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Abstract 

Background: Aspergillus niger is a highly important industrial microorganism because of its amazing capacity to 
produce citric acid (CA). To explore the metabolic mechanism and physiological phenotype associated with high CA 
productivity, the transcriptomes of high CA‑producing A. niger YX‑1217 and degenerative strain YX‑1217G were inves‑
tigated using A. niger ATCC1015 as a control.

Results: These strains showed distinct transcriptional differences in CA production. By contrast, the genes encoding 
glycoside hydrolases, aspartyl endoproteases, and carboxypeptidases were unusually upregulated in CA‑producing 
strain YX‑1217, which involved the carbohydrate hydrolysis and polypeptide degradation pathways, and should be 
related to its powerful capacity to utilize cornmeal fluidified liquid as raw material for the production of CA. In central 
metabolism of YX‑1217, gene 9.735.1, which encodes glyceraldehyde 3‑phosphate dehydrogenase, and two tran‑
scriptionally outstanding genes, 6000119 (An15g01920) and 3.2152.1 (An08g10920) that encode citrate synthase, 
were upregulated, thereby ensuring CA accumulation. In addition, a relatively strong electron transport chain, a 
regeneration system for  NAD+/NADP+, and an efficient resistance mechanism may have contributed to the high CA 
production rate of YX‑1217.

Conclusions: These comparisons have shed light on the mechanism underlying high CA yield in A. niger YX‑1217 as 
well as provide insights into the development of novel strains that produce other organic acids. 
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Background
Aspergillus niger is a ubiquitous fungus with powerful 
metabolic capabilities for the hydrolysis of carbohydrates 
and the production of organic acids and proteins. It has 
therefore been widely used as an industrial workhorse 
to commercially produce organic acids such as citric 
acid (CA) and gluconic acid, as well as industrial pro-
teins such as enzymes and active proteins (Krijgsheld 
et al. 2013; Andersen et al. 2008). Along with advances in 
metabolic engineering and synthetic biology, A. niger has 

been highly studied to be developed as a more versatile 
cell factory platform.

As an important food additive and bulk chemical, CA 
has a long and successful production history by fermen-
tation. Global CA production is more than 1.5 million 
tons per year, of which 99% comes from the fermenta-
tion of A. niger. The biochemical mechanism underlying 
the accumulation of CA in A. niger has recently been a 
research topic of great interest. In 2006, the US Depart-
ment of Energy Joint Genomics Institute (JGI) com-
pleted the genome sequence of CA-producing A. niger 
ATCC 1015. Soon thereafter, as a powerful industrial 
enzyme producer, the genome of A. niger CBS513.88 
was also sequenced and analyzed by DSM Food Special-
ties in 2007 (Pel et  al. 2007). Currently, the genomes of 
at least four A. niger strains have been sequenced. Some 
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metabolic network models of A. niger in genome scales 
have been established based on these sequences and used 
in the elucidation of the mechanism underlying CA pro-
duction (Sun et al. 2007). The identified genes involved in 
CA metabolism and transport provide excellent oppor-
tunities to study and understand the mechanism of high 
CA production. The genome comparison of A. niger 
ATCC 1015 and CBS 513.88 has revealed genetic differ-
ences, particularly in relation to electron transport, car-
bohydrate transport, and organic acid transport, which 
in turn can shed light on the metabolic complexity relat-
ing to CA production (Andersen et  al. 2011). Although 
extensive genomic studies have been conducted with A. 
niger, investigations relating to metabolic differences 
associated with variations in CA productivity among A. 
niger strains are still limited.

Recently, transcriptomics and proteomics studies on 
A. niger have revealed some distinct metabolic profiles at 
specific physiological statuses, such as the dormancy and 
germination stages of conidia (van Leeuwen et al. 2013). 
The RNA profile of dormant conidia is largely related to 
genes involved in fermentation, gluconeogenesis, and 
the glyoxylate cycle, whereas the profile at germination 
stage of conidia is associated with genes that are related 
to the metabolism of internal storage compounds (Novo-
dvorska et  al. 2013). Both researches clearly illustrate 
that transcriptional changes directly reflect the meta-
bolic and physiological status of cells, and the observed 
major changes indicate cellular responses to alterations 
in the environment. The hydrolase secretory capac-
ity of A. niger was also investigated by comparing tran-
scriptomes in response to different carbon sources such 
as xylose or maltose, which revealed the transcriptional 
regulation profile of the secretory pathways and reflected 
a general modulation mechanism on the secretion capac-
ity of extracellular hydrolases in A. niger (Jørgensen et al. 
2009). Subsequently, proteomic analysis demonstrated 
that different carbon sources result in the production of 
specific extracellular enzymes such as glucoamylase A in 
response to d-maltose, and β-xylosidase in response to 
d-xylose (de Oliveira et al. 2011). These two studies have 
improved our understanding of the secretion capacity of 
A. niger. In addition, a more comprehensive study has 
analyzed the response of A. niger to carbon starvation in 
terms of changes in the physiological processes, morpho-
logical features, and genome-wide transcription (Nitsche 
et al. 2012). Although the metabolic properties of A. niger 
at different physiological statuses have been extensively 
studied using transcriptomics or proteomics approaches, 
to our best knowledge, no investigation has examined the 
metabolic mechanism underlying high CA productivity 
in A. niger. As the production of CA in the industry using 
A. niger is of significant economic value, understanding 

the complex mechanism underlying its production using 
omics approaches is essential.

China is the largest producer of CA, having more than 
70% of the worldwide market share, the competitive-
ness of which benefits from the robust strains used in 
China with powerful CA productivity (> 150.0 g/L) from 
low-cost raw materials such as cornmeal, cassava, sweet 
potato, and other starch-rich crops. A. niger ATCC 1015 
is a wild-type strain used in the first patented process for 
CA production nearly 90 years ago, which usually utilizes 
monosaccharides or disaccharides as raw materials and 
can only produce 10–20 g/L CA in 150 h at 30 °C. Obvi-
ously, the strains derived from A. niger ATCC 1015 or 
similar strains are hard to compete with the strains used 
in China in terms of productivity and production cost.

Aspergillus niger YX-1217 is a typical CA-producing 
strain used in the industry in China. Compared to A. 
niger ATCC 1015, it uses cornmeal as a raw material, 
producing 180–200 g/L CA in 55 h at 38–39 °C. Unfortu-
nately, A. niger YX-1217 is not a genetically stable strain 
and is prone to spontaneous degeneration of CA produc-
tion. To maintain its high CA-yielding phenotype, the 
strain must be regularly rejuvenated; otherwise, it would 
be degenerated to a low CA-producing strain (designated 
as YX-1217G) with an approximately 70% decrease in the 
CA production capacity compared to strain YX-1217.

To explore the metabolic profile and physiological phe-
notype associated with high CA yield, the transcriptomes 
of A. niger YX-1217 and YX-1217G were compared and 
analyzed in this study, and the transcriptome of A. niger 
ATCC1015 was used as a control. A comprehensive anal-
ysis of significant differences involved in CA production 
among these three strains identified events that were 
responsible for high CA yield in A. niger YX-1217, as well 
as provided novel insights into the development of strains 
that yield higher levels of CA or other organic acids.

Methods
Strains and growth conditions
Aspergillus niger YX-1217, YX-1217G, and ATCC 1015 
were used in this study. For spore isolation, strains 
were grown for 7 days at 35 °C on sweet potato powder 
medium, and conidia were harvested and washed with a 
sterile detergent solution containing 0.05% (w/v) Tween-
80 and 0.9% (w/v) NaCl. To this end, the colony surface 
was gently rubbed with a sterile T-spatula, and the conid-
ial suspension was filtered through sterile glass wool and 
maintained at 4 °C until further analysis.

Sweet potato powder medium
Approximately, 250 g sweet potato powder was added to 
1 L of water, stirred after adding 10 mL of high-tempera-
ture α-amylase, and liquefied for 40 min at 90 °C and then 
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measured by Brix. When the sugar content was adjusted 
to 6 Brix, the liquid was supplemented with 2% agar and 
0.08% (w/v) of  (NH4)2SO4.

Cornmeal seed medium
Approximately, 250  g cornmeal was added to 1  L of 
water, stirring after continuously adding high-tempera-
ture α-amylase, and liquefied at 105  °C. Until the result 
of the iodine indicator test had no blue color, 20% (w/v) 
of cornmeal fluidified liquid was obtained. The liquid 
was filtered through two layers of gauze and used as seed 
medium.

Cornmeal fermentation medium
The filtered and unfiltered cornmeal fluidified liquid was 
mixed at a volume ratio of 6:1. The mixed liquid was then 
used as fermentation medium.

An aliquot of 3 × 108 conidia was added to 50 mL of the 
seed medium in a 250 mL Erlenmeyer flask. The cultures 
were shaken at 300 rpm and 35 °C for 33 h and then the 
seed liquid was inoculated into the fermentation medium 
at a concentration of 5% (v/v). Under the same condi-
tions, the fermentation broth was cultured for 60 h. Each 
treatment was performed in triplicate.

Measure of CA and oxalic acid (OA) concentrations
CA and OA concentrations were determined using 
a high-performance liquid chromatography (HPLC) 
instrument equipped with a refractive index detector 
(RID), Aminex HPX-87H column (7.8 × 300  mm, Bio-
Rad, California, USA) were used for CA and OA analysis. 
The eluent used for analysis was 0.01 N sulfuric acid solu-
tion. HPLC analyses were conducted under the following 
conditions: pump flow, 0.6 mL/min; column temperature, 
40  °C; sample amount, 20  mL; and integration method, 
peak area. The concentrations were automatically calcu-
lated by Gilson Unipoint software.

Measurement of reducing sugar concentration 
and biomass
Reducing sugar concentrations were measured using 
an HPLC Dionex P 680 system with the following com-
ponents: column type: Waters Xbridge Amide 3.5  μm 
4.6  mm × 250  mm; detector: Shodex RI-101; injection 
volume: 20  μL; column temperature: 35  °C; flow rate: 
0.8  mL/min; mobile phase: (acetonitrile:water ratio, 
80:20).

To determine biomass production, wet fungal biomass 
that was collected after 60  h of growth was placed in a 
pre-weighed beaker and dried at 105  °C to a constant 
weight. Biomass levels are expressed as grams of cell 
weight per milliliter of fermentation broth. All values 

represent the mean of three independent determinations 
where the experiments were performed in triplicate.

RNA extraction
Conidia  (108/mL) were germinated in the seed media for 
10  h at 35  °C. The pellets were cultured in the fermen-
tation media for 40 h at 35 °C. Germinating conidia and 
pellets were centrifuged at 6000  rpm for 20  min and 
then immediately frozen in liquid nitrogen and stored at 
− 80 °C for RNA extraction.

For Illumina sequencing, total RNA was extracted from 
germinating conidia (10 h) and pellets (40 h) using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s instructions. To maximize target 
coverage, equal amounts of total RNA (10 µg) from three 
independent RNA extractions were pooled for RNA-Seq 
library construction at each time point. The concentra-
tion and quality of RNA for each sample were deter-
mined by UV spectrometry (Agilent Technologies, Santa 
Clara, CA, US). Quality checks and subsequent RNA-Seq 
experiments were performed at the Next Generation 
Sequencing Facility (Shanghai Biotechnology Corpora-
tion, China).

Construction of cDNA library and transcriptome data 
analysis
The cDNA library was sequenced using the Illumina 
HiSeq  2000 with a paired-end 2 × 100-nt multiplex 
with two separate technical replicates. Clean reads were 
obtained by removing raw reads that contained the adap-
tor, unknown, or low-quality sequences. Clean reads were 
mapped to the genome sequence assembly of A. niger 
strain ATCC 1015. Full sequences and annotations are 
available from the Joint Genome Institute (JGI) Genome 
Portal (http://genom e.jgi-psf.org/Aspni 5). To ensure the 
most comprehensive gene model possible, clean reads 
were also mapped to the genome sequence assembly of 
A. niger CBS 513.88 genome from NCBI. The appendix 
file linking the CBS 513.88 annotation to ATCC 1015 
annotation is presented in Additional file  1: Table  S1. 
LifeScope provided all read alignment positions of each 
paired-end reads mapped against the complete genome 
sequence and exon spanning junctions. The read align-
ment results were recorded in BAM format for further 
downstream analysis. Read counts per gene were deter-
mined from primary read alignments with a mapping 
quality of ≥ 20 (MAPQ20). These counts were then used 
to calculate normalized expression values of fragments 
per kilobase of exon model per million mapped reads 
(FPKM) for each gene, as well as an input for determin-
ing significantly differentially expressed genes. BAM files 
were used as input, opting to ignore or include strand 
specificity in the calculations. Data were visualized 

http://genome.jgi-psf.org/Aspni5
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using Integrative Genomic Viewer (IGV). Differentially 
expressed genes were screened using a false discovery 
rate (FDR) of ≤ 0.05, an absolute value of the  log2 ratio 
of ≥ 1, and an FPKM ≥ 50 in strain YX-1217 at stage 10 h 
or stage 40  h as threshold. In addition, the genes that 
have small differences but have a decisive impact on CA 
production were included in the analysis.

To predict the cellular and metabolic functions associ-
ated with the observed changes in transcript levels, dif-
ferentially expressed genes selected were categorized 
according to predicted protein function using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
(http://www.genom e.jp/kegg/).

Real‑time quantitative RT‑PCR (qRT‑PCR) analysis
To validate our RNA-Seq results, the transcript expres-
sion of eight genes related to the CA metabolism was ver-
ified by qRT-PCR and reverse transcribed into cDNA by 
PrimeScriptH RT reagent kit with gDNA Eraser (Takara, 
Japan). qRT-PCR was performed using a Bio-Rad CFX-96 
Real-Time PCR System (Bio-Rad, California, USA) with a 
final volume of 20 μL containing 2 μL of cDNA template, 
10 μL of 26SYBR premix ExTaq™ (Takara, Japan), 1 μL of 
each forward and reverse primer (10  mM) (Additional 
file 2: Table S2), and 6 μL of RNase-free water. Gene tran-
scription was analyzed using SYBR green assays as previ-
ously described (Steiger et al. 2009).

Results and discussion
Performances of A. niger YX‑1217, YX‑1217G, 
and ATCC1015
After several subcultures, some of the strains that ger-
minated from the conidia of A. niger YX-1217 spontane-
ously degenerated into low CA-yielding strains. These 
degenerate strains exhibited no significant differences in 
growth and could maintain genetic stability in further 
multiple subcultures. Therefore, a degenerate strain YX-
1217G was randomly selected for comparison with strain 
YX-1217 to explore genomic variations between high and 
low CA-yielding strains.

The variations in growth phenotypes and production 
performances between A. niger YX-1217 and YX-1217G 
were first investigated by using A. niger strain ATCC1015 
as a control. These strains were all cultivated in the 
same conditions using cornmeal fermentation broth as 
medium and culturing at 35  °C for 60  h. After 60  h of 
fermentation, biomass, reducing sugars, and CA and OA 
concentrations of the three A. niger strains were meas-
ured (Table 1). The CA concentration of the three strains 
consistently increased with fermentation time (Fig. 1).

Apparently, strain YX-1217 is a robust CA-producing 
strain that could reach the highest CA titer of 180.0 g/L at 
60 h with 3.0 g/L/h productivity, whereas the degenerate 

strain YX-1217G could only reach 65 g/L and 1.1 g/L/h 
productivity, indicating an almost 70% decrease in CA 
production capacity compared to strain YX-1217. Strain 
YX-1217 produced approximately 120 g/L CA more than 
YX-1217G, while producing approximately 15.1 g/L less 
biomass. For strain YX-1217G, the more the biomass, 
the less was the CA yield, which signified that part of the 
attenuated metabolism of CA production had shifted to 
the growth of A. niger. In addition, strain YX-1217 could 
only produce 0.89  g/L OA at 60  h, whereas strain YX-
1217G had a yield of 5.78 g/L OA, which indicated that 
the degeneration involved not only CA metabolism but 
also that of other organic acids.

As A. niger YX-1217G is a degenerated strain of A. niger 
YX-1217 in terms of CA production, the close correlation 
between the two strains makes them good comparison 
objects to analysis some of the high yield mechanisms 
of CA by comparative omics. Considering that A. niger 
ATCC 1015 is a typical CA-producing strain and often 
employed as a representative research model for CA 
overproduction (Pel et  al. 2007; Andersen et  al. 2011), 
this strain is also selected as an available reference to 
analyze the distinctive feature of A. niger YX-1217 relat-
ing to the yield of CA. Experimental results show that 
all of the three strains can employ diverse carbohydrate-
containing materials to produce CA, including cornmeal 
fluidified liquid. By contrast, the CA production capacity 
of strain ATCC1015 was significantly lower than that of 
strains YX-1217 and YX-1217G in the condition of 35 °C 
and 60 h, which reached only 20.0 g/L and 0.33 g/L/h CA 
productivity. As CA production of the strain ATCC 1015 
was evaluated by glucose, it was tested in a glucose-based 
minimal medium, which only achieved 0.10 ± 0.12  g/L 
CA (Andersen et  al. 2011). Briefly, the productivities 
among these strains are significantly different, and thus 
are good samples to explore the mechanism underly-
ing high CA yield in A. niger by a comparative omics 
approach.

Transcriptional profiling
To directly demonstrate metabolic variations among 
these strains, transcriptomics analysis was utilized in 
mRNA expression profiling in relation to high CA yield. 
Cultures at the two different stages of each strain were 
selected and used in transcriptomics analysis. One stage 
was conidial germination, which was sampled from the 
seed medium cultured for 10 h, as the conidial germina-
tion of these A. niger strains was observed to flourish at 
10 h, and it was reported that the majority of transcrip-
tomic changes occur early during the germination phase 
(Novodvorska et al. 2013). Furthermore, at this stage, the 
nutrient content and pH of the medium do not undergo 
significant changes. More importantly, this stage involves 

http://www.genome.jp/kegg/
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the initial production of CA once germs emerge on the 
conidia, which was subsequently followed by the fast 
CA-producing period, signifying that CA metabolism 
has entered the active phase. It is thus the appropri-
ate and reliable time point to compare metabolic differ-
ences at the initial stage of CA production among these 
strains. The other stage was the high CA yield phase, 
which involves culturing in fermentation medium for 
40  h (Fig.  1). At this stage, these strains are all at their 
peak phase of CA production and exhibit significant dif-
ferences in CA titer, intracellular metabolic activities, CA 
tolerance, and other aspects closely related to high CA 
yield capacity. Because the nutrients in the medium have 
not been depleted during metabolism among the three 
strains, the differential data at this stage may be usable in 
profiling CA yield in A. niger YX-1217.

Global transcriptional profiles of the three samples at 
two different phases were established using RNA-Seq. 
The number of clean reads and mapping ratio are pre-
sented in the supplemental material (Additional file  3: 
Table  S3), and the mapping ratios were all more than 
90%, which suggests that sequencing was sufficient. The 
comparison of strain YX-1217 to strain ATCC 1015 
(designated as S1/S3) indicated 1020 upregulated genes 
(Additional file  4: Table  S4) and 1084 downregulated 
genes (Additional file  5: Table  S5) during the conidial 
germination stage (10  h) and 1058 (Additional file  6: 
Table  S6) upregulated genes and 3024 downregulated 
genes (Additional file 7: Table S7) at the high citric acid 
yield stage. The comparison of strain YX-1217 with strain 
YX-1217G (designated as S1/S2) showed 506 upregulated 
genes (Additional file 8: Table S8) and 356 downregulated 
genes (Additional file 9: Table S9) during conidial germi-
nation and 1206 upregulated genes (Additional file  10: 
Table  S10) and 1963 downregulated genes (Additional 
file 11: Table S11) during high CA yield. The global gene 
expression profiles (scatter plots) of various samples are 
shown in Fig. 2.

Significantly greater transcriptional differences 
between A. niger YX-1217 and ATCC 1015 compared 
to that between A. niger YX-1217 and YX-1217G at the 

same stage were observed, and there were abundant 
genes that were more than tenfold up- or downregulated 
in the former stage than in the latter stage, which could 
be ascribed to their genetic relationship or their strain 
intrinsic physiological differences. This detailed analy-
sis would provide an authentic view of the mechanism 
underlying high CA production.

Functional annotation of differentially expressed genes
Differentially expressed genes were functionally anno-
tated to KEGG pathways to explore metabolic variations 
among different strains. The major KEGG pathways iden-
tified were associated with global metabolism, particu-
larly CA biosynthesis that is related to starch and sucrose 
metabolism, glycolysis, TCA cycle, and fatty acid metab-
olism (Figs. 3 and 4).

Transcript abundance was higher in strain YX-1217 
than in ATCC 1015 and YX-1217G during conidia germi-
nation, and in most of the categories the genes in strain 
YX-1217 were upregulated, except for those belong-
ing to the categories of ribosomes, RNA transport, and 

Table 1 Comparison of biomass, residual reducing sugars, citric acid, and oxalic acid concentration among the three 
strains at 60 h

Fermentations were performed in biological triplicate for each strain. Values are presented as the average ± standard deviation. For significance analysis, each column 
was listed as a level, and different uppercase letters represent extremely significant differences (p < 0.01)

Strains Initial reducing  
sugars (g/L)

Biomass (g/L) Citric acid  
concentration (g/L)

Oxalic acid  
concentration (g/L)

Residual reducing  
sugars (g/L)

A. niger YX‑1217 (S1) 175.2 ± 2.5 132.4 ± 4.5C 180.0 ± 0.1A 0.89 ± 0.06C 3.5 ± 0.5C

A. niger YX‑1217G (S2) 175.2 ± 2.5 157.5 ± 5.2B 65.0 ± 0.1B 5.78 ± 0.54A 43.8 ± 1.0B

ATCC 1015 (S3) 175.2 ± 2.5 192.5 ± 4.4A 20.0 ± 0.05C 1.83 ± 0.22B 86.0 ± 1.2A

Fig. 1 Results of citric acid fermentation by the three A. niger strains. 
The curves indicate that the citric acid concentration of A. niger 
YX‑1217, YX‑1217G, and ATCC 1015 increased consistently with the 
fermentation time
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amino acid biosynthesis, signifying that protein expres-
sion is not active in strain YX-1217 compared to strains 
ATCC1015 and YX-1217G. At the peak stage of CA 
production, most of the genes that are closely related to 
CA biosynthesis such as those of TCA cycle, starch and 
sucrose metabolism, glycolysis, and pyruvate metabo-
lism were downregulated in strain YX-1217G compared 
to the other two strains. Notably, most of the ribosome-
associating genes were upregulated in S1/S3 and S1/S2 at 
the peak stage of CA production (40  h), indicating that 

protein expression is higher in strain YX-1217 than the 
other strains at this stage.

To concretely distinguish the specific genes and pos-
sible mechanism contributing to high CA productivity, 
the genes belonging to the above categories at the two 
stages were further examined individually in the follow-
ing sections using the selection criterion of FPKM ≥ 50 in 
strain YX-1217 at the stage of 10 or 40  h,  log2ratio ≥ 1, 
and FDR ≤ 0.05.

Fig. 2 Scatter plots of gene expression levels across different samples. a The transcriptional differences between A. niger YX‑1217 and ATCC 1015 
(S1/S3) at the stage of 10 h; b the transcriptional differences between A. niger YX‑1217 and ATCC 1015 (S1/S3) at the stage of 40 h; c the transcrip‑
tional differences between A. niger YX‑1217 and A. niger YX‑1217G (S1/S2) at the stage of 10 h; d the transcriptional differences between A. niger 
YX‑1217 and A. niger YX‑1217G (S1/S2) at the stage of 40 h
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Regulation of carbohydrate hydrolysis among different A. 
niger strains
Utilization of a wide range of carbohydrates as carbon 
sources is an important feature of A. niger. In industry, 

cornmeal is often used as an inexpensive carbon source 
for the fermentation of A. niger, and strain YX-1217 is 
the typical CA-producing strain that can convert high 
Brix starch to CA. In the present study, transcriptional 

Fig. 3 Comparative transcriptomic data at the stage of 10 h clustered by KEGG categories. a Comparative transcriptomic data of strain YX‑1217 
versus ATCC 1015 (S1/S3) at the stage of conidia germination (10 h culture of conidia in seed medium) clustered by KEGG categories; b Compara‑
tive transcriptomic data of strain YX‑1217 versus YX‑1217G (S1/S2) at the stage of conidia germination (10 h culture of conidia in seed medium) 
clustered by KEGG categories
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variations in hydrolases between strains YX-1217 and 
ATCC1015 and YX-1217G were first analyzed (Table 2).

The degradation of starch is performed by a vari-
ety of enzymes, which are divided over three glycoside 
hydrolase (GH) families based on their sequence simi-
larity http://www.cazy.org), including GH13, GH15, 
and GH31 (Adav et  al. 2010; Yuan et  al. 2008). To date, 

several A. niger genes involved in extracellular starch 
hydrolytic enzymes have been characterized. GH13, a 
large family containing various hydrolyzing and trans-
glycosylating enzymes, can mostly act on α-(1,4) or 
α-(1,6)-glycosidic bonds. GH31 releases glucose from the 
non-reducing end of starch. Here, the expression levels 
of genes agsA (An04g09890), agdC (An02g13240), amyA, 

Fig. 4 Comparative transcriptomic data at 40 h clustered by KEGG categories. a Comparative transcriptomic data of strain YX‑1217 versus ATCC 
1015 (S1/S3) at the peak stage of CA production (40 h culture of CA fermentation) clustered by KEGG categories. b Comparative transcriptomic data 
of strain YX‑1217 versus YX‑1217G (S1/S2) at the peak stage of CA production (40 h culture of CA fermentation) clustered by KEGG categories

http://www.cazy.org
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agtC (An15g07800), and gbeA (An14g04190) encoding 
α-amylases (GH13 family), and genes agdC (An01g10930) 
and agdA (An04g06920) encoding α-glucosidase (family 
GH31) were all abundant and upregulated in YX-1217, 
whereas these genes were downregulated in ATCC 1015 
at the two stages. However, previous reports have shown 
that the transcript levels of genes glaA (An03g06550) 
and agdA (An04g06920) in A. niger N402 did not signifi-
cantly differ from days 2 to 8 (Jørgensen et al. 2010). In 
addition, the two genes displayed higher transcript levels 
among all genes on maltose-limited chemostat culture 
compared to xylose-limited chemostat culture (Jørgensen 
et  al. 2009). GH15 possesses a starch-binding domain 
(SBD), which is a discrete C-terminal region that binds to 
starch and facilitates hydrolysis (Yuan et al. 2008). Gene 
140568 (An03g06560), which encodes glucan-1,4-alpha-
glucosidase with the SBD, was upregulated by fivefold 
in S1/S3, but the expression level of the gene was mostly 
unaffected in S1/S2.

In addition, genes encoding other families of enzymes, 
GH5, GH10, GH11, GH 12, GH26, GH27, GH28, GH47, 
GH61, and GH62 were significantly upregulated in 
S1/S3 and S1/S2, particularly 190032 (An03g00940), 
11115 (An01g00780, xynB), and 190140 (An03g00960, 
axhA) at the two stages. However, there were excep-
tions; gene 90046 (An12g08280), which encodes 
β-fructofuranosidase, gene 30627 (An08g05230) encod-
ing endoglucanase-4, and gene 6.376.1 (An15g04900) 
encoding endo-beta-1,4-glucanase D, were expressed at 
low levels in the three strains at the stage of 40 h. Gene 
An12g08280 has been also reported to be upregulated by 
11-fold at day 2/day 0 and was rapidly downregulated at 
day 8/day 0 (Jørgensen et al. 2010), which was in agree-
ment with our transcriptional results.

Aspergillus niger conidia possess a relatively thick-lay-
ered cell wall that is shed during germination (van Leeu-
wen et al. 2013). Six genes involved in chitin degradation 
were determined to be upregulated at the initial stage of 
germination in YX-1217.

In all, compared to ATCC 1015 and YX-1217G, 
YX-1217 showed a more powerful hydrolase system for 
carbohydrate utilization, which may be one of the essen-
tial reasons contributing to the rapid utilization of corn-
meal starch to achieve high CA titer.

Regulation of polypeptide degradation among different A. 
niger strains
In addition to carbohydrates, cornmeal is also rich in 
proteins and peptides. The genome of A. niger encodes 
198 proteases that are involved in proteolytic degrada-
tion, including nine secreted aspartyl endoproteases, 
ten serine carboxypeptidases, and nine dipeptidyl and 
tripeptidyl aminopeptidases (Pel et al. 2007). Overall, 14 

peptidases were differentially expressed at the transcrip-
tional level during CA production (Table  3), of which 
four aspartic peptidases, five serine carboxypeptidases, 
one cysteine peptidase, and one arginase were more 
abundant in YX-1217. These all were upregulated in 
S1/S3 and slightly upregulated in S1/S2 at the two stages, 
including gene 80863 (An14g04710, pepA). The tran-
script levels of gene 80863 has been reported to peak at 
day 2 and showed a sharp reduction on day 8 (Jørgensen 
et  al. 2010), which agrees with our results. In addition, 
previous reports have shown that aspartyl endoproteases 
and carboxypeptidases are mostly active at low pH (Pel 
et  al. 2007). Because of the acidifying properties (about 
pH 2.5) of A. niger YX-1217, four aspartic peptidases and 
five serine carboxypeptidases were all more abundant 
and upregulated in YX-1217.

Proteins and polypeptides in the medium were 
degraded into various amino acids by peptidases, includ-
ing serine and aspartic acid, which are transported via 
amino acid transporters for the uptake by cells (Table 5). 
The significant upregulation of genes encoding the amino 
acid trasporters demonstrated that a greater amount 
of amino acids were produced in the culture of strain 
YX-1217 compared to YX-1217G and ATCC 1015 due to 
the more powerful capacity of polypeptide degradation. 
Obviously, the peptidase expression profile of YX-1217 
during the high acid production ensured the efficient 
utilization of amino acids from protein hydrolysis, which 
may also be one of attributes of strain YX-1217 to adapt 
to the high production of CA.

Regulation of central metabolism of CA production 
among different A. niger strains
CA is a product of cell central metabolism, which 
includes various pathways such as glycolysis, TCA cycle, 
fatty acid metabolism, and glyoxylic acid metabolism. The 
observed transcriptional variations on central metabo-
lism of CA production in S1/S3 and S1/S2 are presented 
in Table 4.

CA is formed mainly via cytosolic glycolysis and the 
subsequent mitochondrial TCA cycle. In the present 
study, the expression levels of genes involved in glycoly-
sis were mostly unaffected, except for gene 9.735.1. This 
gene, which is predicted to be a glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), was upregulated nearly 
11- and 25-fold in S1/S3 at the two stages. Besides its 
established metabolic function, GAPDH has recently 
been implicated in various non-metabolic processes, 
including transcription activation, initiation of apoptosis, 
and ER to Golgi vesicle shuttling, or axoplasmic transport 
(Tarze et al. 2007). The outstanding difference of GAPDH 
among strain ATCC 1015 YX-1217G and YX-1217 indi-
cated that it should be one of the key enzymes in central 
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metabolism, closely regulating the production of CA. The 
expression level of gene 100101 (An18g01670), which 
encodes 6-phosphofructokinase (6-Pfk), was downregu-
lated in YX-1217 at the stage of 40 h. Because an increase 
in CA production results in feedback inhibition of 6-Pfk, 
a reduction in 6-Pfk activity may lead to an improvement 
in CA production (Ruijter et al. 1997).

CA is an important intermediate in the TCA cycle. 
Citrate synthase (Cs), which is a pace-making enzyme in 
the first step, catalyzes the condensation of oxaloacetate 
and acetyl-CoA to form CA, which is the most important 
enzyme in CA production. Two genes, namely, 6000119 
(An15g01920, mscA) and 3.2152.1 (An08g10920, citB), 
which encode Cs, were observed at the two stages and 
were upregulated in S1/S3 at the stage of 10 h, whereas 
these were downregulated in S1/S2 at the stage of 10  h 
and showed no transcriptional differences at the stage 
of 40 h. Three genes encoding Cs in A. niger CBS 513.88 
(An01g09940, An08g10920, and An09g06680) have 
been previously identified and mapped (Pel et al. 2007). 
A. niger ATCC 1015, which shares six Cs isoenzymes 
(202801, 48684, 126525, 176409, 35756, and 46236), 
including methylcitrate synthase, may contribute to the 
high citrate production efficiency of A. niger (Sun et  al. 
2007). However, it was previously reported that overex-
pression of Cs did not increase the rate of Cs produc-
tion, which suggested that Cs minimally contributes to 
flux control in the CA biosynthetic pathway in a non-
commercial strain (Ruijter et al. 2000). But, Ghulam et al. 
(2014) reported that CA production by overexpression 
of a mutant CS was significantly enhanced from 19.4 to 
64.20 mg/mL. Accordingly, the Cs activity in the fermen-
tation broth of strain YX-1217 was assessed as described 
(Ruijter et al. 2000), which indicated that Cs activity was 
higher (289U) at the stage of 10 h, whereas it decreased 
(83U) at the stage of 40 h. These findings coincided with 
the results of transcriptome analysis and indicated that, 
although Cs is one of the key enzymes for CA produc-
tion, the upregulated expression of Cs is not a sufficient 
and necessary condition for the high yield of CA.

The expression of the other key enzymes in TCA cycle, 
such as two succinate dehydrogenases [encoded by genes 
20259 (An02g12770) and 5000505 (An07g03170), respec-
tively], malate dehydrogenase [encoded by gene 50562 
(An07g02160)], isocitrate dehydrogenase [encoded by 
gene 101221 (An18g06760)], and aconitase [encoded by 
gene 110571 (An09g03870)] showed no transcriptional 
differences among the three strains at the two stages. 
Nevertheless, their expression levels as indicated by 
FPKM value were high during CA formation. ATP-citrate 
lyase is the key enzyme to catalyze the decomposition of 
CA to oxaloacetate (OAA) and acetyl coenzyme A, and 
there are two homologs in these A. niger strains, encoded 

by gene 40119 (An11g00510) and 40123 (An11g00530), 
respectively. Both of these enzymes maintain stable 
transcriptional levels and were even slightly upregulated 
at the stage of 10 h for strain YX-1217. These data illus-
trated that the TCA cycle still maintained basic activity 
in these A. niger strains, which should be an important 
prerequisite for these A. niger strains to maintain growth 
and survive in the living environment of high CA titers.

Glyoxylic acid cycle is the variation of TCA cycle, 
which forms an alternative pathway where isocitrate is 
converted into malate without the production of NADH 
by the consecutive catalysis of isocitrate lyase and malate 
synthase. The transcripts of two homologous encoding 
isocitrate lyase contain two homologous genes 11071 
(An01g09270, acuB) and 160030 (An10g00820, oahA), 
which are highly abundant in YX-1217; however, the 
transcript of gene (An15g01860, acuE) encoding malate 
synthase was not obviously different in these strains.

Under the conditions of adequate oxygen, fatty acids 
are decomposed into acetyl-CoA and completely oxi-
dized into  CO2 and  H2O, which consequently releases 
a large amount of energy. Acyl-CoA synthetase plays a 
major role in this process by activating long-chain fatty 
acids with more than 12 carbons, which encodes genes 
7000050 (An16g04830) and 13000035 (An04g04330) 
and shows higher transcriptional level in YX-1217 than 
in ATCC 1015 at the two stages. The data indicated that 
strain YX-1217 has more powerful catabolic capacity for 
fatty acid than ATCC 1015, which can supply a greater 
amount of acetyl-CoA and energy for the growth and 
survival of YX-1217 to yield a greater amount of CA.

In short, the central metabolism among the three 
strains displayed no substantial differences, while the 
better central metabolism was an important premise for 
strain YX-1217 to overproduce CA.

Regulation of transporter mechanisms of CA production 
among different A. niger strains
Elucidating transporter mechanisms for CA production 
is crucial. The transcriptional variations in transporter 
mechanisms among the three A. niger strains are pre-
sented in Table 5. In this study, 25 transporters were dif-
ferentially expressed at the transcriptional level, which 
include seven synaptic vesicle transporter SVOP and 
related transporters (major facilitator superfamily), four 
amino acid transporters, three peptide transporters, and 
seven ion transporters that were upregulated in YX-1217 
at the two stages.

The transport functions of synaptic vesicles may be 
more complex than currently envisioned, which are 
related to eukaryotic and bacterial phosphate, sugar, and 
organic acid transporters (Janz et al. 1998). Seven synap-
tic vesicle trafficking proteins were upregulated in S1/S3 
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and S1/S2. In strain YX-1217, abundant synaptic vesicles 
could accelerate the absorption and utilization of materi-
als such as sugar that were prepared for the production 
of CA. In addition, synaptic vesicle trafficking associ-
ated with neuronal development, macromolecules, small 
molecules, and ion transport is regulated by a voltage-
dependent  Ca2+ channel (Augustine et  al. 1987; Zhang 
et al. 2013). Vesicle initiation and subsequent membrane 
fusion both require an increase in  Ca2+ concentration in 
the cytoplasm. The cytosolic  Ca2+ levels are determined 
by two opposite fluxes, namely,  Ca2+ influx via chan-
nels and  Ca2+ efflux via active transporters (Waditee 
et  al. 2004). Furthermore, changes in intracellular  Ca2+ 
distribution affect ion homeostasis. Genes involved in 
various ion transport proteins for  Na+,  K+,  Fe2+,  Ca2+, 
 Mg2+,  Zn2+, and  Cu2+ were differentially expressed in 
the three strains. Two important genes, namely, 240077 
(An19g00340) and 240035 (An19g00330), which encode 
a  Ca2+/H+ antiporter of Vcx1 and related proteins, 
showed significantly higher transcriptional levels in 
S1/S3, whereas these were slightly upregulated in S1/S2. 
The results showed that these genes were associated with 
maintaining a low cytosolic-free  Ca2+ concentrations by 
catalyzing pH gradient-energized vacuolar  Ca2+ accumu-
lation in A. oryzae RIB40.

The transcription levels of four amino acid transport-
ers were elevated in the three strains. Gene 18.284.1 
(An16g07900) is similar to a choline transporter Hnm1 
in A. fumigatus Af293, which is associated with nitro-
gen uptake. Gene 11.172.1 (An09g02550) is similar to a 
putative GABA permease GabA, which was upregulated 
in S1/S3 and S1/S2 at the two stages. Genes involved in 
other small molecule transport (ammonium, xanthine, 
uracil, thiamine, urea, and peptides) exhibited high levels 
of mRNA expression in the three strains (Table 5).

The significant upregulation of the transporters showed 
the more powerful transporter capacity of materials in 
strain YX-1217 compared to YX-1217G and ATCC1015, 
which enables YX-1217 to quickly and sufficiently trans-
port substances (macromolecules, small molecules, and 
ions) into, out of, or within a cell. It may also be one of 
the attributes of strain YX-1217 to adapt to the high pro-
duction of CA.

Regulation of energy metabolism, transcription factor 
regulation, and resistance among different A. niger strains
The maintenance of energy balance is critical for high CA 
fermentation. Increased transcript levels were detected 
in YX-1217 such as genes 21.34.1 (An12g09940), 9.1179.1 
(An05g00300), and 40169 (An11g04370) encoding 
cytochrome 5; gene 3.1942.1 (An08g06550) encoding 
ubiquinol cytochrome c reductase; and gene 4.1469.1 
encoding cytochrome c heme-binding proteins (Table 6). 

Most of their FPKM values were highly expressed in 
the three strains at the two stages, and mRNA expres-
sion was upregulated at the stage of 40  h compared to 
10  h. This result showed that a large amount of energy 
was produced by the respiratory chain to maintain 
the energy balance and supply energy for CA produc-
tion during the high CA production period in YX-1217. 
Novodvorska et  al. (2013) detected increased transcript 
levels for genes encoding putative subunits of the res-
piratory chain mainly during the first hour of germi-
nation such as cytochrome b (An11g04370), which 
would supply energy for spore germination. Moreo-
ver, the present study detected important genes such as 
2000458 (An02g06550), 5000079 (An07g08760), 6000073 
(An15g00690), and 2.1052.1 (An02g09730), encoding 
relatives of NADH/NADPH oxidase, which catalyze the 
regeneration of  NAD+/NADP+. These genes were upreg-
ulated in YX-1217 at the stage of 40 h. To maintain the 
balance of intracellular redox state and energy metabo-
lism, the superfluous reducing power NADH must be 
converted to its oxidation state  NAD+ in time by a regen-
eration system for  NAD+/NADP+, otherwise the metab-
olism of glucose to CA will be arrested. In a successful 
CA-producing strain, a powerful regeneration system for 
 NAD+/NADP+ is needed to convert the mass production 
of NADH/NADPH along with the CA overproduction.

Genes encoding proteins that are involved in tran-
scription and translation were upregulated in YX-1217. 
Gene 800003 (An18g04840), encoding translational 
elongation factor EF-1 alpha, was upregulated by at 
least 26-fold. It was associated with the binding reaction 
of aminoacyl-tRNA (AA-tRNA) to ribosomes, which 
laid a good foundation for rapid synthesis of a series of 
enzymes involved in CA production. Genes of transcrip-
tion factors involved in pH regulation in YX-1217 are 
presented in Table  6. Gene 2000159 (An02g07890) is 
the pH-responsive regulator PacC of Aspergillus, which 
has been implicated in the regulation of genes encoding 
transporter proteins such as GABA (γ-amino n-butyrate) 
permease and phosphate permease (Peñalva et al. 2002). 
CA production in A. niger begins at pH 3.0 and is optimal 
just below pH 2.0 (Haq et al. 2005). Some reports on the 
sensitivity of hypoxia in filamentous fungi to intracellular 
pH refer to the reduced activity of plasma membrane H+ 
ATPase, which is involved in the maintenance of intracel-
lular proton concentrations by extrusion of protons from 
the cytoplasm at the expense of ATP (Andersen et  al. 
2009). Therefore, acid concentration affects the internal 
pH of cells.

Fungi rely on resistance to scavenge reactive oxygen 
species (ROS) that can cause cell damage by oxidizing 
cell components such as DNA, proteins, and lipids and 
can also compromise cell functions (Devasagayam et al. 
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2004; Kroneck and Torres 2015; Fountain et  al. 2016). 
Catalase, superoxidase, and oxidoreductases can pro-
tect cells by opposing oxidative stress during growth and 
development. The transcript levels of these genes that are 
involved in resistance were relatively high in the three 
strains and were significantly upregulated in YX-1217 
at the two stages. Gene 1.973.1 (An01g12530), involved 
in manganese and iron superoxide dismutase, showed 
higher expression in S1/S3 at the stage of 10  h, as well 
as in S1/S3 and S1/S2 at the stage of 40  h. Antioxidant 
defense systems to scavenge ROS can decrease cell dam-
age and retard cell aging. A previous report has indicated 
that the knockout of five catalase family genes (catA, catB, 
catC, catD, and catP) can lead to a significant decrease in 
anti-oxidative capability, UV-B resistance, and virulence 
in B. bassiana (Wang et al. 2013). The overexpression of a 
cytosolic manganese-cored SOD (Bbsod2) in B. bassiana 
leads to significantly enhanced anti-oxidative capability 
and UV-B resistance. Knocking out three superoxide dis-
mutase genes (sod1, sod4, and sod5) in B. bassiana could 
lead to significant decreases in anti-oxidative capability 
(Xie et al. 2010a, b). The expression of bZIP transcription 

factors such as atf21 and atfA has been shown to regu-
late aflatoxin production in response to oxidative stress 
in  vitro during early stages of fungal growth (Fountain 
et  al. 2016). The overexpression of five bZip transcrip-
tion factors (RsmA, Napa, ZipA, ZipB, and ZipC) in A. 
nidulans results in the significant improvement of resist-
ance to ROS (Yin et  al. 2013). To obtain a CA produc-
tion strain with a higher yield, it is essential to investigate 
genes that are involved in resistance mechanism.

Taken together, the findings of the present study indi-
cate that a highly efficient electron transport chain, 
a regeneration system for  NAD+/NADP+, the highly 
upregulated expression of key genes involved in tran-
scription and translation protein, and an effective resist-
ance mechanism apparently contribute to high CA 
production in A. niger YX-1217.

Transcription regulation of genes involving CA production 
among three different A. niger strains
To elucidate the mechanism underlying CA yield, the 
central metabolic pathways were first assessed in terms of 
their direct correlation to CA production (Figs. 5 and 6).

Fig. 5 Transcription level regulation of genes involving CA production in three different A. niger at 10 h. Upregulated, downregulated, and no differ‑
entially expressed genes involving CA production are highlighted in red, green, and gray color, respectively. Comparative transcriptomic differences 
of strain YX‑1217 versus ATCC 1015 (S1/S3) and strain YX‑1217 versus YX‑1217G (S1/S2) at 10 h are exhibited, respectively, in squares. PFK 6‑phospho‑
fructokinase, GADPH glyceraldehyde‑3‑phosphate dehydrogenase, PYC pyruvate carboxylase, ACS acetyl‑coA synthetase, ADH alcohol dehydroge‑
nase, CS citrate synthase, ICL isocitrate lyase, SDH succinate dehydrogenase, ACL ATP‑citrate lyase, NOX NADH/NADPH oxidase



Page 20 of 23Xie et al. Bioresour. Bioprocess.  (2018) 5:21 

The results indicate that the transcriptional levels of 
most of the key genes contributing to CA yield are sig-
nificantly higher in A. niger YX-1217 than in strain YX-
1217G and ATCC 1015 during conidia germination. The 
genes encoding the GH family for carbohydrate hydrol-
ysis and the genes encoding proteins/peptides degen-
eration were upregulated in A. niger YX-1217 during 
conidial germination. It should be related to its powerful 
capacity to utilize cornmeal fluidified liquid as raw mate-
rial for the production of CA.

Gene 9.735.1, encoding GAPDH that catalyzes the 
conversion of glyceraldehyde 3-phosphate to d-glyc-
erate 1,3-bisphosphate, was upregulated by nearly 11- 
and 25-fold in S1/S3, whereas there was no differential 
expression in S1/S2. In TCA metabolism, the signifi-
cantly upregulated expression of some key genes such 
as 6000119 (An15g01920) and 3.2152.1 (An08g10920), 
which encode Cs, a crucial enzyme in CA produc-
tion that catalyzes the condensation reaction of acetyl 

coenzyme A and oxaloacetate to form CA, was upregu-
lated in S1/S3. In terms of lipid metabolism, the tran-
script of genes 7000050 (An16g04830) and 13000035 
(An04g04330), which encode Acyl-CoA synthetase that 
convert fatty acid molecules into acyl-coenzyme A for 
their subsequent oxidation, was highly abundant in S1/S3 
at the two stages. Furthermore, some important genes, 
2000458 (An02g06550), 5000079 (An07g08760), 6000073 
(An15g00690), and 2.1052.1 (An02g09730) that encode 
relatives of NADH/NADPH oxidase catalyze the regener-
ation of  NAD+/NADP+. In the present study, these genes 
were upregulated in YX-1217.

Interestingly, some genes associated with CA produc-
tion have no obvious differences or have low transcrip-
tional expression in the three strains at the stage of 40 h. 
Filamentous fungi utilize a feedback mechanism termed 
repression under secretion stress (RESS), which selec-
tively downregulates the transcription of genes encod-
ing extracellular enzymes upon ER stress and thus helps 

Fig. 6 Transcription level regulation of genes involving CA production in three different A. niger at 40 h. Upregulated, downregulated, and no dif‑
ferentially expressed genes involving CA production are highlighted in red, green, and gray, respectively. Comparative transcriptomic differences of 
strain YX‑1217 versus ATCC 1015 (S1/S3) and strain YX‑1217 versus YX‑1217G (S1/S2) at 40 h are exhibited, respectively, in squares. PFK 6‑phosphof‑
ructokinase, GADPH glyceraldehyde‑3‑phosphate dehydrogenase, PGAM phosphoglycerate mutase, PK pyruvate kinase, ACS acetyl‑coA synthetase, 
ADH alcohol dehydrogenase, ACO aconitase, IDH isocitrate dehydrogenase, SDH succinate dehydrogenase, ACL ATP‑citrate lyase, NOX NADH/NADPH 
oxidase
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to reduce the ER load (Fan et  al. 2015). RESS represses 
the transcription of secretory protein genes under ER 
stress conditions in T. reesei, A. niger, and A. nidulans 
(Wang et al. 2010). In A. niger, RESS leads to the selec-
tive transcriptional downregulation of the glucoamylase 
gene (Alsheikh et al. 2004). Transcriptome profiling of N. 
crassa has revealed that the expression of most lignocel-
lulase genes are significantly induced at early time points 
(16 h), but rapidly declines thereafter, implying that RESS 
exists in N. crassa and might be a limiting step of ligno-
cellulase synthesis (Wang et al. 2010), which agrees with 
our findings. At the peak time of the CA production, 
RESS could result in the downregulation of the key genes 
involved in CA production.

Experimental validation of gene expression level 
by qRT‑PCR
To verify the expression level of the genes identified by 
RNA-Seq, eight genes highly related to the CA produc-
tion were selected and qRT-PCR was performed. The 
majority of these candidates exhibited upregulated 
expression in S1/S3 and S1/S2 at the stage of 10  h, and 
only a minority of genes exhibited downregulated expres-
sion in S1/S3 and S1/S2 at the stage of 40 h (Table 7). The 
results coincide with the findings of RNA-Seq and qRT-
PCR analyses, thus indicating that our results were effec-
tive and reliable.

Conclusions
In this study, to explore the metabolic mechanism and 
physiological phenotype associated with high CA pro-
ductivity, the transcriptomes of high CA-producing A. 
niger YX-1217 and degenerative YX-1217G were inves-
tigated and compared using A. niger ATCC1015 as a 
control. The results revealed the striking transcriptional 
differences in CA production among the three A. niger 
strains. In the carbohydrate hydrolysis and polypeptide 
degradation pathway, many key genes were upregulated 
in YX-1217, which showed a more powerful hydrolase 
system for carbohydrate utilization. It may be one of the 
essential reasons contributing to the rapidly utilization 
of cornmeal starch to achieve high CA titer. In central 
metabolism, the three strains displayed no substantial 
differences, while the better central metabolism was an 
important premise for strain YX-1217 to overproduce 
CA. A total of 25 protein transporters were differen-
tially expressed in YX-1217, which could accelerate the 
absorption and utilization of materials such as sugar that 
were prepared for the production of CA. In addition, a 
relatively strong electron transport chain, a regenera-
tion system for  NAD+/NADP+, and an efficient resist-
ance mechanism may have contributed to the high CA 
production rate of A. niger YX-1217. These results will 
undoubtedly help us to comprehensively understand 
the character of A. niger and pave the way for further 
research on fungi.

Table 7 Gene expression verification by qRT-PCR

All data were ratio log2

Genes based on a comparison of transcription levels at YX-1217/ATCC 1015 (designated as S1/S3) (10 h), YX-1217/YX-1217G (designated as S1/S2) (10 h), YX-1217/ATCC 
1015 (designated as S1/S3) (40 h), and YX-1217/YX-1217G (designated as S1/S2) (40 h), respectively

Gene ID Predicted func‑
tion (homolog 
and organism)

RNA‑Seq qRT‑PCR

S1/S3 (10 h) S1/S2 (10 h) S1/S3 (40 h) S1/S2 (40 h) S1/S3 (10 h) S1/S2 (10 h) S1/S3 (40 h) S1/S2 (40 h)

190032 GH 10, endo‑1,4‑beta‑
xylanase F1

11.24 9.96 6.05 2.58 10.69 8.42 5.50 1.93

80523 eglA, GH 12, endoglu‑
canase A

7.9 5.43 4.3 − 2.12 6.3 4.21 4.1 − 1.1

190140 axhA, GH 62, alpha‑
l‑arabinofuranosi‑
dase

8.36 7.59 8.47 3.08 7.41 6.38 6.54 2.01

6000119 mscA, methylcitrate 
synthase

3.79 2.58 0.31 0.20 3.45 2.45 0.20 0.10

12707 Peptidase aspartic, 
active site (AP1) (A. 
phoenicis, apnS)

2.80 1.75 5.23 1.11 2.11 1.54 4.37 1.00

7000050 Acyl‑CoA synthetase 4.47 1.06 3.86 0.45 3.98 1.01 3.55 0.22

160123 Synaptic vesicle trans‑
porter SVOP and 
related transporters

5.22 1.07 8.53 2.92 6.45 0.67 9.36 2.44

11.172.1 Amino acid transport‑
ers

6.39 4.63 5.47 3.73 7.65 5.00 6.57 2.84
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