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Abstract Ensuring a suitable pH in the culture broth is a

major problem in microorganism-assisted industrial fer-

mentation of organic acids. To address this issue, we

investigated the physiological changes in Rhizopus oryzae

at different extracellular pH levels and attempted to solve

the issue of cell shortage under low pH conditions. We

compared various parameters, such as membrane fatty

acids’ composition, intracellular pH, and adenosine tri-

phosphate (ATP) concentration. It was found that the

shortage of intracellular ATP might be the main reason for

the low rate of fumaric acid production by R. oryzae under

low pH conditions. When 1 g/l citrate was added to the

culture medium at pH 3.0, the intracellular ATP concen-

tration increased from 0.4 to 0.7 lmol/mg, and the fumaric

acid titer was enhanced by 63 % compared with the control

(pH 3.0 without citrate addition). The final fumaric acid

concentration at pH 3.0 reached 21.9 g/l after 96 h of

fermentation. This strategy is simple and feasible for

industrial fumaric acid production under low pH

conditions.

Keywords Rhizopus oryzae � Fumaric acid � Low pH
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Introduction

Fumaric acid is a four-carbon unsaturated dicarboxylic acid

that is widely used in various industries, such as food acid

and feed ingredient production, and is a promising material

in the manufacture of synthetic resin [1]. The production of

fumaric acid by fermentation has received increasing

attention because of the continuing depletion of global

resources. Fumaric acid production by fermentation is

usually conducted with Rhizopus oryzae [2]. In the first

20 h of the fermentation process, the pH in the broth rap-

idly drops from 5.0 to 2.0 [3]. Neutralizing agents, such as

calcium carbonate (CaCO3), are used to maintain the

optimum pH range [2, 4]. However, the use of such neu-

tralizing agents leads to environmental waste and addi-

tional downstream process costs. This situation can be

improved by conducting fermentation at a low pH level.

Strategies to improve the production of fumaric acid under

low pH conditions have been studied. Roa Engel et al. [5]

showed that the fermentation of R. oryzae can be per-

formed at pH 3.5 by regulating the volume percentage of

CO2 at 10 %, and the final fumaric acid concentration of

19.84 g/l was obtained, which was 30 % higher than that of

the control. However, these studies have failed to describe

the detailed mechanisms underlying Rhizopus sp. functions

under low pH conditions. Moreover, the process control

was complicated and required specific equipment.

A low pH does not only affect acid production, but also

strongly affects cell metabolism and composition. Several

acid-tolerance mechanisms have been identified in bacteria

and yeast. Guan et al. investigated the intracellular pH,

NAD?/NADH ratio, H?-ATPase activity, and intracellu-

lar amino acids of different Propionibacterium acidipro-

pionici strains. They found that at low intracellular pH, a

high amount of H?-ATPase could be biosynthesized, the
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NAD?/NADH ratio could increase, and propionic acid

production increased by 39.9 % when arginine and aspartic

acid were added during fermentation [6]. Fozo et al.

compared four oral bacterial strains, two of these oral

bacterial strains were aciduric and the other two were acid

sensitive. The concentration of long-chain monounsatu-

rated fatty acids of the aciduric oral bacteria cell membrane

increased under low pH conditions. However, the compo-

sition of the acid-sensitive strain’s membrane remained the

same [7]. In another study conducted by Zhou et al. [8], the

enhancement of ATP supply was beneficial to yeast against

acid stress. In the present study, we aimed to investigate the

physiological characteristics of R. oryzae under different

pH conditions and to determine a potential strategy to

further improve fumaric acid production under low pH

conditions.

Materials and methods

Strain and culture condition

Rhizopus oryzae S-1 was used as a material throughout the

study. This strain was derived from a series of spontaneous

mutations of R. oryzae ATCC20344 induced by ion

injection. Rhizopus oryzae S-1 was cultured on potato-

dextrose agar slant at 35 �C for 7 days. The agar slant with

fungi spores was washed with sterile water at 4 �C. The

spores were grown at 35 �C and under 200 rpm for 30 h in

50 ml of the seed culture medium containing 30 g/l glu-

cose, 2 g/l urea, 0.6 g/l KH2PO4, 0.5 g/l MgSO4�7H2O,

0.11 g/l ZnSO4�7H2O, and 0.0088 g/l FeSO4�7H2O (pH

2.5). Approximately, 10 % of the seed culture was inocu-

lated into the fermentation medium containing 80 g/l glu-

cose supplemented with other ingredients similar to those

of the seed culture medium. Saturated Na2CO3 was selec-

ted as the neutralizing agent. The fermentation process was

conducted in a 5 l fermentor at 35 �C and at 400 rpm.

Analytical methods

Fumaric acid and sugars

Fumaric acid was determined and quantified via high-per-

formance liquid chromatography (HPLC), as previously

reported [9]. An SBA-80C biosensor analyzer was used to

measure glucose concentration (Institute of Biology,

Shandong Academy of Sciences, China) [10].

Dry weight and osmolality

Broth samples (10 ml) were directly collected from the 5 l

fermentor and washed thrice with demineralized water.

Samples were dried in an oven at 60 �C until a constant

weight was achieved. Osmolality was measured with a

Roebling osmometer [11].

Intracellular pH (pHi)

The fluorescence method was used to determine the intra-

cellular pH of R. oryzae. 2-7-bis-(2-carboxyethyl)-5(and

6)-carboxyfluorescein acetoxymethyl ester (BCECF AM)

was used as the fluorescent probe. Cells grown at different

extracellular pH levels (3.0, 4.0, and 5.0) were harvested in

their exponential phase by centrifugation, washed with

50 mM HEPES-K buffer (pH 8.0) thrice, and re-suspended

with the same buffer. Cells were incubated with BCECF

AM for 50 min. The cells were washed thrice with 50 mM

potassium phosphate buffer (pH 7.0) and re-suspended for

determination. A fluorescence spectrophotometer with a

wavelength range of 440 nm (pH insensitive) and an

excitation spectrum of 490 nm (pH sensitive) was used to

detect the fluorescence intensities. 525 nm was set as the

emission wavelength. Excitation and emission slit widths

were set at 5 nm. The ratios of the emission intensity at 490

and 440 nm of cell suspension (S) and filtrate (F) were

calculated as follows: R = (S490 - F490)/(S440 - F440)

[6].

The calibration curve was determined using the fol-

lowing steps. Each strain culture was supplemented with

5 mM valinomycin and nigericin (Sigma) to maintain the

equilibration of pHi with extracellular pH. The cultures

were incubated for 20 min before washing and re-sus-

pending in different buffers with pH values ranging from

3.0 to 8.0. BCECF AM was added at 1 ll. The remaining

steps were the same as those mentioned above [6].

Intracellular ATP

To determine the intracellular ATP content, the culture

medium containing R. oryzae cells grown for 36 h was

collected and quenched by an equal volume of methanol at

-40 �C. A reagent containing 50 % perchloric acid was

used to extract ATP. HPLC with a UV detector at 254 nm

was used to analyze the intracellular ATP. The mobile

phase was 86 % (v/v) phosphate buffer solution comprising

NaH2PO4 at 10.93 g/l, Na2HPO4 at 3.04 g/l, tetrabutyl-

ammonium bromide at 3.22 g/l (pH 6.5), and 4 % aceto-

nitrile at a flow rate of 1 ml/min. A Sepax HP-C18 column

(250 9 4.6 mm, 5 lm) was used at 35 �C.

Membrane fatty acid composition

Fatty acid methyl esters (FAMEs) were prepared by adding

0.2 ml of 4 M KOH–methanol and 3 ml of N-hexane to a

5 ml tube containing 0.1 g of dried cells. The solution was
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mixed thoroughly using a vortex for 1 min, allowed to

stand for 10 min, and centrifuged at 6,000 rpm for 3 min.

The upper phase containing FAMEs was then transferred to

a clean centrifuge tube and dried using anhydrous Na2SO4.

The samples were then analyzed.

A GC–MS system (Thermo/Finnigan TraceGCMS,

USA) equipped with a capillary column (DB-5MS,

30 9 0.32 mm) was used to analyze the FAMEs samples.

The temperature of column was increased from 80 to

200 �C at a rate of 20 �C/min and further increased to

300 �C at a rate of 10 �C/min. Helium was used as the

carrier gas at a flow rate of 1 ml/min. Fatty acids were

identified by comparison with external standards (Sigma,

USA) and MS structure database [12].

Results and discussion

Effects of pH on glucose consumption and fumaric acid

production

Experiments at pH values from 3.0 to 5.0 were conducted

to determine the effect of pH on fumaric acid production by

R. oryzae. The glucose consumption and fumaric acid

production of all fermentation processes performed to

determine pH effects are presented in Fig. 1. Glucose was

rapidly consumed at pH 4.0, and the highest fumaric acid

concentration of 26.3 g/l was achieved at the end of fer-

mentation. This production was 96 and 16 % higher than

those at pH 3.0 and 5.0, respectively. At pH 3.0, the glu-

cose concentration slightly decreased from the beginning

of fermentation. After 96 h of fermentation, a residue

glucose concentration of 35 g/l was obtained. The lowest

fumaric acid production of 13.4 g/l was observed. At pH

5.0, the glucose consumption rate during the first 24 h was

close to that at pH 4.0. The glucose consumption rate

gradually decreased and reached a final fumaric acid con-

centration of 22.6 g/l. This observation might be due to the

addition of a high amount of Na2CO3 into the culture broth

when the pH was controlled at 5.0 compared with those at

pH 3.0 and 4.0. At pH 5.0, the fungi were exposed to an

environment of high osmolality (as shown in Table 1),

which probably resulted in a loss of water and subsequent

interference of a variety of physiological processes, such as

inhibition of protein translation and disruption of mito-

chondrial function [13]. Hence, fumaric acid production

decreased.

To elucidate the acid effects, the physiological charac-

teristics of R. oryzae at different pH conditions were sub-

sequently studied.

Effect of extracellular pH on the membrane fatty acids

composition of R. oryzae

Biological membranes are the first barrier between the cells

and environment. Thus, even small changes in the bio-

logical membranes can cause marked changes in the

function of numerous essential membrane-attached pro-

teins, such as transport proteins [14]. The physical prop-

erties of a membrane are largely determined by its lipid

composition. One important factor is the degree of fatty

acid unsaturation. To explore the relationship between

membrane composition and extracellular pH, the mem-

brane fatty acids of R. oryzae were detected. The results are

summarized in Table 1. The unsaturated fatty acid and

unsaturated-to-saturated fatty acid ratio (U/S) increased

with decreasing pH, whereas the saturated fatty acid

decreased. The concentration of saturated fatty acids C18:0

Fig. 1 Effect of different pH levels on glucose consumption and

fumaric production. (1) Open triangle pH 5.0, open diamond pH 4.0,

and open square pH 3.0. (2) Dashed lines represent glucose

consumption, whereas solid lines are for fumaric acid production

Table 1 Changes in fatty acid proportion under different pH

conditions

pH 5 pH 4 pH 3

C16:0 0.5 ± 0.1 0.6 ± 0.1 0.5 ± 0.1

C16:1 24.5 ± 0.9 24.9 ± 1.0 25.6 ± 1.0

C18:0 2.3 ± 0.3 2.1 ± 0.1 1.2 ± 0.3

Trans C18:2 4.3 ± 0.1 4.6 ± 0.1 5.5 ± 0.2

Cis C18:2 32.0 ± 0.7 32.4 ± 2.6 31.6 ± 1.2

C18:3n6 17.9 ± 0.6 18.5 ± 0.4 21.1 ± 0.6

C20:0 18.6 ± 0.2 17.0 ± 0.6 14.5 ± 0.6

TUFA 47.2 ± 0.4 51.5 ± 1.9 52.7 ± 0.4

TSFA 52.8 ± 0.4 48.6 ± 1.9 47.3 ± 0.4

U/S ratio 0.89 ± 0.01 1.05 ± 0.02 1.11 ± 0.02

TUF total unsaturated fatty, TSF total saturated fatty, U/S unsaturated/

saturated
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and C20:0 decreased with decreasing pH. The concentra-

tion of unsaturated fatty acids trans C18:2 and C18:3n6 at

pH 3.0 was higher than those at pH 4.0 and 5.0. The

concentration of the other fatty acids C16:0 and C16:1 was

almost the same at different extracellular pH values.

The biochemical property of particular enzymes can

possibly be affected by the acidic environment, thereby

leading to the formation of monounsaturated fatty acids.

The increase in monounsaturated fatty acids in the mem-

brane could increase membrane fluidity, which is necessary

for protecting the organism from environmental stress [14].

Alterations in the membrane fatty acid are common

adaptation mechanisms of microorganisms in response to

environmental stresses. Streptococcus mutans Ua159 shifts

its membrane composition from a saturated fatty acid,

short-chained profile at neutral pH to a monounsaturated,

long-chained profile under low pH conditions [15]. In

response to the increasing environmental temperature,

Bacillus stearothermophilus showed a marked increase in

saturated fatty acids and a decrease in unsaturated and

branched chain fatty acid proportion [16]. In the present

study, a similar adaptation mechanism was observed in R.

oryzae under low pH conditions. Thus, the biological

membrane composition might not be the most important

limitation affecting the poor performance of R. oryzae

under low pH conditions.

Effect of extracellular pH on the intracellular ATP

concentration

The intracellular pH (pHi) and ATP concentration of R.

oryzae at varying extracellular pH levels of 5.0, 4.0, and 3.0

were determined. As demonstrated in Table 2, pHi

decreased with decreasing extracellular pH level. When the

extracellular pH decreased to 3.0, the pHi dropped to 3.6,

which was much lower than the pHi at an extracellular pH

of 5.0. Low intracellular pH has numerous detrimental

effects, such as interference of enzyme activity and inhi-

bition of protein synthesis [17]. Therefore, maintaining the

intracellular pH within a narrower range than the pH outside

of the cell (a phenomenon known as ‘‘pH homeostasis’’) is

very important for most organisms. The proton-transloca-

tion ATPase, which could pump protons out of the cells,

serves an important function in maintaining pH homeosta-

sis. A large amount of ATP is required in the proton

transportation process. Thus, a high intracellular energy

status is important for cells to cope with acidic conditions

[6, 8]. In the present study, intracellular ATP concentration

showed the same tendency as pHi. The lowest ATP level of

0.4 lmol/mg was observed at pH 3.0, and this level was 50

and 55 % lower than those at pH 4.0 and 5.0, respectively.

Combined with the results of previous studies, the shortage

of intracellular energy could be the most important reason

for the low performance of fumaric acid accumulation by R.

oryzae at pH 3.0.

Citrate protects R. oryzae at low pH

We know that a large quantity of ATP is required to

maintain the high gradients between extracellular and

intracellular pH levels. Increasing ATP supply can improve

the cell’s ability to cope under acidic conditions. Increasing

the concentration of electron donors from the oxidative

phosphorylation route can be an efficient strategy to

enhance ATP concentration [18]. By adding an energy

source, more NADH could be generated via the cyto-

chrome respiration pathway and further converted to ATP,

thereby increasing ATP concentration [8, 19]. The aim of

the present study is to investigate the effect of citrate (one

of the energy sources) addition on cell performance under

low pH conditions.

The intracellular ATP concentration increased when

citrate was added into the culture medium. When 1 g/l

citrate was added into the culture medium, the intracellular

ATP level increased to 0.7 lmol/mg (Table 3), which was

75 % higher than that of the control (pH 3.0, without citrate

addition). The pHi was increased from 3.6 (control, pH 3.0,

without citrate added) to 5.9 (Table 3), indicating that the

intracellular pH status was successfully improved when

citrate was added. The effects of citrate addition on glucose

consumption and fumaric acid production are shown in

Fig. 2. The average glucose consumption rate increased by

38 % compared with the control. The final fumaric acid

concentration at pH 3.0 was to 21.9 g/l, which was much

close to the fermentation performance at pH 4.0, and was

higher than the value (19.84 g/l, pH 3.5) obtained in a

Table 2 Osmotic pressure, intracellular pH, and ATP changes under

different pH conditions

Osmolality

(osmol/g)

Intracellular

pH (pHi)

Intracellular ATP

concentration (umol/mg)

pH 3.0 677 3.6 0.4

pH 4.0 767 5.4 0.8

pH 5.0 832 6.1 0.9

Table 3 Effect of citrate addition on intracellular ATP concentration

and intracellular pH at pH 3.0

Intracellular ATP

(lmol/mg)

Intracellular

pH (pHi)

pH 3.0, without citrate addition

(control condition)

0.4 3.6

pH 3.0, 1 g/l citrate addition 0.7 5.9

pH 3.0, 2 g/l citrate addition 0.5 –
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previous study [5]. Moreover, the amount of consumed

Na2CO3 decreased by approximately 30 % compared with

the consumed amount at pH 4.0. In the present study, we

produced fumaric acid under low pH conditions by adding

citrate into the culture medium. This strategy was much

easier and the pH was lower than those reported previously

(CO2 regulation and pH shifting).

Conclusions

Understanding the acid-tolerance mechanism of R. oryzae

is essential to produce fumaric acid under low pH con-

ditions. However, few studies have been carried out to

reveal how Rhizopus spp. respond to acid stresses. In the

current study, the changes in R. oryzae physical charac-

teristics at different pH stresses were comparatively

studied to determine the factors that might improve the

acid-tolerant capability of R. oryzae. In the analysis of the

membrane fatty acids’ composition, the intracellular pH

and ATP concentration at different pH conditions indi-

cated a shortage of ATP regeneration. Such limitation in

ATP concentration could be the main reason for the poor

performance of R. oryzae under low pH conditions. To

the best of our knowledge, this study is the first to report

on microenvironment changes in Rhizopus sp. under

acidic stress. When 1 g/l citrate was added to the culture

medium, the intracellular ATP supply significantly

increased by 75 %, and fumaric acid production increased

to 21.9 g/l at pH 3.0. The present study provided a simple

and easy way to relieve the acidic stress of organic acid

producers under low pH conditions, and this method is

feasible for industrial organic acid production in the

future.
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