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Abstract Hypocrellin A (HA), well known as one of the best
natural pigments and bioactive agent to treat skin diseases, is
further anticipated to play a vital role in photodynamic therapy
(PDT) in anticancer and antiviral treatments. In this study, an
HA-producing strain ZZZ816 (Shiraia sp.) was isolated from
the moso bamboo (Phyllostachys edulis) seeds, and gamma
irradiation was used to mutagenize spores of the original strain.
After treatment with cobalt-60 gamma (60Coγ) with different
doses (20, 50, 80, 100, 150, 180, 300, and 500 Gy), the 100 Gy
was selected as the optimal condition, which led to 77.2 %
lethality of spores and 35 % positive mutant frequency. The
extracted compound of the most excellent HA-producing strain
(H-4-2) was precisely analyzed by a combination of seven de-
tection methods, and the maximum HA content was shown to
reach 2018.3 mg/L. HA production in H-4-2 increased by
414.9 % compared to that of original strain ZZZ816 (392 mg/
L) and was significantly higher than all the other industrial HA-
producing strains in published reports.

Keywords Hypocrellin A . Shiraia sp. . Gamma-ray
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Introduction

Hypocrellins, which are generally regarded as impor-
t an t pho tosens i t i ze r s , be long to the c l a s s o f
perylenequinonoid compounds. They were initially ex-
tracted from parasitic fungi Shiraia bambusicola P.
Henn. and Hypocrella bambusae (Berk. & Broome)
Sacc., which are important sources of traditional
Chinese medicines (Fang et al. 2006; Zhang et al.
1989). Until now, four types of hypocrellin (A, B, C,
and D) with similar structures and properties have been
isolated (Pan et al. 2012; Wu et al. 1989) and
hypocrellin A (HA) exhibits greater potency compared
to the other hypocrellins (Zhang and Ma, 2003). In
China, hypocrellins have been used medicinally to treat
skin diseases in China for many years, and this medi-
cine was named BZhuhongjunsu ruangao^ (Kocisova et
al. 1999). Hypocrellins were also regarded as the new
generation of photodynamic therapy (PDT) drugs, be-
ing especially suitable for the treatment of superficial
diseases (Deng et al. 2013; Wang et al. 1999; Xie et
al. 2002; Zhou et al. 2014). Besides, many studies
showed that hypocrellins possess favorable light-
induced anticancer (Deng et al. 2013; Deininger et al.
2002) and antiviral activities (Yang et al. 2001; Ali et
al. 2001; Xu et al. 2001), especially against the human
immunodeficiency virus (HIV) (Hudson et al. 1994). In
addition to benefiting the pharmaceutical industry,
hypocrellins also have extensive potential applications
in the agricultural, cosmetic, food, and feed industries
(Qiu et al. 2011; Shen et al. 2012; Su et al. 2010; Su
et al. 2011).

To protect dwindling natural resources and improve the
production of HA of Shiraia sp., strain improvement has been
achieved in recent years by UVmutagenesis (Pan et al. 2012),
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liquid cultural condition optimization (Xiang, 2010; Yang et
al. 2009), chemical synthesis, or the induction of microbial
elicitors (Du et al. 2015; Du et al. 2012; Li et al. 2000; Wu
et al. 1995). Gamma irradiation is a convenient mutation
method that has been broadly applied for several decades in
microbial breeding fields to produce diverse bioactive metab-
olites, such as enzymes, organic acids, vitamins, and amino
acids (Jiang et al. 2010; Najafi et al. 2011; Qi et al. 2007;
Weng et al. 2012; Xie et al. 2010). However, in filamentous
fungi, there were relatively few reports of gamma irradiation
being applied to increase the yield of secondary metabolites
(Najafi et al. 2011; Yun et al. 2008). In this study, cobalt-60
gamma (60Coγ) irradiation would be utilized to mutagenize
spores of Shiraia sp.

T h i n - l a y e r c h r oma t o g r a p h y ( TLC ) , l i q u i d
chromatography-mass spectrometry (LC-MS), and nuclear
magnetic resonance (NMR) are generally applied in
qualitative analysis of bioactive agents and appeared in
this study for the strains with the highest positive mu-
tant rate. High-performance liquid chromatography
(HPLC) was prepared for quantitative analysis of
hyporellin A. Ultraviolet-visible (UV-vis) absorption
spectrum and photoluminance (PL) spectrum could
swiftly display the optical performance of HA. By these
ways, HA-producing strains were screened for high-
yield and stable hereditary. The highly accurate assays

for identifying this red pigment have never appeared in
the previous studies.

Materials and methods

Chemicals and reagents

Standard HA was purchased from Sichuan Weiqi
Biotechnology Co. Limited (Chengdu, China). HPLC-grade
methanol, formic acid, and acetonitrile used for HPLC and
deuterated chloroform used for NMR were purchased from
Fisher Scientific Co. (Fair Lawn, New Jersey, USA). All of
the other chemicals, including acetone and dichloromethane,
used in the study were of analytical grade.

Strains, media, and culture conditions

The original strain Shiraia sp. ZZZ816 (ACCC38984) was
isolated from the moso bamboo seed in previous work (Shen
et al. 2014) and was seeded onto 2 % potato dextrose agar
medium (PDA, containing 200 g/L potato, 20 g/L dextrose,
and 20 g/L agar; pH 6.0) at 25 °C without light. The fungal
strain was stocked in the Agricultural Culture Collection of
China (ACCC).

Fig. 1 Spores in PDA plates of
both irradiated and non-irradiated
strains of Shiraia sp. with
different 60Coγ irradiation doses.
a Wild-type strain ZZZ816 as
control. bMutant strain following
20-Gy gamma irradiation. c
Mutant strain following 50-Gy
gamma irradiation. d Mutant
strain following 80-Gy gamma
irradiation. e Mutant strain
following 100-Gy gamma
irradiation. f Mutant strain
following 150-Gy gamma
irradiation. g Mutant strain
following 180-Gy gamma
irradiation. h Mutant strain
following 300-Gy gamma
irradiation. i Mutant strain
following 500-Gy gamma
irradiation
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The fresh mycelia of the fungal strain ZZZ816 were cul-
tured on plates at 25 °C for more than 7 days. Six plugs of the
growing culture plus the adhering mycelia that were 6 mm in
diameter were subsequently added to 250-mL Erlenmeyer
flasks containing 100 mL potato dextrose broth medium
(PDB, containing 200 g/L potato and 20 g/L dextrose; pH
6.0). All liquid cultures were kept at 25 °C for 60 h with
shaking (150 rpm). Inoculum (0.1 mL) was smooth-spread
on PDA plates and incubated at 25 °C for 7 days (Shen et al.
2014). All experiments were performed in triplicate.

Preparation of spore suspensions and 60Coγ irradiation
procedures

The PDA plates were separately submerged in 10 mL of ster-
ile ultra-pure water (contained 0.02 % Tween-80), and the
spores were suspended with the spore content adjusted to
106 spores/mL (Brandsberg and French 1972). The spore sus-
pensions were prepared as described and exposed to different
doses of gamma rays produced by 60Coγ (20, 50, 80, 100,
150, 180, 300, and 500 Gy) and emitted by the Beijing
Radiation Center (Beijing, China). The dose rate was
24.7 Gy/min at the time of the experiment at room tempera-
ture. After treatment with different doses of 60Coγ, spores
subjected to different test doses were eluted, and spore sus-
pensions were translated to PDA plates and incubated at 25 °C
for 7 days.

Lethality assay and determination of mutant frequency

The lethality rate was determined by calculating the
number of lethal colonies divided by the number of
total viable colonies. The lethality data were fitted to
the equation: L = (D − D0) / D ∗ 100 %, where L,
D, and D0 are, respectively, the lethality fraction, total
number of viable colonies, and number of viable colonies after
treatment with 60Coγ. The positive mutant frequency was
determined by calculating the amount of enhanced HA from
the mutant colonies divided by the total number of viable
colonies. The corresponding negative mutant frequency was
determined based on the colonies that exhibited reduced HA
production or disappeared.

Extraction of intracellular hypocrellins from the original
and mutant strains

The plates with high lethality rates obtained from 60Coγ
treatment were selected, and after a 60-h incubation on
PDA plates, the mutant colonies were further screened
for HA production. Mycelia on PDA plates were trans-
ferred to PDB medium as described above. After culti-
vation for 7 days, the fermented mycelia were harvested
by centrifugation at 12,000 rpm for 10 min at 4 °C after

being rinsed three times with distilled water. The
mycelia were vacuum freeze-dried and then ground into
powder using liquid nitrogen. The mycelium pellets
(1 g) were accurately weighed and chemically extracted
with 50 mL acetone via Soxhlet extraction for 12 h at
75 °C. The acetone was dried under vacuum conditions
on a rotavapor at 42 °C. Finally, the residues were re-
dissolved in 10 mL methanol, and the resulting
hypocrellin content was determined.

HPLC analysis

An Agilent 1200 HPLC system was used to analyze the
hypocrellin content in extracts and was equipped with a
Zorbax Extend-C18 column (5 μm × 4.6 mm × 250 mm).
The operating condition was a flow rate of 1.0 mL/min, and
the extracts were eluted with a gradient strategy of 50 % A
(acetonitrile) and 50 % (v/v) B (water + 0.1 % formic acid) to
65 % A and 35 % (v/v) B in 15 min and then immediately
changed to 50 % A and 50 % (v/v) B for 5 min. For each
sample, the injection volume was 20 μL, and the external
standard method (Kong et al. 2012) was applied for the quan-
titative analysis with authentic HA as the standard, using the
detection wavelength of 265 nm.

TLC, LC-MS, and NMR analysis

To further confirm the structure of the compound, the extracts
were purified by TLC (dichloromethane/methanol = 70:1 (v/
v)) on silica gel. After dichloromethane extraction, the purified
sample was freeze-dried and dissolved in methanol for LC-
MS (AB SCIEX QTRAP® 6500) analysis. Additionally, the
dried samples were dissolved in CDCl3 (Cai et al. 2011) for
further NMR (BRUKER-500) analysis (including 1H NMR
and 13C NMR).

UV-vis absorption spectrum and PL emission spectrum
analysis for exploration of optical performance

To further identify and explore the optical performance of the
extracted pigment, we determined the UV-vis absorption spec-
trum using a Hitachi U-3900H and the PL spectrum using a
Hitachi F-4600. According to Beer-Lambert law (A = εbc),
with A assigned a suitable value of 0.434, the sample
should be dissolved in methanol with a molarity of
1.14 × 10−4 mol/L.

Hereditary stability of mutant strains with increased
hypocrellin production

The selected mutant strain with increased hypocrellin produc-
tion was examined based on the stability of hypocrellin
product ion for nine generat ions by successive
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inoculation on PDB medium, and HPLC was used to
quantify the HA content.

Results

Strain selection and sensitivity of Shiraia sp. to 60Coγ
irradiation

After exposure to different dosage of 60Coγ irradiation
(20, 50, 80, 100, 150, 180, 300, and 500 Gy), eight
different strain groups were obtained from the original
strain ZZZ816. The sensitivity of irradiated and non-
irradiated strains to gamma irradiation was detected by
calculating the number of spores after incubating at
25 °C for 60 h on PDA medium (Fig. 1). The results
revealed that the increasing 60Coγ irradiation doses
could reduce the number of spores. When the irradiation
dose reached 50 Gy, the lethality rate of spores was
higher than 50 %. When reaching 180 Gy, the mortality
rate increased to 85.6 %. The lethality rate of spores
reached 100 % when exposed to 500 Gy (Fig. 2).

Preliminary screening of mutant strains with increased
hypocrellin production

Mutant strains (treatment by 20–180-Gy dose 60Coγ irradia-
tion) with 50–90 % lethality rate (Fig. 2) were screened pre-
liminarily by the number of the survived spores, formation of
pigments, biomass of fermented mycelia, and dry weight of
crude extract (Table 1). According to the above indices,
100 Gy was selected as the optimal 60Coγ irradiation dose,
leading to 77.2 % lethality of spores and a 35 % positive
mutant frequency (Fig. 2), and under this dosage, six mutant
strains which showed high capacity of producing hypocrellins
were selected for the first round (Fig. 3a).

Final screening of mutant strains and the identification
of hypocrellins

Three of the six selected mutants (named H-4-1, H-4-2, H-4-
3) that produced abundant red pigment (Fig. 3) were further
tested. To confirm whether hypocrellins were synthesized
from our mutant s t ra ins , rapid ident i f icat ion of
perylenequinonoid derivatives was performed using a

Table 1 Mycelia biomass by
liquid fermentation and crude
extracts from each mutant strain
following a 0–180-Gy dose of
60Coγ irradiation

60Coγ irradiation dose (Gy) Mycelia biomass (g) Crude extract (mg) Crude extract yield (mg/g)

0 1.727 ± 0.026 d 75.9 ± 0.8 d 43.98 ± 0.05 d

20 1.708 ± 0.013 d 73.7 ± 0.4 d 42.27 ± 0.08 d

50 1.651 ± 0.049 d 69.8 ± 0.3 d 42.04 ± 0.10 d

80 1.916 ± 0.087 c 138 ± 0.2 b 72.59 ± 0.02 b

100 2.601 ± 0.169 a 207 ± 0.5 a 81.77 ± 0.07 a

150 1.949 ± 0.067 c 103 ± 0.8 c 52.64 ± 0.09 c

180 2.107 ± 0.117 b 140 ± 0.4 b 52.64 ± 0.09 c

Data represent the mean ± standard deviation of three replicates. The means in each column followed by different
letters differ significantly at P < 0.05

Fig. 2 Lethality rate, survival
rate, and positive mutant
frequency in different 60Coγ
irradiation doses. The green pillar
represents the survival rate, the
pink pillar represents the lethality
rate, and the blue pillar represents
the positive mutant frequency
from 50- to 180-Gy 60Coγ
irradiation doses. The lethality
rate of spores was 77.2 %, and the
positive mutant frequency was
35 % following 100 Gy of 60Coγ
irradiation
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chemical color response test (Hu and Shen, 1992), and Fig. 4a
shows that the pigments from these three mutants were dark
purple when FeCl3 was added, turned red under acidic condi-
tions, and turned green under alkaline conditions. HPLC was
used for the preliminary identification of the pigments, and the
results are displayed in Fig. 4b, indicating that red pigment
was extracted from mutant strain H-4-2, original strain

ZZZ816, and HA standard. Our samples produced a red pig-
ment that emerged as a sharp peak on the HPLC chromato-
gram at 16.304 min, which had the same retention time as an
authentic sample of HA under these elution conditions. To
further confirm the structure of the compound, LC-MS and
NMR analyses were performed after TLC purification. The
LC-MS analysis was performed on an AB SCIEX QTRAP®

Fig. 4 Chemical color response test and HPLC of crude extracts. aColor
reaction of the pigments produced by strains of Shiraia sp.: 1 pigment
acetone extract with FeCl3 solution (1 mol/L, 0.1 mL); 2 pigment acetone
extract with hydrochloric acid solution (1 mol/L, 0.1 mL); 3 pigment

acetone extract with sodium hydroxide solution (1 mol/L, 0.1 mL). b
HPLC of extractions: 1 standard hypocrellin A; 2 cell acetone extracts
of Shiraia sp. ZZZ816; 3 cell acetone extracts of mutant strain H-4-2

Fig. 3 Screened mutants with
bright-red pigment. a Six
screened mutants from the first
round. b Three selected mutants
after secondary screening. From
left to right: wt, H-4-1, H-4-3, and
H-4-2
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Fig. 5 Qualitative analysis of HA. a LC-MS analysis and positive ion
spectra with one adduct proton, m/z [M + H] 547.4, molecular formula,
C30H26O10. b

1H NMR analysis. c Normalized UV-vis absorption (black
line) and corresponding normalized PL emission (red line) of HA in

methanol. The normalized UV-vis absorption showed maxima at 478
and 582 nm, and the normalized PL spectrum presented a peak at
602 nm and a shoulder peak at 641 nm. d 13C NMR analysis. e Chemical
structures generated by ChemDraw®
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6500 mass spectrometer, establishing the molecular formula
as C30H26O10 (with the [M + H] at m/z = 547.2 and [M + Na]
at m/z = 569.2), which is the same formula as that of standard
HA (Fig. 5a). The freeze-dried samples were dissolved in
CDCl3 for

1H NMR and 13C NMR analysis. The results indi-
cated that 1H NMR (600 MHz, δ) of the main peak was 1.71
(s, 3H), 1.89 (s, 3H), 2.64 (d, 1H), 3.45 (d, 1H), 3.52 (s, 3H),
4.07 (s, 3H), 4.11 (s, 3H), 4.27 (s, 3H) 6.55 (s, 1H), 6.58 (s,
1H), 15.91 (s, 1H), and 15.96 (s, 1H); 13C NMR (150MHz, δ)
of the main peak was as follows: 26.9, 30.8, 41.8, 56.5, 56.6,
60.7, 61.9, 62.1, 78.6, 101.9, 102.1, 106.7, 107.0, 117.6,
118.1, 125.0, 125.3, 127.6, 128.5, 133.2, 134.1, 150.6,
150.9, 167.5, 167.6, 170.8, 171.9, 179.8, 180.2, and 207.4.

They were conformed with 1H NMR (Fig. 5b) and 13C HMR
(Fig. 5d) spectrum of standard HA separately, and the chem-
ical structures were generated by ChemDraw® (Fig. 5e) (Kishi
et al. 1991). To verify the optical performance and prepare to
further study the PDT of HA, we examined the normalized
UV-vis absorption spectra and its corresponding PL spectra at
an excitation wavelength of 520 nm (Fig. 5c). The normalized
UV-visible absorption spectrum of HA displays maxima at
478 and 582 nm, which broaden the absorption spectrum
and hone in on the phototherapy window (600–900 nm)
(Bonnet, 2014; Zhou et al. 2009). The normalized PL spec-
trum presents a peak at 602 nm and a shoulder peak at 641 nm,
which is consistent with the spectrum of standard HA (Zhou et
al. 2014). In addition, the broad range of the spectrum fits the
order of PDT for superficial diseases (480–600 nm) (Deng
et al. 2013;Wang et al. 1999; Xie et al. 2002; Zhou et al. 2014).

Standard HAwas used to create a standard curve using the
same HPLC procedure, and the extracted HA samples from
fermentation broth were properly diluted by HPLC analysis to
quantify HA production. Table 2 shows that HA production in
H-4-2 (2018.3 mg/L) increased by 414.9 % compared to that
of original strain ZZZ816 (392.0 mg/L).

Genetic stability of the HA-producing strain H-4-2

In the present study, H-4-2 was selected as the optimal
mutant producing increased HA. The stability of this
mutant to produce HA was examined by successive sub-
culture for nine generations. After each subculture, the
strain was tested for its ability to produce HA by
HPLC, and the mutant maintained a steady production
yield after nine generations (Table 3).

Comparison of H-4-2 and ZZZ816

To confirm the HA production of the optimal mutant, the
growing rate, the color of colonies, and the biomass of strain
H-4-2 were comparedwith those of the original strain ZZZ816
(Fig. 6). Figure 6a shows that colonies of H-4-2 were larger

Table 3 HA yield of the mutant strain of Shiraia sp. H-4-2 for nine
generations

Generation numbers of H-4-2 HA yield (mg/L) Rate of change (%)

1 2018.30 0

2 2015.17 −0.155
3 2019.41 0.055

4 2018.72 0.021

5 2018.80 0.025

6 2017.69 0.030

7 2018.60 −0.005
8 2019.41 0.018

9 2018.66 0.015

Data of HA yield represent the means from three replicates

Table 2 Production of HA in mutant strains with increased hypocrellin
production and the original strain

Fungus strain H-4-1 H-4-2 H-4-3 ZZZ816

HAyield (mg/L) 1614.60 2018.30 1754.32 392.00

Data of HA yield represent the means from three replicates

Fig. 6 Comparison of H-4-2 and ZZZ816. a Colonies of H-4-2 and ZZZ816. b Differences in biomass (dry weight of mycelia) and colonial diameter
(represents growth rate of colony) of H-4-2 and ZZZ816. Error bars represent the standard deviations of the means of three replicates
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than those of ZZZ816, and the color was much deeper than
that of ZZZ816. Figure 6b shows that both the biomass and
the colonial growth rate of H-4-2 were increased compared to
those of ZZZ816, whichwas consistent with the change in HA
production.

Discussion

Shiraia sp. ZZZ816 was isolated from the moso bamboo
seeds as an endophytic fungus in our lab. Compared to the
corresponding strains from fruit bodies or other host,
ZZZ816 was able to produce high-yield hypocrellins
(Shen et al. 2014), and its production status could remain
stable. Therefore, strain ZZZ816 was selected as the orig-
inal strain in this study.

For the industrial strains, 60Coγ irradiation had been report-
ed to enhance the production of aflatoxins B1 and B2 in
Aspergillus flavus twofold (Applegate and Chipley, 1974).
The mutants of Phaffia rhodozyma indicated the increased pro-
duction of astaxanthin by submerged fermentation with an op-
timal 3.5-kGy dosage, and the final yield was found to be
101.8 % higher than that of the original strain (Yun et al.
2008). In this article, the efficient biosynthesis of an HA-
producing strain was also explored using 60Coγ irradiation for
the first time, and a reliable mutant strain H-4-2 with the highest
yield of HAwas obtained. This result demonstrated that 60Coγ
irradiation is a simple, rapid, and effective tool in mutation
breeding of hypocrellin-producing strain and would have great
potential application in other strains with the similar property.

Although there were seven detection methods (TLC, LC-
MS, 1H NMR, 13C NMR, HPLC, UV-vis, and PL) employed
in this study, the small peak besides the HApeak (Fig. 4b) could
not be distinguished from the extracts. The molecular formula
of this element was identified as C30H26O10 (data not shown in
this paper) preliminarily by LC-MS andmight be attributed into
hypocrellin C (HC). However, the tiny output blocked the way
of continued research in fermentation industry.

It is fascinating that the production of HA in H-4-2 in-
creased more than fivefold just by 60Coγ irradiation, and we
have not discovered any other effective methods to sincerely
improve HA production from the original high-yield strains.
Next, we would apply a combination of two or more muta-
genesis methods to further increase the final yield, which has
been significantly higher than all the other strains in published
studies. Besides, the optimization of media constituents and
submerged fermentation conditions still remains to be unex-
plored at the present time.
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