study, providing genetic and genomic 
search and annotation tools for this genome (Charlebois, Gaasterland, Ragan, Doolittle, & 
Sensen, 1996). Sulfolobus solfataricus Strain 98/2 and evolved derivative genomes were 
published in 2015 (McCarthy et al., 2015). Currently GenBank holds nearly 100 genome 
assemblies for the genus Sulfolobus. 

 
Figure 2. Original source of Sulfolobus solfataricus 
P1. Specifically, in Campi flegrei, Pisciarelli near 
Agnano, a volcanically active region in central Italy. 
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Importantly, Sulfolobus solfataricus 
P1 and all members of this genus are 
classified as Biosafety Level 1 (BSL1) 
organisms and listed as such in the 
American Type Culture Collection (ATCC) 
where available, reflecting the sum of 
knowledge about this genus and the very 
low risks to human and environment 
health associated with Sulfolobus 
species. 

 
V. Genetic Divergence from Wild Type 
Sulfolobus solfataricus P1 

The specific organism we work with 
at CinderBio is a unique lab strain of Sulfolobus solfataricus P1. The descendant strains under 
consideration here was derived from strain Sulfolobus solfataricus PH1-16 which is a natural 
mutant of the Sulfolobus solfataricus P1 isolate that was selected in a laboratory for uracil 
auxotrophy (Martusewitsch, Sensen, & Schleper, 2000). Sulfolobus species are known to carry 
transposable elements that are thought to be vestiges of historical viral infections (Schleper, 
Roder, Singer, & Zillig, 1994). These transposable elements are varied in sequence and length 
(~400-1500 base pairs) and are mobile in the genomes of Sulfolobus species, often inactivating 
host genes (Schleper et al., 1994). The Sulfolobus solfataricus PH1-16 is characterized as having 
a genetic insertion of a naturally occurring transposable element or ‘insertion sequence’ (IS) in 
the PyrEF operon. This natural mutant was selected from a genetically dynamic population of 
Sulfolobus solfataricus P1. The PH1-16 strain DNA sequence indicates the insertion element 
specifically disrupts and inactivates the PyrF gene and confers uracil auxotrophy to the strain 
(Figure 3). In other words, this strain has ‘loss of function’ in the uracil biosynthetic pathway. 
The selectable marker on our vectors includes an intact copy of the Sulfolobus solfataricus P1 
PyrEF operon to compliment the genomic mutation in PyrF and restores the uracil biosynthetic 
pathway. The complementation of the uracil auxotrophy is used as a selectable marker in our 
work. This strain also has loss of function in the LacS gene through the same insertion 

mechanism disrupting the -glycosidase enzyme, a catabolic sugar enzyme. Complementation 
of LacS has the laboratory functionality in allowing ‘blue-white’ selection (Jonuscheit, 
Martusewitsch, Stedman, & Schleper, 2003). The genotype of the PH1-16 strain of Sulfolobus 
solfataricus P1 is formally lacS¯, PyrF¯ (Jonuscheit et al., 2003). The CinderBio strains are simply 
the PH1-16 strain with a stably 
integrated SsoDest3 vector (as 
described in detail below). The 
entire lineage and taxonomy of 
CinderBio strains is illustrated in 
Figure 4.  

 
VI. SsoDest3 Vector 
 CinderBio DNA vectors and their 
specific sequence are also described 
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in great detail in our first patent (Yannone & Barnebey, 2018). Our vector for recombinant 
expression of hyper-thermoacidic enzymes (SsoDest3) is depicted graphically in Figure 5. This 
vector combines the genome from the Sulfolobus spindle-shaped virus (SSV-1 ‘viral backbone’) 
(Palm et al., 1991) with the most common bacterial cloning vector backbone (pUC18) in use 
since the 1980’s (Norrander, Kempe, & 
Messing, 1983). The original source of our 
vector parent DNA was the pMJ05 vector 
acquired from Sonja Albers and contained 
the entire SSV1 genome, pUC18 with a pyrEF 
cassette and is described in detail (Albers et 
al., 2006). Into this vector we replaced the 
tf55-alpha promoter, the lacS gene and the 
existing multiple cloning site with our 
selection cassette (Figure 5, left). The CcdB 
protein is a potent poison of gyrase and E. 
coli host cells require a gyrA462 mutation to survive in the presence of the CcdB protein 
(Bernard, Gabant, Bahassi, & Couturier, 1994). In addition to the CcdB selection in E. coli, we 
have also added a kanamycin resistance selectable marker on the same cassette. The selection 
cassette illustrated in Figure 5 was obtained from PCR reactions that fused the CcdB gene from 
a Gateway® vector with a kanamycin resistance gene from pET-28a (Novagen) and modified the 
termini of a cassette to contain desired Pml1 restriction sites (Figure 5, left). These components 
permit standard cloning approaches in E. coli to move genes of interest into our vector and 
ultimately into our Sulfolobus host. The depicted ‘selection cassette’ is replaced (Pml1 excised) 
in the cloning process with our expression cassette and is not introduced into Sulfolobus cells 
(Figure 5, right). Therefore, the only intergeneric nucleic acids introduced to the host cells are 
the pUC18 sequence and the natural SSV1 DNA and in some cases our expression cassette gene 
of interest, but only in cases 
where the gene of interest is 
from a non-Sulfolobus 
species. For clarity, all genes 
of interest considered herein 
are intergeneric. The entirety 
of this constructed vector 
integrates into the host 
genome and is stably 
maintained without artificial 
selective pressure. The 
genetic elements that make 
up the SsoDest3 vector 
complete with accession numbers are listed (Figure 6). 
 
VII. Sulfolobus Spindle-Shaped Virus (SSV1) 
 As discussed above, the CinderBio vector SsoDest3 includes the entire genomic sequence of 
the natural Sulfolobus viral pathogen; Sulfolobus Spindle-shaped Virus 1 (SSV1) (Figures 5 & 6). 
The archaeal spindle shaped viruses are the only known members of the Fuselloviridae family 
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of viruses, indicating how divergent this virus is from all other known viruses. Fuselloviruses are 
double-stranded DNA viruses with circular genomes 15-17 kb in size with little to no sequence 
homology to known DNA sequences (Wiedenheft et al., 2004). Fuselloviruses have only been 
observed in hyper-thermoacidic environments and are only known to infect hyper-thermoacidic 
archaea (Mahy & Van Regenmortel, 2008). The Fuselloviridae viral family only includes the 
Sulfolobus spindle-shaped viruses that exclusively infect Sulfolobus species and are deeply 
divergent from all other known viruses and known genetic sequences. The likelihood of this 
virus posing a pathogenic risk to plants, animals, fish or mesophilic microbes is extraordinarily 
low due to its extreme genetic peculiarity, its single-genus host specificity (Sulfolobus), and only 
having been observed genetically or functionally in hyper-thermoacidic environmental niches 
(Mahy & Van Regenmortel, 2008). 
 
VIII. SsoDest3 Transcriptional Promoters and Protein Fusions 
 All CinderBio expression constructs have forms of a natural ‘minimal’ (~60 nt) hyper-
thermoacidic Sulfolobus promoter. All six strains considered here are constructed with the 
p1288 promoter (Figure 7). Archaeal promoters are divergent from promoters in the other 
Domains and no data exists to the best of our knowledge that these minimal hyper-
thermoacidic promoters are recognized by the transcription machinery of bacteria or 
eukaryotes. In addition, CinderBio promoters generate RNA transcripts lacking bacterial Shine-
Dalgarno sequences and would be poorly translated or not translated at all in organisms from 
other Domains of life. Therefore, the genes of interest in our expression constructs and 
fusellovirus genes are almost certainly transcriptionally inert in non-archaeal organisms. These 
facets further reduce risk of inadvertent DNA release influencing other organisms. On the 
carboxyl termini of the constructed proteins, we add a synthetic piece of DNA to encode a six-
histidine tag and and STREP epitope tag for quality control of our enzyme preparations. The 
amino acid sequence fused to the carboxy termini of genes of interest is: 
GGGGHHHHHHWSHPQFEK-(C) with the DNA encoding these 6-histidine-STREP fusion tags 
being: 5'- gga ggt gga ggt CAT CAT CAT CAT CAT CAT tgg tca cat cca cag ttc gag aag -3'. All six 
strains have this same amino 
terminal fusion. No 
transcriptional terminators are 
added to our constructs and 
enzyme subcellular localization in 
all six strains considered here are 
driven by endogenous localization 
elements that are part of the 
gene of interest. 
 
IX. Genomic Integration of SsoDest3 to Generate CinderBio Strains 
 CinderBio vectors use the natural integration properties of SSV1 to mediate the insertion of 
constructs into the host genome after SsoDEST3 constructs are electroporated into Sulfolobus. 
This integration process is reported to yield 1-5 copies of the vector being integrated into the 
genome. The SSV1 virus from which our vector is derived is also reported to have a copy 
number of 1-5 with natural infections (Maramorosch, Shatkin, & Murphy, 1988). A closely 
related Sulfolobus spindle-shaped virus (SSV) is also reported to have a copy number of 5-6 in a 
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different Sulfolobus species (Fusco, She, Bartolucci, & 
Contursi, 2013). The integration site for spindle-
shaped viruses and SsoDest3 is at the arginine tRNA 
(tRNAarg) locus and is thought to be non-disruptive to 
the tRNA expression and function (Wiedenheft et al., 
2004). We observe five highly homologous copies of 
the tRNAarg gene in the host genome, likely 
accounting for reports of copy numbers of 1-5 due to 
disparate integration efficiencies at various 
homologous tRNAarg genes. The precise factors 
determining the integration copy number are not well 
understood not known to be static but thought to be 
influenced by growth conditions. The known genomic 
integration site of SsoDest3 as mediated by the 
natural pathogen SSV1 is shown graphically in Figure 
8. The six strains considered here are expected to 
have 1-5 copies of integrated vector in the genome 
and to behave like the natural SSV1 vector, but data definitively demonstrating this is not 
currently available in our laboratories and SSV1 integrated copy number is not well defined in 
the literature. 

A number of spindle-shaped viral genomes have been sequenced and annotated and are 
available (Wiedenheft et al., 2004). Because of the uniqueness of fuselloviruses within biology, 
their infectivity of a single genus, and their obligate hyper-thermoacidic environmental niches, 
it is of the highest unlikelihood that these viruses or their DNA pose any threat to 
environments, people, plants, animals, or bacteria (see Figure 12). The CinderBio strains as 
defined here include integrated SsoDest3 DNA as described and illustrated in Figure 8. The 
specific vector names are derived from the inserted gene of interest, so for a SsoDEST3 vector 
carrying the 14057 gene, the vector will be named “SsoDEST3-14057” and likewise for every 
gene of interest. 

 
X. Molecular Process to Generate CB Strains 

CinderBio’s core technologies are centered around our ability to recombinantly over-
express genes of interest in our hyper-thermoacidic microbes (CinderBio strains) to produce 
archaeal enzymes with unprecedented stability and operational ranges. These technologies are 
detailed in our issued patent (Yannone & Barnebey, 2018). The general scheme for our 
recombinant technologies are; 1) PCR amplification of genes of interest from genomic DNA 
while simultaneously fusing a 
Sulfolobus transcriptional primer 
and affinity tags encoded via the 
PCR primers, 2) Ligation 
independent cloning to transfer our 
promoter/gene/tag constructs into 
our expression vector, and 3) 
electroporation of the constructed 
vector into Sulfolobus cells where 
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the SSV1 (viral) component of the vector 
facilitates genomic integration (Figure 9). For 
each enzyme of interest, a CinderBio 
expression strain is generated, isolated, and 
characterized then stored cryogenically for 
resuscitation. All CindeBio expression strains 
are generated with the general scheme 
depicted in Figure 9 and have proven to be 
genetically stable for over ten years of 
laboratory propagation evidenced by 
continued function of the transformed DNA (i.e. PyrEF markers and our genes of interest). 
 
XI. Six Genes of Interest Defining Six Strains 

The method shown in Figure 9 is used to create expression vectors for any gene of interest 
(GOI). In this consolidated submission we seek approval for strains carrying the genes listed in 
Figure 10. Each strain will overexpress the indicated gene resulting in the corresponding 
enzymes. Here we seek approval for three strains producing Sulfolobus proteases and one 
strain each producing an esterase, a cellulase, and an amylase for a total of six strains (Figure 
10). The various open reading frames are constructed into our expression vectors using PCR and 
the cloning techniques described herein (Figure 9). Integration into the host genome is 
facilitated by the natural SSV1 integration process (Figure 8) at the tRNAarg locus in the genome. 
The only genetic variation between these six strains are the listed genes of interest with all 6 of 
these strains having the same p1288 transcriptional promoter fused upstream of the various 
genes of interest and identical amino-terminal histidine and STREP epitope tag (Figure 10). 

 
Proposed Strain Naming Convention 

The proposed strain-naming convention includes the generic host strain designation 
“CinderBio-1” which is the untransformed host and the CinderBio laboratory strain of Sulfolobus 
solfataricus PH1-16 originally obtained from Sonja-Verena Albers at the Department of 
Molecular Microbiology, Groningen Biomolecular Sciences and Biotechnology Institute, 
University of Groningen (Albers et al., 2006). Each specific CinderBio-##### strain considered 
here is the “CinderBio-1” generic lab strain transformed with a SsoDEST3 vector containing a 
single gene of interest indicated by the five-digit gene number. The product strain is designated 
with our specific numeric identifier for the gene of interest that is being overexpressed. For 
example, a strain produced by transforming CinderBio-1 (CinderBio’s laboratory strain of 
Sulfolobus solfataricus PH1-16) with a SsoDEST3 vector that carries the CB-14057 gene would 
result in a strain with the designation CinderBio-14057 that overexpresses the CB-14057 
protease enzyme (See Figure 10). For clarity, all of the strains in this submission have identical 
promoters (p1288) and amino terminal 6-histidine/STREP fusion tags on the amino termini of 
the six different genes of interest. Therefore, the six strains under consideration here are 
specifically named: CinderBio-14057, CinderBio-14624, CinderBio-23726, CinderBio-23117, 
CinderBio-13366, and CinderBio-13184. 
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XII.Vector Transformations 
 For vector propagation in E.coli, standard 
chemically competent cells are procured and 
used according to manufacturer’s instructions. 
The amplified vector DNA is isolated using 
standard plasmid preparation techniques and 
commercially available kits. The resultant vectors 
are electroporated into our Sulfolobus host, the 
viral component of the vector facilitates 
integration into the genome and transformants 
are selected for complementation of the uracil 
auxotrophy, an inherent property of CinderBio-##### strains. 
 
XIII. Integrated DNA Verification 
 To verify DNA integration into the host we rely on 1) complementation of uracil 
auxotrophy, 2) PCR screens of resulting strains targeting vector components, and 3) detection 
of recombinant protein. Importantly, PCR screens use primers that bridge the junction of our 
p1288 promoter and the specific gene of interest, sequence that is unique to each strain and a 
reliable differentiator between all CinderBio strains. 
 
XIV. Likelihood of Genetic Transfer 
 CinderBio host Sulfolobus and the SSV1 used to facilitate genomic integration are highly 
specialized and genetically divergent organisms that are the dominate (often the only) life form 
in solfataric springs around the world. These organisms (Thermoprotei), along with their viral 
pathogens, diverged evolutionarily from all other known life very early in the ‘tree of life’ 
(Figure 11). Moreover, because the habitat 
requirements are at such extreme temperatures and pH, 
it is highly unlikely that the Sulfolobus genus has 
interacted with animals, plants, and fish in any 
significant way throughout evolutionary time. 
Importantly, hyper-thermoacidophiles and their viruses 
are so profoundly divergent from all other known life 
forms that there is little to no homologous DNA 
sequence in GenBank for the majority of their genes 
(Iverson & Stedman, 2012). Moreover, there is no 
genetic evidence we are aware of for lateral gene 
transfer between hyper-thermoacidic genomes and 
mesophilic organisms. This genetic isolation is likely a 
function of the habitat isolation (Figure 12). Notably, 
proteins evolved in hyper-thermoacidic environments 
don’t function at mesophilic temperatures and pH, and 
visa-versa. Therefore, these strains and viruses pose 
little to no risk of genetic transfer to life forms other 
than Sulfolobus or other hyper-thermoacidophiles. 
Examining the lack of overlap between hyper-

 
Figure 11. Early Archaeal divergence from other 
Domains of life. 

 
Figure 12. Graphic representation of non-
overlapping habitat conditions for survival 
and propagation of Sulfolobus and plant 
and animal species. 
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thermoacidic habitats and those inhabited by plants, animals, and fish it is clear that preclude 
Sulfolobus cannot cohabitate or pose a pathogenic risk to people, animals, plants, or fish 
(Figure 12). 
 In summary, in the unlikely event that genetic material from our operation was transferred 
to environmental bacteria AND the minimal archaeal promoter drove gene transcription and 
translation to generate an enzyme in a non-archaeal organism (e.g. bacteria or fungi), the 
resultant enzyme would almost certainly lack function at low temperatures and neutral pH. In 
other words, in the unlikely event that 1) genetic material was inadvertently released, 2) intact 
DNA was then internalized and replicated by another organism, 3) the archaeal promoter could 
drive transcription in that organism, 4) the resulting RNA lacking Shine-Dalgarno sequences 
could be successfully translated by that organism, and 5) the translation product resulted in a 
functional enzyme, any such gene product would still only be active in extremely hot and acidic 
conditions. This series of unlikely events suggests that hyper-thermoacidic organisms have 
many inherent properties that render CinderBio processes safer for plants, animals, bacteria, 
and the environment relative to the thousands of ongoing microbial industrial processes using 
bacteria or eukaryotic organisms that thrive in moderate conditions (mesophiles). In our 
assessment, these sets of properties render the relative risk of biological threats posed to 
people and the environment to be far less with CinderBio strains and CinderBio processes than 
bioprocesses using mesophilic organisms. 
 
XV. Archaeal Genes Expressed in Bacteria  
 Importantly, many archaeal genes (the genes we express) are not amenable to expression in 
bacteria and are most often not properly translated in eukaryotes. At CinderBio we have tested 
several genes of interest for production of active enzymes in 
bacteria. We find that the hyper-thermoacidic archaeal genes 
have cryptic instructions in the genetic code that cannot be read 
appropriately in non-archaeal hosts. Therefore, in the event of a 
segment of genetic material inadvertently being transferred to 
bacteria, it is highly unlikely that it would result in a functional 
enzyme. We have run this experiment directly at CinderBio with 
several genes by constructing bacterial and archaeal expression 
vectors in parallel with identical archaeal open reading frames 
(ORFs). Expression trials comparing two different genes, each 
expressed in either E.coli or produced in the CB strains are 
shown in Figure 13. We find that E.coli produces far more 
protein that the CB strain as evidenced by coomassie brilliant 
blue (CBB) stained gels and immunoblots (Figure 13). 
Remarkably, the relatively small amounts of recombinant 
protein produced in the CinderBio strain of Sulfolobus has high 
levels of activity, and the same gene expressed in E.coli 
produces no active enzyme, despite producing orders-of-
magnitude more gene-product protein (Figure 13). Both 
microbes produce protein from the ORF in the organism-
appropriate context (species specific promoters), however 
bacterial enzymes are inactive while the same ORF expressed in 
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our strain produce highly active enzyme. Archaea have additional characteristics that reduce 
the risks associated with genetic expression in other organisms, namely archaea use alternative 
start codons in 10-20% of their ORFS and hyper-thermoacidic archaea have a significant codon 
bias that make them far less likely to be translated at high levels in non-parent organisms 
(Belinky, Rogozin, & Koonin, 2017; Nayak, 2013; Novoa, Jungreis, Jaillon, & Kellis, 2019). 
 
XVI. Recombinant Enzyme Production 
 CinderBio enzyme production facility is 
in our laboratory and office space at 1933 
Davis Street, Suite 208, San Leandro CA 
94577. We have built an integrated 
fermentation and downstream processing 
unit where production will take place. Our 
process involves microbial fermentation 
followed by two ultrafiltration steps to first 
remove cells then to remove small molecule 
contaminants. These steps are followed by 
chromatography to remove contaminating proteins and residual small molecules. The isolated 
enzymes are then subjected to a buffer-exchange process using another ultrafiltration process 
which leaves the pure enzyme of interest in a defined buffer (Figure 14). The final buffer is 
typically 20mM phosphate/glycine, 25mM NaCl, 25mM KCl, at pH = 3.0. The resulting product is 
then put through a battery of characterizations including but not limited to, SDS-PAGE, UV/Vis 
spectroscopy, zymograms when possible, and biochemical activity assays. CinderBio production 
process can be run in either batch or continuous modes. Batch runs are typically 50 liters of 
active culture grown to an optical density (OD600) of 0.4-1.2. CinderBio facilities include a 50-
liter jacketed glass bioreactor next to our downstream 
processing (DSP) ultrafiltration and pumps all with 
secondary containment (Figure 15). 
 
XVII. Production Volume 
 The maximal density of culture achieved to date is 
0.8 OD600 and we expect gains in fermentation 
methods to yield a maximal density at or below OD600 = 
1.5. We have correlated viable cell numbers with 
optical density using a UV/Vis spectrophotometer set 
at 600nm to measure the OD and a hemocytometer to 
count cells with viability being measured by serial 
dilution and plating. These studies revealed that cell 
viability in active log-phase cultures was approximately 
100% and an OD600 of 1.0 corresponds to 673 x 109 
viable cells/liter (or CFUs). Therefore, a 50-liter batch of 
culture at OD600 = 1.0 would have 33.65 x 1012 viable 
cells. Our continuous mode production in the same 50-
liter reactor yields a maximum (to date) of 40 
liters/24hours containing a current maximum of 26.92 
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x 1012 viable cells in each 24-hour period. CinderBio is currently optimizing its production 
performance and we expect to achieve productivity gains no larger than 5x, which would yield 
~134 x 1012 cells in a 24-hour period. A typical “production-run” would include 4-5 batches of 
40-liter harvests over 4-5 24-hour periods, totaling 160-200 liters of culture per ‘production-
run’. Assuming an average OD600 of 1.0, each production-run would generate between 43 x 1012 
and 134 x 1012 viable cells (CFUs) per production-run. We project the first year of production 
will involve a maximum of 50 production-runs, totaling no more than 10,000 liters of culture 
and assuming an average OD600 of 1.0, a total number of microbial cells (CFUs) no greater than 
6700 x 1012 in the first year or the two ensuing years. While a large number, this number of cells 
is roughly equivalent to that generated from producing the same volume of beer or wine. This 
is an infinitesimally small fraction of microbial biomass produced annually to produce beer and 
wine alone. 
 We observe that one-liter cultures of CB strains at OD600 = 1.0 yields a wet cell pellet of 
approximately 1 gram. Using the scenarios enumerated above; the wet cell mass/50 L batch will 
be 50g, the maximum cell mass/production-run will be 300g, and the maximum biomass/year 1 
will be approximately 15 kilograms wet cell pellet weight. Dry mass of microbial cells is roughly 
25% of the wet weight, therefore CinderBio’s year one production will result in approximately 
3.75 kilograms of biomass. Microbial cells are typically 50% protein, 3% DNA, 20% other nucleic 
acids (RNAs), with most of the remaining mass being accounted for by carbohydrates together 
with lipids and other fats. All waste products from the CinderBio production process are 
aqueous biomolecules, none of which are known to cause any threat to human or 
environmental health. 
 Production is expected to be distributed among the six strains with proteases being 
produced in equal proportions making up 60% of total production with cellulase, amylase and 
esterase strains equally contributing to the remaining 40% of production. 
 
XVIII. By-Products 
Only the cell biomass resulting from production is expected. This material is neutralized with 
NaCO3 (baking soda) then biologically deactivated with bleach treatments and disposed. No 
living or dead cells nor DNA are included in our final enzyme products. 
 
XIX. Potential Toxicity or Pathogenicity 
 Hyper-thermoacidic archaeal organisms are not known to produce endotoxins as they 
entirely lack the bacterial lipopolysaccharide (LPS) associated with septic shock caused by gram-
negative bacteria. Likewise, septic shock caused by gram-negative bacteria is also thought to be 
caused by membrane components that are entirely different in archaea. Membrane lipids of 
Archaea are unique and distinct from those found in Eukarya and Bacteria. The polar lipids 
making up archaeal membranes consist of isoprenoid chains, 20–40 carbons long. Interestingly, 
a principle means to identify an archaeal microbe is detection of isoprenoid lipids. However, 
one study (the only such toxicity study on Sulfolobus) reports that very high concentrations of 
Sulfolobus solfataricus membrane fractions can induce local hypersensitivity and pyrogenic 
activity when directly injected into sensitized animals (Galdiero et al., 1993). Importantly, these 
observed responses were, 1) only observed in highly sensitized animals, and 2) required 
injections of 2 milligrams (2 x 10-3g) of Sulfolobus material to elicit a lesser response than 50 
micrograms (50 x 10-6g) of E. coli membrane fractions (20-40x). In other words, a response to 
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Sulfolobus membranes was 20 to 40 times less toxic than E.coli and only observed in sensitized 
animals with direct injection (Galdiero et al., 1993). Notably, the authors of this toxicity study 
also point out the near impossibility of Sulfolobus pathogenicity. 
 
“The physiological parameters of S. solfataricus (optimal growth temperature 88 T, minimum 
growth temperature 70, optimal pH 3-0, maximum pH 5-0) prevent this bacterium from being 
even an occasional parasite of higher organisms.” -(Galdiero et al., 1993). 
 
 Of additional importance in this context is the consideration of pathogenic microbes 
contaminating our fermentation and introducing toxic or harmful molecules or organisms. In 
over 15 years of culturing Sulfolobus in our laboratories, not a single contaminant has ever been 
observed growing in our 80°C, pH 3 cultures. Moreover, students and novice microbiologists 
with poor sterile technique have handled thousands of cultures which were certainly 
contaminated with bacteria and fungi, yet not a single growing contaminant has been observed. 
CinderBio fermentation conditions function as what would generally be considered ‘sanitation’ 
with respect to common microbial contaminants. 
 
XX. Personal Protective Equipment (PPE) and Engineering Controls 
 Irrespective of the perceived low-risk associated with fermentation of the CinderBio strains 
of Sulfolobus, standard laboratory PPE are employed in all laboratory and production 
operations. These include nitrile gloves, eye protection and laboratory coats. We also employ 
engineering interventions for safety, including secondary containment of all liquid containing 
and handling equipment and dedicated exhaust ventilation on the reactor and downstream 
processing (DSP) stations (see Figure 14). 
 There are four laboratory/production functions that involve exposure to CinderBio strains in 
viable forms and in crude biological material originating from CinderBio strains (Table 1). In all 
cases personal protective equipment is used. The exposures are minimal and primarily involve 
handling liquids in a series of sealed systems. With routine cell culture the cultures are in sealed 
flasks or bottles and accessed to take manual readings by removing 1 milliliter of culture into a 
cuvette and measuring the optical density in a spectrophotometer. Production-scale 
fermentation is also almost entirely free of manual liquid handling. At the larger production 
scales (> 50 liters) liquid is handled in sealed circuits and moved with pumps or gravity through 
heavy silicone or Tygon tubing. All stretches of tubing have no joints and are continuous lines of 
tubing. All equipment including the reactor are equipped with secondary containment and 
dedicated ventilation. 
 

WORKER ACTIVITY Protective Equipment 
/Engineering controls 

# of 
Workers 
Exposed 

Maximum 
Duration 
(hrs/day) 

Maximum 
Duration 
(days/yr) 

Routine cell culture (< 2liters) Lab PPE, secondary 
containment, ventilation 

3 2 100 

Production Scale 
Fermentation 

Lab PPE, secondary 
containment, ventilation 

3 2 100 

Routine Molecular Biology Lab PPE 5 2 100 
Biochemistry Lab PPE 5 5 200 
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Table 1. Worker activities and PPE and engineering controls to reduce risks. 
 
XXI. Environmental Release and Disposal 
 In our current production method, the target enzyme is the only product, all other 
‘byproducts’ are currently considered ‘waste’. All waste streams from this process are liquid 
and first treated with sodium bicarbonate (baking soda; NaHCO3) to neutralize the acidic media, 
to bring the pH to near neutral (pH 7-8) and to heavily stress any viable cells. The resulting 
waste liquid is then rendered biologically inactive by incubation with sodium hypochlorite 
(NaClO; bleach) for one hour at ambient temperatures. The neutralized and sanitized material is 
then discharged directly to municipal waste followed with 5-10x of municipal tap water. Spills 
and absorbent materials contaminated with CinderBio strain cells are put through the same 
neutralization/sanitation process when liquid and autoclaved if on absorbent material. Given 
the fragility of Sulfolobus in ambient conditions, our secondary containment, and our sanitation 
protocols, we expect undetectable numbers of viable cells to be released to the environment as 
we have failed to detect viable cells on work surfaces know to be contaminated with active 
CinderBio strain cultures. We list ‘releases’ in Table 2 and note all waste is released to 
municipal waste (POTW) after treatment and sanitation. The risk of exposure to the public is 
extremely low. 
 
 

Release 
Number 

Amount of new substance released 
(CFU/day) 

To environment        |     To control 
Tech. 

Media of 
release 

Control 
Tech. 

Efficiency 

1 0 CFU                                            0 CFU Municipal 
waste 

NaHCO3 

NaClO 

~100% 

Table 2. 
CinderBio is in an industrial area of San Leandro California and all operations are contained 
within our suite which is physically isolated from any ecologically sensitive areas. Moreover, the 
closest environment that supports Sulfolobus growth is Mount Lassen, over 200 miles away 
from our facility.  
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