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Enhanced lipid production 
by addition of malic acid 
in fermentation of recombinant 
Mucor circinelloides Mc‑MT‑2
Yao Zhang1,2*, Qing Liu1,2, Pengcheng Li1,2, Yanxia Wang1,2, Shaoqi Li1,2, Meng Gao1,2 & 
Yuanda Song1,2*

In our previous work, we reported a novel approach for increasing lipid production in an oleaginous 
fungus Mucor circinelloides by overexpression of mitochondrial malate transporter protein. This 
transporter plays a vital role in fatty acid biosynthesis during malate and citrate transport systems 
in oleaginous fungi. In this study, the controlling metabolic supplementation strategy was used to 
improve the lipid production by overexpression of malate transporter protein in M. circinelloides 
strain coded as Mc-MT-2. The effects of different metabolic intermediates on lipid production in batch 
fermentation by Mc-MT-2 were investigated. The optimal lipid production was obtained at 0.8% malic 
acid after 24 h of fermentation. Furthermore, in fed-batch bioreactors containing glucose as a carbon 
source supplemented with malic acid, the highest cell growth, and lipid production were achieved. The 
resulting strain showed the fungal dry biomass of 16 g/L, a lipid content of 32%, lipid yield of 5.12 g/L 
in a controlled bench-top bioreactor, with 1.60-, 1.60- and 2.56-fold improvement, respectively, 
compared with the batch control without supplementation of malic acid. Our findings revealed that 
the addition of malic acid during fermentation might play an important role in lipid accumulation 
in the recombinant M. circinelloides Mc-MT-2. This study provides valuable insights for enhanced 
microbial lipid production through metabolic supplementation strategy in large scale and industrial 
applications.

The recent energy crisis has triggered significant attention on the microbial synthesis of lipids, which are being 
considered as potential sources of biofuels1–5. Additionally, microbial lipids have been receiving a tremendous 
amount of attention recently, especially with regard to their high content of polyunsaturated fatty acids (PUFAs) 
such as arachidonic acid (AA), docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and γ-linolenic acid 
(GLA) that have nutritional benefits6–8. Therefore, the scope of potential applications of microbial lipids is much 
broader and also includes chemical (fuel additives, lubricants), pharmaceutical, cosmetics and medical industries, 
extending even to the food industry.

In many microorganisms, including bacteria, microalgae, yeast and filamentous fungi, can accumulate more 
than 20% (w/w) of lipid of their cell dry weight and are defined as oleaginous microorganisms4,5. One of the 
most promising oleaginous microorganisms for lipid production is the zygomycete fungus Mucor circinelloides, 
which is of industrial interest because it can produce high level of a valuable omega-6 polyunsaturated fatty acid 
GLA9–11. Moreover, M. circinelloides has emerged as a well-known model of oleaginous fungus because of the 
availability of genome sequence and well-developed tools for genetic engineering12–16.

In order to improve lipid production to meet the requirements of industrial applications, current research 
has focused on genetic engineering of the oleaginous microorganisms by manipulation of transport pathways 
or overexpression of genes encoding crucial metabolism enzymes12–16. In our previous work, we presented a 
novel approach for increasing the lipid production in an oleaginous fungus M. circinelloides by overexpression 
of mitochondrial malate transporter protein which plays a vital role in fatty acid biosynthesis during malate and 
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citrate transport systems in oleaginous fungi13,15,16. A preliminary study has found that the lipid content of the 
recombinant strain Mc-MT-2 with overexpression of malate transporter protein was increased by 70% compared 
to the wild control strain13. Thus, the recombinant M. circinelloides Mc-MT-2 may be a better candidate for use 
in lipid production.

Additionally, various cultivation approaches have also been adopted to promote lipid production in oleaginous 
microorganisms. These approaches include varying the medium composition, cultural condition, nutritional 
feeding design and utilization of media additives2,3,9,10,17. Particularly, the metabolic intermediates such as malic 
acid, oxaloacetate and pyruvate might be used as a medium supplement for enhancing the metabolic pathways 
into target product synthesis18–21. However, the function and mechanism of supplemented metabolic intermedi-
ates on lipid production in oleaginous filamentous fungi is still far from clear.

In the present study, an efficient supplemental metabolite control strategy for recombinant M. circinelloides 
Mc-MT-2 aimed to enhance the lipid production was investigated. Initially, we have attempted to examine 
the cell growth and lipid production through comparing the medium supplemented with different metabolic 
intermediates. Subsequently, the supplement of malic acid (including addition concentration and addition time) 
were also discussed in detail. Furthermore, we developed a fed-batch culture of Mc-MT-2 with glucose feeding 
strategy and supplementation of malic acid, and finally the lipid yield could reach 5.12 g/L, which was improved 
2.56-fold compared with the batch control. These approaches may prove valuable for increasing microbial lipid 
production through metabolic supplementation strategy in large scale and industrial applications.

Materials and methods
Strain and media.  The strain used in this study was Mc-MT-2 (overexpression of malate transporter 
protein), which was previously constructed and stocked in our lab13. For seed cultivation, the modified K&R 
medium consisted of (g/L): glucose or other carbons 30, KH2PO4 7.0, MgSO4·7H2O 1.5, ammonium tartrate 3.3, 
Na2HPO4 2.0, yeast extract 1.5, MnSO4·5H2O 0.0001, Co(NO3)2·6H2O 0.0001, CaCl2·2H2O 0.1, CuSO4·5H2O 
0.0001, ZnSO4·7H2O 0.001, and FeCl3·6H2O 0.008. The nitrogen-limited basic medium for lipid production 
is consisting of the following (g/L): glucose or other carbons 80, KH2PO4 7.0, MgSO4·7H2O 1.5, ammonium 
tartrate 3.3, Na2HPO4 2.0, MnSO4·5H2O 0.0001, Co(NO3)2·6H2O 0.0001, CaCl2·2H2O 0.1, CuSO4·5H2O 0.0001, 
ZnSO4·7H2O 0.001, and FeCl3·6H2O 0.008. It should be noted that no matter what carbon source is used, glu-
cose or other intermediates are added according to the constant total amount of carbon. The compound ratio of 
glucose and other intermediates is 9:1, and the total amount of carbon source remains unchanged. The feeding 
solutions contained 200 g/L glucose.

All reagents used in cultivations were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanhai, 
China). All of them were standard commercial products of analytical grade unless otherwise indicated.

Culture conditions.  Batch fermentation.  100 µL spore suspension (approx. 107 spores/mL) of the recom-
binant strain Mc-MT-2 was cultivated in 150 mL of K&R medium held in 1 L flask with shaking at 150 rpm for 
24 h at 30 °C, and then used at 10% (v/v) to inoculated in a 3 L fermenter (BioFlo 110, New Brunswick Scientific 
Co., Ltd). Fermenter was controlled at 30 °C with stirring at 500 rpm and aeration at 0.5 v/v min−1 for 144 h. The 
pH was maintained at 6.0 by auto-addition of 4 mol/L NaOH or 2 mol/L HCl. It should be noted that supplemen-
tal metabolite control strategy depends on the experimental design. At certain time intervals, samples were col-
lected and analyzed for dry cell weight (DCW) and lipid contents. All experiments were carried out in triplicate.

Fed‑batch fermentation.  The seed culture was started by inoculating 100 µL spore suspension (kept at −80 °C) 
and cultured for 24 h in 150 mL of K&R medium held in 1 L shake flask at 30 °C and 150 rpm. A 10% (v/v) seed 
culture was inoculated into nitrogen-limited medium in a 3 L fermenter for fed-batch cultivation. The first one 
was characterized by batch phase with an initial glucose concentration of 80 g/L. After about 48 h of fermenta-
tion, 100 mL feeding solutions (200 g/L glucose) were added every 24 h. Moreover, when fermented for 24 h, 
0.8% (w/w) malic acid was added in the fermentation broth. Fermenter was controlled at 30 °C with stirring at 
500 rpm and aeration at 0.5 v/v min−1 for 120 h. During the whole process, the pH was maintained at 6.0 by auto-
addition of 4 mol/L NaOH or 2 mol/L HCl. Antifoam was added manually when necessary. All experiments were 
carried out in triplicate.

Analytical methods.  The fungi cells were harvested at different fermentation times before filtered, then 
wash them three times with distilled water. Cells were frozen in ultra-low temperature freezer at −80 °C, fol-
lowed by freeze drying. The weight of the biomass was determined gravimetrically.

Glucose content in supernatant was measured by glucose oxidase–peroxidase (GOD) using glucose meas-
urement kit (Rongsheng Co.Ltd, China) and the depletion of ammonium was determined by indophenol blue 
spectrophotometric method13,22.

Biomass was collected by filtration and dried by lyophilizer. 20 mg dry weight was taken for cell fatty acids 
extraction. Pentadecanoic acid (15:0) was added into the freeze-dried cells as an internal standard. The total 
fatty acids were extracted with chloroform/methanol (2:1, v/v) and methylated with 10% (v/v) methanolic HCl 
at 60 °C for 3 h. The resultant fatty acid methyl esters were extracted with n-hexane and were analyzed by GC 
equipped a 30 m × 0.32 mm DB-Waxetr column with 0.25 µm film thickness. The program was as follows: 120 °C 
for 3 min, ramp to 200 °C at 5 °C per min, ramp to 220 °C at 4 °C per min, hold 2 min10,22.

Statistical analysis.  A statistical analysis was carried out using SPSS 16.0 for Windows (SPSS Inc., Chicago, 
IL). The mean values and the standard error of the mean were calculated from the data obtained from three 
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independent experiments. Student’s t test was used to evaluate the differences between the means of the test, and 
P < 0.05 was considered as significantly different.

Consent to participate.  All the authors agreed to participate in the scientific work.

Consent for publication.  All the authors agreed to submit the manuscript.

Results and discussion
Effects of supplemented metabolic intermediates on cell growth and lipid production.  Main-
taining the other nutrients in the medium unchanged, glucose or intermediate metabolites or a complex of 
glucose and metabolites were used respectively as carbon sources to investigate the effects of different meta-
bolic intermediates on cell growth and lipid production of Mc-MT-2, and results were shown in Fig. 1. It has 
found from Fig. 1A that, except for malic acid, when other metabolites such as pyruvate, citric acid, acetic acid, 
oxaloacetic acid, etc. were used as the sole carbon source, the strain basically did not grow. This strain could use 
malic acid as the sole carbon source for growth, but it does not grow as well as that of glucose. When using a 
combined carbon source of glucose and intermediate metabolites, the growth of strain is much better than only 
using the metabolites as the carbon source, but slightly lower than the growth of that using glucose alone.

Changes in lipid production was as similar as the cell growth. From Fig. 1B, when using metabolic intermedi-
ates as the sole carbon source, the lipid content and lipid yield of strain were far lower than that of using glucose 
alone. Except for malic acid, even if a complex of glucose and other metabolites were used, it did not significantly 
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Figure 1.   Comparison of cell growth (A) and lipid production (B) of Mc-MT-2 in batch cultures containing 
different intermediates. The main carbon  source components are abbreviated as follows: G: glucose; M: malic 
acid; G + M: glucose and malic acid; P: pyruvate; G + P: glucose and pyruvate; C: citric acid; G + C: glucose and 
citric acid; A: acetic acid; G + A: glucose and acetic acid; O: oxaloacetate; G + O: glucose and oxaloacetate. Values 
were mean of three independent fermentation experiments. Error bars represent the standard error of the mean.
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improve the lipid production, which indicated that these TCA metabolic intermediates such as pyruvate, citric 
acid, acetic acid and oxaloacetic acid could not effectively promote lipid synthesis. However, it is worth noting 
that when glucose is compounded with malic acid as carbon sources, the lipid production of strain were improved 
by 1.20-fold for the lipid content and 1.44-fold for the lipid yield compared with that of using glucose alone.

As known, two key factors in lipid biosynthesis are the provision of acetyl-CoA, as the essential precursor of 
fatty acids, and the provision of NADPH which is consumed in large quantities during the synthesis process23. 
Acetyl-CoA is initially generated from citrate in the mitochondrion, and then translocated by the mitochondrial 
citrate transport system (citrate/malate/pyruvate transporter proteins) into cytosol in oleaginous fungus M. 
circinelloides13,24. The reducing power NADPH for fatty acids synthesis generated in many oleaginous microor-
ganisms by NADP+-dependent malic enzyme has been confirmed25–27. However, recent studies have found that 
NADP+-dependent malic enzyme are not the only factors that limit lipid accumulation28. And Ratledge’s chemical 
calculation analysis also showed that the reducing power NADPH produced by NADP + -ME cannot meet the 
needs of fatty acid synthesis, and NADP + -ME is not the only provider of NADPH required for lipid synthesis23. 
Moreover, our previous 13C metabolic flux analysis confirmed that PP (Pentose Phosphate, PP)pathway might 
play an important role for supplying NADPH and malic enzyme is not a limiting factor for fatty acid synthesis 
in oleaginous fungus M. circinelloides strains22,29. Based on the above researches, it might be inferred that the 
addition of malic acid could prompt the function of malate transporter in citrate/malate/pyruvate shuttle to 
deliver acetyl-CoA from the mitochondria to the cytosol13,15,16. Moreover, malic acid can be used directly by 
malic enzyme to generate NADPH and it may also drive PP pathway to supply NADPH22,29. Therefore, adding 
malic acid could regulate the amount of acetyl-CoA and NADPH available for lipid biosynthesis, which led to 
increased lipid accumulation in the malate transporter overexpressing strain (Mc-MT-2). Consequently, malic 
acid was chosen for further studies designed to improve the lipid production.

Effect of malic acid concentration on cell growth and lipid production.  Although supplementa-
tion of the culture medium with malic acid enhanced the lipid production, excessive addition of malic acid 
might weaken the lipid accumulation and exert negative effects on cell growth18. The reason might be that 
despite having effects on malate-citrate shuttle, malate can also be used directly by malic enzyme to generate 
NADPH, as well as entering the tricarboxylic acid (TCA) cycle13,25,27, however, excessive addition of malic acid 
will display a decrease in pH of the medium which is not conductive to the cell growth and metabolism18. Thus, 
it is necessary to investigate an optimal malic acid concentration for cell growth and lipid production (as shown 
in Fig. 2). It was found from Fig. 2A that cell growth was not affected by the addition of malic acid lower than 
1%, particularly when the malic acid concentration was higher than 1.2%, cell growth was slightly inhibited. 
When 0.2–0.8% (w/w) malic acid was added to batch cultures, the lipid production improved remarkably along 
with the malic acid concentration increased (Fig. 2B). The reason might be that the more malic acid can provide 
carbon source for the strain, it can also provide more acetyl-CoA and NADPH for lipid synthesis. When the 
optimal concentration of malic acid (0.8%) was added, the lipid content and lipid yield reached 25% and 2.6 g/L, 
which were 1.25- and 1.30-fold higher than that of control, respectively. The control was performed in regular 
nitrogen-limited basic medium without malic acid. However, when the amount of malic acid continued to be 
increased, the lipid production gradually decreased. Therefore, 0.8% malic acid was chosen for further studies 
to improve lipid production.

Effect of the timing of malic acid supplementation on cell growth and lipid production.  Early 
research has shown that nitrogen source limitation is an important nutrient feature for oleaginous microorgan-
isms to accumulate lipids. When the nitrogen source is exhausted, the TCA cycle is blocked. At this time, the 
cells no longer grow, and a large amount of carbon sources continue to be absorbed and converted into lipids30. 
Thus, oleaginous microbial fermentation had experienced two stages of cell growth and lipid synthesis, and the 
addition point of malic acid might play a prevalent impact on lipid accumulation. In order to explore optimal 
time for malic acid supplementation, experiments were conducted to add malic acid (0.8%) to the batch cultures 
at 0, 12, 24, 36, 48 or 60 h, respectively (Fig. 3). It can be seen from the analysis of lipidless biomass (Fig. 3A) 
that compared with the control, the addition of malic acid in the early stage of fermentation slightly accelerated 
cell growth, while the addition of malic acid in the middle and late stages of fermentation basically exerted little 
effect on cell growth. The reason might be that nitrogen was probably limiting after 24 h of fermentation which 
causes growth to cease, and thus the effect of adding malic acid on the cell growth is not significant in the absence 
of nitrogen. However, the addition of malic acid significantly increased the lipid yield, especially in the early 
stage of fermentation. And the increased dry cell biomass (DCW) is mainly due to the increase in lipid quality 
after the nitrogen source is exhausted (Fig. 3A). On the other hand, the results from Fig. 3B showed that the lipid 
content gradually enhanced with the extension of fermentation time, and the lipid content was basically stable 
until fermentation of 60 h. Similar to the growth, the addition of malic acid at early time points has a greater 
impact on lipid content than adding it in the middle or late stages. Moreover, when malic acid was added at 24 h, 
the obtained biomass (11.6 g/L), lipid yield (2.9 g/L) and lipid content (25%) reached the highest, which were 
improved by 1.16-, 1.45- and 1.25-fold compared with the control, respectively. Therefore, addition time of malic 
acid at 24 h was the optimal condition.

Development of a two‑stage glucose feeding strategy with malic acid supplementation.  Early 
studies have shown that nitrogen limitation is an important nutrient feature for oleaginous microorganisms to 
accumulate lipids11,22,30. The NH4

+ concentration in the culture was detected in Fig. 4A and the result showed 
that NH4

+ slumped markedly and exhausted within 24 h under limited nitrogen condition. When the nitrogen 
source in the culture is exhausted, the cells no longer grow at this time, and a large amount of carbon source 
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(such as glucose) in the culture continues to be absorbed and converted into lipids, causing a large accumula-
tion of intracellular lipids11,30. However, the primary glucose has been completely consumed in the later stage 
of above-mentioned batch fermentation, which is not conducive to the accumulation of lipids. In this study, a 
two-stage glucose feeding strategy was applied to achieve high lipid yield (Fig. 4). After inoculation, the DO 
value decreased suddenly with a concomitant decrease in pH and glucose. In the early stage of fermentation, the 
glucose content gradually decreases with the extension of fermentation time (Fig. 4A). At about 48 h, the initial 
glucose was completely consumed, as indicated by a sudden increase in both dissolved oxygen (DO) and pH, the 
feeding phase of fed-batch cultivation was initiated. From then on, glucose feeding solutions were added every 
24 h to keep the glucose content at about 10–15 g/L in the fermentation broth, which ensured that sufficient 
carbon source could be continuously converted into lipids.

Furthermore, the results in batch fermentation described above demonstrated that lipid production is obvi-
ously enhanced by the addition of malic acid to the growth medium. Thus, fed-batch fermentation strategy was 
combined with supplement of 0.8% malic acid during fermentation for 24 h to achieve increased lipid accumu-
lation. As depicted in Fig. 4B, the fed-batch processes of cell grow and lipid accumulation were similar, which 
gradually increased with time during the pre-fermentation stage and reached the highest values at 96 h, and then 
began to gradually decreased. Noteworthly, it was apparent that the final highest biomass, lipid content and lipid 
yield reached 16 g/L, 32% and 5.12 g/L in fed-batch fermentation, which was 1.60-, 1.60- and 2.56-fold higher 
than that of the batch control without supplement of malic acid, respectively. The reason for the obvious improve-
ment in the lipid accumulation might be the combined effect of glucose feeding and addition of malic acid.

0.0% 0.2% 0.5% 0.8% 1.0% 1.2%
0

2

4

6

8

10

12

D
C

W
 (g

/L
)

24h 48h 72h

0.0% 0.2% 0.5% 0.8% 1.0% 1.2%
0

5

10

15

20

25
 Lipid content (%)
 Lipid yield (g/L)

Li
pi

d 
co

nt
en

t (
%

)

0.0

0.5

1.0

1.5

2.0

2.5

 L
ip

id
 y

ie
ld

 (g
/L

)

(A)

(B)

Figure 2.   Comparison of cell growth (A) and lipid production (B) of Mc-MT-2 in batch cultures containing 
different concentration (0–1.2%, w/w) of malic acid. Values were mean of three independent fermentation 
experiments. Error bars represent the standard error of the mean.
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Moreover, the fatty acid composition of recombinant M. circinelloides Mc-MT-2 in fed-batch culture (Table 1) 
were basically palmitic acid (C16:0) and octadecenoic acid (C18:1 and C18:2), which were a little different from 
our previous study13,22. It should be noted that the content of oleic acid (C18:1) gradually increased and accu-
mulated with the extension of fermentation, while the content of linolenic acid (C18:3) obviously decreased. 
This suggested that although the total lipid content is relatively high, a large amount of oleic acid had not been 
converted into functional polyunsaturated fatty acids in the process of lipid synthesis. Further study for the 
introduction of modifications to enhance the activities of desaturases would be needed to solve this problem12.

Conclusion
In this work, an in-depth analysis on supplement of metabolite control strategy to achieve high lipid production 
was investigated in recombinant M. circinelloides Mc-MT-2. We have found that the highest cell growth and 
lipid production were obtained through a fed-batch culture with glucose feeding and supplementation of 0.8% 
malic acid at fermentation of 24 h. The final biomass of 16 g/L, a lipid content of 32%, a lipid yield of 5.12 g/L in 
a controlled bench-top bioreactor, was respectively improved by 1.60-, 1.60- and 2.56-fold compared with the 
batch control without supplement of malic acid. These findings proves valuable for enhancing microbial lipid 
production through metabolic supplementation strategy in industrial applications.
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Figure 3.   Cell growth and lipid production of Mc-MT-2 as a function of the time when 0.8% malic acid was 
added to the culture medium. (A) Cell growth and lipid yield were measured at the end of batch fermentation 
when malic acid was added to the culture medium at 0, 12, 24, 36, 48 or 60 h respectively after inoculation. (B) 
Time course of lipid content with the addition of 0.8% malic acid at different times after inoculation. Values 
were mean of three independent fermentation experiments. Error bars represent the standard error of the mean.
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Figure 4.   Fed-batch culture of Mc-MT-2 with a glucose feeding strategy and supplementation of malic acid. 
Residual glucose and ammonium concentration (A), cell dry weight, lipid content and lipid yield (B) were 
determined every 12 h in the fermentation process. Values were mean of three independent fermentation 
experiments. Error bars represent the standard error of the mean.

Table 1.   The fatty acid composition of Mc-MT-2 in fed-batch culture. Strain was cultured in a 3 L fermenter 
with a glucose feeding and supplementation of malic acid at 30 °C with stirring at 500 rpm and aeration 
at 0.5 v/v min-1 for 120 h. The fatty acid composition was displayed at different point times. The values are 
means ± standard deviations of two independent experiments. ND: not detected.

Time (h)

Fatty acid composition (relative %, w/w of total fatty acids)

14:0 16:0 16:1 18:0 18:1 18:2 18:3 Others

12 ND 23.1 ± 1.1 ND 5.5 ± 0.3 26.8 ± 1.0 20.6 ± 0.8 20.1 ± 0.8 3.9 ± 0.2

24 ND 21.2 ± 0.2 ND 9.3 ± 0.3 36.1 ± 0.8 15.7 ± 0.3 13.5 ± 0.6 4.1 ± 0.2

36 ND 22.3 ± 0.8 ND 8.7 ± 0.2 39.7 ± 1.6 13.9 ± 0.6 11.8 ± 0.4 3.7 ± 0.1

48 0.4 ± 0.0 21.6 ± 1.0 1.0 ± 0.0 8.0 ± 0.3 41.2 ± 1.2 13.1 ± 0.4 11.0 ± 0.5 3.7 ± 0.1

60 0.4 ± 0.0 21.3 ± 0.5 1.1 ± 0.0 8.1 ± 0.3 42.9 ± 1.7 12.4 ± 0.2 9.9 ± 0.3 3.8 ± 0.0

72 0.4 ± 0.0 20.9 ± 0.6 1.1 ± 0.0 8.0 ± 0.2 43.7 ± 0.7 12.3 ± 0.3 9.7 ± 0.3 3.9 ± 0.0

84 0.4 ± 0.0 19.7 ± 0.9 1.2 ± 0.0 7.8 ± 0.2 44.7 ± 0.9 12.5 ± 0.5 9.4 ± 0.3 4.4 ± 0.1

96 0.3 ± 0.0 19.8 ± 0.3 1.3 ± 0.0 7.4 ± 0.3 45.3 ± 1.5 12.4 ± 0.3 8.9 ± 0.2 4.4 ± 0.2

108 0.3 ± 0.0 20.1 ± 0.7 1.5 ± 0.0 6.9 ± 0.2 45.7 ± 1.9 12.5 ± 0.8 8.9 ± 0.3 4.1 ± 0.0

120 0.3 ± 0.0 19.6 ± 1.0 1.5 ± 0.0 6.4 ± 0.3 45.8 ± 1.0 12.8 ± 0.5 9.0 ± 0.3 4.7 ± 0.2
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Data availability
All data generated or analysed during this study are included in this published article.

Received: 9 March 2021; Accepted: 2 June 2021

References
	 1.	 Jin, M. et al. Microbial lipid-based lignocellulosic biorefinery: feasibility and challenges. Trends Biotechnol. 33(1), 43–54 (2015).
	 2.	 Yu, Y., Xu, Z., Chen, S. & Jin, M. Microbial lipid production from dilute acid and dilute alkali pretreated corn stover via Trichosporon 

dermatis. Bioresour. Technol. 295, 122253 (2020).
	 3.	 Tang, S., Dong, Q., Fang, Z., Cong, W. J. & Zhang, H. Microbial lipid production from rice straw hydrolysates and recycled pre-

treated glycerol. Bioresour. Technol. 312, 123580 (2020).
	 4.	 Patel, A. et al. An overview of potential oleaginous microorganisms and their role in biodiesel and omega-3 fatty acid-based 

industries. Microorganisms 8(3), 434 (2020).
	 5.	 Zhang, L., Loh, K. C., Kuroki, A., Dai, Y. & Tong, Y. W. Microbial biodiesel production from industrial organic wastes by oleaginous 

microorganisms: current status and prospects. J. Hazard Mater. 402, 123543 (2020).
	 6.	 Bjorklund, G., Dadar, M., Dosa, M. D., Chirumbolo, S. & Pen, J. J. Insights on dietary omega-6/omega-3 polyunsaturated fatty acid 

(PUFA) ratio in oxidative metabolic pathways of oncological bone disease and global health. Curr. Med. Chem. 28(9), 1672–1682 
(2020).

	 7.	 Hayashi, S., Satoh, Y., Ogasawara, Y. & Dairi, T. Recent advances in functional analysis of polyunsaturated fatty acid synthases. 
Curr. Opin. Chem. Biol. 59, 30–36 (2020).

	 8.	 Ratledge, C. Microbial production of polyunsaturated fatty acids as nutraceuticals. In Microbial Production of Food Ingredients, 
Enzymes and Nutraceuticals (eds McNeil, B. et al.) 531–558 (Elsevier, 2013).

	 9.	 Reis, C. E., Zhang, J. & Hu, B. Lipid accumulation by pelletized culture of Mucor circinelloides on corn stover hydrolysate. Appl. 
Biochem. Biotechnol. 174(1), 411–423 (2014).

	10.	 Zhang, Y. & Song, Y. Lipid accumulation by xylose metabolism engineered Mucor circinelloides strains on corn straw hydrolysate. 
Appl. Biochem. Biotechnol. 193(3), 856–868 (2020).

	11.	 Wynn, J. P., Hamid, A. A., Li, Y. & Ratledge, C. Biochemical events leading to the diversion of carbon into storage lipids in the 
oleaginous fungi Mucor circinelloides and Mortierella alpina. Microbiology 147, 2857–2864 (2001).

	12.	 Zhang, Y. et al. Improved gamma-linolenic acid production in Mucor circinelloides by homologous overexpressing of delta-12 and 
delta-6 desaturases. Microb. Cell Fact. 16(1), 113 (2017).

	13.	 Zhao, L. et al. Role of malate transporter in lipid accumulation of oleaginous fungus Mucor circinelloides. Appl. Microbiol. Biotechnol. 
100(3), 1297–1305 (2016).

	14.	 Hussain, S. A. et al. Increased accumulation of medium-chain fatty acids by dynamic degradation of long-chain fatty acids in 
Mucor circinelloides. Genes (Basel) 11(8), 890 (2020).

	15.	 Yang, J. et al. Mitochondrial citrate transport system in the fungus Mucor circinelloides: identification, phylogenetic analysis, and 
expression profiling during growth and lipid accumulation. Curr. Microbiol. 77(2), 220–231 (2020).

	16.	 Yang, J. et al. Increased lipid accumulation in Mucor Circinelloides by overexpression of mitochondrial citrate transporter genes. 
Ind. Eng. Chem. Res. 58(6), 2125–2134 (2019).

	17.	 Zhang, L., Chao, B. & Zhang, X. Modeling and optimization of microbial lipid fermentation from cellulosic ethanol wastewater 
by Rhodotorula glutinis based on the support vector machine. Bioresour. Technol. 301, 122781 (2020).

	18.	 Bhosale, P., Larson, A. J. & Bernstein, P. S. Factorial analysis of tricarboxylic acid cycle intermediates for optimization of zeaxanthin 
production from Flavobacterium multivorum. J. Appl. Microbiol. 96, 623–629 (2004).

	19.	 Dallagnol, A. M., Catalán, C. A. N., Mercado, M. I., Font de Valdez, G. & Rollán, G. C. Effect of biosynthetic intermediates and 
citrate on the phenyllactic and hydroxyphenyllactic acids production by Lactobacillus plantarum CRL 778. J. Appl. Microbiol. 
111(6), 1447–1455 (2011).

	20.	 Zeng, W., Zhang, B., Chen, G., Li, M. & Liang, Z. Efficient production of polymalic acid by a novel isolated Aureobasidium pullulans 
using metabolic intermediates and inhibitors. Appl. Biochem. Biotechnol. 187, 612–627 (2019).

	21.	 Bajaj, I. B. & Singhal, R. S. Enhanced production of poly (γ-glutamic acid) from Bacillus licheniformis NCIM 2324 by using meta-
bolic precursors. Appl. Biochem. Biotechnol. 159(1), 133–141 (2009).

	22.	 Wang, L., Zhang, H., Zhang, Y. & Song, Y. 13C metabolic flux analysis on roles of malate transporter in lipid accumulation of Mucor 
circinelloides. Microb. Cell Fact. 18, 154 (2019).

	23.	 Ratledge, C. The role of malic enzyme as the provider of NADPH in oleaginous microorganisms: a reappraisal and unsolved 
problems. Biotechnol. Lett. 36(8), 1557–1568 (2014).

	24.	 Dolce, V., Cappello, A. R. & Capobianco, L. Mitochondrial tricarboxylate and dicarboxylate-tricarboxylate carriers: from animals 
to plants. IUBMB Life 66(7), 462–471 (2014).

	25.	 Wynn, J. P., Hamid, A. B. A. & Ratledge, C. The role of malic enzyme in the regulation of lipid accumulation in filamentous fungi. 
Microbiology (Reading) 145(Pt 8), 1911–1917 (1999).

	26.	 Wynn, J. P. & Ratledge, C. Malic enzyme is a major source of NADPH for lipid accumulation by Aspergillus Nidulans. Microbiology 
(Reading) 143(1), 253–257 (1997).

	27.	 Shuib, S., Ibrahim, I., Mackeen, M. M., Ratledge, C. & Hamid, A. A. J. R. First evidence for a multienzyme complex of lipid bio-
synthesis pathway enzymes in Cunninghamella bainieri. Sci. Rep. 8, 3077 (2018).

	28.	 Rodriguez-Frometa, R. A., Gutierrez, A., Torres-Martinez, S. & Garre, V. Malic enzyme activity is not the only bottleneck for lipid 
accumulation in the oleaginous fungus Mucor circinelloides. Appl. Microbiol. Biotechnol. 97(7), 3063–3072 (2013).

	29.	 Zhao, L. et al. (13)C-metabolic flux analysis of lipid accumulation in the oleaginous fungus Mucor circinelloides. Bioresour. Technol. 
197, 23–29 (2015).

	30.	 Ratledge, C. & Wynn, J. P. The biochemistry and molecular biology of lipid accumulation in oleaginous microorganisms. Adv. 
Appl. Microbiol. 51, 1–51 (2002).

Acknowledgements
This work was supported by the Natural Science Foundation of Shandong Province (ZR2020MC007), the Key 
Research and Development Project of Shandong Province (2018GSF121013), the National Natural Science Foun-
dation of China (31670064 and 31972851), Taishan Industry Leading Talent Project (LJNY201606). We are very 
grateful to Dr. Hassan for polishing and modifying the language of the paper.



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12674  | https://doi.org/10.1038/s41598-021-92324-7

www.nature.com/scientificreports/

Author contributions
Y.Z. carried out the experiments and drafted the manuscript. Q.L., P.L., Y.W., S.L. and M.G. participated in the 
experimental design and reviewed the manuscript. Y.Z. and Y.S. conceived the study and reviewed the final 
manuscript. All authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Z. or Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhanced lipid production by addition of malic acid in fermentation of recombinant Mucor circinelloides Mc-MT-2
	Materials and methods
	Strain and media. 
	Culture conditions. 
	Batch fermentation. 
	Fed-batch fermentation. 

	Analytical methods. 
	Statistical analysis. 
	Consent to participate. 
	Consent for publication. 

	Results and discussion
	Effects of supplemented metabolic intermediates on cell growth and lipid production. 
	Effect of malic acid concentration on cell growth and lipid production. 
	Effect of the timing of malic acid supplementation on cell growth and lipid production. 
	Development of a two-stage glucose feeding strategy with malic acid supplementation. 

	Conclusion
	References
	Acknowledgements


