
ORIGINAL PAPER

Co-consumption of glucose and xylose for organic acid production
by Aspergillus carbonarius cultivated in wheat straw hydrolysate

Lei Yang1
• Mette Lübeck1
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Abstract Aspergillus carbonarius exhibits excellent

abilities to utilize a wide range of carbon sources and to

produce various organic acids. In this study, wheat straw

hydrolysate containing high concentrations of glucose and

xylose was used for organic acid production by A. car-

bonarius. The results indicated that A. carbonarius effi-

ciently co-consumed glucose and xylose and produced

various types of organic acids in hydrolysate adjusted to

pH 7. The inhibitor tolerance of A. carbonarius to the

hydrolysate at different pH values was investigated and

compared using spores and recycled mycelia. This com-

parison showed a slight difference in the inhibitor tolerance

of the spores and the recycled mycelia based on their

growth patterns. Moreover, the wild-type and a glucose

oxidase deficient (Dgox) mutant were compared for their

abilities to produce organic acids using the hydrolysate and

a defined medium. The two strains showed a different

pattern of organic acid production in the hydrolysate where

the Dgox mutant produced more oxalic acid but less citric

acid than the wild-type, which was different from the

results obtained in the defined medium This study

demonstrates the feasibility of using lignocellulosic bio-

mass for the organic acid production by A. carbonarius.

Keywords Aspergillus carbonarius � Filamentous fungi �
Lignocellulosic biomass � Organic acids � Wheat straw

hydrolysate

Introduction

For the past decades, lignocellulosic biomass has received

extensive research attention as renewable raw materials for

the production of varieties of fuels and chemicals. The

abundance of lignocellulosic biomass on the earth reveals

the potential as industrial precursors for the production of

commodity chemicals. The advantages of using lignocel-

lulosic biomass, compared with other raw materials

obtained from crude oil or edible food crops, are demon-

strated from different points of view including environ-

mental sustainability, low greenhouse gas emission, food

security and planting cost (Nanda et al. 2015). With the

developments in the technologies of pretreatment and

saccharification, the sugars originally existing in the lig-

nocellulosic biomass in the form of polysaccharides can be

degraded and eventually released as fermentable sugars for

downstream processes. So far, a significant amount of

efforts have been focused on utilizing the lignocellulosic

biomass in the bioconversion processes based on microbial

systems for varieties of products, especially biofuels

(Dionisi et al. 2015; Elkins et al. 2010; Quevedo-Hidalgo

et al. 2013; Soo et al. 2015). However, the inhibitory

effects resulting from the inhibitory compounds (e.g. acetic

acid, furfural and 5-hydroxymethylfurfural), which are

mainly generated by the side reactions during the biomass

pretreatment, remain an issue for microbial growth (Jöns-

son et al. 2013; Sakai et al. 2007; Zha et al. 2014). Besides,

the efficiency of utilizing both hexoses and pentoses in the

cultivation is considered as another important criterion for
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selecting appropriate industrial strains, for example, the

commonly used yeast for bioethanol production, Saccha-

romyces cerevisiae, is incapable of metabolizing pentoses

unless genetically engineered. Among the studied

microorganisms, filamentous fungi have raised research

interest due to their abilities to utilize a wide range of

carbon sources and to naturally excrete various products,

especially organic acids (Liaud et al. 2014; Magnuson and

Lasure 2004). Fungal organic acid production has an

important status in the commodity chemicals of industrial

biotechnology. A number of organic acids are currently

produced via biological processes employing filamentous

fungi, such as the production of citric acid and gluconic

acid by Aspergillus niger, itaconic acid production by

Aspergillus terrus and kojic acid production by Aspergillus

oryzae (Lu et al. 2015; Show et al. 2015; Okabe et al. 2009;

Mohamad et al. 2010). The expanding market of organic

acids, which arises from their wide applications as food

additives, pharmaceuticals, detergents and so on, leads to

an increasing demand of raw materials in the industry.

Therefore, the industrial production of organic acids in

conjunction with utilization of lignocellulosic biomass

becomes an inevitable trend in the future.

Aspergillus, as the well-known industrial workhorses for

organic acid production, has been the most widely-studied

fungal genus over a period of decades. Many attempts have

been made on the bioconversion of different types of raw

materials to organic acids in Aspergillus species. Various

lignocellulosic biomass, especially agro-industrial residues

like cassava bagasse, coffee husk, sugar cane bagasse and

wheat straw, have been investigated for their potential as

substrates for organic acid production by Aspergilli (Pandey

and Soccol 1998; Saber et al. 2010; Show et al. 2015;

Mondala 2015). Theoretically, the most economically fea-

sible process of using lignocellulosic biomass for fungal

organic acid production is to grow fungi in the culture where

fungi can secrete the enzymes to degrade the biomass and use

the released sugars simultaneously for organic acid pro-

duction. However, the slow degradation of lignocellulosic

biomass cannot fulfill the sugar demand by fungi during the

production phase. Therefore, the separate processes of sac-

charification from fermentation, in which high concentration

of fermentable sugars are obtained from efficient hydrolysis,

may be more suitable for organic acid production. In this

study, we selected Aspergillus carbonarius, which was

previously reported for its capabilities of producing organic

acids from various types of carbon sources including glu-

cose, xylose, sucrose and galactose (Weyda et al. 2014;

Ghareib 1987; Yang et al. 2014a; Linde et al. 2014), to

investigate its production of organic acids in a wheat straw

hydrolysate. A. carbonarius is cultivated in static culture

which has lower sensitivity to trace metals and better aera-

tion than submerged culture in shake flasks (Darouneh et al.

2009). For investigation of inhibitor tolerance, fungal

mycelia were recycled for organic acid production in the

hydrolysate and compared with direct spore inoculation. In

addition, an engineered strain devoid of glucose oxidase

(Yang et al. 2014a) was used in a comparative study with the

wild-type to examine the impacts of eliminating the extra-

cellular conversion of glucose into gluconic acid on the

production of other organic acids from the hydrolysate.

Materials and methods

Strains and culture media

A. carbonariuswild-type strain ITEM 5010 (ATCC�MYA-

4641TM) and a previously constructed Dgox mutant were

employed in this study (Yang et al. 2014a). For preparation

of spore suspensions, strains were grown in potato dextrose

agar (PDA) medium at 30 �C for 5 days. For organic acid

production, the defined medium contained: glucose, 70 g/L;

xylose, 58 g/L, NH3NO4, 2.5 g/L; KH2PO4, 2.5 g/L;

MgSO4�7H2O, 0.25 g/L; ZnSO4, 0.00062 g/L; CuSO4,

0.00015 g/L; FeSO4�7H2O, 0.0065 g/L, and the initial pH in

the defined medium was adjusted to 7. The wheat straw

hydrolysate used in this study was provided by Biogasol�,

Denmark. The pretreatment and hydrolysis of wheat straw

was carried out by Biogasol�, Denmark under the conditions

described previously by Baroi et al. (2015). The composition

of the liquid fraction of the wheat straw hydrolysate

(Table 1) was determined in the same procedure as previ-

ously described (Baroi et al. 2015), and the liquid fraction of

wheat straw hydrolysate for fungal culture was prepared as

follows: the wheat straw hydrolysate was centrifuged at

10,000 rpm for 20 min, and the liquid fraction of the wheat

straw hydrolysate was collected and filtered through filter

paperWhatman� no. 42 to remove the remaining particles in

the liquid; the filtrate was supplemented with the same

amounts of nutrients (except glucose and xylose) for organic

Table 1 Composition of wheat straw hydrolysate

Hydrolysate Concentration (g/L)

Glucose 70.1 ± 0.3

Xylose 56.8 ± 0.2

Arabinose 6.2 ± 0.2

Cellobiose 2.1 ± 0.1

Acetic acid 7.1 ± 0.2

Furfural 0.24 ± 0.02

5-Hydroxymethylfurfural N.D

Data shown are mean values from triplicates with the standard

deviation after ‘‘±’’

N.D not detected
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acid production as mentioned in the defined medium. The

original pH value in the prepared hydrolysate was approx. 5.

For organic acid production, the initial pH values were

adjusted to 3 and 7 by adding 10 M HCl and NaOH powder,

respectively. After pH adjustment, the hydrolysate was

sterilized with 0.2 lM sterile filter (Nalgene�) and used

immediately for fungal cultivation.

Organic acid production

The spores were harvested from the PDAmediumwith 5 mL

sterile water, and the spore suspension was collected and fil-

tered through the Mira-cloth for removal of excess mycelia.

For the direct spore inoculation, the spores were inoculated

into 50 mL liquid media (the hydrolysate or the defined

medium) in 250 mL Erlenmeyer flasks at the final concen-

tration of 5 9 104/mL, and the flasks were incubated sta-

tionary at 30 �C. For the cultivationwithmycelia-recycling in

the hydrolysate, the spores were inoculated into 50 mL

hydrolysate (pH 7) in 250 mL Erlenmeyer flasks at the same

concentration as described above. After 10 days stationary

cultivation at 30 �C, cultivation broth under the mat-like

mycelia was removed from the flasks. The fresh hydrolysate

(50 mL) was added into the flask under the grown mycelia.

The flasks were incubated stationary at 30 �C. All the culti-
vations in this study were carried out in triplicates.

Analysis

The sampleswere taken from the cultivation broth after gently

shaking the flasks, and thenfiltered through0.45 lMfilters for

the following analysis. HPLC analysis for sugars and organic

acids were carried out in anAminex 87H column (Biorad�) at

60 �C by using HPLCmobile phase (5 mMH2SO4) at a flow

rate of 0.6 mL/min. The concentration of gluconic acid was

measured using a D-gluconate kit and following the protocol

provided by the supplier (Megazyme�).

Fungal biomass measurement

The fungal cultures were filtered through filter paper fol-

lowed by a thoroughly washing step with distilled water

until pH reached 6.0. The washed fungal cells on the filter

paper were dried at 100 �C for 48 h before weighing. The

filter paper was dried at 100 �C for 48 h before use.

Results

Morphology of A. carbonarius in static culture

The wild-type was grown in the hydrolysate for organic

acid production with initial pH adjusted to three different

values (3, 5 and 7). The cultivation was carried out sta-

tionary in 250 mL Erlenmeyer flasks at 30 �C. The spores

that were inoculated to the hydrolysate with initial pH

values of 3 and 5 remained dormant throughout the culti-

vation. In the hydrolysate with initial pH adjusted to 7, the

germination of spores was observed on day 2, and the

mycelial growth became visible on the surface of the

hydrolysate from day 3. On day 5, mat-like mycelia had

formed on the surface of the hydrolysate. On day 7,

intensive sporulation was observed on the top of the

mycelia (Fig. 1a–c).

Organic acid production by A. carbonarius wild-type

from the hydrolysate

The initial concentrations of measured compounds in the

hydrolysate are shown in Table 1. In the hydrolysate with

initial pH 7, furfural was depleted by the wild-type after

2 days cultivation, and a significant decrease in the con-

centrations of acetic acid and glucose was observed from

day 3 (Fig. 2a, b). Acetic acid was depleted very rapidly

by day 5 (Fig. 2b). The glucose consumption increased

dramatically from day 4 and approx. 90 % of glucose was

consumed from day 4 to day 7. Xylose was also con-

sumed by the wild-type from day 5 while there was still

plenty of glucose left in the hydrolysate. However, the

consumption of xylose was slower than that of glucose

and in total, 30 g/L xylose was consumed by the wild-

type after 10 days cultivation (Fig. 2a). In the hydrolysate

with initial pH values at 3 and 5, no sugar consumption

was observed by the end of the cultivation, which was

also in consistency with the morphological observations

(Fig. 2c).

The production of organic acids was therefore observed

only in the hydrolysate with initial pH 7. From day 3,

gluconic acid was produced by A. carbonarius prior to

other organic acids. The concentration of gluconic acid

increased rapidly to 19.8 g/L until day 4 and remained at

this value for the rest of the cultivation (Fig. 2a). Citric

acid and oxalic acid were detected at concentrations of 1.9

and 2.1 g/L respectively on day 4. From day 6, the pro-

duction of citric acid and oxalic acid slowed down signif-

icantly and reached 12.6 and 6.5 g/L after 10 days,

respectively (Fig. 2a). The wild-type consumed xylose

from day 5 to day 10. However, the utilization of xylose

did not result in a further increase in the concentration of

any organic acid after day 7 when the glucose was deple-

ted. The pH value changed in full compliance with the

organic acid production obtained during the cultivation.

The cultivation pH decreased gradually from day 3 and

reached approx. 3 on day 5 (Fig. 2b). No further decrease

in culture pH was observed after day 5.
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Recycling fungal mycelia for organic acid

production from the hydrolysate

Mat-like mycelia obtained from the first batch cultivation

for 10 days in the hydrolysate with initial pH 7 was used in

the following cultivation. After fresh hydrolysate with

three different pH values (3, 5 and 7) was added into the

second batch cultivation, respectively, recycled mycelia

floated on the surface of the culture. In the hydrolysate with

initial pH 3, neither fungal growth nor sugar consumption

was observed by the end of the cultivation (Fig. 3c).

Fig. 1 Morphology of A. carbonarius wild-type in the wheat straw

hydrolysate with initial pH adjusted to 7 a mycelia growth on day 3,

b mycelia growth on day 5, c mycelia growth on day 7

Fig. 2 Cultivation of A. carbonarius wild-type in the hydrolysate

with initial pH 7 a sugar consumption and organic acid production,

b conversion of detected inhibitors, c total sugar consumption at three

pH values after 10 days (data shown are mean values from triplicates

with error bars indicating the standard deviation)
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Oppositely, both sugar consumption and organic acid

production were obtained in the hydrolysate with initial pH

5 and 7, but the fungal biomass only increased significantly

in the hydrolysate with initial pH 7 (Fig. 3d). Rapid glu-

cose consumption was observed in the hydrolysate with

initial pH 5 and 7 on day 1. However, there was no further

glucose consumption in the hydrolysate with initial pH 5.

In the hydrolysate with initial pH 7, glucose consumption

slowed down from day 2 to day 4, and the recycled mycelia

consumed only 4.2 g/L glucose during this period. After

day 4, the recycled mycelia utilized glucose more rapidly,

and 58.2 g/L glucose was consumed by day 10 (Fig. 3a).

Acetic acid and furfural were depleted before day 4, and

25.8 g/L xylose was also consumed simultaneously with

glucose by the recycled mycelia (Fig. 3a–c).

For organic acid production, gluconic acid production

emerged after 1 day from the hydrolysate with initial pH 7.

The recycled mycelia produced 10.5 g/L gluconic acid

during the first day, but the concentration of gluconic acid

only reached 13.5 g/L after 10 days cultivation (Fig. 3a).

The production of oxalic acid and citric acid began from

day 3, and reached 4.6 and 3.9 g/L respectively on day 6

(Fig. 3a). After day 6, there was no further increase in

either citric acid or oxalic acid production. Meanwhile, the

cultivation pH decreased from 7 to 5.5 after 1 day and

remained at this level until day 3. The final cultivation pH

reached 3 from day 6 until the end of the cultivation

(Fig. 3b). In the hydrolysate with initial pH 5, pH

decreased from 5 to 4.5 after 1 day and remained at this

level for the rest of the cultivation. In total, 8.4 g/L glu-

conic acid was produced by the recycled mycelia (Fig. 3c).

Comparison of organic acid production

between the wild-type and Dgox mutant

The organic acid production by the Dgox mutant and the

wild-type were compared during cultivation for 10 days in

the hydrolysate with initial pH 7 and in the defined medium

Fig. 3 Cultivation of recycled mycelia in the hydrolysate at three pH

values a sugar consumption and organic acid production in the

hydrolysate at pH 7, b conversion of detected inhibitors and

cultivation pH in the hydrolysate at pH 7, c total sugar consumption

and gluconic acid production at three pH values after 10 days of

cultivation, d comparison of fungal biomass between two batch

cultivations at three pH values (data shown are mean values from

triplicates with error bars indicating the standard deviation)
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mimicking the concentrations of glucose and xylose in the

hydrolysate. In the defined medium, only slight differences

in the production of organic acids were observed between

the Dgox mutant and the wild-type (Table 2). Both the

wild-type and the Dgox mutant lowered the pH from 7 to

2.5 within 3 days after inoculation, and co-consumption of

xylose and glucose was observed in both of the strains.

After 10 days, glucose and xylose were almost depleted

(Fig. 4a, b).

In the hydrolysate adjusted to pH 7, both the wild-type

and the Dgox mutant consumed sugars and converted acetic

acid and furfural in the same way (Fig. 5a, b). Furfural and

acetic acid were depleted within the first three days before

the utilization of sugars started. The organic acid produc-

tion profile in the hydrolysate was different from the profile

in the defined medium (Table 3). The maximum titers of

organic acids were already reached after day 5 for the Dgox
mutant and after day 6 for the wild-type until day 10 where

the experiment stopped (Fig. 5c, d). Probably due to the

elimination of gluconic acid production in the Dgox
mutant, the pH decreased more slowly in the hydrolysate

with the Dgox mutant than the wild-type during the culti-

vation (Fig. 5e). Although the pH started decreasing in

both of the cultures from day 3, the pH level was lowered

to 3 in the culture with the wild-type on day 6 while it was

still 3.5 in the culture with the Dgox mutant. The wild-type

consumed glucose more rapidly than the Dgox mutant.

However, the utilization of sugars (glucose and xylose)

slowed down dramatically in both the wild-type and the

Dgox mutant after day 6. Then no further increase in

organic acid production was observed in the two strains.

Discussion

The abilities to utilize varieties of carbon sources for

organic acid production (e.g. citric acid and fumaric acid)

have been demonstrated with a number of filamentous

fungi (Meng et al. 2014; Mondala 2015; Xu et al. 2010;

Yang et al. 2014b). However, the efficiency of sugar uti-

lization varies among different species. In this study,

utilization of sugars from lignocellulosic biomass was

investigated in A. carbonarius using a wheat straw

hydrolysate and a defined medium with the same concen-

trations of glucose and xylose as in the hydrolysate. The

results showed that A. carbonarius consumed glucose and

xylose simultaneously during the cultivation, especially

when it was grown in the defined medium. An efficient co-

consumption of glucose and xylose was obtained during the

production phase of cultivation in the defined medium, and

the consumption of xylose was only slightly lower than

glucose. When the wild-type was grown in the hydrolysate,

co-consumption of glucose and xylose was also obtained

but the consumption of xylose was slower than that in the

defined medium. In some microorganisms, the presence of

glucose can repress the utilization of pentose sugars in the

culture containing both glucose and pentose (Colabardini

et al. 2014; Ronne 1995; Subtil and Boles 2012), for

example, A. niger and Saccharomycopsis lipolytica have

been studied for their citric acid production in a defined

Table 2 Comparison of organic acid production in the defined

medium after 10 days

Organic acid Wild-type strain (g/L) Dgox mutant (g/L)

Citric acid 69.3 ± 6.1 67.4 ± 7.3

Oxalic acid 0.12 ± 0.04 0.10 ± 0.02

Gluconic acid 0.25 ± 0.09 N.D

Data shown are mean values from triplicates with the standard

deviation after ‘‘±’’

N.D not detected

Fig. 4 Cultivation of the wild-type and the Dgox mutant in the

defined medium a the wild-type, b Dgoxmutant (data shown are mean

values from triplicates with error bars indicating the standard

deviation)
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medium containing both glucose and xylose, and the con-

sumption of xylose was very low compared with glucose

(Maddox et al. 1985). The rapid consumption of glucose by

A. carbonarius wild-type in the hydrolysate partially

resulted from the conversion of glucose to gluconic acid.

Therefore, the consumption of glucose by the wild-type

was faster than the xylose consumption in the hydrolysate,

which differed from the sugar consumption obtained in the

defined medium. Consumptions of glucose and xylose by

the Dgox mutant in the hydrolysate were more similar,

Fig. 5 Cultivation of the wild-type and the Dgox mutant in the

hydrolysate at pH 7 a sugar consumption and the conversion of acetic

acid by the wild-type, b sugar consumption and the conversion of

acetic acid by Dgox mutant, c organic acid production by the wild-

type, d organic acid production by the Dgox mutant, e cultivation pH

(data shown are mean values from triplicates with error bars

indicating the standard deviation)
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which might be a result of the deletion of the gluconic acid

producing pathway. The efficient co-utilization of glucose

and xylose in the hydrolysate indicates the potential for

applying A. carbonarius to organic acid production from

lignocellulosic biomass.

For microorganisms, one of the challenges in utilization

of lignocellulosic hydrolysate is the microbial growth

inhibition resulting from the different inhibitory com-

pounds which are generated mainly from the biomass

pretreatment. Although the microbial resistance to various

types of inhibitors varies among species, there are some

well-known inhibitors in lignocellulosic hydrolysates such

as furfural, 5-hydroxymethylfurfural and acetic acid

(Jönsson et al. 2013; Zha et al. 2014). To study the inhi-

bitor tolerance by A. carbonarius in the hydrolysate, the

initial cultivation pH was adjusted to three different values.

The original pH in the hydrolysate was 5 which is the

optimal pH for the enzymatic hydrolysis. A lower pH value

of 3 was also chosen because it is the optimal initial pH for

A. carbonarius to accumulate high amount of citric acid

(Linde et al. 2014). However, no fungal growth was

observed during the cultivation when the initial pH was

adjusted to those two values. The inhibitory effect seemed

to occur in the early phase of the cultivation as the fungal

spores remained dormant. Based on the composition

analysis of the hydrolysate, acetic acid was present at rel-

atively high concentration compared to other known inhi-

bitors (e.g. furfural). The presence of acetic acid especially

in the undissociated form can lead to toxic effects on

microbial growth, especially on spore germination. In A.

niger, acetic acid can strongly inhibit the spore germination

at low concentration (Fencl and Leopold 1959). A similar

inhibitory effect of acetic acid on A. carbonarius was found

in the defined media containing the same concentration of

acetic acid as that measured in the hydrolysate (Table S1).

An approach to eliminate this inhibitory effect is to convert

acetic acid into the dissociated form by increasing culti-

vation pH. Addition of alkali is also considered an efficient

detoxification method for lignocellulosic hydrolysates. It

can decrease the furan aldehydes and phenols in the

hydrolysate when the cultivation pH is increased above 9

(Jönsson et al. 2013; Martinez et al. 2001; Millati et al.

2002). In the hydrolysate with initial pH 7, the germination

of spores started from day 2 followed by a rapid depletion

of acetate, as well as furfural, indicating that the increased

pH value can eliminate the inhibition on spores germina-

tion, and A. carbonarius is able to consume acetate and

furfural. When the fungal mycelia from the first batch

cultivation were recycled and used directly in the following

cultivation, an inhibition on fungal growth was observed at

the same pH values as in the first batch cultivation. At pH

3, there was still no fungal growth or glucose consumption

during the cultivation, whereas at pH 5, glucose con-

sumption occurred on day 1 mainly due to the conversion

of glucose into the gluconic acid production. Fungal

growth was observed only in the hydrolysate at pH 7, and

the consumption of glucose and the conversion of acetic

acid emerged in the recycled mycelia on day 1, which was

earlier than that observed in the first batch cultivation.

However, the conversion of acetic acid slowed down after

day 1 while the pH value decreased from 7 to 5.5 during

the cultivation. One possible explanation for this phe-

nomenon is that the decreased pH value in the hydrolysate

will lead to an increased concentration of undissociated

acetic acid which can also inhibit the growth of pre-grown

fungal cells as previously reported in A. niger (Taniguchik

et al. 1977). The comparison of growth patterns between

the cultivation with the spore inoculation and the recycled

mycelia reveals that the inhibitory effects on the growth of

A. carbonarius occur in both phases of spore germination

and mycelial growth.

The organic acid production by A. carbonarius was

strongly influenced by the pH in the hydrolysate. When the

wild-type was grown in the hydrolysate adjusted to pH 7,

gluconic acid was produced prior to other organic acids

after day 2 in response to the high glucose concentration.

Normally, A. carbonarius decreases cultivation pH rapidly

in the defined medium omitting additional pH mainte-

nance, and low cultivation pH can significantly inhibit the

gluconic acid production. However, the buffering capacity

of hydrolysate slowed down the pH decrease in the

hydrolysate. A shift from production of gluconic acid to

oxalic acid and citric acid could clearly be observed along

with the pH decrease in the hydrolysate. After the culti-

vation pH reached 3, citric acid was produced as the main

organic acid until the glucose was exhausted in the

hydrolysate. In contrast, when the wild-type was grown in

the defined medium, the cultivation pH decreased to 2.5

within 3 days, which significantly inhibited the production

of gluconic acid and oxalic acid, and citric acid accumu-

lated as the main organic acid. When the fungal mycelia

were recycled for the organic acid production in the

hydrolysate with initial pH 7, the pattern of organic acid

production was similar to that observed in the first batch

Table 3 Comparison of organic acid production in wheat straw

hydrolysate after 10 days

Organic acid Wild-type strain (g/L) Dgox mutant (g/L)

Citric acid 11.5 ± 0.8 7.1 ± 0.5

Oxalic acid 5.1 ± 0.1 8.0 ± 0.1

Gluconic acid 25.9 ± 1.7 N.D

Data shown are mean values from triplicates with the standard

deviation after ‘‘±’’

N.D not detected
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cultivation. A. carbonarius produced gluconic acid imme-

diately in response to high glucose concentration after the

recycled mycelia was inoculated to the fresh hydrolysate.

The gluconic acid production slowed down dramatically

after day 1 followed by a lag phase of organic acid pro-

duction until day 3, implying that the gluconic acid pro-

duction on day 1 might result from an incomplete

inhibition on the grown fungal mycelia in the hydrolysate.

On the other hand, recycling the fungal mycelia did not

give any beneficial effects on the production of citric acid

or oxalic acid. The production of citric acid and oxalic acid

by the recycled mycelia was lower than that obtained with

the spore inoculation.

A previously constructed Dgox mutant was used in a

comparative analysis of the impacts of deleting a glucose

oxidase encoding gene (gox) on organic acid production in

the wheat straw hydrolysate. In our previous study, it was

shown that the disruption of the gox gene in A. carbonarius

efficiently prevented the conversion of glucose to gluconic

acid and led to increased production of oxalic acid and

citric acid, when the Dgox mutant was cultivated in a

defined medium with pH maintained at 5.5 by adding

CaCO3 (Yang et al. 2014a). When the Dgox mutant in the

present study was cultivated in the hydrolysate adjusted to

pH 7, the disruption of the gox gene had similar impacts on

the production of oxalic acid and gluconic acid as previ-

ously reported but not on citric acid production. For

comparison, the Dgox mutant was also cultivated in the

defined medium mimicking the concentrations of glucose

and xylose in the hydrolysate. The results showed no sig-

nificant difference in the production of citric acid by the

Dgox mutant and the wild-type. The production of gluconic

acid and oxalic acid were highly inhibited by low pH while

the citric acid production was enhanced, which is in con-

sistence with the previous findings in the well-known citric

acid producer A. niger (Papagianni 2007; Yang et al. 2015).

Therefore, the wild-type produced more citric acid in the

hydrolysate than the Dgox mutant probably because the

rapid pH decrease in the cultivation benefited citric acid

production but inhibited the production of oxalic acid and

gluconic acid. In contrast, when the Dgox mutant decreased

pH more slowly than the wild-type due to the elimination

of gluconic acid production, it produced more oxalic acid

instead of citric acid compared with the wild-type. The

impacts of disrupting the gox gene on citric acid production

differed in the hydrolysate and the defined media. This

comparative study implies that it is necessary to take into

consideration the complexity of the lignocellulosic hydro-

lysates, including pH buffering capacity and potential

inhibitors, when the genetic engineered strain is applied in

organic acid production using lignocellulosic hydrolysates

as substrate.

Conclusion

In this study, organic acid production of A. carbonarius

was investigated in a wheat straw hydrolysate and com-

pared with production in a defined medium. The efficient

co-utilization of glucose and xylose and the high tolerance

to the inhibitory compounds in the hydrolysate indicated

the potential of A. carbonarius as a fungal cell factory for

production of organic acids using lignocellulosic biomass.

Moreover, the comparative study of the wild-type and the

Dgox mutant showed that impacts of a specific genetic

modification on organic acid production were different in

the defined media and the lignocellulosic hydrolysate.
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Yang L, Lübeck M, Lübeck PS (2014a) Deletion of glucose oxidase

changes the pattern of organic acid production in Aspergillus

carbonarius. AMB Express 4:54

Yang Z, Bai Z, Sun H, Yu Z, Li X, Guo Y, Zhang H (2014b) Biomass

pyrolysis liquid to citric acid via 2-step bioconversion. Microb

Cell Fact 13:182
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