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Degradation of antifungal anthraquinone 
compounds is a probable physiological role 
of DyP secreted by Bjerkandera adusta
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Abstract 

Alizarin is an anti-fungal compound produced by the plant, Rubia tinctorum. The parasitic fungus Bjerkandera adusta 
Dec 1 was cultured in potato dextrose (PD) medium with or without alizarin. Alizarin was a good substrate for the 
dye-decolorizing peroxidase (DyP) from B. adusta Dec 1 and hampered B. adusta growth at the early stage of plate 
culture. During liquid shaking culture, DyP activity in cultures supplemented with 100 μM alizarin was greater than 
that in controls cultured without alizarin. In particular, DyP activity per dry cell mass increased approximately 3.5-, 3.1-, 
and 2.9-fold at 24, 30, and 36 h after inoculation, respectively, compared with control cultures. These data suggest 
that alizarin stimulates the expression of DyP. Interestingly, alizarin rapidly decomposed at an early stage in culture 
(24–42 h) in PD medium supplemented with 100 μM alizarin. Thus, alizarin appears to induce DyP expression in B. 
adusta Dec 1, and this DyP, in turn, rapidly degrades alizarin. Collectively, our findings suggest that the physiological 
role of DyP is to degrade antifungal compounds produced by plants.
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Introduction
Bjerkandera adusta, a basidiomycete belonging to the 
family Polyporaceae, is a white rot fungus that para-
sitizes certain trees, resulting in lignin degradation. 
Notably, B. adusta Dec 1 (FERM P-15348) decolorizes 
kraft pulp lignin (Shintani et  al. 2002). Manganese per-
oxidase (MnP) and dye decolorizing peroxidase (DyP) 
have been detected during culture of B. adusta Dec 1, 
but lignin peroxidase (LiP) and laccase have not. Another 
noteworthy characteristic is that Dec 1 degrades xenobi-
otics such as synthetic anthraquinone dyes and secretes 
a versatile peroxidase (VP) in addition to DyP during 
culture (Kim et al. 1995; Sugano et al. 2000, 2006, 2009; 
Gomi et al. 2011). However, VP activities toward several 
anthraquinone compounds are only ~ 2–20% of those 

of DyP, clearly indicating that DyP of B. adusta is the 
main degrader of anthraquinone compounds (Sugano 
et  al. 2006). On the other hand, because synthetic dyes 
are never true substrates, the physiological role of DyP is 
unknown and thus remains an essential question.

DyP of B. adusta is a member of a large family of DyP-
type peroxidases that is subdivided in three classes, P, I 
and V, according to their tertiary structural homology 
(Yoshida and Sugano 2015). A unique feature of this fam-
ily is that their characteristics, including cellular locali-
zation and primary structures, vary widely and differ 
considerably among the three classes (Sugano et al. 2007; 
Sugano 2009; Yoshida and Sugano 2015). Members of 
class P, which have the smallest molecular size among 
the three classes, are characterized by general peroxi-
dase activity, but low anthraquinone degradation activ-
ity (Ahmad et  al. 2011; Roberts et  al. 2011; Singh et  al. 
2012; Rahmanpour and Bugg 2013; Yoshida and Sug-
ano 2015). Members of class I are intermediate in size, 
and some show moderate decolorizing activity toward 
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anthraquinone dyes (Ahmad et  al. 2011; Roberts et  al. 
2011; Santos et al. 2014). Of the three classes, members 
of class V, which are distributed among both prokaryotes 
and eukaryotes, have the largest molecular size (Yoshida 
and Sugano 2015; Sugawara et  al. 2017). Notably, most 
members of class V are produced and secreted by basidi-
omycetes (Johjima et al. 2003; Scheibner et al. 2008; Liers 
et  al. 2010, 2013; Kellner et  al. 2014), predominantly 
white rot fungi such as B. adusta, and show high decol-
orizing activity toward anthraquinone dyes (Sugano et al. 
2000; Liers et al. 2010, 2013; Salvachúa et al. 2013). From 
another standpoint, the class V DyP-type peroxidases, 
AjP I, AjP II, EglDyP and MepDyP, from basidiomycetes 
are secreted outside the cell and degrade non-phenolic 
lignin model compounds through their peroxidase activ-
ity (Liers et al. 2010, 2013). This suggests that these pro-
teins function in the oxidative degradation of lignin. 
Consistent with this, widespread transcript-level expres-
sion of DyP-type peroxidases has been confirmed in 
almost all samples of fungi from forest floor habitats 
(Kellner et  al. 2014). However, the lignin-degrading 
activity of DyP-type peroxidases from basidiomycetes 
is at most 4% of that of LiP from Phanerochaete chrys-
osporium (Liers et al. 2013; Linde et al. 2015). DypB from 
Rhodococcus jostii has been reported to degrade lignin in 
the presence of Mn(II), but its activity is low compared 
with that of fungal lignin-degrading enzymes (Ahmad 
et al. 2011; Brown et al. 2012; Linde et al. 2015).

In contrast, LiP, MnP, and VP are well known as major 
contributors to lignin degradation in white rot fungi 
(Wariishi et  al. 1989; Camarero et  al. 1999; Johjima 
et al. 1999; Pollegioni et al. 2015). Actually, some basidi-
omycetes that express LiP and MnP, but lack DyP-type 
peroxidases, such as P. chrysosporium, exhibit high 
lignin-degradation activity (Korripally et al. 2015). These 
observations suggest the possibility that the true physi-
ological role of DyP from basidiomycetes is something 
other than lignin degradation, prompting us to focus 
on anthraquinone compounds as potential substrates. 
As mentioned above, DyP readily degrades anthraqui-
none compounds (Sugano et al. 2000; Ogola et al. 2009; 
Liers et  al. 2010, 2013; Salvachúa et  al. 2013). Interest-
ingly, plants, including trees, express a number of anth-
raquinone compounds that serve antifungal functions. 
One such representative antifungal compound is aliza-
rin, produced by the evergreen perennial, Rubia tincto-
rum (Manojlovic et al. 2005; Jara et al. 2017). Generally, 
white rot fungi belonging to the class basidiomycetes are 
best known for their selective parasitism of old or dead 
trees. They rarely grow on young or healthy trees because 
these trees generate phytoalexin, which serves to protect 
against infection (Wijnsma et  al. 1985). In contrast, B. 

adusta is often observed to parasitize some living trees in 
a forest (Berry and Lombard 1978). This raises the ques-
tion of how B. adusta evades the defense of plants.

In this study, we focused on the ability of DyP to 
degrade the anti-fungal anthraquinone compound, aliza-
rin (Manojlovic et al. 2005), and further considered the 
possibility that DyP degrades natural anthraquinone 
compounds, such as some phytoalexins (Wijnsma et al. 
1985). If this were true, it would help explain how some 
basidiomycetes parasitize living trees, despite the fact 
that these trees produce antifungal compounds, such 
as anthraquinones (Amaral et al. 2013). Here, we found 
that alizarin stimulated the secretion of DyP by the 
white rot fungus B. adusta. This is the first report that 
DyP truly degrades an antifungal anthraquinone com-
pound in plants, a finding that could set the stage for 
resolving questions regarding interactions between fungi 
and plants.

Materials and methods
Microorganisms, media, DyP, and chemical reagents
The spores of B. adusta Dec 1, previously isolated by us, 
were kept in 25% glycerol at −  80  °C (Kim et  al. 1995). 
Potato dextrose (PD) medium was prepared as described 
previously (Sugano et  al. 2006). Purified recombinant 
DyP in Aspergillus oryzae was prepared using a previ-
ously reported method (Sugano et al. 2000). Alizarin and 
Remazol brilliant blue R (RB19) were purchased from 
Wako Chemical Co. (Tokyo, Japan). All other reagents 
were of analytical grade unless otherwise specified.

Culture
A suspension of B. adusta Dec 1 spores was inoculated 
onto PD agar plates (10  μl/plate) and incubated for 
12 days at 29  °C. Mycelia from six plates were collected 
and suspended in 10 ml of sterilized, distilled water. The 
suspension was agitated vigorously for 7  min and fil-
tered through gauze, after which 8-ml aliquots of filtrate, 
which included 1.0 × 107–108 spores/ml, were inoculated 
into 250 ml of PD containing 100 μM alizarin in shaking 
flasks. Alizarin was excluded from medium in control 
cultures. Cultures were grown at 29  °C with shaking at 
140 rpm.

Growth rate of B. adusta Dec 1 under plate culture 
conditions
PD agar plates (8.5 cm φ) containing five different alizarin 
concentrations (0, 1, 3.2, 10 and 32 μM) were prepared. 
A suspension of B. adusta Dec 1 spores was inoculated 
onto the center of each plate (10 μl/plate) and incubated 
at 29 °C. The diameters of mycelia on plates were meas-
ured periodically.
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Sampling and preparation of dry cell mass
Thirty milliliters of culture broth were periodically har-
vested from shaking flask cultures. The sampled broth 
was centrifuged at 1500×g (4 °C, 1 h) in conical tubes, 
and the supernatant and precipitate were separated. 
The collected supernatant was used to assay alizarin 
concentration and enzymatic activity.

A membrane filter method was used to measure dry 
cell mass. Briefly, after harvesting and centrifuging 30 ml 
of culture broth and separating the supernatant and pre-
cipitate as described above, the precipitates were re-sus-
pended in 30  ml of 1  mM  CaCl2 and then treated with 
10 μl of α-amylase (Novozymes) at 70 °C for 1 h. There-
after, the suspension was collected on a cellulose acetate 
membrane filter (pore size, 0.8  μm), which was subse-
quently dried at 80  °C for 24  h. The dry cell mass was 
then calculated from the total weight minus the weight of 
the membrane filter.

HPLC analysis of alizarin
Saccharides in culture broth were removed by add-
ing 1  ml of ethanol to 500  μl of the culture superna-
tant. The mixture was centrifuged at 4  °C (11,000×g, 
10  min), after which the supernatant was filtered 
through a cellulose acetate membrane (pore size, 
0.45 μm). The amount of alizarin in the resulting filtrate 
was measured by high-performance liquid chromatog-
raphy (HPLC) using a Capcell Pak C8 column (4.6 mm 
φ × 250  mm) with a flow rate of 1.0  ml/min. Alizarin 
was eluted with a 45:55 (v/v) solution of 95% acetoni-
trile:20  mM ammonium formate (pH 3.0), and was 
detected at a wavelength of 254 nm.

Assay of DyP activity
Thirty milliliters of supernatant from the culture broth 
was concentrated to 50  μl by ultrafiltration (exclusion 
size, 30 kDa), to which was added 450 μl of 25 mM cit-
rate buffer (pH 5.5). The resulting solution was then re-
concentrated to 50 μl. This operation was repeated twice, 
and the final volume was adjusted to 300  μl with the 
same buffer. This solution was prepared for assay of DyP 
activity at 30  °C by adding 15  μl of 20  mM RB19 (DyP 
substrate), 750 μl of 100 mM citrate buffer (pH 3.2), and 
1920 μl of distilled water in a 3-ml cuvette. The reaction 
was initiated by adding 15 μl of 40 mM  H2O2, and decol-
orization of RB19 was monitored spectrophotometrically 
at 593  nm. One unit of DyP activity was defined as the 
amount of enzyme required to decolorize 1 μmol of RB19 
(ε593 = 9100 M−1cm−1) in the reaction mixture in 1 min 
at 30 °C.

Degradation of alizarin by recombinant DyP
Alizarin is poorly soluble in water and thus was pre-
pared as a 20  mM solution in dimethyl sulfoxide 
(DMSO). Reaction mixtures were prepared in a 3-ml 
cuvette by combining purified, recombinant DyP [(Sug-
ano et al. 2000); final concentration, 1.55 nM], 18 μl of 
20  mM alizarin (final concentration, 125  μM), 750  μl 
of 100 mM citrate buffer (pH 3.2) and 582 μl of DMSO 
(final concentration, 20%), and adjusting the total vol-
ume to 2985  μl with distilled water. The reaction was 
initiated by adding 15 μl of 40  mM  H2O2, and decol-
orization was monitored spectrophotometrically at 
427  nm. The alizarin-degrading activity of DyP was 
compared with that of RB19 under the same reaction 
conditions (i.e., containing 20% DMSO).

The optimum pH for recombinant DyP activity toward 
alizarin was determined using a citrate buffer (25  mM) 
covering a pH range of 3.0 to 5.5. Reaction conditions, 
except for buffer pH, were the same as above.

Effects of pH on alizarin degradation in liquid cultures 
containing DyP
Twenty milliliters of culture broth and cells were peri-
odically harvested from shaking flask cultures. The pH 
of culture broth was immediately measured and adjusted 
to 3.2. Thereafter, cultures were incubated at 30  °C for 
30 min and centrifuged to remove cells. The alizarin con-
centration in the resulting supernatants was analyzed as 
described above. Controls were not pH-adjusted.

Results
Degradation activity of DyP toward alizarin
At DMSO concentrations lower than 10%, alizarin did 
not completely dissolve in the reaction mixture. As 
shown in Fig. 1a, increasing the concentration of DMSO 
in the reaction mixture caused a gradual decrease in 
recombinant DyP activity. Notably, however, the degrad-
ing activity of DyP towards the general substrate RB19 
and alizarin followed a similar pattern. For instance, in 
reaction solutions containing 20% DMSO, the degrada-
tion activity of DyP for RB19 and alizarin was 5.5 and 
4.6  μM/min, respectively, indicating that both alizarin 
and RB19 are good substrates for DyP. An examination of 
the kinetic parameters of recombinant DyP toward aliza-
rin were not able to yield kcat values because of DMSO 
inhibition. As shown in Fig.  1a, DMSO in the reaction 
mixture reduced activity by up to 23% compared to the 
reaction without DMSO.

We also examined the optimum pH for degrada-
tion of alizarin by recombinant DyP. Recombinant DyP 
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exhibited activity towards alizarin within the pH range of 
3.0 to 5.0, and degraded most alizarin at pH 3.2 (Fig. 1b). 
These results are consistent with pH profiles for RB19 
degradation activity, for which the reported optimum pH 
is 3.2 (Sugano et al. 2000).

B. adusta Dec 1 growth in plate cultures
In initial experiments, we tested the effect of alizarin on 
B. adusta Dec  1 growth in plate cultures. As shown in 
Fig.  2, DMSO had no effect on B.  adusta growth. After 
an initial lag phase (~ 25 h), B. adusta growth, measured 
as an increase in mycelia diameter, increased over time at 
all concentrations of alizarin tested. At a relatively early 
point after inoculation (69  h), the diameters of mycelia 
varied depending on the concentration of alizarin, with 
increasing concentrations of alizarin resulting in smaller 
diameters (Fig.  2). However, after 101  h, the growth 
rate (slope) was largely unaffected by alizarin concen-
tration, suggesting that alizarin hampers growth at an 
early stage of plate culture, but not after middle stages of 

culture. Also, alizarin did not affect hyphal morphology 
in B. adusta Dec 1. Furthermore, the mycelia of B. adusta 
showed no change in color following culture with aliza-
rin (orange-colored solution in DMSO), indicating that 
alizarin was not absorbed by mycelia.

Time‑dependent decrease in alizarin concentration 
in liquid shaking culture
The time course of changes in alizarin concentration 
following inoculation with 100  μM is shown in Fig.  3. 
Interestingly, 36 h after inoculation, the alizarin concen-
tration had decreased to 58 μM and stabilized at a very 
low level (< 5 μM) by 60 h. This indicates that alizarin was 
nearly completely degraded at an early stage in culture; if 
true, DyP must act efficiently at an early stage. In subse-
quent experiments, we sought to confirm this early-stage 
action, investigating effects within 48 h after inoculation 
with 100 μM alizarin.

Fig. 1 Effects of solvent and pH on DyP activity. a Relationship 
between DyP activity and DMSO concentration. Open and closed 
symbols denote the degradation activity of recombinant DyP 
towards RB19 and alizarin, respectively. b pH profile of the activity of 
recombinant DyP toward alizarin

Fig. 2 Time courses of B. adusta Dec 1 mycelia growth on PD plates 
containing different concentrations of alizarin. Crosses, 0 μM alizarin 
without DMSO; open circles, 0 μM alizarin with 0.64% DMSO; closed 
circles, 1 μM alizarin; open triangles, 3.2 μM alizarin; closed triangles, 
10 μM alizarin; open squares, 32 μM alizarin

Fig. 3 Time course of alizarin concentration in broth of liquid shaking 
cultures inoculated with 100 μM alizarin. Data are presented as 
mean ± SD (n = 3; *P < 0.05, unpaired two-tailed t test)
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B. adusta growth in liquid culture
To further assess the effect of alizarin on B. adusta 
growth, we measured cell mass accumulation over time 
in liquid cultures. A time course of cell mass accumula-
tion following treatment with 100 μM alizarin is shown 
in Fig.  4a. Alizarin (100  μM) caused a decrease in dry 

cell mass compared with control cultures without aliza-
rin at all sampling times.

DyP activity in liquid culture
We next assessed DyP activity over time in liquid cul-
tures of B. adusta, with or without alizarin. Time courses 
of DyP activity, expressed as milliunits per milliliter (mU/
ml) of culture broth and milliunits per milligram (mU/
mg) dry cell mass, are shown in Fig.  4b, c, respectively. 
Notably, DyP activity per cell mass in the presence of 
alizarin was approximately 3.5-, 3.1-, and 2.9-fold higher 
at 24, 30, and 36  h, respectively, than that observed in 
control cultures without alizarin (Fig.  4c). This suggests 
that DyP activity per cell in liquid cultures containing 
alizarin is greater than that in cultures without alizarin.

Time‑ and pH‑dependent decrease in alizarin in liquid 
culture
A time course of alizarin concentration in liquid culture 
indicated little decrease before 24 h and a rapid decrease 
from 24 to 42 h after inoculation (Fig. 5, closed circles). 
In addition, the decrease in the pH of the culture broth 
followed the same time course as the decrease in aliza-
rin concentration (Fig.  5, closed triangles). Given that 
the optimum pH of DyP from B.  adusta Dec 1 is ~ 3.2, 
this suggests that alizarin degradation began as the pH 
in liquid culture crossed a critical threshold value, and 
increased rapidly as pH fell to within the optimal range 
(provided DyP is sufficiently expressed). Consistent with 
this, the alizarin concentration in culture broth adjusted 
to pH 3.2 decreased at a constant, rapid rate from 0 to 
30 h (Fig. 5, opened circles).

Fig. 4 Time courses of dry cell mass accumulation and DyP activity 
at the early stage of culture with 100 μM alizarin. Open and closed 
symbols denote with and without alizarin, respectively. a Dry cell 
mass; b DyP activity per milliliter culture broth; c DyP activity per 
milligram dry cell mass. Data are presented as mean ± SD (n = 3; 
*P < 0.05, unpaired two-tailed t test)

Fig. 5 Effect of pH on alizarin degradation by DyP. Time courses of 
alizarin concentration and pH values in liquid cultures inoculated 
with 100 μM alizarin. Open and closed circles are residual alizarin 
concentrations at pH 3.2 (optimum pH for DyP activity) and at 
unadjusted pH, respectively. Closed triangles denote the time course 
of pH values. Data are presented as mean ± SD (n = 3; *P < 0.05, 
unpaired two-tailed t test)
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Discussion
DyP degradation activity toward both alizarin and RB19 
was similar as shown in Fig. 1, indicating that alizarin is 
a good substrate for DyP. Therefore, phytoalexins such as 
alizarin are probable candidate essential substrates. If this 
were true, B. adusta Dec 1 would grow without inhibi-
tion in medium containing alizarin. However, our experi-
mental results suggest that the relationship between 
alizarin degradation and DyP activity during the culture 
of B. adusta is more complicated than this simple picture 
would suggest.

In plate cultures, increasing the concentration of aliza-
rin caused growth inhibition, but this effect was limited 
to an early stage of culture (Fig.  2). Interestingly, after 
this early stage, cells continued to grow without inhi-
bition, suggesting that alizarin is degraded during the 
early growth of B. adusta. Similarly, 100 μM alizarin was 
almost completely degraded before 60 h in liquid shaking 
culture (Fig. 3). These results are supported by analyses of 
alizarin in liquid culture (Fig. 5), which showed that aliza-
rin concentration decreased beginning at ~ 24 h. Alizarin 
showed little degradation prior to 24  h, indicating that 
DyP was not effective during this period. However, DyP 
activity per dry cell mass in liquid culture containing 
100 μM alizarin was always higher than that of controls 
during the culture period (Fig. 4c). Notably, DyP activity 
per dry cell mass in alizarin-treated cultures was greater 
than that in controls, even at 24 h, suggesting that aliza-
rin had stimulated DyP expression before 24 h (Fig. 4c). 
These results suggest that alizarin induces greater DyP 
activity before 24  h in liquid culture, but DyP activity 
remains below the limit of detection because of the low 
number of cells prior to 24 h.

Although DyP is apparently induced before 24 h in cul-
tures containing alizarin, alizarin degradation had not 
yet started. This outcome is attributable to the pH value 
of the culture, which was unsuitable for DyP activity 
(Fig.  5). Until 18  h after inoculation, the pH of cultures 
was maintained above 5.4. Under these conditions, DyP 
activity toward RB19 is less than 5% of its maximum 
value (Sugano et  al. 2000). On the other hand, from 24 
to 40 h in culture, the pH decreased to 4.8–5.3, and DyP 
exhibited 10–20% of its maximum activity towards RB19 
(Sugano et al. 2000). Therefore, if the pH of the culture is 
below 5.3, this concentration of DyP (0.4 mU/ml) is prob-
ably sufficient to degrade alizarin, because DyP showed 
almost the same degree of degradation activity towards 
alizarin as it did toward the substrate RB19 (Fig. 1).

The difference in sensitivity of DyP for alizarin between 
plate cultures and liquid cultures is likely attributable to 
differences in the diffusion of alizarin. In agarose gels, 
alizarin diffuses slowly compared with that in solu-
tion. Therefore, during degradation by B.  adusta, the 

concentration of alizarin in the plate becomes less homo-
geneous than is the case in liquid culture. As a conse-
quence, the degradation rate of alizarin is faster in liquid 
cultures than in plate cultures for a given starting con-
centration. In nature, the environment on plates might be 
more similar to that on trees. Therefore, B. adusta would 
be predicted parasitize trees slowly over time.

Collectively, these results suggest that, upon recogni-
tion of an antifungal anthraquinone compound in the 
environment, B. adusta Dec 1 secretes DyP, which then 
degrades the compounds first before initiating growth. 
After DyP has sufficiently decomposed the anthraqui-
none compound to prevent its growth-inhibitory effects, 
B. adusta begins to grow. This relationship accounts for 
the time lag for the initiation of growth. Thus, we pro-
pose that a probable physiological role of the B. adusta 
DyP-type peroxidase is to destroy the antifungal system 
of plants—a survival mechanism that B. adusta exploits 
in nature to parasitize trees. Notably, this idea is distinct 
from the concept of DyP involvement in lignin degrada-
tion. A dyp knockdown or knockout strain would pro-
vide a tool for directly testing this idea. Unfortunately, 
it has proved difficult to construct these strains because 
B.  adusta has several isozymes of DyP. Moreover, 
genome-editing techniques for gene knockout in fungi 
are available only for a subset of yeast and ascomycetes 
(DiCarlo et  al. 2013; Matsu-ura et  al. 2015). However, 
genome editing in basidiomycete was recently reported 
(Schuster et al. 2016), an encouraging development for 
the application of these powerful genetic approaches. 
Although genome editing in B. adusta remains chal-
lenging because so few applications have been reported, 
we will attempt to establish a knockout mutant strain 
in the future. Elucidating the detailed mechanism by 
which B.  adusta degrades alizarin might pave the way 
to answering questions regarding interactions between 
fungi and plants.
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