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Abstract

:

Pinene is a secondary plant metabolite that has functional properties as a flavor additive as well as potential cognitive health benefits. Although pinene is present in low concentrations in several plants, it is possible to engineer microorganisms to produce pinene. However, feedstock cost is currently limiting the industrial scale-up of microbial pinene production. One potential solution is to leverage waste streams such as whey permeate as an alternative to expensive feedstocks. Whey permeate is a sterile-filtered dairy effluent that contains 4.5% weight/weight lactose, and it must be processed or disposed of due its high biochemical oxygen demand, often at significant cost to the producer. Approximately 180 million m3 of whey is produced annually in the U.S., and only half of this quantity receives additional processing for the recovery of lactose. Given that organisms such as recombinant Escherichia coli grow on untreated whey permeate, there is an opportunity for dairy producers to microbially produce pinene and reduce the biological oxygen demand of whey permeate via microbial lactose consumption. The process would convert a waste stream into a valuable coproduct. This review examines the current approaches for microbial pinene production, and the suitability of whey permeate as a medium for microbial pinene production.
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1. Introduction


Terpenoids/isoprenoids are multifunctional organic compounds that contribute to an array of applications and are currently used as solvents, fragrances, natural pesticides, lubricants, flavoring agents, and in nutraceutical/medical applications [1,2,3,4]. Terpenoids/isoprenoids are hydrocarbons comprised of five carbon isoprene units and are classified by their number of carbon atoms, namely hemiterpenoids (C5), monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20), triterpenoids (C30) tetraterpenoids (C40) and polyterpenoids (C45+). Terpenoid precursors are produced in most organisms via the mevalonate (MVA) (Figure 1) and/or the 2-C-methyl-D-erythrithol 4-phosphate/1-deoxy-D-xylose 5 phosphate (MEP/DOXP) pathway (Figure 2) and are synthesized via terpenoid synthases [5]. Pinene is synthesized from isopentenyl pyrophosphate produced from the MVA or MEP/DOXP pathway via geranyl diphosphate synthase and pinene synthase (Figure 3).



Pinene is a monoterpene with two structural isomers, α-pinene and β-pinene (IUPAC names: (2,6,6-trimethylbicyclo[3.1.1]hept-2-ene and 6,6-dimethyl-2-methylenebicyclo[3.1.1]heptane, respectively). Both α-pinene and β-pinene have multiple commercial applications. They are commonly used as flavor compounds to produce herbal or earthy flavors in food [6]. Additional potential commercial applications include uses as a antimicrobial agent, potential use as a jet fuel alternative and functionality as a starting compound for the synthesis of other terpenoids [3,7,8]. This review will examine the potential industrial applications of pinene, the current approaches for microbial pinene production, and the suitability of whey permeate as a medium for microbial pinene production.




2. Applications of Pinene


Pinene is a compound with several current and potential applications in medicine, as a flavor/aroma agent, and as a precursor for fuel production. α- and β-Pinene have several potential applications in medicine. Firstly, it exhibited antimicrobial properties and increased the effectiveness of commercial antibiotics against methicillin resistant Staphylococcus aureus [7]. α-pinene also reversibly inhibited acetylcholinesterase, and therefore has potential to treat neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease [1,9]. Additionally, α-Pinene reduced the impact of scopolamine-induced cognitive impairment in mice and 6-hydroxydopamine-induced Parkinson’s disease in rats [9,10]. Pinene itself is used as flavoring agent and in cosmetics, but is also used to derive the additional aromatic compounds, verbenone and carvone, which are used in perfumery and as insect repellents [8,11,12]. Collectively, this evidence indicates that pinene has flavoring applications, potential medical value, or could be used as an ingredient in nutraceutical products.



Dimerized pinene also has a volumetric energy similar to that of commercial jet fuel (JP-10) [3]. Although it is not applied commercially as a fuel at this time, increased availability of dimerized pinene could assist airlines in shifting from reliance on fossil fuels towards biofuels. For dimerized pinene to be an economically viable fuel, a sustainable production method must be developed. The combined annual production volume of α and β-pinene is approximately 49 million liters [13]. This is several orders of magnitude less than what would be needed to make a tangible contribution to the jet fuel market, considering that U.S. airline carriers consumed 67 billion liters of jet fuel in 2016 [14].




3. Plant Pinene Biosynthesis and Purification


Pinene is a secondary plant metabolite produced in a wide variety of aromatic plants in small concentrations, however it is produced industrially during the paper making process [15]. Plant-derived isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are the precursors of pinene and other terpenoids [16]. Geranyl diphosphate (GPP), a monoterpenoid precursor, is formed through the condensation of IPP and DMAPP, which is catalyzed by a terpene synthase (GPPS). GPP is cyclized by pinene synthase (PS) to form α- or β-pinene (Figure 3) [16]. IPP and DMAPP are biosynthesized in plants via the MVA pathway or the MEP pathway [5]. The MVA pathway is initiated by the condensation of two acetyl coenzyme A (acetyl CoA) molecules (Figure 1). The MEP pathway is initiated by the condensation of glyceraldehyde 3-phosohate and pyruvate (Figure 2). Glyceraldehyde 3-phosohate, pyruvate and acetyl CoA are inputs into several metabolic pathways (glycolysis, tricarboxylic acid cycle, gluconeogenesis and the pentose phosphate pathway), thus the MVA and MEP pathways are heavily regulated [5]. Plants can utilize both pathways for terpenoid production; however, pinene and other terpenoids are produced in relatively small quantities in plants from these pathways due to metabolic regulation [3,5].



Currently, in the United States, pinene is produced as a byproduct from the wood pulp production process known as kraft pulping [6,17,18]. Turpentine is collected during the heated digestion process for wood pulp production and pinene can be extracted from turpentine via fractional vacuum distillation [19]. One ton of fresh pine wood yields between 6–18 L of turpentine [20]. Turpentine is composed of a variety of terpenoids and its concentration is variable. α-Pinene is the primary constituent (75%–85%) with variable amounts of β-pinene (up to 3%), camphene (4%–15%), and limonene (5%–15%) [21]. Pinene can also be found in low concentrations in variety of other plants including rosemary (Rosmarinus officinalis), sage (Salvia officinalis) [22], wild thyme (Thymus serpyllum) and a variety of conifers (plants from the class Pinosida) [23]. Additional refining and processing are required for pinene to be used as a flavor ingredient, nutraceutical, or fuel additive.




4. Microbial Pinene Biosynthesis


With only small quantities produced in plants, there is an opportunity to produce pinene and other terpenoids microbially. A common strategy for the microbial production of pinene is the transformation of plasmids containing genes isolated from pinene producing plants [6,8,16,24].



These plasmids encode for the production of the enzymes within the pathways illustrated in Figure 1, Figure 2 and Figure 3, which enables for the production of the intermediate compounds and subsequently, pinene. The precursors to these pathways are pyruvate and acetyl-CoA, products of the glycolysis and citric acid cycle, which are commonly utilized for cellular energy production. A portion of pyruvate and acetyl-CoA produced during cellular metabolism can be potentially utilized for microbial pinene production. For example, pinene could be produced in a similar manner to the microbial production of β-farnesene, another terpenoid [25]. Currently, recombinant Saccharomyces cerevisiae is being used to produce β-farnesene in 200,000 L bioreactors for industrial production; β- farnesene is then used in variety of commercial applications [25]. The following sections discuss the pros and cons of utilizing some promising organisms for the microbial production of pinene and highlights the strategies used for microbial engineering (Table 1).



4.1. E. coli


The MVA pathway was expressed in E. coli using genes from Enterococcus faecalis (mvaE, mvaS, mvaE) and S. cerevisiae (ERG12, ERG8, ERG19, IDI1) ([6,8,16,26]. Geranyl diphosphate synthase (GPPS) and pinene synthase (PS) were expressed using GPPS2 and Pt30 genes derived from Abies grandis and Pinus taeda, respectively [8]. GPPS catalyzes the conversion of isopentenyl pyrophosphate, also known as isopentenyl diphosphate (IPP) into geranyl diphosphate (GPP), which is the substrate for PS whose final product is pinene [16]. Using the expressed pathways described above, an accumulation of 5.44 mg/L of E. coli produced α-pinene was reported [8].



A 30-fold increase in E. coli pinene production was reported from 2013 to 2018 (Figure 4). These advancements were initiated with screening PS and GPPS from three different species of plants in a strain of E. coli harboring the MVA pathway [6]. E. coli expression of a combination of PS and GPPS from Abies grandis resulted in the production of 28 mg/L of pinene [6]. It was hypothesized that pinene production was limited by the toxicity of GPP, an intermediate in the pinene production pathway. To overcome GPP toxicity, a GPPS-PS protein fusion was produced in order to reduce GPPS inhibition [6]. That step resulted in an increased pinene yield of 32 mg/L [6].



An even higher level of pinene synthesis by E. coli (140 mg/L) was subsequently reported, due to the introduction of a laboratory-evolved pinene synthase variant with a higher activity than the parent enzyme native to Pinus taeda [26]. Most recently, E. coli production of pinene at levels of 166 mg/L was shown using two recombinant E. coli strains. One strain expressed the genes for the MVA pathway and the other expressed the genes for GPPS and PS [16]. Each strain was propagated separately and then were combined into a whole cell biocatalyst that was a phosphate buffer overlaid with dodecane. The dodecane accumulated 166 mg/L of pinene after 28 h [16]. This finding indicates that the scale-up of the whole cell biocatalyst system may warrant further research for pinene production.



There are several challenges related to increasing E. coli-produced pinene titers. The heterologous enzymes introduced to E. coli for pinene production produce intermediates that cannot be utilized by the E. coli cell and this metabolic burden can cause plasmid instability [36]. Plasmid recombination can be reduced and pinene titer increased by altering the transcriptional rrnB-T1 terminators on the plasmid to strong terminators that are not homologous [36]. An E. coli strain with the genes recA, recE, recF, recI and endA removed was transformed with a plasmid encoded for pinene production with strong terminators. This E. coli strain increased pinene titer by 6.9 fold [36].



The catalytic process of mevalonic kinase and mevalonate diphosphate decarboxylase were identified as the bottlenecks of the MVA pathway in recombinant E. coli [36]. A strain of laboratory involved pinene-producing E. coli strain was whole genome sequenced, then aligned with the E. coli reference strain MG1655 genome sequence, then non-synonymous mutant genes were up and downregulated [37]. Using comparative genomics and transcriptional level analysis, it was shown that mutations and up-regulation of transcription levels of the MEP pathway genes (dxr, dxs, ispH, and ispU) and some protein membrane genes (gsiA, nlpA, sufBCDS, opgB, setC, oppF, ypjK, btuB, pitA and cusA) are related to increased pinene tolerance and production in E. coli [37]. Overexpression of genetic information processing genes (cbpA, rpoA, mutS and dusB) and cellular process genes (tabA and flgFGH) also improved pinene titer [37]. The mutation and transcriptional downregulation of cellular division modulation genes (ydiJ, yjbQ, prpR, marR, fabR and cedA) was also associated with increased pinene tolerance and production [37].



Although the use of E. coli for pinene production has many advantages, including but not limited to its genetic tractability and its current use for the production of other isoprenoids [24], a limitation with this organism is that E. coli’s outer membrane is comprised of LPS, a potential food safety concern if pinene is destined for human consumption.




4.2. S. cereviseae and K. marxianus


S. cerevisiae is another commonly used microorganism for genetic engineering, and has been successfully used to commercially produce β-farnesene, a sesquiterpene [25]. Monoterpenoid production has also been reported for genetically engineered S. cerevisiae in conjunction with other isoprenoids [29,30,38]. S. cerevisiae and Kluyveromyces marxianus that are generally recognized as safe may be better candidates for pinene production if the genetic engineering challenges can be overcome. K. marxianus can metabolize lactose; however, it has the same genetic engineering challenge as S. cerevisiae; the presence of a native competing MVA pathway.



S. cerevisiae is an attractive organism to use for monoterpenoid production due it’s genetic traceability and being GRAS. The MVA pathway is native to S. cerevisiae, which initially seems promising; however, it is highly regulated and critical for cell survival. Monoterpene synthesis is more difficult to engineer into recombinant S. cerevisiae due to the presence of the farnesyl pyrophosphate synthase (Erg20p), an enzyme which competes for GPP, the precursor to pinene and other monoterpenoids [30,39]. Farnesyl pyrophosphate is an intermediate in the ergosterol production pathway and ergosterol plays a critical role in S. cerevisiae cell membrane fluidity, permeability, and structure [40]. Deletion of ERG20, the gene responsible for Erg20p production, is lethal [30]. It has been reported that direct downregulation of ERG20 did not increase monoterpene production, and instead may have decreased production [40]. Evidence also indicates that Erg20p has greater activity for GPP than PS, another factor which could limit pinene production [41,42].



Several strategies have been employed to overcome the necessity of ergosterol production and the enzymatic competition of the synthases for S. cerevisiae monoterpenoid production. N-degron protein degradation was employed to regulate Erg20p/ERG20; this yielded reported titers of 76 mg/L of limonene [39]. It was also shown that fusion of a terpene synthase with Erg20p increased S. cerevisiae monoterpene titers by 69% [41]. Another strategy is to replace the native ERG20 promoter with a heterologous promoter [42]. The native ERG20 promoter was replaced with a glucose sensing promoter (HXT1) in a geraniol producing strain of S. cerevisiae. This resulted in 897 mg/L of geraniol being produced when the organisms were fed pure ethanol. It was further reported that a titer of 1.69 g/L was achieved via gene deletion (OYE2) and engineering for complemented LEU2 auxotrophy [42]. These strategies could be employed to produce pinene using S. cerevisiae as the host organism. Further, it may be advantageous to use a microorganism for which the MVA pathway is not critical for cell survival, or a strain of S. cerevisiae with lower Erg20p activity.




4.3. Corynebacterium glutamicum and Rhodosporidium torulides


C. glutamicum is used for microbial amino acid production on a commercial scale GRAS status and, in one study, was used to produce pinene [31]. Pinene synthesis was shown using plasmid-encoded genes for deoxy-D-xylose-5-phosphate synthase, isopentenyl diphosphate isomerase, two geranyl diphosphate synthases, and pinene synthase. The native MEP pathway genes responsible for deoxy-D-xylose-5-phosphate synthase and isopentenyl diphosphate isomerase production (dxs and idi genes) were also overexpressed. The maximum pinene titer reported was 176 µg/L, a quantity that is several orders of magnitude lower than the pinene production reported for E. coli [31]. A potential solution to the lower pinene yields is the introduction of a heterologous MVA pathway into C. glutamicum. The use of a heterologous MVA pathway has led to increased pinene titers in E. coli [8,16,37]. Introduction of the MVA pathway could increase the ability of a strain of C. glutamicum to produce pinene.



Monoterpene production using a strain of carotenogenic yeast, Rhodosporidium torulides, was also reported [33]. Recombinant R. torulides harboring genes to produce nine different monoterpenes produced very little pinene according to a dodecane overlay analyzed using GC-MS; however, it was detected using solid-phase microextraction. It was determined that the synthesis of GPP, which is an intermediate in ergosterol production, was found to be a limiting factor [33]. Strategies used for S. cerevisiae to increase monoterpene production, such as using N-degron protein degradation to regulate Erg20p/ERG20 or replacement of the ERG20 promoter with a heterologous promoter, could be employed.





5. Possible Challenges for Large-Scale Synthesis of Pinene by Microorganisms


Besides increasing the quantities of pinene produced by microorganisms, several other genetic and physiological challenges must be overcome for the microbial production of pinene or other monoterpenoids to be economically feasible. Cell toxicity to pinene must be overcome for pinene production to achieve commercial viability. This might be achieved by strategies such as the serial culturing of cells with increasing pinene concentrations. Serial culturing of E. coli improved pinene tolerance and increased pinene titer 31% compared with the starting strain and this may be an applicable strategy for other microorganisms [16]. Overexpression of efflux pumps has been shown to increase tolerance to harmful secondary metabolites. The over expression of efflux pumps which remove pinene from the cell such as E. coli acrAB and Pseudomonas putida KT2440 TtgB could be employed in E. coli or other microorganisms [16]. The over expression of E. coli acrAB and Pseudomonas putida KT2440 TtgB efflux pumps increased the pinene titer from 7.3 ± 0.2 mg/L to 9.1 mg/L, a 25% increase in E. coli [16].



It will be important for the pinene-producing microorganisms to withstand the fluctuating hydrostatic pressures of industrial bioreactors [25]. Standard industrial bioreactors are reported to contain up to 200,000 L [25,43]. Thermotolerance is also important because removal of heat produced from cellular metabolism is a challenge as bioreactor size is increased [43]. Heat accumulates due to the volume of fluid being much greater than the heat transfer surface area [43]. The addition of oxygen to medium could potentially cause facultative anaerobes to respire which releases more energy (74.4 vs. 2808 kJ per C6H12O6 molecule metabolized) [44] into the system, which must subsequently be removed. The microorganisms would also ideally grow on an inexpensive and readily available medium.



Recent studies focused on the production of pinene by E. coli in a single-batch system [6,8,16,37]. Alternatively, a fed-batch system can be used. A titer of 970 mg/L of E. coli-produced pinene was reported in fed-batch fermentation conditions, whereas the same strain in the single-batch system produced 5.44 mg/L [8]. This indicates that a fed-batch system may be more commercially viable on an industrial scale. This yielded a conversion efficiency of 2.61% by mass of pinene to mass of glucose for the fed batch system [8]. The production of harmful metabolites may reduce microbial pinene production efficiency. An example of this was the production acetic acid, which is a harmful metabolic by-product of the E. coli in a single-batch system [8]. This was found to be a non-limiting factor in a fed-batch system using the same strain of E. coli in a fed-batch system maintained at 0.5 g/L of glucose [8]. These highly controlled conditions are the likely reason for the increase in pinene titer when compared with the single-batch system. These findings indicate that more research is required to understand if increases in pinene concentration in a single-batch bioreactor will translate to increased pinene production in a fed-batch bioreactor or chemostat.



Lastly, increased titers of E. coli produced pinene was reported using a laboratory-scale whole cell biocatalyst system [16,37]. This system involved growing strains independently, then combining them into an agitated bioreactor. The biocatalyst system has produced a titer 2.6-fold higher than a fermentation system (166 vs. 64 mg/L) [16]. This indicates that the scale-up of a whole cell biocatalyst system for pinene production should be explored.



The differences in titer in the fed-batch bioreactor and the single-batch system indicate that environmental factors other than genetics influence microbial pinene production yields such as pH, temperature, solute or ion concentration, etc. Pinene producing microorganisms would ideally grow on an inexpensive and readily available medium. Given that feedstock is a major expense for biomanufacturers, the use of an inexpensive feedstock could potentially impact the economic feasibility of microbial pinene production.




6. Whey as a Feedstock for Microbial Pinene Production


A recent techno-economic assessment of microbial terpenoid production indicated that 80%–95% of the costs can be attributed to the cost of the feedstock [13]. Cane syrup is often utilized as the industrial feedstock for S. cerevisiae β-farnesene synthesis [25,45], but its cost is a current limitation to commercializing the microbial production of pinene due to lower titers [13]. Thus, the identification of an alternative low-cost feedstock for microbial pinene production could significantly improve the cost-effectiveness.



Whey permeate may be an economically viable feedstock for microbial pinene production. Whey and whey permeate have been used as a microbial medium to industrially produce ethanol since 1978, indicating that it may be an economically viable microbial medium [46]. It is produced in large quantities during cheese production, undergoes a filtration process for protein recovery, and is considered a waste stream in many production facilities. The ultrafiltration and diafiltration of whey produce a sterile permeate composed of water, lactose, non-protein nitrogen and minerals. The sterile filtration of whey and the composition of the permeate indicate that it may be a viable microbial medium. Table 2 illustrates the approximate composition of whey and whey permeate [47]. For most microbes that can utilize lactose, it is hydrolyzed intracellularly into its constituents, glucose and galactose. Glucose can be utilized for cellular energy production via glycolysis and galactose can be converted to glucose-6-phosphate, an intermediate in glycolysis. The product of glycolysis is pyruvate, which can be converted to acetyl-CoA. Both of these compounds serve as the precursors to the MEP and MVA pathways, respectively. Trace amounts of oligosaccharides, peptides and (β-casein, αs1-casein, GLCM1, PIGR, SAA, κ-casein and αs2-casein) and enzymes (plasmin, cathepsin and elastase) have been identified with whey permeate [48,49].



The majority of value-added processing of whey permeate currently focuses on recovering lactose. However, lactose recovery is an energetically expensive process and requires significant capital investment. Lactose recovery from whey permeate is a multi-stage process that requires an evaporator, crystallization tanks, decanter centrifuges, fluid-bed drier and hammer mill [47]. As such, lactose recovery is not a viable economic option for many creameries (especially small to medium-size creameries).



If not used for other purposes, whey permeate is a costly waste stream in the dairy industry, and in some situations can represent an economic limitation to creamery expansion. The biological oxygen demand (BOD) (approximately 30–50 g/L) of whey permeate is the main driver of the high cost of disposal. Importantly, microbial lactose consumption can lower the BOD up to 75% [50], and thus, microbial treatment of whey permeate represents the potential combined benefit of delivering value-added product while simultaneously reducing treatment and disposal costs of whey permeate.



Whey permeate is currently used as a fermentation medium for the production of single cell protein, lactic acid, vitamin B12 and ethanol. More specifically, recombinant E. coli strains have produced ethanol using untreated whey permeate as a fermentation medium (Table 1) [51]. This indicates that whey permeate may be a suitable medium for other recombinant E. coli strains or other recombinant microorganisms. In fact, multiple studies have demonstrated the ability of E. coli to metabolize the lactose within whey permeate [6,8,16,26,52]. It was reported in 2017 that an E. coli strain efficiently grew and fermented untreated whey permeate without nutritional supplementation in a pH-controlled bioreactor [51]. Recent efforts also indicate that recombinant homofermentative E. coli strains expressing the Vitreoscilla hemoglobin successfully produce ethanol using rehydrated whey powder and autoclaved cheese whey as a medium [53,54]. This indicates that recombinant E. coli used to produce pinene may be able grow on whey permeate.



S. cerevisiae, the organism traditionally used for ethanol production, cannot metabolize lactose. Native S. cerevisiae does not produce lactose permease to facilitate the transmembrane transport of lactose, nor does it produce β-galactosidase to hydrolyze lactose to D-glucose and D-galactose [55,56]. The addition of β-galactosidase to whey permeate can make whey permeate a suitable medium for S. cerevisiae [57]. Alternatively, engineered S. cerevisiae strains can metabolize lactose directly [55,56,58]. This indicates that a recombinant strain of S. cerevisiae may be utilized to produce pinene from whey permeate.



C. glutamicum lacks the necessary genes to metabolize lactose or galactose, but similar to the case with S. cerevisiae, recombinant strains of C. glutamicum have been produced that can metabolize lactose and galactose directly [59]. The inability of C. glutamicum to metabolize galactose indicates that the addition of exogenous β-galactosidase to whey permeate would not be an effective treatment for the medium. The additional metabolic engineering requirement for C. glutamicum may make it an inappropriate candidate for microbial pinene production using whey permeate.



R. torulides can metabolize glucose and galactose; however, it grows poorly using whey permeate as a medium [60]. Treatment of whey permeate with exogenous β-galactosidase would likely make the whey permeate a more suitable medium for R. torulides as it can metabolize galactose.



The production of ethanol using whey permeate as a feedstock has been accomplished on a commercial scale using K. marxianus as the fermentation organism. K. marxianus is GRAS and can metabolize lactose [46]. K. marxianus could be a suitable recombinant microorganism for the microbial production of pinene using whey permeate as a medium (Table 1). K. marxianus is a fast growing microorganism and has been observed to grow at temperatures greater than 50 °C [61,62,63]. K. marxianus has not traditionally been used in genetic engineering; however, K. marxianus’ genome has been sequenced and tools have been developed for the genetic engineering of K. marxianus NBRC1777 [35]. A plasmid-based CRISPR-Cas9 was adapted for the genome editing of K. marxianus Km17 [63]. This enabled the engineering of stable heterothallic haploid strains of K. marxianus [63]. Recombinant K. marxianus KM-L9-20 has been cultured in an optimized whey medium to overproduce lactase [34]. This indicates that whey permeate may be a suitable medium for K. marxianus genetically engineered to produce pinene.




7. Whey Standardization and Pinene Recovery


To scale-up pinene production utilizing dairy waste streams, the composition of whey and whey permeate feedstocks would need to be standardized. Evaporators, already commonly used for lactose recovery, could be used to standardize the lactose concentration of the permeate and/or increase the lactose concentration to a desired level. The evaporators could also be used to make a concentrate, which could then be used in a fed-batch bioreactor system. This could make whey permeate a more consistent and desirable microbial medium for pinene production.



Due to the fact that the commercial production of pinene utilizes condensers to collect the volatile compound from heated wood pulp digestors [20,64], the recovery method for pinene from whey would need to employ a different technology. Liquid-liquid extraction is the common method for recovery of microbially produced non-polar compounds [65]. Disruption of the cell wall may increase pinene yields, and due to pinene being a small non-polar compound, counter-current supercritical CO2 extraction could be used as an alternative recovery process [65,66].



Currently, the highest reported yield for E. coli pinene production is 2.61% g pinene/g glucose [8]. If the 10% of annual lactose produced from cheese production (860,000 metric tons) can be utilized in a similar manner as glucose, this would equate to 22,446 metric tons of pinene that could be produced a year. This represents approximately half of the current market for pinene [13]. The 2018 market size for α- and β -pinene was approximately $56 and $102 million/year, respectively [13]. If the challenges of monoterpenoid production can be overcome and microbial production yields are similar to those of the microbially produced sesquiterpene, β-farnesene (17.3% g β-farnesene/g glucose) then this could equate to the production of 148,780 metric tons of pinene [25]. This level of production could lend itself to production as a fuel additive precursor like β-farnesene. This highlights the potential of using whey permeate, a sterile-filtered cheese production by-product, as a microbial medium for recombinant microorganisms to produce pinene. Whey and whey permeate are considered waste streams at many cheese production facilities. The production of pinene using a whey permeate as a medium potentially decreases the BOD of whey, due to the consumption of lactose, and produces a valuable compound that has several different commercial applications. This process could potentially be applied to other microbially produced terpenoids which have health, perfumery, and flavoring applications.




8. Conclusions


Whey permeate, a dairy processing effluent, has the potential to become a feedstock to produce high-value bioactive compounds such as pinene. As the capacity for microbial synthesis of high-value bioactive compounds progresses, the need for a sterile growth medium will become increasingly relevant to biotechnology companies. This opportunity coincides with the need of cheese production facilities to process whey permeate, to reduce its BOD. Such synergy could lead to an opportunity to create a value-added product—pinene—from what is currently a waste stream in many cheese production facilities. Although several challenges must be overcome for the microbial production of pinene or other terpenoids to be economically feasible, they could be overcome by improving genetic methods for non-model organisms that also have GRAS status (e.g., K. marxianus). Research related to the scale-up of a co-modular biocatalyst system and a pinene separation system is also needed. An economic evaluation, such as a techno-economic assessment, should be conducted to understand the economic feasibility of this proposed process. An environmental evaluation, such as a life cycle assessment comparing the current processing methods of whey permeate with the proposed process, should be conducted to understand the environmental implications of embracing this emerging technology. This review calls for further research into the use of whey permeate as a microbial medium for recombinant microorganisms that produce plant secondary metabolites.
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Figure 1. Mevalonate (MVA) pathway for eukaryotes. 
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Figure 2. Methylerythritol phosphate (MEP/DOX) pathway. 
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Figure 3. Pinene biosynthesis from isopentenyl pyrophosphate. 
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Figure 4. Reported pinene concentration produced by genetically engineered E. coli in a single batch laboratory production system. Values obtained from the following reports: 2013—Reported in Biotechnology for Biofuels [8], 2014—Reported in ACS Synthetic Biology [6], 2016—Reported in ACS Synthetic Biology [26], 2018—Reported in Frontiers in Microbiology [16], reported standard deviation ± 0.3. 
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Table 1. Pros and cons of potential recombinant microorganisms that produce pinene and their use of whey permeate as medium *.
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Recombinant Microorganisms




	

	
E. coli [6,16,24,26]

	
S. cerevisiae [24,27,28,29,30]

	
C. glutamicum [31]

	
R. toruloides [32,33]

	
K. marxianus [34,35]






	
Pros

	
Genetic traceability

	
+

	
+

	

	

	




	
Generally recognized as safe

	

	
+

	
+

	
+

	
+




	
Focus of current research

	
+

	

	

	

	




	
Metabolizes lactose

	
+

	

	

	

	
+




	
Metabolizes galactose

	
+

	
+

	

	
+

	
+




	
Reported levels of pinene production greater than 1 mg/L

	
+

	

	

	

	




	
Used for commercial production of ethanol or other metabolites

	
+

	
+

	
+

	

	
+




	
Commercial production using whey permeate as medium

	

	

	

	

	
+




	
Cons

	
Potential extraction difficulties due to outer membrane

	
−

	

	

	

	




	
LPS (endotoxin)

	
−

	

	

	

	




	
Native MVA pathway with competing enzymes

	

	
−

	

	

	
−




	
Little to no research related to pinene production

	

	
−

	
−

	

	
−








* Table was derived from current literature concerning pinene production from recombinant microorganisms [6,16,24,26,27,28,29,30,31,32,33,34,35].
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Table 2. Approximate composition of whey and whey permeate.
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	Protein (% w/w)
	Lactose (% w/w)
	Non-Nitrogen Protein (% w/w)
	Ash (% w/w)
	Fat (% w/w)





	Whey
	0.6
	4.5
	0.20
	0.50
	0.03



	Whey Permeate
	0.01
	4.5
	0.20
	0.50
	n.d.a







Table derived from the Tetra Pak’s Dairy Processing Handbook [47]. a n.d. = not detectable.
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