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Abstract

Potato dextrose agar (PDA) is one of the most commonly used media for the

isolation and cultivation of fungi, with morphological features and pigmentation

in culture often being important for identification of cultures. Cultivation of

various fungi on different brands and batches of powdered (commercial) potato

dextrose media revealed deficient pigmentation in five of 10 media tested. Reduced

pigmentation on these media was correlated with low levels of copper and colony

colour was restored by the addition of copper. Deficient pigmentation was most

pronounced when copper levels in the medium were below 50 ng mL�1 (50 p.p.b.;

0.8mM). Differences in pigmentation and laccase activity of spore and mycelial

preparations were quantified for representative species belonging to the genera

Aspergillus, Fusarium, Trichoderma, Cladosporium and Penicillium grown on PDA

containing different amounts of copper. A strong positive correlation between

laccase activity and copper levels was observed. Differences were also found

between batches of raw potatoes, with organically cultivated tubers having higher

copper levels than those grown by conventional methods, possibly because of the

use of copper-based fungicides in the former case. Routine addition of

1000 ng mL�1 copper (or standard trace element solutions) to PDA and other

undefined media is advised to avoid atypical culture pigmentation and possibly

other consequences of reduced activity of copper-requiring enzymes.

Introduction

Identification of fungi cultured from natural substrata (soils,

plant materials etc.) is based on the identification of asexual

and sexual reproductive structures. The formation of pigments,

present on and in spores, sporophores and mycelia, or secreted

into the medium, is also an important aid in identification.

The choice of medium used for isolation and identification of

microfungi affects not only the groups of fungi that are isolated

but also the ease with which they can be identified.

Most mycologists, however, routinely use a narrow range

of media, of which potato dextrose agar (PDA) is the best

known and most widely used (4 18 000 hits for ‘Potato

Dextrose Agar’ in Google Scholar), with reference to use of

this medium dating back to the early part of the 20th

century (Edgerton, 1908; Duggar et al., 1917). PDA contains

1.5% agar, 2% glucose, with nitrogen, phosphorus, vitamins

and micronutrients being derived from a crudely filtered

extract of macerated potatoes (57.5 g potatoes L�1 of med-

ium; Gams et al., 1998). The high carbon: nutrient ratio of

PDA allows good growth and more importantly sporulation

and pigmentation for a wide range of fungal taxa.

Copper is a micronutrient essential for fungal growth,

playing a role as a cofactor for a range of oxidases and

oxygenases, including laccases and other ‘blue-copper’ oxi-

dases that are involved in pigmentation and catabolism of

aromatic compounds such as lignin (Griffith, 1994; Thur-

ston, 1994). Although more attention has been paid to

mechanisms of copper resistance in fungi in relation to the

use of copper as an agricultural fungicide or in response to

heavy-metal contamination (Phelan et al., 1990; Fomina

et al., 2000), the effects of copper deficiency on fungal

growth and development have also been long appreciated.

Mulder (1938) found conidial pigmentation in Aspergillus
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niger to be influenced by copper levels in the medium, with

defective pigmentation (buff, yellow or brown conidia) at

lower copper concentrations (5–50 ng mL�1) while normal

(black) pigmentation required Z75 ng mL�1 copper. Simi-

larly, Caesar-Tonthat et al. (1995) found that melanin

formation by Gaeumannomyces graminis was enhanced by

the addition of low levels (10 mM = 670 ng mL�1) of copper.

Although potato dextrose broth (PDB) and PDA are very

widely used in microbiological research, their preparation

from raw materials is rather tedious. Many labs now use

powdered commercial preparations, containing lyophilized

potato extract mixed with glucose and (for PDA only) agar.

The aim of this study was to test the hypothesis that

incomplete pigmentation of several fungal species on several

commercial brands and batches of PDA/PDB was due to

differences in the medium copper content, which altered the

activity of phenoloxidase enzymes involved in pigment

formation.

Materials and methods

Fungal strains

The wild type (Glasgow wild type – G051; genotype biA1

veA1) and a yellow–green mutant strain (G0247; ygA6; biA1;

veA1) of Aspergillus nidulans were kindly supplied by Dr John

Clutterbuck, University of Glasgow. Cultures of Trichoderma

harzianum, Fusarium culmorum, Stachybotrys atra, Clados-

porium herbarum and Penicillium roqueforti (ATCC 34908)

were from the Aberystwyth University fungal culture collec-

tion. Cultures of Magnaporthe grisea and Botrytis cinerea were

kindly supplied by Dr Luis Mur (Aberystwyth University).

Preparation of PDA

Commercial PDA/PDB powders were obtained from various

commercial sources (Table 1). The recipe for making PDA

from fresh potatoes follows that described by Gams et al.

(1998) in which 100 g peeled, sliced potatoes are homogenized

with 300 mL tap water in a kitchen blender, allowed to steep

overnight at 4 1C, before crude filtration through muslin

(yielding ca. 300 mL potato extract). A total of 230 mL potato

extract, 20 g glucose, 15 g agar (No.2 Agar, Lab Ltd) are mixed

before making up to a final volume of 1 L. Commercial and

in-house preparations were sterilized by autoclaving (121 1C/

15 min) before dispensing into Petri dishes. In all cases

distilled water was used to avoid confounding effects asso-

ciated with varying copper levels in tap water.

Copper analysis

Copper analysis was conducted using inductively coupled

plasma MS (ICP-MS). Powdered medium (50 mg; three

replicates) or pieces of fresh-peeled potatoes (400 mg; three

different tubers analysed per sample) were disrupted (with

three 3-mm-diameter acid-washed glass beads) for 60 s in a

2 mL microcentrifuge tube using a dental amalgamator

(OralB), before the addition of 1 mL concentrated HNO3.

Blackening of the extract was reduced by addition of 50mL

of the acid before disruption of the tuber sample, with the

remaining 950 mL added afterwards. Following digestion at

40 1C for 4 days, samples were evaporated to dryness and

resuspended in a final volume of 2 mL 10% HNO3 contain-

ing 100 mg L�1 ruthenium chloride as an internal standard.

Analysis was conducted under standard conditions using a

VG plasma Quad PQII ICP-MS (Thermo Electron Corpora-

tion, Winsford, Cheshire, UK).

Measurement of conidial pigmentation and
conidial production in A. nidulans

Conidial suspensions in 0.01% Nonidet P-40 (a surfactant to

reduce clumping of conidia) were prepared separately from 5

days-old cultures (37 1C incubation) of the wild type and ygA

strains grown on PDA (from Supplier D, batch 1; Table 1).

After measuring conidial concentration with a haemocyto-

meter and adjusting the concentration to 3� 106 con-

idia mL�1 with 0.001% Nonidet P-40, 200mL of spore

suspension (6� 105 conidia per plate) was spread onto the

surface of each 85-mm-diameter Petri dish. Plates were

incubated inverted in the dark at 37 1C for 40 h before

assessment.

In order to provide a quantitative measure of differences

in the pigmentation of the upper surface of cultures growing

on different media, 40 h cultures were scanned (face down

with lids removed) with an Epson GT12000 scanner. Scan-

ning was conducted at 200 dpi in greyscale (256 levels) and

scanned images were saved as TIFF files before importing

Table 1. Final copper concentrations in batches of PDA and PDB from

different sources

Product Supplier

Batch

number

Final concentration

in medium (ng mL�1)�

PDB A 1 6w

PDB A 2 50w

PDB A 3 7w

PDA B 1 44

PDB C 1 32w

PDA D 1 139

PDA D 2 89

PDA D 3 41

PDA E 1 32

PDA F 1 110

�For PDA and PDB media 39 and 25 g L�1 of powder were added,

according to the manufacturers’ instructions.
wFor comparison of copper levels between PDA and PDB media,

20 ng mL�1 should be added to the latter to account for the copper

present in the added agar.
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into ADOBE PHOTOSHOP (version 5.0 LE). A 4 cm� 4 cm

square was cut from the central portion of the image of each

plate and image size was reduced to four pixels. For each

pixel, darkness (‘K’) was measured and the value averaged to

give a single value for each plate. Three replicate plates were

assessed for each treatment.

Laccase assays

Cultures were grown on PDA (Supplier E, batch 1; Table 1) with

or without copper amendment for 3 days at 37 1C (A. nidulans)

or 7 days at 25 1C (other species) following spread inoculation

of plates with a lawn of 106–107 conidia. A suspension of

conidia in water was prepared by gently scraping the surface of

colonies with a toothpick. Conidia were pelleted by centrifuga-

tion (13 000 g for 1 min) and resuspended in 1 mL of 100 mM

citrate–200 mM phosphate buffer (pH 5.0) at a concentration

of ca. 1–2� 108 conidia mL�1, following the method of

Pokorny et al. (2005). The laccase substrate 2,20-azino-bis-[3-

ethyl-benzthiazoline-6-sulfonic acid] (ABTS; Sigma) was added

to a concentration of 0.6 mM and the tubes left for 36 h at

25 1C. Following incubation, the conidia were removed by

centrifugation (13 000 g for 1 min) and the absorbance of the

supernatant measured at 405 nm.

A second assay using N,N-dimethyl-p-phenylenediamine

sulphate (DMP; Acros 181430250), devised by Clutterbuck

(1972), was also used to measure laccase activity. Mycelium

and conidia were scraped from a 1 cm2 area of sporulating

cultures. These were disrupted in 700mL of 100 mM acetate

buffer (pH 6.0) for 1 min (four cycles of 15 s; OralB Amalga-

mator) and centrifuged for 10 min at 13 000 g. Twenty micro-

liters of the supernatant was mixed with 150mL of DMP

(0.8 mg mL�1) in the acetate buffer (in a 96-well microplate)

and incubated in a microplate reader (Biotek ELX800IU) at

25 1C, measuring A490 nm at 2 min intervals for up to 4 h. The

effect of adding copper at 200 ng mL�1 to the assay mixture

was also tested for the wild type and ygA mutant strains of

A. nidulans, using the same assay conditions.

Statistical analyses

Parametric (ANOVA) and nonparametric (Kruskal–Wallis)

tests were conducted using MINITAB v 12.23. For ANOVA,

Tukey’s test (at Po 0.05) was used to identify significantly

different treatment means.

Results and discussion

Copper levels in different commercial PDA
preparations

This study was initiated following the observation of defective

conidial pigmentation (lime-green) of colonies of Aspergillus

nidulans on a batch of PDB (Supplier A, batch 3; supplemented

with agar to make PDA). Addition of 100 ng mL�1 copper (as

CuSO4) to the medium allowed normal pigmentation whilst

addition of 1 mM EDTA to this and other brands and batches

of PDA inhibited the formation and pigmentation of conidia,

though mycelial growth did occur. Analysis of copper levels in

the PDB revealed a copper level equivalent to 7 ng mL�1 in the

final liquid medium (Table 1). The contribution to copper

levels in the final medium from addition of 15 g L�1 agar

powder (from Supplier D) was 20 ng mL�1 (analysis of three

other batches of standard microbiological agar from two

suppliers found copper levels in agar to range from 17 to

24 ng mL�1). Other batches of PDA/PDB from several suppli-

ers were found to vary in their copper content, ranging from 6

to 50 ng mL�1 for PDB and 32 to 139 ng mL�1 in PDA. In five

of the 10 commercial media tested, even accounting for the

copper contribution from the agar, the final copper concentra-

tion was o 50 ng mL�1 and several fungi cultivated on these

media showed defective pigmentation. There was no correla-

tion between particular manufacturers or products and it is

likely that the variability in PDA products related to the source

of potatoes rather than to any artefact of the manufacturing

process.

Effect of copper level on conidial pigmentation
in A. nidulans

In A. nidulans, the final step in conidial pigment formation

involves a conidial-specific laccase (product of the yA gene),

which converts a yellow precursor to the dark-green melanin

pigment and requires copper as a cofactor (Clutterbuck,

1990). Conidial laccase purified from A. nidulans cultures

grown on media containing o 64 ng mL�1 (1 mM) copper

was found to have reduced specific activity (Kurtz &

Champe, 1981). Differences in pigmentation were visible

when the wild type of A. nidulans was plated on different

brands and batches of PDA. The effect of copper deficiency

was more pronounced in the ygA mutant, forming partially

pigmented conidia on media that supported normal con-

idiation of the wild type, as reported by Clutterbuck (1990).

Addition of low levels of copper to these PDA media allowed

normal pigmentation, with the ygA mutant requiring great-

er supplementation (200 ng mL�1) for normal pigmenta-

tion, as shown in Fig. 1. Pigmentation differences were

quantified using greyscale scanned images of plates incu-

bated for 40 h (Fig. 2), showing that 4100 ng mL�1 copper

was required to achieve full pigmentation of the ygA mutant.

The number of conidia formed by both the wild type and

ygA mutant strains was also affected by different copper

levels (Po 0.001; data not shown), though to a lesser extent

than conidial pigmentation. A PDA containing 26 ng mL�1

copper (Supplier A; batch 1) conidiation of the wild type was

reduced to such an extent that the grey pigmentation of the

underlying conidiophores (Clutterbuck, 1990) was visible.
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Differences in pigmentation of other microfungi
on PDA

A range of microfungi, including several species where

distinctive pigmentation patterns are important for identi-

fication of taxa, were grown on various PDA media.

Differences in pigmentation were readily observed

compared with the same media supplemented with addi-

tional copper (Fig. 3). This was most noticeable on PDA

formulations containing o 50 ng mL�1 copper. In addition

to the cultures of T. harzianum, F. culmorum, S. atra and

C. herbarum shown in Fig. 3, atypical pigmentation on

copper-deficient media was also observed for M. grisea,

B. cinerea and several Penicillium spp.

Influence of copper level in PDA media on
laccase activity

The final stages of pigment formation in many fungi, for

example Fusarium spp. (Kim et al., 2005) and Trichoderma

spp. (Holker et al., 2002), are known to involve laccases. To

explore the possibility that the deficient pigmentation

described above was the result of reduced phenoloxidase

activity, owing to reduced availability of the copper cofactor,

the laccase activity was measured using both ABTS (for

conidial suspensions) and DMP (conidial and mycelial

extracts). Laccase activity measured using both assays was

significantly higher (ANOVA; Po 0.001) for cultures grown

on PDA containing an additional 30 or 200 ng mL�1 copper,

compared with unamended PDA (Supplier E; batch 1;

containing a basal level of 32 ng mL�1 copper) (Table 2).

There was considerable variation in laccase activity be-

tween fungal species and some indication that laccase

activity was tightly associated with conidia, and thus not

detected in supernatants, as noted previously for

Fig. 1. Effect of addition of copper sulphate to a commercial PDA formulation (Supplier D, batch 3 with 41 ng mL�1 copper; Table 1) on pigmentation of

wildtype (above) and ygA mutant (below) of Aspergillus nidulans. From left to right, the amount of copper sulphate added was 0, 5, 15 and

200 ng mL�1.
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Fig. 2. Pigmentation of the ygA mutant strain in media prepared with

different levels of added copper as assessed by image analysis in

greyscale (darkness level of 100% corresponds to greyscale level 256).

Codes for different PDA media correspond to Table 1 and numbers in

brackets indicate the copper concentration (ng mL�1) of the basal

medium. SD error bars are for replicate samples (n = 3). Columns with

different superscripts are significantly different (ANOVA Po 0.001;

F = 268.87).
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Trichoderma spp. (Pokorny et al., 2005). In some cases there

was evidence of substrate specificity of the laccase activity,

for instance in the case of C. herbarum and P. roqueforti,

which oxidized DMP but not ABTS (the standard laccase

substrate). Stachybotrys atra showed no oxidizing activity

with either substrate. For all the species investigated, oxidi-

zation of DOPA was also poor (data not shown). In the case

of the ygA mutant of A. nidulans, copper amendment did

not alter laccase activity, despite the fact that conidial

pigmentation was visibly different between the three treat-

ments. However, addition of copper (to a final concentra-

tion of 200 ng mL�1 in the DMP assay mixture) to conidial

extracts of ygA mutant strains of A. nidulans, caused a

twofold increase in laccase activity (Po 0.001), suggesting

that the low activity detected for this strain was related to the

absence of the required cofactor rather than to the absence

of the enzyme.

The poor conidial pigmentation of ygA mutants is

believed to be due to deficiency in copper uptake (Clutter-

buck, 1972). Comparison of the classical linkage map and

genome sequence of A. nidulans strongly suggests that the

ygA locus corresponds to the auto-called gene AN3624.2

(Genbank: AACD01000061). The putative peptide sequence

from this gene (1182 aa; Swissprot accession Q5B756_EME-

NI) shows high similarity (4 60% identity) with several

other fungal proteins, all of which contain copper ion-

binding domains and ATP-binding sites. Best studied of

these genes is the clap1 gene in Colletotrichum lindemuthia-

num, listed as a copper-transporting ATPase, with mutants

at this locus having defective spore pigmentation reme-

diated by the addition of 3200 ng mL�1 (50mM) copper

(Parisot et al., 2002).

Copper levels in extracts from different potato
samples

Most mycologists now use commercial preparations of PDA

in which potato extract prepared, dried and powdered

(usually by a third party) is mixed with glucose and agar.

Older recipes for PDA reveal a range of methods for the

preparation of the medium, for example, Stevens (1974)

recommended the use of peeled ‘old white’ potatoes auto-

claved with water before straining, while Booth (1971)

recommended that new potatoes should be avoided. Ains-

worth et al. (2001) state that potatoes should be scrubbed

(not peeled) and that the variety Red Desirée is found to be

the best. There is also anecdotal evidence suggesting that

PDA should be made using ‘organically’ cultivated potatoes

(J.C. Frankland, pers. commun., 2005).

Copper levels in ‘organically’ cultivated potatoes were

higher than in conventionally cultivated tubers (ANOVA

Po 0.001; F = 24.3), with the means of 1194 and

715 ng mL�1, respectively (Table 3). Analysis of filtered

extracts made from 27 tuber samples prepared according to

a standard recipe for PDA (Gams et al., 1998) revealed a

sixfold range of copper concentrations and confirmed the

significantly higher copper content of extracts from tubers

grown under organic management regimes (supplementary

Table S1 and supplementary Fig. S1). By comparison with

copper levels in these potato extracts, it was estimated that

copper levels in ‘homemade’ PDA would range from 33 to

Fig. 3. Sporulation of a range of microfungi on PDA. Plates on the right

contain PDA from Supplier E (batch 1; 32 ng mL�1 copper in medium),

those on the left contain the same medium amended with 1000 ng mL�1

copper sulphate. (a) Trichoderma harzianum; (b) Stachybotrys atra; (c)

Fusarium culmorum; (d) Cladosporium herbarum. Plates were incubated

in ambient daylight at 22 1C for 6 days.
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113 ng mL�1, similar to those found in commercial prepara-

tions of PDA (26–139 ng mL�1; Table 1).

The use of Bordeaux mixture and other copper-based

fungicides for the control of late blight in potatoes was

widespread from the 1880s until the advent of synthetic

organic fungicides in the 1930s, the period when use of PDA

medium became widespread (Edgerton, 1908; Duggar et al.,

1917). However, Bordeaux mixture is still used to control

late blight in organically cultivated crops (Kuepper, 1998;

Duncan, 2003) and it is possible that this accounts for the

elevated copper levels in these tubers.

Conclusions

The fact that copper levels can vary considerably between

different potato batches, and that such variations can cause

significant alterations in conidial and mycelial pigmentation

in fungal colonies grown on different batches of commer-

cially prepared and ‘home-made’ PDA is a matter of concern

for mycologists, especially if batch variability can give rise to

morphological differences in certain fungal cultures. Other

secondary metabolic processes, notably mycotoxin produc-

tion, are also affected by trace element concentrations in

media (Dombrink-Kurtzman & Blackburn, 2005), with

O’Brien et al. (2006) reporting anecdotal evidence of

differences between commercial PDA preparations.

It is recommended that a small amount of copper

sulphate (1000 ng mL�1; ca. 15 mM CuSO4 � 5H2O) be

added when making PDA. Alternatively, the addition of

Hunter’s (Aspergillus) trace element solution containing

4000 ng mL�1 copper (Hill & Kafer, 2001) or a similar

formulation would additionally guard against this and other

mineral deficiencies. It is further possible that batch varia-

tion of copper or other trace elements in the many other

long-established and undefined natural media still in

widespread use could be avoided by taking such simple

precautions.
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