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Abstract

Recent strategies for algae-based biofuels have primarily focused on biodiesel production by
exploiting high algal lipid yields under nutrient stress conditions. However, under conditions
supporting robust algal biomass accumulation, carbohydrate and proteins typically comprise up to ~80%
of the ash-free dry weight of algae biomass. Therefore, comprehensive utilization of algal biomass for
production of multipurpose intermediate- to high-value bio-based products will promote scale-up of
algae production and processing to commodity volumes. Terpenes are hydrocarbon and hydrocarbon-
like (C:0>10:1) compounds with high energy density, and are therefore potentially promising
candidates for the next generation of value added bio-based chemicals and “drop-in” replacements for
petroleum-based fuels. In this study, we demonstrated the feasibility of bioconversion of proteins into
sesquiterpene compounds as well as comprehensive bioconversion of algal carbohydrates and proteins
into biofuels. To achieve this, the mevalonate pathway was reconstructed into an E. coli chassis with
six different terpene synthases (TSs). Strains containing the various TSs produced a spectrum of
sesquiterpene compounds in minimal medium containing amino acids as the sole carbon source. The
sesquiterpene production was optimized through three different regulation strategies using chamigrene
synthase as an example. The highest total terpene titer reached 166 mg/L, and was achieved by
applying a strategy to minimize mevalonate accumulation in vivo. The highest yields of total terpene
were produced under reduced IPTG induction levels (0.25 mM), reduced induction temperature (25°C),
and elevated substrate concentration (20 g/L amino acid mixture). A synthetic bioconversion
consortium consisting of two engineering E. coli strains (DH1-TS and YH40-TS) with reconstructed
terpene biosynthetic pathways was designed for comprehensive single-pot conversion of algal
carbohydrates and proteins to sesquiterpenes. The consortium yielded the highest total terpene yields
(187 mg/L) at an inoculum ratio 2:1 of strain YH40-TS: DH1-TS, corresponding to 31 mg fuel/g algae
biomass ash free dry weight. This study therefore demonstrates a feasible process for comprehensive
algal biofuel production.

Keywords: algae biofuel, protein bioconversion, terpene biosynthesis, synthetic consortium,
monoterpene, sesquiterpene, terpene synthase, bioproducts



Introduction

The need for sustainable, domestically produced replacements for petroleum has led to significant
efforts for biofuels development®. Current carbon life cycle assessment suggests that production of
biofuels from lignocellulosic and algae biomass provides up to ~50% GHG emission compared to
petroleum™™. Recent strategies for algae-based biofuels have primarily focused on biodiesel
production through exploiting high algal lipid yields under the nutrient stress conditions. However,
nutrient stress significantly compromises the overall biomass quantity and subjects the culture to
increased susceptibility to contamination and subsequent culture crashes®’. Under conditions
supporting robust algal biomass accumulation, carbohydrate and proteins typically comprise up to ~80%
of the ash-free dry weight of microalgae biomass®°. Production of algal biofuel through comprehensive
utilization of all of the biochemical components of algal biomass and the addition of high energy density fuel
compounds with “fit for purpose” properties will both diminish the process cost and improve overall yield. A
significant volume of research has been pursued to convert algal lipids and carbohydrates to

18.19 "and isobutanol®®, however, little been reported

biodiesel™™, ethanol***®, butanol'’, methane
regarding bioconversion of algal proteins. A recent work demonstrated the feasibility of converting
algal protein to mixed short and medium chain fusel alcohols, such as isobutanol, 2-methy- and 3-
methy-butanol, as well as other potentially high value alcohols, including phenylethanol, acetoin, and

butanediol

. These medium chain alcohols present several benefits over ethanol, including >25%
higher energy density, and dramatically lower hygroscopicity and corrosivity ?2. Despite the distinct
advantages of these medium chain alcohols, the high oxygen content of these molecules makes them

lack “fit for purpose” properties.

Isoprenoids, also referred to terpenes, are a group of natural products with over 55,000 structurally
distinct chemical compounds. Compared to short and medium chain alcohols, these hydrocarbon and
hydrocarbon-like (C:O > 10:1) compounds, including monoterpenes (Cio), sesquiterpene (Cis),
diterpene (Cy) and their derivatives, not only have various biological functionalities but also contain
higher overall energy density. In particular the sesquiterpene caryophyllene has been deemed to be
among the top three most promising increased energy density jet fuel compounds®. Typically
biologically derived fuel molecules have very high oxygen content (up to C:O of 2:1 for ethanol)
introducing significant fuel cost and materials properties hurdles for blending into the petroleum-
derived fuels infrastructure®® . The near-zero oxygen content of terpene compounds in addition to their
high energy density make them a particularly attractive candidate as “drop-in” fuel candidates for

ground-based and aviation fuels. Terpenes also have a variety of higher value chemical applications,
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e.g. as fragrances, flavoring agents, anti-fungi, and anti-virus, insect repellants, and pharmaceutical
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lead compounds™™. However, few studies have reported means for conversion of biomass to terpene

compounds. In this study, we demonstrate production of terpene compounds from high protein
biomass composed of natural algae assemblages cultivated from wastewater in an Algal Turf
Scrubber™ system®!. Simultaneous conversion of the carbohydrate and protein fractions from the
biomass was achieved using a synthetic microbial bioconversion consortium as a strategy for

production of advanced biofuels and bio-based products.
Results

Terpene production from amino acids through mevalonate pathway reconstruction
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In nature isoprenoids or terpenes are synthesized either by the mevalonate pathway (MEV)*“ or by the
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deoxy-D-xylulose 5-phosphate pathway (DXP) in bacteria, fungi, plants and animals. In the mevalonate
pathway, terpene biosynthesis starts with the condensation of two acetyl-CoA to produce acetoacetyl-CoA, in
which acetyl-CoA is a critical niche in the central metabolism. Amino acids can be metabolized to form acetyl-
CoA through pyruvate (Ala, Ser, Thr, Trp, Gly, Cys), through acetylacetate-CoA (Phe, Tyr, Trp, Lys, Leu), or
through the TCA cycle (Pro Arg, His, Thr, Val, lle, Met, Phe, Tyr). Given the fact of both pathways share
common node: acetyl-CoA, it is possible to produce terpenes from protein lysate through metabolic engineering,
as shown in figure 1. In this study, our synthetic biology strategy aimed to convert amino acids to high energy
density and value-added terpene products through reconstruction of the terpene biosynthesis pathway into an E.
coli chassis strain, YH40?. The enzymes in the mevalonate pathway diverted the metabolic flux from acetyl-
CoA to the dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) formation and further
catalyzed by GPPS and TS to produce terpene. In our previous work, 12 novel terpene synthases were
discovered through a synthetic biology platform®. Of the 12 novel terpene synthases, 6 were selected and sub-
cloned downstream of the mevalonate pathway with truncated GPPS,, (GenBank: AF513112.1) to demonstrate

the feasibility of terpene production from protein.

Both monoterpene and sesquiterpene were detected from the culture of strains containing these six TSs when
grown on M9 medium consisting of amino acids mixture as the sole carbon source (Table S1-S6). No terpene
compounds were detected in the negative control strains. Among these six TSs, five of them produced
sesquiterpene as the most abundant compounds in the culture headspace except TS-315006 which produced
limonene (17.70% of total peak area) as the major product along with minor amounts of other sesquiterpene
compounds: caryophyllene, chamigrene, valencene, pinene and others. Surprisingly, this TS was identified as t-
gurjunene synthase®, which produced t-gurjunene as the most abundant compound (accounting for 58.03% of
total peak area) when the strain DH1-TS-315006 grew on EZ-rich medium and no obvious limonene was

detected other than pinene. Compared to the host E.coli strain DH1, the strain YHA40 is a derivative of E.coli
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BW25113 and was specifically engineered to boost amino acid utilization?*. The underlying reason that the
major product was limonene instead of t-gurjunene is yet unknown.

The YHA40 strains containing TS-70183 and TS-6706 produced the widest spectrum of terpene compounds
compared to the other four TSs. More than 15 terpene compounds were detected from cultures of each strain.
The terpene compounds produced in the order of abundance were 1R,4R,7R,11R-1,3,4,7-
tetramethyltricyclo[5.3.1.0(4,11)]undec-2-ene (6.8%), neoisolongifolene (4.9%), B-caryophyllene (2.0%), B-
chamigrene (1.35%), and thujopsene-13(1.0%). Comparison of the substrate dependence of the terpene profile of
the TS-70183 containing strain indicated that although isoledene was the most abundant compound produced
from glucose, this compound was not detected from culture on amino acids. Instead, 1R,4R,7R,11R-1,3,4,7-
tetramethyltricyclo[5.3.1.0(4,11)]Jundec-2-ene (6.8%) was the major terpene product. Additionally, -
chamigrene and thujopsene-13 were detected, which wasn’t produced using a glucose-based fermentation broth.
This product profile difference between two different carbon sources indicates that the TSs in two strains grown
on two different media have different catalytic reaction mechanisms. The variation in the terpene profile was
also observed for TS-6706 and other terpene synthases when the strains were grown on amino acids instead of
glucose. TS-6706 was identified as caryophyllene synthase and yielded caryophyllene (40% of total peak area)
as the most abundant compound when the strain was grown on glucose®. However, a-gurjunene was produced
as the most abundant terpene compound (12.08% of total peak area) when grown on amino acids, followed by
caryophyllene (10.42% of total peak area). Similar to DH1-6706 grown on glucose, YH40-6706 produced
multiple sesquiterpene compounds as well as several monoterpene compounds. Compared to the caryophyllene
synthase isolated from cotton* which yielded a small number of sesquiterpenes, the caryophyllene synthases in
this study produced more than 20 sesquiterpene compounds as well as monoterpene compounds, indicating the
complicated catalytic mechanism of the enzyme.

TS-322581 was identified as chamigrene synthase, which produced chamigrene as the major product when
grown on glucose. Similarly, the strain YH40-322581 produced chamigrene as the most abundant terpene (43%
of total peak area) when cultured on amino acids. Besides chamigrene, the additional monoterpenes limonene
and pinene were also detected but with abundance less than 3.2% of total peak area. Compared to TS-6706, this
enzyme tends to produce a single sesquiterpene compound, suggesting its distinct catalytic mechanism from TS-
6706. For TS-80361 the three most abundant terpene compounds were B-chamigrene, B-caryophyllene, and (+)-
valencene, indicating the enzyme is sesquiterpene synthase. Similar differences in the terpene profile were
observed for this enzyme as well. In the previous study®, TS-80361 was determined to be a-gurjunene synthase,
which produced a-gurjunene as a major product from glucose with the monoterpenes pinene, limonene and its
isomer as less abundant products. When grown on amino acids, however, the strain produced the three major
sesquiterpene compounds mentioned above and monoterpenes were barely detected. TS-24646 was identified as
a-selinene synthase®, which produced a-selinene (50.7% of total peak area) as the most abundant compound
from glucose. However, when cultured on protein as the sole carbon source, gurjunene was detected as the

major product (21.2% of total peak area). Besides gurjunene, f-chamigrene and other monoterpenes such as
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elemene, pinene and ocimene were also detected in the headspace of the culture, which is similar to the terpene

profile from glucose.

Optimization of terpene production through different metabolic flux regulations

TS-322581 (chamigrene synthase) was chosen as a sample for metabolic flux optimization since this enzyme
produces chamigrene as the sole sesquiterpene compound, making it straight-forward to evaluate and compare
the end-product concentrations. To achieve the maximal metabolic flux to terpene production, three regulation
strategies were designed and constructed, as shown in figure 2. In the first construct, all mevalonate pathway
enzymes were cloned into one vector pJBEI3122 under two promoters with different strength. The first three
enzymes (AtoB, HMGS, and HMGR) were cloned under the medium strength promoter lacUV5 and last four
enzymes (MK, PMK, PMD, and idi) were expressed downstream of the strong promoter Ptrc to obtain maximal
metabolic flux to GPPS. The signal peptide truncated GPPS,qand chamigrene synthase were expressed into two
separate plasmids under the strong promoters, T7 and Ptrc, respectively, to generate a large metabolic flux
driving force toward the final products. These three plasmids were co-transformed into strain YH40 as an
engineered host for terpene production. In the second construct, the GPPS,q was cloned downstream of the
enzyme idi under the Ptrc promoter in the plasmid pJBEI3122 to achieve the homologous expression of the
intermediate pathway enzymes while the chamigrene synthase was expressed in a separate plasmid under strong
promoter Ptrc. Both plasmids were co-transformed into strain YH40. In the third design, the GPPSq was
cloned into the same plasmid with TS under the strong promoter Ptrc but ahead of the TS. The plasmid
pJBEI3122 and plasmid-GPPSaq4-TS were co-transformed into YH40. The strains containing different constructs
were cultured in the M9 medium containing 20 g/L amino acids mixtures consisting of equal molar of each
amino acid (Sigma, MO) to determine the terpene yield. Construct 1 produced the highest terpene concentration,
up to 166.6 mg/L, comprised of 89.6 mg/L of monoterpene and 76 mg/L sesquiterpene (44 mg/L of chamigrene),
followed by construct 3 (49 mg/L of total terpene) and construct 2 (31 mg/L of total terpene). Compared to
construct 1 which produced higher monoterpene than sesquiterpene, the constructs 2 and 3 produced 3.8 and 2.7
fold higher concentrations of sesquiterpene than monoterpene. Interestingly, constructs 2 and 3 produced a
lower amount of chamigrene than construct 1 but the percentage of chamigrene in sesquiterpene from construct
1 was the least (58%), compared to 85% and 94% from construct 2 and construct 3, respectively. To further
elucidate the metabolic flux flow in the different constructs, the intermediate pathway metabolites were
extracted and analyzed by the LC-MS. The results were consistent with the terpene concentrations obtained
from the different regulation strategies. Only mevalonate accumulation was detected among all the intermediate
metabolites and the concentrations were inversely related to the terpene yield. Construct 1 accumulated the least
amount of mevalonate at 3.79 puM/g cell, followed by construct 3 (4.25 pM/g cell), and construct 2 (5.18 uM/g
cell), respectively. The lower concentration of mevalonate suggests that higher metabolic flux was diverted to

the product formation in construct 1 than in the other two regulation strategies. Additionally, mevalonate was



identified as the most likely toxic intermediate metabolite to cell growth® **. The consumption of mevalonate

likely minimized toxicity, further improving the terpene production.

Optimization of inducer and amino acid concentration and fermentation temperature

The final terpene concentration is not only regulated by the transcriptional and translational rates but also by
the thermodynamics of the pathway enzymes. IPTG was used as a common inducer for transcription of all of the
terpene biosynthesis pathway genes in this work. The proper induction strength will optimize the transcriptional
rate of pathway genes, which consequently results in the optimal enzyme concentrations that produce the
maximum concentration of the target terpene compounds. From the experimental results, 0.25 mM of IPTG
yielded the highest total terpene concentration, up to 140 mg/L, including 64 mg/L monoterpene and 75 mg/L
sesquiterpene, as shown in figure 3. The strain induced at 0.5 mM IPTG produced 91 mg/L of total terpene,
which was about 36% less than that produced at 0.25 mM IPTG. The similar concentrations of total terpene
were detected when the strains were induced at 1mM and 1.5 mM, which were ~53% of the total terpene
produced when induced by 0.25 mM IPTG. Substrate inhibition is believed to be a significant factor affecting
product yield during fermentation*2. The substrate of amino acid mixture contains charged amino acids (Arg,
Lys, Asp, Glu) and other polar amino acids. The high concentration of amino acids in the fermentation medium
may increase the ionic strength of the medium resulting in the low cell growth. Therefore, the effects of amino
acid concentration on terpene yield were also investigated in the study. The results showed that the terpene yield
increased with the elevation of the amino acid concentration in the medium, as shown in figure 3B. At 20 g/L
amino acids, the strain produced the highest terpene titer, up to 166.6 mg/L total terpene while only 18 mg/L of
total terpene was produced when the medium contained 5 g/L amino acids. Contrarily, the ratio of sesquiterpene
to monoterpene was the highest in the culture on 5 g/L amino acids, up to a factor of ~5. This ratio decreased
with increasing amino acid concentrations in the medium. At 20 g/L amino acid, the strain produced more
monoterpene than sesquiterpene. The reason of the terpene profile shift is not clear. The concentration of the
terpenes produced is dependent on the reaction rate, which is determined by the properties of pathway enzymes,
their concentrations, and the reaction temperature. According to the Arrehenius equation, the chemical reaction
rate increases with the temperature increase. However, in terms of the enzymatic reaction, there exists an
optimal reaction temperature at which the enzyme has maximal catalytic ability. Based on the experimental
results, the terpene concentration reached the highest value when the strain was induced at 25°C, up to 71 mg/L.
When the induction temperature rose to 30°C and 37°C, the strain produced only 28% (20 mg/L) and 21% (15
mg/L) of the terpene yielded at 25°C. The strain produced only very small quantities of terpene at 42°C.

Comprehensive utilization of algal carbohydrate and protein for terpene production

It is commonly speculated that in an algae for fuels process, the algal carbohydrate will be bio-converted
into ethanol and algal proteins will be utilized as animal feeds or other non-fuel applications™ > *** To
improve the technoeconomic feasibility of algae for fuels, it is necessary to improve the algal biofuel processing
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options by the addition of intermediate-value petroleum replacements and fuel compounds which are compatible
with current fuel engine infrastructure. With a deliberately designed microbial consortium, we successfully
demonstrated the simultaneous fermentation of algal carbohydrates and proteins into terpene compounds as a
next generation fuel concept, as illustrated in figure 4. The terpene biosynthetic pathway was constructed in
E.coli strains YH40 and DHL1. The strain YH40-TS was designated to convert algal protein into terpene while
DH1-TS was designed to consume the carbohydrate for terpene formation. The terpene yield was investigated
under three different combinations of inoculum YH40-TS/DH1-TS at the ratio 2, 1, 0.5 as well as the single
strain YH40-TS or DH1-TS only. The experimental results showed that the terpene yield reached 187 mg/L total
terpene at the ratio of 2 (YH40-TS/DH1-TS), including 87 mg/L of monoterpene and 100 mg/L of sesquiterpene,
in which the chamigrene was the major product accumulated up to 62 mg/L. The synthetic microbial consortia
produced similar total terpene at the ratio of 1 and 0.5 (YH40-TS/DH1-TS), which were ~150 mg/L of total
terpene. The microbial consortium at ratiol yielded the highest concentration of sesquiterpene (113 mg/L) as
well as chamigrene (80 mg/L) among three consortia while the monoterpene yield was the lowest (34.5 mg/L).
The strains YH40-TS and DH1-TS alone only produced 26 and 43 mg/L of total terpene, respectively, indicating
relatively inefficient bioconversion of algal biomass. Compared to single strain, the synthetic microbial
consortia produced 2.5-6.2 times higher total terpene concentration, suggesting that both algal carbohydrate and
protein can be more effectively converted in the single-pot process. In terms of algal carbohydrate and amino
acid consumption, none of the synthetic consortia were able to completely consume the algal carbohydrates and
amino acids. The 2:1 consortium ratio utilized the highest amount of algal biomass, corresponding to 36.8% of
total carbohydrates and 31.3% of algal amino acids. The other two consortia ratios consumed similar amount of
the total carbohydrates and algal amino acids, which were 10-15% less than the 2:1 consortium. Strain YH40-TS
utilized approximately half of the algal amino acids in the medium but algal carbohydrate consumption was
minimal (3.8% of total carbohydrate). Strain DH1-TS consumed both algal carbohydrates (37.8 % of total
carbohydrate) and amino acids (23.3% of algal amino acids) in the medium. In our previous algal composition
analysis, carbohydrate and protein accounts for 74.2% of Hydromentia ATS™ algal biomass ash free dry weight.
Based on this data, the 2:1 consortium ratio produced the highest terpene yield at 30.5 mg terpene/ g algae while
the 1:1 and 1:2 consortium ratios yielded 27.0 and 28.5 mg terpene/ g algae, respectively. The strain YH40-TS
only produced 3.3 mg terpene/ g algae, which was lower than 8.7 mg terpene/ g algae yielded by strain DH1-TS,

as shown in figure 4.

Discussion

First generation biofuels encountered severe criticism because the feedstocks are common food crops, which

raised concerns about global food security, especially with regards to the most vulnerable regions of the global

4,9,10, 15, 44, 45
d

economy. As recently reviewe , microalgae-based biofuels have been become recognized as an

important feedstock for second generation biofuels in addition to lignocellulosic biomass. Techno-economic



analysis suggests that a viable algal biofuel process will require high algae biomass productivity, inexpensive
harvesting and biomass pretreatment methods, as well as co-production of high value products in addition to
conventional fuel compounds such as ethanol and diesel ** 2. Leveraging the development of high value
products, such as terpenes, with the comprehensive utilization of algae biomass through heterotrophic
fermentation has several advantages in terms of process cost reduction®. Terpenes as hydrocarbon or
hydrocarbon-like compounds have only recently been considered as a next generation fuel*®*. Via
photosynthetic pathways, algae microorganisms are able to produce large amount of protein(~40-60%) ,
carbohydrates (~25-40%) , and lipid (~10-20%) under non-stressed conditions > '°. Therefore, efficient
utilization of algae biomass for conversion to fuels requires processes to convert both of the major algal
biochemical pools (proteins and carbohydrates) to high energy density and low oxygen liquid fuels to support
algal biofuel process viability and generation of effective petroleum replacements.

Efficient conversion of algal proteins and carbohydrates to terpene compounds at high yields is of critical
importance for economically feasible algal biofuel process. For terpene production, biosynthesis can be
achieved either through the mevalonate or DXP pathways, for which the metabolic flux is diverted from acetyl-
CoA and pyruvate, respectively, to the final products*>*>*. Correspondingly, both carbohydrate and amino
acid assimilation can yield pyruvate and acetyl-CoA as common building blocks in the central metabolism
although the catabolism of amino acids has more diverse pathways than that of glucose, as shown in the figurel.
These facts enable terpene production through comprehensive utilization of algal carbohydrates and proteins
with a deliberately designed synthetic microbial consortium. In this study, algal carbohydrate and proteins from
natural benthic algal polyculture (ATS™ biomass provided by Hydromentia, Inc) was effectively converted to
the sesquiterpene chamigrene as well as several monoterpene compounds. The highest total terpene yield from
shaker flask experiments was up to 187 mg/L, corresponding to ~30.6 mg terpene/ g algae. The low terpene
yield is due to several factors. First of all, the ATS™ biomass contained elevated inorganic loading, which
resulted in high ionic strength and osmotic pressure in the fermentation medium and likely caused inhibition of
cell growth and subsequent terpene formation. Furthermore, strain DH1-TS is limited to conversion of hexose
and several amino acids, while YH40-TS can utilize 13 amino acids but has low efficiency uptake of algal
carbohydrates. However, the pretreated algal biomass contains both hexose and pentose as well as all of the 20
amino acid variants. The incomplete algal carbohydrate and amino acids consumption capability further
diminished the terpene yield. Additionally, the minimal medium of fermentation only contains pretreated algal
carbohydrate and protein as which may lack cofactors for terpene biosynthesis pathway enzymes and other
essential functional proteins.

In terms of the potential for terpene yield improvement, terpene biosynthesis is limited by transcriptional and
translational regulation as well as the enzyme kinetics or reaction thermodynamics they catalyze. To optimize
the expression of proteins in the mevalonate pathway and generate the optimal metabolic flux to the desired
final products, all the pathway genes were expressed under the control of different promoter combinations with

different transcriptional and translational regulations. In constructl, the first three enzymes of MEV pathway
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(AtoB, HMGS, and HMGR) were regulated under a medium strength promoter LacUV5 to achieve the medium
level of mevalonate accumulation, which was able to minimize the toxicity of mevalonate to cell growth. While
the last four enzymes (MK, PMK, PMD, and IDI) were expressed under strong promoter Ptrc to divert maximal
flux to the IPP and DMAPP as well as to efficiently consume the toxic intermediate metabolite mevalonate® *
.55 Additionally, to drive the resulting metabolic flux to the final terpene products, both downstream enzymes
GPPSaq and chamigrene synthase were over-expressed under strong promoters T7 and Ptrc, respectively. From
our shaker flask experiments, the strain containing construct 1 yielded ~166.6 mg/L total terpene, including 89.6
mg/L monoterpene and 76 mg/L sesquiterpene with chamigrene as the major product. Compared to construct 1,
both construct 2 and construct 3 have less transcriptional and translational efficiency of downstream enzymes
including GPPS,q and chamigrene synthase, indicated by higher mevalonate levels in vivo which diminished the
cell growth as well as the final terpene yields. IPTG was employed as a common inducer for the LacUV5, T7,
and Ptrc promoters to initiate protein expression and subsequent catalysis of the metabolic reactions to terpene
generation. The concentration of the IPTG was optimized for maximal terpene production. At low
concentrations of IPTG (0.25 mM), the strain yielded the highest terpene concentration, up to 140 mg/L. The
terpene yield decreased with elevation of the IPTG concentrations. The decreased terpene yield at higher
induction levels in this study is likely due to the different induction efficiencies of promoters LacUV5, T7, and

Ptrc, which may result in induction competition® *’

among the different promoters that further leads to the
imbalance of the metabolic flux resulting in reduced product yield. Additionally, at high concentrations IPTG is
toxic to cell growth, which further compromised the terpene formation. The terpene yield is also subject to the
fermentation environmental factors, such as temperature and substrate concentration. The strain YH40-TS
produced higher terpene yield at lower temperature and produced negligible terpene quantities at 42°C. Most
likely this is because the lower temperature initiated the optimal translation rate of terpene pathway enzymes to
achieve optimal fully functional pathway enzymes concentrations in vivo, which catalyzed the maximum
metabolic flux to the terpene formation®®. The terpene yield may also be subject to the effect of substrate
inhibition during the fermentation. In this experiment, the terpene yields on amino acid concentrations above
20g/L were not investigated due to the limited solubility of amino acids, especially those with aromatic side
chains. Within the concentration range of 5- 20g/L amino acids, the terpene yields increased with higher amino
acid concentrations. The reason for the increased terpene yield is probably due to the fact that the amino acids
were the only carbon source in the medium. At the low concentration of amino acids, the strain utilized the
majority of amino acids for cell growth and maintenance instead of terpene production.

Regarding the multiple terpene products yielded from each strain, all six selected TSs are type | terpene
cyclase, containing two highly conserved motifs: the aspartate rich motif (DDXXD) and the NSE triad
(ND(L/IIV)XSXXXE)** ® which is involved in substrate precursors (GPP, FPP) binding and catalyzing terpene
formation. The general mechanism of monoterpene formation starts from the ionization of geranyl diphosphate
to form geranyl cation followed by isomerization to several different carbocations. The resulting carbocations

undergo a range of cyclization, hydride shifts, methyl shifts, and conformation rearrangements before the
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reaction is quenched by deprotonation or water capture®®2. The mechanism of sesquiterpene formation is
similar to monoterpene but with higher complexity due to the higher complexation state of FPP than that of
GPP, which involves multiple isomerations of carbocations and cyclization reactions®®?. The different
intermediate carbocations can undergo different cyclization reactions, hydride or methyl shifts, and
conformation rearrangements which is most likely the reason of multiple products formation from each terpene
synthase. Additionally, the product profile is not only determined by the catalyzing properties of terpene
synthase but also the reaction environment since the reaction is also terminated by deprotonation or water
capture. The strains YH40-TSs were grown on the M9 medium containing a mixture of amino acids which has
higher ion strength and lower pH than that of EZ-rich medium. This may explain the terpene profile of the same
TS is different from two different growth media.

Conclusion

Algae-based biofuels production has primarily focused on biodiesel production through transesterification of
algal lipids. Under robust algal biomass accumulation conditions, carbohydrate and proteins typically
comprise up to ~80% of the ash-free dry weight of algae biomass. Therefore, a comprehensive process for
bioconversion of algal carbohydrates and proteins to high energy density fuels and value-added bioproducts
should significantly improve the algal fuel process feasibility. In this study, we demonstrated simultaneous
bioconversion of algal carbohydrates and proteins to terpenes which are attractive candidates for high energy
density aviation fuels and other intermediate to high value biobased chemicals applications. Using an
engineered microbial consortium, greater than 30% of the carbohydrates and proteins from a wastewater-based
mixed algal feedstock were converted to terpenes, including both monoterpenes and sesquiterpenes. This
microbial consortium concept for comprehensive utilization of algal biomass offers a versatile path forward for

the production of fuels and active bioproducts from algae.

Material and Methods
Stains and Plasmids

The mutant E.coli strain YH40 (BW25113/F’ [traD36, proAB+, laclqgZAM15]AgInA,
AgdhAAluxSAlsrA ) was generously provided by Professor James C Liao from University of
California, Los Angeles (UCLA)?!. The plasmids pJBEI3122, pBbE1a, and pBbE2k were provided
courtesy of Dr. Jorge Alonso-Gutierrez from the Joint BioEnergy Institute (JBEI). The plasmid
pJBEI3122 contains the mevalonate pathway genes encoding seven enzymes®® (AtoB, HMGS, HMGR,
MK, PMK, PMD, and IDI) except the geranyl diphosphate synthase (GPPS) and terpene synthase (TS).

All six selected terpene synthase gene and the GPPS gene (GenBank: AF513112.1, GPPSag) from
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Abies grandis with the chloroplast signal peptide truncated were codon optimized based on E.coli
codon bias. The Ribosome Binding Site (RBS) for each terpene synthase gene was created and
optimized by online RBS calculator developed by Dr. Salis Lab®. All the gene sequences containing
RBS site and restriction enzyme cutting sites were synthesized by Genscript.

Reconstruct the terpene synthetic pathway into E.coli strain YH40

Each synthesized terpene synthase and GPPS,y ORF including the sequences of corresponding ribosome
binding site was sub-cloned into plasmid pBbE1la and pBbE2K, respectively, under EcoRI and BamHI cutting
site to obtain vector pBbE1a-TS and pBbE2K-GPPSqas described before®. The plasmids pJBEI3122, pBbEla-
TS, and pBbE2k-GPPS 4 were co-transformed into expression host YH40 for the terpene production. The
plasmids pJBEI3122 and pBbE2K-GPPS,4 Were co-transformed into strain YH40 as negative control as well.

The gene GPPSagwas amplified (Primer 1: 5-GTG TGG AAT TGT GAG CGG ATA AC-3, Primer-2: 5-
GGATCCCTC GAG TCAATT TTG TCT GAA TGC CAC G-3) from the vector pBbE2K-GPPS4and
subcloned into plasmid pJBEI3122 right downstream of gene isoprenyldiphosphate isomerase (idi), under the
restriction cutting site Bglll and Xhol, to obtain plasmid pJBEI3122-GPPS,,. Additionally, the amplicon of gene
GPPSaq Was sub-cloned, under EcoRI cutting site, into plasmid pBbE1a-TS to obtain plasmid pBbE1a-GPPSag-
TS. The right orientation of gene GPPS,4 was confirmed by diagnostic PCR using primer 3 (5-CAT CCG GCT
CGT ATA ATG TGT GG-3) and primer 4 (5-GCTC CTC GGT TCC TCC AAC AAG-3). The plasmid
PJBEI3122-GPPSaq and pBbEla-TS, pJBEI3122 and pBbE1a-GPPS¢-TS, were co-transformed into both E.coli
strain DH1and YH40 for the terpene production

Production of the terpene compounds by the engineered E.coli strain

The transformants containing each terpene synthase were cultured in 15 ml of LB medium with 100 ug/L of
ampicillin, 34 pug/L cholorphenicol, and 25 ug/L of kanamycin. The cultures were incubated at 37°C at 220 rpm
overnight. Then, 15 ml of the overnight culture was centrifuged. The cell pellets were re-suspended twice into 4
ml of 1xM9 medium® and inoculated into 30 ml of 1X M9 containing 20 g/L amino acid mixture (Sigma, MO)
as the sole carbon source. The culture was incubated at 37°C, 220 rpm until the ODggonm reached 0.8 and then
terpene production was induced by adding isopropyl-p-p-1-thiogalactopyranoside (IPTG) at the final
concentration ImM. The flasks were cap-sealed and cultured for another 72 hours at 30°C, 200 rpm to allow

terpene accumulation.

Terpene production from a synthetic consortium of E.coli strains (DH1-TS and YH40-TS)
ATS™ biomass samples were pretreated according to protocols from the National Renewable Energy
Laboratories and hydrolyzed with 2 mg/L Pronase (promega, CA) following the manufacturer’s protocol. The

pretreated and hydrolyzed algal biomass was sterilized through filtration. E. coli strains DH1 and YH40 each
12



containing the terpene biosynthesis pathway were cultured into 15ml of LB medium as described above. The
overnight cultures were centrifuged and the cell pellets were re-suspended into 4 ml of pretreated ATS™
biomass hydrolysate. Various ratios (2:1, 1:1, 1:2) of YH40-TS to DH1-TS were inoculated into the algal
hydrolysate at a final concentration of 10% v/v. The culture were incubated at 37°C, 220 rpm and induced with
0.25 mM IPTG once the OD reached 0.8. The flasks were cap-sealed and cultured for another 72 hours at 25°C,
180 rpm for terpene production. Analytical samples were taken at the initial and end point of fermentation. The
concentrations of total carbohydrate and amino acids were determined according to the established colorimetric
protocols.

Terpene analysis by GC/MS and metabolite analysis by LC-MS

The terpene compounds in the headspace were extracted with a preconditioned solid-phase micro-extraction
(SPME) syringe consisting of 50/30 divinylbenzene/carboxen on polydimethylsiloxane on a Stable Flex fiber as
described previously®. The SPME fiber was inserted into the headspace of each culture flask for 30 minutes to
absorb the terpene compounds. Volatile terpene compounds absorbed to the SPME fiber were analyzed by GC-
MS (Varian 3800) containing a 30mm x0.25mm i.d. DB wax capillary column with a film thickness 0.25 um, as
described in a previous study™. The column was temperature programmed as follows: 60°C for 4 min,
increasing to 120°C at 10°C/min and holding for 5 min, then increasing to 220°C at 20°C/min and holding for 2
min, then increasing to 250°C at 50°C/min and holding for 4 min. The carrier gas was ultra-high purity helium at
a constant flow rate of 1 ml/min. A two minutes injection time was used to desorb the terpene compounds from
the sampling fiber into a splitless injection (220°C) of the chromatograph coupled with a Saturn 2000 ion trap
mass spectrometer. The MSD parameters were El at 70eV, mass range was 30-500 Da, and the scan speed was 2
scans/sec. Spectral components were searched against the NIST 2011 mass spectral library , and only
components with mass spectra match factors > 85% were reported as tentatively identified compounds.
Compounds with peak areas > 1% of the total peak area in the chromatogram are reported.

24 hours after induction, cultures were centrifuged at 14000 rpm for 10 mins, and rinsed with cold DI water
three times. Cell pellets were resuspended with 1 ml of methanol and placed in a bead beater apparatus for two
rounds of cell disruption at 4°C to completely break down the cells. The mixture was centrifuged and the
supernatant were transferred to new 2 ml vials. 750 ul of DI water was added into sediment lysate and vortexed
vigorously at 4°C. The supernatant was then combined with methanol extract, the methanol in the mixture was
blow off by N, gas, and the leftover mixture was filtrated through a 3KDa MWCO spin column (Millipore). The

metabolites were analyzed using LC-MS according to the method of Rodrigues et al®.

Estimation of terpene titer in the culture

A serial dilution of pinene, limonene, and caryophyllene were added into the same amount of culture media
with inoculum of negative control strain to simulate the liquid-gas phase balance of terpene compounds
produced in the culture. The flasks were sealed and incubated under same conditions as terpene formation
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strains. The terpene compounds in the headspace were collected by SPME as described above. The adsorption
time was carefully optimized to make sure the fibers were not saturated and the amounts of absorbed terpene
compounds were in the linear regression relationship for the standard curve. The same adsorption time were
applied for all the cultures. The concentrations of terpene compounds produced in the culture were calculated
through referring to the standard curve.
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Caption of Figures and Tables
Figure 1: Amino acid assimilation connects to the isoprenoid biosynthesis pathway through acetyl-CoA?" *2
Figure 2: Optimization of terpene production through different pathway enzyme regulation strategies. A:
Construct 1: GPPS and TS were expressed in separate plasmids under strong promoters, mevalonate pathway
enzymes were expressed under medium strength promoter LacUV5 and strong promoter Ptrc, respectively, to
optimize flux to GGP; Construct 2: mevalonate pathway enzymes and GPPS 4 Were expressed under medium
strength promoter LacUV5 and strong promoter Ptrc, respectively, to optimize flux to GGP, TS was regulated
by a strong promoter T7; Construct 3: GPPSagand TS were tandem expressed under a strong promoter Ptrc,
mevalonate pathway enzymes were expressed under medium strength promoter LacUV5 and strong promoter
Ptrc, respectively, to optimize flux to GGP. B: Terpene concentrations produced from different constructs. C: in
vivo metabolite mevalonate concentrations under different regulation strategies
Figure 3: Optimization of the terpene formation from construct 1. A: Induction with different concentrations of
IPTG, B: Terpene production in construct linduced with 0.25 mM IPTG under variable amino acid
concentrations, C: Terpene formation in construct 1 induced with 0.25mM IPTG under variable temperature.
Figure 4: Comprehensive conversion of algal carbohydrate and protein into terpenes using synthetic microbial
consortia. A: terpene production using a microbial consortium under variable inoculum ratios, B: Substrate

consumption and terpene yield of the microbial consortium under variable inoculum ratios.

Table S1: Terpene compounds produced from the engineered strain, YH40-322581
Table S2: Terpene compounds produced from the engineered strain, YH40-315006
Table S3: Terpene compounds produced from the engineered strain, YH40-70183
Table S4: Terpene compounds produced from engineered strain, YH40-80361
Table S5: Terpene compounds produced from the engineered strain, YH40-24646
Table S6: Terpene compounds produced from the engineered strain, YH40-6706
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Supplemental Tables:

Table S1:

YH40-322581 on Amino Acids

Retention Time | % total peak 0 ) 0

Compound (min) area Match (%) R-match (%) Peak ID
beta-chamigrene 18.518 43.135 89.5 91.4 f
Limonene 8.777 3.145 92.3 92.5 b
beta-pinene 8.067 2.518 94.4 94.7 a
Eremophila-1(10),11-diene 18.663 1.051 94.2 95.8 g
p-cymene 10.018 0.691 95.5 97.5 d
r-terpinene 9.581 0.469 89.1 95.6 c
4-Methyl-3-(1-methylethylidene)
-1-cyclohexene 10.203 0.395 92.9 95.9 e

1Kcounts b i CI4A-322581
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blks
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E d
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Table S2:

YH40-315006 on Amino Acids

Compound Reterz’;:]cm)Tlme % total peak area Match (%) R_[n(y?)mh Peak ID
limonene 8.759 17.701 91.5 91.6 b
caryophyllene 17.319 2.768 95.2 96.1 I
beta-chamigrene 18.547 1.82 88.9 90.1 f
(+)-valencene 18.701 1.508 95.2 96.1 m
butylated hydroxytoluene 20.121 1.303 91.3 92.6 n
beta-pinene 8.038 0.971 89.2 93.8 a
1R-alpha-pinene 5.428 0.927 93.2 96.9 j
Ethyl propanoate 4.26 0.86 88.7 92.2 i
1,3,5-cycloheptatriene 5.879 0.38 86.4 93.8 k

i _jKCO'mtS . EC12-315006
150—:
100+
50
} |
] o,
]
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Table S3:

YH40-70183 on Amino Acids

Compound Tl?rit:rglnoig) % to;f:apeak Match (%) | R-match (%) | Peak ID

1R,4R,7R,11R-1,3,4,7-Tetramethyltricyclo

[5.3.1.0(4,11)]Jundec-2-ene 15.396 6.781 84.2 86.6 X
Neoisolongifolene 12.848 4.874 89.6 90.5 S
fS-caryophyllene 17.321 2.008 94.5 95.5 I
S-chamigrene 18.551 1.345 89.9 90.8 f
Thujopsene-13 14.06 1.031 88.5 90 r
Cedrene-V6 13.054 0.935 87.1 88.4 t
globulol 20.527 0.825 71.6 78.3 a3
6-methyl-2 4-di-tert-butyl-phenol 20.125 0.823 91.8 93.2 a2
1-(allyloxy)-4-tert-butylbenzene 13.297 0.792 80.9 87.5 u
alpha-gurjunene 14.523 0.735 77.8 82.7 w
p-caryophyllene 17.625 0.712 90.1 95.1 I
[S-caryophyllene 15.953 0.66 83.3 86.1 I
Isolongifolene-5-ol 10.505 0.571 81.2 83.6 q
beta-neoclovene 13.899 0.508 87.5 89.9 v
cis-beta-ocimene 9.586 0.505 94 96.7 0
Thujopsene-13 12.439 0.483 88.5 90.5 r
2,4-di-tert-butylphenol 23.165 0.467 90.3 93.2 ad
1R-alpha-pinene 9.284 0.422 91.6 96.2 i
T-gurjunene 15.594 0.333 85.6 88.5 y
(+)-valencene 18.704 0.327 93 94 m
beta-pinene 8.036 0.277 90.3 95.9 a
geranyl acetate 18.892 0.228 85.9 92.5 al
(+)-Longifolene 16.312 0.195 83.4 87.8 y

U
1 Kcounts
75

50

25

EC12-70183
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Table S4:

YH40-80361 on Amino Acids
Compound (Rni:ﬁ;ltlon Time % total peak area | Match (%) [ R-match (%) | Peak ID
S-chamigrene 18.543 0.832 89.2 90.4 f
S-caryophyllene 17.315 0.464 93.2 93.5 I
(+)-valencene 18.7 0.382 93.1 94.5 m
2,4-Di-tert-butylphenol 23.157 0.28 87.8 91 a4
Limonene 8.764 0.097 83.1 90.6 b
EC38-80361
ad
LWJ«»

23

20



Table S5:

YH40-24646 on Amino Acids
Retention 0 0 i 0

Compound Time (min) % total peak area | Match (%) | R-match (%) | Peak ID
7-gurjunene 18.111 17.055 89.5 89.6 y
a-gurjunene 17.145 2.29 90.9 91.2 as
r-elemene 18.853 1.557 91.9 92.4 ab
beta-pinene 8.054 1.482 94.8 95.4
cis-beta-ocimene 9.596 1.359 96.3 96.7 0
1S-alpha-pinene 9.295 0.943 93.7 96.5 |
S-chamigrene 18.547 0.863 89.2 90.6 F
a-gurjunene 17.891 0.842 92.1 94.4 as
a-gurjunene 17.589 0.66 93.7 95.7 as
Butylated
hydroxytoluene 20.119 0.435 89.8 92.2 n
2,4-Di-tert-butylphenol 23.161 0.416 92.2 94.6 a4
T-gurjunene 17.459 0.352 91.3 94.3 Yy
eo—i Kcounts ¥ EC12-24646
GO—E as
50

] ab
40 a 0
30 i

] £
20—: n 34

] 4
i

o
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Table S6:

YH40-6706 on Amino Acids

Compound Retention Time (min) | % total peak area | Match (%) R-g/i)tch Peak ID
alpha-gurjunene 14.264 12.082 88.2 89.3 a5
Caryophyllene-(11) 14.815 10.418 88.1 88.8 bl
Longifolene-(\V4) 14.554 8.853 90.8 91.5 z
(-)-alpha-gurjunene 15.664 4.076 94.2 94.7 a5
beta-maaliene 12.764 3.763 88.2 88.8 ar
(-)-alloaromadendrene 17.283 3.654 92.8 93.7 b3
beta-caryophyllene 15.228 3.601 93.9 94.7 I
2-lsopropenyl-4a,8-dimethyl-

1,2,3,4,4a,5,6,7-

octahydronaphthalene 13.354 3.387 90 90.3 a8
alpha-selinene 22.629 3.092 89 91.1 b5
alpha-gurjunene 12.494 2.601 89.2 90 ab
beta-pinene 8.061 2.294 95 95.7 a
alpha-selinene 18.973 2.214 90.7 92.8 b5
(+)-Longifolene 15.353 2111 80.8 81.7 z
5beta, 7beta-H,10alpha-eudesm

-11-en-lalpha-ol 19.986 1.906 85.3 87 b7
2-Tridecanone 19.294 1.702 92.4 93.7 b6
beta-chamigrene 18.508 1.272 89.8 90.2 f
Thujopsene-(12) 13.662 1.236 88.6 91 a9
(+)-Valencene 18.66 1.23 94.7 95.8 m
Limonene 8.773 1.22 91.8 93 c
(-)-alloaromadendrene 17.469 1.191 92.9 94.1 b3
Thujopsene-(12) 16.184 1.163 83.5 85.3 a9
Thujopsene-I3 12.413 0.954 89.5 90.9 r
alpha-humulene 18.176 0.835 89.8 95.9 b4
beta-caryophyllene 18.256 0.787 93.2 95.3 I
1S-alpha-pinene 9.294 0.749 91.6 96.9 i
(+)-Valencene 17.019 0.661 88.6 93 m
1,2,3,6-Tetramethylbicyclo

[2.2.2]octa-2,5-diene 16.011 0.576 78.5 89.3 b2
beta-cis-ocimene 9.594 0.436 90.6 95.9 0
(-)-alloaromadendrene 16.934 0.361 86.6 92.3 b3
1R-alpha-pinene 5.458 0.272 84.6 95.6 j
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