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Abstract 11 

The economical production of value-added chemicals from renewable biomass is a promising aspect of 12 

producing a sustainable economy. Itaconic acid (IA) is a high value-added compound that is expected to be 13 

an alternative to petroleum-based chemicals. In this study, we developed a metabolic engineering strategy 14 

for the large-scale production of IA from glucose using the fission yeast Schizosaccharomyces pombe. 15 

Heterologous expression of the cis-aconitic acid decarboxylase (CAD) gene from Aspergillus terreus, 16 

which encodes cis-aconitate decarboxylase in the cytosol, led to the production of 0.132 g/L of IA. We 17 

demonstrated that mitochondrial localization of CAD enhanced the production of IA. To prevent the leakage 18 

of carbon flux from the TCA cycle, we generated a strain in which the endogenous malate exporter, citrate 19 

lyase, and citrate transporter genes were disrupted. A titer of 1.110 g/L of IA was obtained from a culture 20 

of this strain started with 50 g/L of glucose. By culturing the multiple mutant strain at increased cell density, 21 

we succeeded in enhancing the IA production to 1.555 g/L. The metabolic engineering strategies presented 22 

in this study have the potential to improve the titer of the biosynthesis of derivatives of intermediates of the 23 

TCA cycle. 24 

Keywords Itaconic acid, Schizosacchromyces pombe, Metabolic engineering, Mitochondria 25 
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Highlights 26 

 Schizosaccharomyces pombe producing itaconic acid was constructed. 27 

 Mitochondrial localization of CAD improved itaconic acid production. 28 

 The highest itaconic acid production used S. pombe as a host. 29 

 30 

1. Introduction 31 

In order to meet the growing worldwide interest in sustainability, we need to develop eco-friendly 32 

technologies. Microbial fermentation, a process used to produce commodity and specialty chemicals from 33 

renewable raw materials, using microorganisms, is an innovative solution to this challenge. In a report from 34 

the US Department of Energy (DOE) in 2004, itaconic acid (IA) was selected as a one of the most valuable 35 

chemicals which can be produced from biomass (Werpy et al., 2004). IA is a highly reactive dicarboxylic 36 

acid that is used as a precursor for a variety of organic compounds, such as food additives and medicines. 37 

IA can also be used as a co-monomer for super-absorbent and highly electronically conductive polymers 38 

(Kassi et al. 2011), and thus has the potential to replace oil-based chemicals such as methacrylic acid, 39 

fumaric acid, maleic acid and acrylic acid. Because of this versatility, the demand for IA is growing, and its 40 

world production is expected to reach 52,000 tons per year by 2025, with an expected market value of 41 

US$260 million (Carvalho et al., 2018). Many chemical methods have been employed to synthesize IA, 42 

including the distillation of citric acid, carboxylation of acetylene derivatives, and isomerization of 43 

citraconic acid. However, these methods often require multiple separation steps, produce low yields, and 44 

are not economically viable because of the need for chemicals that are difficult to obtain. The use of these 45 

chemical methods has not yet led to industrial-scale production. 46 

IA is synthesized through the decarboxylation of cis-aconitic acid, a citric acid cycle intermediate, by 47 

cis-aconitic acid decarboxylase (CAD). Although industrial-scale production of IA by fermentation of 48 

glucose by Aspergillus terreus has been demonstrated (Krull et al. 2017), the process has some limitations. 49 

Fermentation using A. terreus is very difficult to reproduce, resulting in a costly production process. The 50 
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branched filaments of the fungus make the broth highly viscous during fermentation, which poses a major 51 

challenge for both mixing and aeration processes in conventional stirred-tank fermenters (Okabe et al. 52 

2009). A. terreus is classified as a biosafety level 2 organism in several countries because of its potential to 53 

produce toxins. Therefore, many researchers are seeking for alternative hosts for the production of IA. 54 

Several potential alternative host cells for IA production, such as Saccharomyces cerevisiae (Young et al. 55 

2018), Corynebacterium glutamicum (Otten et al. 2015), Yarrowia lipolytica (Zhao et al. 2019), Ustilago 56 

maydis (Geiser et al., 2016) and Pichia kudriavzevii (Sun et al. 2020) have been investigated. Harder et al. 57 

reported the production of 32 g/L IA in engineered E. coli (Harder et al., 2016), which constitutes a major 58 

milestone in IA production. In all strains, the IA production were lower than that of A. terreus. It is therefore 59 

a challenge to find a host organism which can express the CAD at higher levels, and thus increase IA 60 

biosynthesis. 61 

Fission yeast (Schizosaccharomyces pombe) is one of the most useful model organisms. Its complete 62 

genome sequence was determined in 2002 (Wood et al. 2002). S. pombe has genetic features more similar 63 

to higher eukaryotes than those of the classical model organism S. cerevisiae, including the presence of 64 

introns in about half of its genes, and is therefore a well-studied model organism for genetic and physiologic 65 

research (Hoffman et al. 2015). S. pombe can be easily manipulated in the laboratory, grows quickly, and 66 

does not show pathogenicity, making it an excellent host for the production of material such as ricinoleic 67 

acid (Yazawa et al. 2013) and punicic acid (Garaiova et al. 2017). Acid-tolerant yeasts have the advantage 68 

direct organic acid production such as lactic acid (Ozaki et al. 2017) and 3-hydroxypropionic acid (Suyama 69 

et al. 2017; Takayama et al. 2018). S. pombe is naturally tolerant to 3-HP and shows high growth even in 70 

the presence of 50 g/L 3- hydroxypropionic acid (Kildegaard et al. 2014). It may be possible to 71 

metabolically engineer S. pombe to produce several kinds of organic acid. In this study, we demonstrate a 72 

strategy for the metabolic engineering of S. pombe for IA production from a renewable resource, and 73 

demonstrate the potential of S. pombe as a host for the production of value-added chemicals. Three 74 

approaches were used: 1) relocation of CAD enzymes to the cytosol or mitochondria, 2) deletion of several 75 

TCA cycle enzymes and transporters in the mitochondria, and 3) cultivation at increased cell density. These 76 

strategies increased the production of IA to 1.555 g/L, a value which was twelve-fold higher than that of a 77 

strain simply expressing cytosolic CAD.  78 
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2. Materials and methods 79 

2.1 Strains and media 80 

Table 1 contains all strains used in this study. The parental strain S. pombe FY12804 is available 81 

in NBRP-Yeast, Japan. YM medium (BD Diagnostic Systems, Sparks, MD, USA) or EMM medium 82 

(Formedium, Norfolk, United Kingdom) were used for yeast cultivation. 83 

2.2 Construction of plasmids and homologous recombination (HR) donors 84 

Table 1 contains all plasmids used in this study. The primers used in this study are listed in Table 85 

S1. The plasmid pMZ374, expressing Cas9 and gRNA (Jacobs et al. 2014), was purchased from Addgene 86 

(Watertown, MA). A 20-base along with the NGG PAM sequence (N20NGG) in the S. pombe genome was 87 

designed using CHOPCHOP (https://chopchop.cbu.uib.no/). The sequences of HR donor about 500 bp 88 

homology arms upstream and downstream of the Cas9 digestion were selected. 89 

A Cas9 protein expression plasmid targeting the idh2 gene (GenBank accession number 90 

NM_001021109) was created using the KOD-Plus-mutagenesis Kit (TOYOBO, Co. Ltd. Osaka, Japan) 91 

according to the manufacturer’s instructions. A template pMZ374 was used with the primer pair fw-idh2-92 

Cas9-inv/rev-idh2-Cas9-inv. The resulting plasmid was named pMZ374-idh2. Other plasmids for Cas9 93 

targeting were summarized in Table 1. They were constructed in a similar way. 94 

To construct a gene expression cassette, we used the plasmid pDUAL-hsp (Ozaki et al. 2017) as 95 

a vector. Plasmid pDUAL-hsp_CAD was constructed as follows. A fragment was amplified with the primer 96 

pairs fw-hsp_CAD-insert/rev-hsp_CAD-insert using a codon-optimized CAD gene (DDBJ accession 97 

number LC702899) fragment as a template. Then the fragment was ligated into the XhoI and SacI sites of 98 

pDUAL-hsp. To create HR donor for integration of the CAD into the chromosomal idh2 region, the CAD 99 

expression cassette (Phsp-CAD-Tnmt1) was produced using PCR with the primer pair fw-idh2-knock_in-100 

3/rev-idh2-knock_in-4. Upstream and downstream regions were amplified with the primer pairs fw-idh2-101 

knock_out-1/rev-idh2-knock_in-2 and fw-idh2-knock_in-5/rev-idh2-knock_out-4, respectively. The three 102 

amplified fragments were combined using overlap extension PCR with the primer pair fw-idh2-knock_out-103 

1/rev-idh2-knock_out-4. Other HR donor DNAs were made similarly; these are summarized in Table 1. 104 
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To construct HR donor for disruption of the idh2 gene, the upstream and downstream regions 105 

were amplified with the primer pairs fw-idh2-knock_out-1/rev-idh2-knock_out-2 and fw-idh2-knock_out-106 

3/rev-idh2-knock_out-4, respectively. To obtain the chromosomal idh2 region disrupting HR donor, the two 107 

fragments were combined using overlap extension PCR with the primer pair fw-idh2-knock_out-1/rev-108 

idh2-knock_out-4. Other HR donor DNAs were constructed in the same way. 109 

For construction of the mfsA expression plasmid, the codon-optimized mfsA-encoding gene from 110 

A. terreus (DDBJ accession number LC702900) was amplified using PCR with synthetic oligonucleotides 111 

(Invitrogen, Carlsbad, CA, USA) as the template, with the primer pair fw-pDUAL-FFH61_mfsA-112 

insert/rev-pDUAL-FFH61_mfsA-insert. The PCR product was ligated into pDUAL-FFH61 (RIKEN 113 

Bioresource Research Center; https://web.brc.riken.jp/en/) with the NheI/SalI, and the resulting plasmid 114 

was named pDUAL-FFH1_mfsA. Plasmids expressing mce1 (GenBank accession number 115 

NM_001019849), aco1ΔMTS (GenBank accession number NM_001019456), mpc1 (GenBank accession 116 

number NM_001022732), mpc2 (GenBank accession number NM_001018247), cit1 (GenBank accession 117 

number NM_001019149), and pyr1 (GenBank accession number NM_001021807) were constructed using 118 

S. pombe genome as template DNA. The plasmids were constructed in the same way as that described 119 

above, and are summarized in Table 1. 120 

To construct a CAD gene fused with the mitochondrial targeting sequence, the mitochondrial 121 

targeting sequence of the S. pombe endogenous aco2 gene (GenBank accession number NM_001022108) 122 

was amplified using the primer pair fw-hsp_mt-CAD-insert-up-1/rev-hsp_mt-CAD-insert-down-2 using 123 

the S. pombe genome as a template. The CAD gene was amplified using the primer pair fw-hsp_mt-CAD-124 

insert-up-3/rev-hsp_CAD-insert with the plasmid pDUAL-hsp_CAD as a template. The two amplified 125 

fragments were conjugated by overlap extension PCR using the primer pair fw-hsp_mt-CAD-insert-up-126 

1/rev-hsp_CAD-insert. The resulting DNA was cloned into the pDUAL-hsp, plasmid as described above. 127 

2.3 Genome editing 128 

All genome editing experiments were carried out using the lithium acetate method (Gietz et al. 129 

2007) by co-transformation of the pMZ374 or its derivatives with the respective HR donor fragments. 130 

Before transformation, the cells were incubated overnight at 30°C with shaking at 220 rpm in test tubes 131 
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with 5 mL of YM medium. This starter culture was used to inoculate 50 mL of YM medium at an initial 132 

OD600 of 0.3. The cells were grown to an OD600 of 0.6, or for approximately six hours; cells were then 133 

transformed using the lithium acetate method. EMM plates containing with 225 mg/L leucine were used 134 

for the selection of transformants, and grown at 30°C for approximately seven days. Transformants were 135 

verified using colony PCR and DNA sequencing. The overexpressed genes mce1, aco1ΔMTS, mfsA, mpc1, 136 

mpc2, cit1, and pyr1 were transformed by complementation of a leucine auxotroph with a leu marker 137 

expressed under the control of an ef1a-c constitutive promoter. 138 

2.4 Culture conditions 139 

For IA fermentation, strains were pre-cultured in 5 mL of YM medium for 24 hours at 30°C and 140 

then washed once with distilled water. This starter culture was used to inoculate 5 mL of EMM medium 141 

containing with 225 mg/L each of uracil and leucine at an initial OD600 of 0.3. The resulting cultures were 142 

incubated at 30°C with shaking at 220 rpm, and samples were taken at the indicated time points. 143 

2.5 Analytical methods 144 

Cell growth was evaluated by measuring the OD at 600 nm using a UVmini-1240 145 

spectrophotometer (Shimadzu Corporation, Kyoto, Japan). After centrifugation at 10,000 rpm for 10 min, 146 

the supernatant was diluted appropriately before HPLC analysis. Residual glucose was analyzed using a 147 

Prominence HPLC System (Shimadzu) equipped with a Shodex SUGAR KS-801 column (6 µm, 300 mm 148 

× 8.0 mm; Shodex, München, Germany). The mobile phase was distilled water at a flow rate of 0.8 mL/min. 149 

The peak was monitored using a conductivity detector.  150 

IA was analyzed using an HPLC equipped with a SCR-102H column (7 µm, 8.0 mm ID × 151 

300 mm; Shimadzu). p-Toluenesulfonic acid (5 mM) was used as the mobile phase. A conductivity detector 152 

was used for peak monitoring. IA standards (Nacalai Tesque, Kyoto, Japan) were used to detect and quantify 153 

IA in metabolites. 154 
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3. Results 155 

3.1 Tolerance test with IA in S. pombe 156 

S. pombe has been employed as a host cell for the production of organic acids such as lactic acid 157 

(Ozaki et al. 2017) and 3-hydroxypropionic acid (Takayama et al. 2018). IA tolerance in S. pombe has not 158 

yet been studied. Tolerance tests were performed using S. pombe FY12804 ku70Δ strain at 30°C in EMM 159 

medium. S. pombe cells were exposed cells to 0, 5, 10, 15, or 20 g/L of IA showed a dose-dependent cell 160 

growth inhibition. Fig. 1 shows that the values of OD600 after 72 hours of cultivation without pH control. 161 

The values of OD600 with 15 g/L of IA was about 69.6% lower than that of the control without IA. We also 162 

carried out tolerance tests using S. cerevisiae strain MYA1108 in SD medium. Dose-dependent growth of 163 

S. cerevisiae was also observed. However, in the presence of 15 g/L IA, the S. cerevisiae strain did not show 164 

any cell growth. The values of pKa (IA) is 3.85, which is almost same as pKa of lactic acid (3.86). The pH 165 

at IA-containing defined mineral medium was 4. These results indicate that S. pombe has high tolerance to 166 

IA including inhibition effects of deprotonated form compared to S. cerevisiae, and thus could be potentially 167 

metabolically engineered to produce IA. 168 

3.2 IA production in the S. pombe cytosol by CAD overexpression 169 

The natural IA producer A. terreus has a cis-aconitate decarboxylase (CAD) gene, which 170 

produces the enzyme needed to synthesize IA from cis-aconitate (Bonnarme et al. 1995; Kanamasa et al. 171 

2008). In this study, a codon-optimized CAD gene from A. terreus under the control of an hsp promoter 172 

was integrated into the protease-encoding isp6 locus (GenBank accession number NM_001019245) using 173 

the CRISPR-Cas9 system (Jacobs et al. 2014). Previous studies have suggested that protein expression in 174 

S. pombe is improved in strains lacking intracellular proteases (Idiris et al. 2010), and we hypothesized that 175 

this system may enhance the production of IA. However, no IA was detected after the cultivation of the 176 

strain ATR5-isp6Δ::CAD. We added cis-aconitate to the medium in an attempt to improve the precursor 177 

supply, but this addition did not produce IA, and cis-aconitate was not consumed (data not shown). 178 

Aconitase catalyzes the reversible isomerization of citrate and isocitrate via cis-aconitate. We 179 

assumed that the active TCA cycle consumes cis-aconitate, and we therefore disrupted isocitrate 180 

dehydrogenase gene idh2, which converts isocitrate to α-ketoglutarate. S. pombe has two idh isozyme (idh1 181 
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and idh2) and deleting either idh gene was not lethal (Kim et al. 2010). We constructed a strain, ITA1, which 182 

is an idh2-deficient ATR5-isp6Δ::CAD strain. ITA1 successfully produced 0.134 g/L of IA from 50 g/L of 183 

glucose after 72 hours of cultivation (Fig. 2). Some of the aconitate hydratase produced by S. pombe was 184 

reported to be localized in the cytosol (Jung et al. 2015). To increase the availability of cytosolic citrate, we 185 

overexpressed a mitochondrial citrate exporter mce1 gene in ITA1, and the resulting strain was named 186 

ITA1-m. The production of IA was only slightly improved, reaching 0.153 g/L (Fig. 2). We also generated 187 

a strain overexpressing an IA transporter gene, mfsA, (Li et al. 2011; Sraat et al. 2014) under the ef1a-c 188 

promoter. This transporter is known to export IA into the medium in S. cerevisiae (Young et al. 2018) and 189 

A. niger (Steiger et al., 2016; Li et al. 2011). In the resulting strain, ITA1-mm, IA production was slightly 190 

increased to 0.206 g/L (Fig. 2). A genome-wide analysis indicated that aco1 was mainly localized in the 191 

mitochondria (Jung et al. 2015). We constructed aco1ΔMTS, which lacks its mitochondrial targeting 192 

sequence, and overexpressed aco1ΔMTS in ITA1-m. However, this strain did not show significant increase 193 

in IA production. Since there was no significant increase in the expression of the gene for IA production in 194 

the cytosol, we attempted to construct a mitochondrial IA production pathway in S. pombe. 195 

3.3 IA production in S. pombe mitochondria with MTS-fused CAD expression 196 

Fig. 3a shows the IA production pathway with mitochondrially localized CAD. Most eukaryotes 197 

have mitochondria as one of their organelles, and proteins localized in the mitochondria generally contain 198 

a mitochondrial targeting sequence (MTS) at their N-termini. The mitochondrial outer membrane 199 

recognizes the MTS, and the proteins are transported into the mitochondria, in which these proteins function 200 

appropriately. The fission yeast S. pombe has two genes encoding aconitase, aco1 (SPAC24C9.06c) and 201 

aco2 (SPBP4H10.15). aco1 has an MTS consisting of 21 amino acids, and aco2 has an MTS consisting of 202 

50 amino acids. We designed mitochondrially localized CAD by fusing aco1MTS or aco2MTS to the N-203 

terminus of CAD. These two genes were integrated into the idh2 locus and expressed under the hsp 204 

promotor. Although aco1MTS-fused CAD overexpression did not contribute to IA production (data not 205 

shown), the aco2MTS-fused CAD (named mt-CAD) expressing strain produced 0.438 g/L of IA a from 50 206 

g/L of glucose after 72 hours of cultivation, a titer that was about four times higher than that of ITA1 (Fig. 207 

3b). This observation suggests that CAD expression in mitochondria is suitable for IA production in S. 208 

pombe. The resulting strain was named ITA2 and used in the following experiments. 209 



9 

3.4 Enhancement of precursor supply by gene overexpression or repression of the downstream pathway 210 

Using strain ITA2, we tried to enhance the upstream pathway of cis-aconitate synthesis by 211 

overexpressing the relevant genes. MPC1 and MPC2 are proteins that transport cytosolic pyruvate into the 212 

mitochondria (Herrero et al. 2016). A pyruvate lyase, pyr1, that converts pyruvate to oxaloacetate, and a 213 

citrate synthase, cit1, that converts oxaloacetate to citrate may enhance the TCA cycle in mitochondria. 214 

However, overexpression of these genes reduced IA production compared to ITA2 (Fig. 3b). These results 215 

indicate that the upstream pathway to the mitochondria was not the rate-limiting step, and we therefore 216 

focused on suppressing the downstream pathway and improving the availability of citrate in the 217 

mitochondria. We disrupted the kgd3 (SPAC16E8.17c) gene, which encodes succinate-CoA ligase, which 218 

converts 2-oxoglutarate to succinate; or a gene, mdh1, encoding malate dehydrogenase, which converts 219 

malate to oxaloacetate. However, no improvements were observed in these deletion strains (Fig. 3b).  220 

3.5. Disruption of transporters and acl2 improved IA production 221 

S. pombe has the mae1 gene (GenBank accession number NM_001018643), which encodes a 222 

permease for several C4 dicarboxylic acids. To prevent the leakage of carbon flux from TCA cycle and 223 

improve IA production, the gene mae1 encoding a malate/succinate exporter was deleted. The resulting 224 

strain produced 0.475 g/L of IA after 72 hours of cultivation, a slightly higher titer than that produced by 225 

ITA2 (Fig. 3b). S. pombe, unlike S. cerevisiae, has genes encoding the ATP citrate lyase (GenBank accession 226 

number; acl1; NM_001022121 and acl2; NM_001018643). Generally, oleaginous yeast species carry acl 227 

genes, to permit the accumulation of high levels of cytoplasmic acetyl-CoA derived from mitochondrial 228 

citrate (Zhou et al. 2012). To improve the citrate level in the mitochondria, we disrupted the gene acl2, 229 

which encodes citrate lyase, that converts cytosolic citrate to oxaloacetate. As seen in Fig. 3b, the acl2-230 

deleted strain produced 0.581 g/L of IA after 72 hours of cultivation. The double mutant, in which both acl2 231 

and mae1 were deleted, produced 0.737 g/L of IA, a 1.7-fold higher titer than that of ITA2. A small amount 232 

of citrate was produced in in all strains (less than 0.25 g/L). Malate was not detected in all strains, and less 233 

than 0.1 g/L of succinate was detected in all strains except the mae1 deletion strain. Although we introduced 234 

an additional copy of mt-CAD, the IA production of the resulting strain, named ITA3, was not improved. 235 

This observation suggests that CAD activity was not rate-limiting, and more efforts should be made to 236 

increase precursor availability. We constructed strain ITA4, in which the transporter gene mce1 encoding 237 
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the mitochondrial membrane protein that exports mitochondrial citrate to the cytosol (Kadooka et al. 2019) 238 

was deleted from ITA3. The IA production of ITA4 was increased by up to 1.110 g/L of IA after 72 hours 239 

of cultivation (Fig. 3b), a titer which was 1.4-fold higher than that of ITA3. 240 

3.6 Increased cell density cultivation to recover cell growth and improve IA production  241 

The time courses of IA production, cell growth, and sugar consumption of the ITA3 and ITA4 242 

strains are shown in Fig. 4a. Although ITA4 produced more IA than ITA3 after 72 hours of fermentation, 243 

the cell growth of ITA4 was significantly decreased in minimal medium compared to that of ITA3 (Fig. 4b). 244 

The OD600 value of ITA3 reached 8.3 after 48 hours of cultivation, while that of ITA4 was only 3.2 after 72 245 

hours of cultivation. As shown in Fig. 4c, the glucose consumption of ITA4 was also significantly slower 246 

than that of ITA3. To recover the cell growth, we added citrate to the culture medium. However, no 247 

improvement in cell growth was observed (data not shown). We tried to optimize the appropriate initial OD 248 

for IA production using strain ITA4. Increased cell density cultivation is effective in microbial fermentation. 249 

Because it can shorten the cultivation time, and the carbon source that was used for cell growth can be used 250 

for bioproduction (Westman et al. 2015). When the initial OD was 3.0, the production of IA was increased 251 

and reached 1.555 ± 0.010 g/L (Fig. 4d). ITA3 produced 0.992 g/L of IA after 24 hours, and production did 252 

not increase thereafter (Fig. 4d). The cell growth of ITA4 reached 6.3 after 72 hours, and glucose was 253 

consumed efficiently after cultivation (Fig. 4e,4f). In contrast, ITA3 had completely consumed the glucose 254 

after 24 hours, and cell growth was slightly improved. 255 

4. Discussion 256 

In this study, we aimed to develop a microbial pathway for the biosynthesis of IA by metabolic engineering 257 

of S. pombe. The cytosolic expression of enzymes related to IA synthesis failed to increase IA production 258 

(Fig. 2), and mitochondrial localization of the enzymes was necessary for IA production (Fig. 3b). Deletions 259 

of the TCA cycle enzymes, except idh2, had negative effects on IA production, and inactivation of some 260 

transporters were effective in increasing IA production in S. pombe. Cultivation with an initial high cell 261 

density led to the production of up to 1.555 g/L of IA production, which is highest observed using S. pombe 262 

as a host. 263 

Various strategies have been used in attempts to efficiently synthesize IA from cis-aconitate: strategies to 264 
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transport cis-aconitate out of the mitochondria (Zhao et al. 2019); to convert cis-aconitate to trans-aconitate 265 

according to natural metabolic process to IA in Ustilago maydis without competition with the TCA cycle 266 

(Geiser et al. 2016); and to introduce a linker between aconitase and CAD (Xie et al. 2020). In this study, 267 

we aimed to achieve high IA production by localizing CAD to the mitochondria. Mitochondrial localization 268 

is one way to maximize the availability of TCA cycle intermediates (Zhang et al. 2019). Mitochondrial 269 

targeting of CAD in A. niger lead to higher titers (Blumhoff et al., 2013). We prepared codon-optimized the 270 

CAD gene for S. pombe and attached the MTS of endogenous aco2 to the 5′ end of the CAD gene, 271 

constructing mt-CAD, and overexpressed it under the hsp promoter (ITA2). We succeeded in increasing the 272 

IA production by more than three-fold compared to that of ITA1 (Fig. 3b). This increase was caused by a 273 

high concentration of cis-aconitate in the mitochondria, and the efficiency of conversion from cis-aconitate 274 

to IA was increased. This method may be applied to the microbial production of other high value-added 275 

compounds derived from TCA cycle intermediates. 276 

When we need the intermediates of the TCA cycle to be accumulated, the distribution between the increase 277 

in carbon flux to the target material and that to cell growth must be appropriately balanced. In S. cerevisiae, 278 

disruption of sdh2, sdh1, idh1, and idp1 increased the production of succinate (Raab et al. 2010). Disruption 279 

of frdBC (succinate dehydrogenase) and fumABC (fumarate hydratase) increased 2-oxoglutarate production 280 

in E. coli (Chen et al. 2020). We attempted to disrupt TCA cycle-related genes to increase the carbon flux 281 

to IA. Although the deletion of kgd3 and mdh1 did not improve the IA titer, the deletion of mae1 increased 282 

IA production. MAE1p is used as an exporter of succinate, fumarate, and malate from the mitochondria 283 

(Kang et al. 2021). The deletion of mae1 contributes to the prevention of carbon flux leakage from the TCA 284 

cycle. Disruption of acl2, which catalyzes the formation of acetyl-CoA and oxaloacetate from citrate (Chu 285 

et al. 2010) causes decline in the concentration of cytosolic oxaloacetate, and reduces the citrate antiport 286 

activity (Kadooka et al. 2019). Therefore, the citrate concentration in the mitochondria increased, which 287 

may have contributed to the improvement of IA biosynthesis. 288 

Since increasing the copy number of mt-CAD did not significantly increase IA production (Fig. 3b), we 289 

made an effort to suppress the consumption of citrate, to further increase IA production. The IA production 290 

of the mce1-desrupted strain ITA4 was higher than that of ITA3 in minimal medium (Fig. 4a). However, 291 

disruption of mce1 resulted in a significant decrease in cell growth (Fig. 4b). Chen et al. reported the cell 292 
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growth of mce1-disrupted strain was recovered in media other than minimal medium (Chen et al. 2014). 293 

Therefore, we cultured ITA4 strain in several media: YM, YPD, and minimal medium containing 1.0 g/L 294 

yeast extract. Although cell growth was restored in these media, the IA titer was not improved (data not 295 

shown). Malecki et al. reported that the disruption of mce1 causes inactivation of the lysine biosynthesis 296 

pathway in S. pombe, and lysine addition improves its cell growth (Malecki et al. 2016). However, there 297 

was no increase in cell growth or IA production with the addition of lysine to the medium (data not shown). 298 

In order to promote cell growth and activate IA production, increased-cell density cultivation was used with 299 

the ITA4 strain in minimal medium. When the initial OD was set at 3.0, the OD after 72 hours reached as 300 

high as 6.3, and the IA titer was markedly improved, to about 1.5 times higher than that of strain ITA3. 301 

Further investigation into culture conditions may improve the production of IA in this strain.  302 

5. Conclusion 303 

We succeeded in constructing a mitochondrial IA biosynthesis pathway in S. pombe using the CRISPR-304 

Cas9 genome editing system. We found that deletion of the genes idh2, mae1, acl2, and mce1 was effective 305 

for increasing IA production. By using increased cell density cultivation with the mutant strains, we 306 

succeeded in producing 1.555 g/L of IA, which was the highest value obtained using S. pombe as a host, 307 

and about 11 times higher than that of the starting stain. This study demonstrates the potential of S. pombe 308 

as a host for the production of engineered material, and we believe that the establishment of the IA 309 

production process can serve as an effective platform technology for the synthesis of derivatives of other 310 

TCA cycle intermediates. 311 
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Figure Captions 465 

Fig. 1 Relative cell growth after 72 hours of incubation. The orange bar on the left of each item indicates 466 

S. pombe strain FY12804 ku70Δ, and the blue bar on the right indicates S. cerevisiae strain MYA1108. 0, 467 

5, 10, 15, or 20 g/L IA was added to EMM minimal medium for S. pombe and SD medium for S. 468 

cerevisiae. The data are shown as the mean and standard deviations of three independent experiments 469 

Fig. 2 IA production after 72 hours of cultivation in EMM medium containing 50 g/L glucose using the 470 

mutant strains ITA1, ITA-m, ITA-ma, and ITA1-mm. Statistical analysis was performed using t-tests (two 471 

tailed; two-sample assuming equal variance; **p < 0.01, *p < 0.05).The data are shown as the means and 472 

standard deviations of three independent experiments 473 

Fig. 3 Engineered metabolic pathway for IA production in S. pombe. a Mitochondrial IA biosynthesis 474 

pathway from glucose in S. pombe. Seven genes (pdc101, pdc202, l-ldh, adh(SPBC337.11), acl2, mce1, 475 

idh2, and mae1, indicated in blue) were disrupted, and mt-CAD (indicated in red) was heterologously 476 

expressed. b IA production after 72 hours of cultivation in EMM medium containing 50 g/L glucose using 477 

mutant strains in which the following genes were overexpressed or disrupted; mpc1-2, mitochondrial 478 

pyruvate carrier; cit1, citrate synthase; pyr1, pyruvate carboxylase; kgd3, succinate-CoA ligase; mdh1, 479 

malate dehydrogenase; mae1, plasma membrane succinate fumarate malate proton symporter; acl2, 480 

cytosolic citrate lyase; and mce1, mitochondrial citrate exporter. Statistical analysis was performed using 481 

t-tests (two tailed; two-sample assuming equal variance; *p < 0.05). The data are shown as the means and 482 

standard deviations of three independent experiments 483 

Fig. 4 Cultivation profile of strains ITA3 and ITA4 in EMM medium containing 50 g/L glucose. Time 484 

courses of IA (a and d), growth (b and e), and sugar consumption (c and f) are shown. Strain ITA3 (ODinit 485 

= 0.3) is represented by a light blue dotted line, ITA3 (ODinit = 3.0) by a blue chain line, ITA4 (ODinit = 486 

0.3) by a light green dashed line, and ITA4 (ODinit = 3.0) by a green solid line. The data are shown as the 487 
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mean and standard deviations of three independent experiments 488 
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Table 1 Strains and plasmids used in this study 2 

Strain Genotype Source 

FY12804 Schizosaccharomyces pombe h90 ura4-D18 leu1-32 NBRP-Yeast, 

Japana 

FY12804 ku70Δ Schizosaccharomyces pombe h90 ura4-D18 leu1-32 ku70Δ Ozaki et al. 

2017 

ATR5 FY12804 ku70Δ, pdc1Δ::Ptif51-mhpF, pdc2Δ::Ptif51-eutE, 

l-ldhΔ, adh SPBC337.11Δ 

Ozaki et al. 

2017 

ITA1 ATR5, isp6Δ::CAD, idh2Δ This study 

ITA1-m ATR5, isp6Δ::CAD, idh2Δ::mce1 This study 

ITA1-ma ATR5, isp6Δ::CAD, idh2Δ::mce1, integration of Pef1a-c 

aco1ΔMTS at leu 

This study 

ITA1-mm ATR5, isp6Δ::CAD, idh2Δ::mce1, integration of Pef1a-c mfsA 

at leu 

This study 

ITA2 ATR5, idh2Δ::mt-CAD This study 

ITA3 ATR5, idh2Δ::mt-CAD,  mae1Δ, acl2Δ, ppp16Δ::mt-CAD This study 

ITA4 ATR5, idh2Δ::mt-CAD,  mae1Δ, acl2Δ, ppp16Δ::mt-CAD, 

mce1Δ 

This study 

Plasmid Description Source 

pMZ374 Vector for expressing adh1:cas9/rrk1:sgRNA in S. pombe: Addgene 



2 

empty sgRNA target (#59896) 

pMZ374_isp6 pMZ374 derivative, isp6 sgRNA target This study 

pMZ374_idh2 pMZ374 derivative, idh2 sgRNA target This study 

pMZ374_kgd3 pMZ374 derivative, kgd3 (SPAC16E8.17c) sgRNA target This study 

pMZ374_mdh1 pMZ374 derivative, mdh1 sgRNA target This study 

pMZ374_mae1 pMZ374 derivative, mae1 sgRNA target This study 

pMZ374_acl2 pMZ374 derivative, acl2 sgRNA target This study 

pMZ374_ppp16 pMZ374 derivative, ppp16 sgRNA target This study 

pMZ374_mce1 pMZ374 derivative, mce1 sgRNA target This study 

pDUAL-hsp Vector for constructing a gene expression cassette 

under hsp promoter control 

Ozaki et al. 

2017 

pDUAL-hsp_CAD Vector for constructing a CAD expression cassette 

under hsp promoter control 

This study 

pDUAL-hsp_mt-

CAD 

Vector for constructing a mt-CAD expression cassette 

under hsp promoter control 

This study 

pDUAL-FFH61 Vector under ef1a-c promoter control RIKEN BRC 

pDUAL-

FFH61_mfsA 

Vector for expression of mfsA from Aspergillus terreus This study 

pDUAL-

FFH61_mce1 

Vector for expression of S. pombe endogenous mce1 This study 



3 

pDUAL-

FFH61_aco1ΔMTS 

Vector for expression of S. pombe endogenous aco1 lacking 

of  mitochondrial targeting sequence 

This study 

pDUAL-

FFH61_mpc1 

Vector for expression of S. pombe endogenous mpc1 This study 

pDUAL-

FFH61_mpc2 

Vector for expression of S. pombe endogenous mpc2 This study 

pDUAL-

FFH61_cit1 

Vector for expression of S. pombe endogenous cit1 This study 

pDUAL-

FFH61_pyr1 

Vector for expression of S. pombe endogenous pyr1 This study 

aNational Bio-Resource Project-Yeast, Japan, https://yeast.nig.ac.jp/yeast/top.xhtml 3 
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