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ABSTRACT

The aim of this work was to evaluate the physiological aspects of polyphosphate metabolism of
Cunninghamella elegans grown in presence of copper. The growth profile was obtained by means of biomass
yields, orthophosphate consumption, polyphosphate accumulation and phosphatases activities. The results
revealed the influence of copper on the growth, observed by biomass yields. Orthophosphate consumption
was faster in cells grown in the presence of copper. The presence of copper in the culture medium induced
polyphosphate accumulation. The polyphosphate level was almost constant in the beginning of control
culture growth, and could be related to the exponential growth phase. On the other hand, the copper treated
cultures exhibited a significant reduction in the polyphosphate levels, indicating an active metabolization of
the polymer. Acid phosphatase activity was not detected in the conditions studied, but alkaline phosphatase
activity wassignificantly lower inthetreated cultures. The results suggest the potential use of Cunninghamella
elegans isolate in bioremediation and biosorption applied to environments polluted by copper.
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INTRODUCTION

Copper isan essentia micronutrient for mogt, if not al, living
organisms since it is the constituent of many metalloenzymes
and proteins involved in electron transport, redox, and other
important reactions. Copper is also required as a cofactor in a
variety of proteins. Despite its importance, relatively little is
understood about the molecular details of how organisms
acquire this trace metal from the environment. Copper
requirements by microorganismsare usually satisfied with very
low concentrations of themetal (1to 10 uM). In contrast, copper
present at higher level in its free ionic form (Cu®) is toxic to
microbial cells. Microorganisms must possess delicate
mechanisms to maintain intracellular copper within such a
restricted level the neither interferes with normal metal
homeostasis nor poses arisk of toxicity (9,11,12).

It iswell recognized that microorganismshave ahigh affinity
for metals and can accumulate both heavy and toxic metals by
a variety of mechanisms. Microorganisms highly effective in
sequestering heavy metals include bacteria, fungi, agae, and
actinomycetes. These have been used to remove metals from
polluted industrial and domestic effluents on a large scale.
Microbial interactionswith metalsmay have severa implications
for the environment. Microbes may play a large role in the
biogeochemical cycling of toxic heavy metals, asoin cleaning
up or remedating metal-contaminated environments. There is
also evidence of acorrelation between toleranceto heavy metals
and polyphosphate metabolism (6,13,15,25).

Inmicrobial cells, inorganic polyphosphate (poly P) playsa
significant role in increasing cell resistance to unfavorable
environmental conditionsand in regulating different biochemical
processes. Many functions had been related to cellular poly P,

*Corresponding Author. Mailing address: Rua Nunes Machado, 42, Bloco J, UNICAPR, Boa Vista. 50050-900, Recife, PE, Brasil. E-mail: takaki@unicap.br

315



PM. de Souzaet al.

such as ATP substitute and energy source, reserve for Pi,
chelator of metal ions, buffer against alkali ions, regulator for
stress and survival, channel for DNA entry, regulator of
development and acomponent of the capsule cell (18,22).

The heavy metal tolerance has been related to poly P
degradation and detoxification of heavy metalsinsidethe cell. It
has also been suggested that surface-associated poly P may be
important in chelation of cationson thesurfaceof cell (13,16,21).

Considering the role of Cunninghamella, a Mucoralean
fungi, in xenobiotic metabolization/bioremediation, and the
polyphosphate role in microbial tolerance and resistance to
heavy metals, the present study was carried out to evaluate the
physiological aspects of polyphosphate metabolism in
Cunninghamella el egans during growth in presence of copper.

MATERIALSAND METHODS

Microorganismsand CultureConditions

Theisolate of Cunninghamella elegans (UCP 542), obtained
from mangrove sediment, was kindly supplied by the Culture
Collection of the Catholic University of Pernambuco, Brazil.
The culture was mantained on Difco PDA (Potato Dextrose
Agar), incubated at 28°C. The SDA (Sabouraud Dextrose Agar)
medium was used for spore production, during 5 days at 28°C.
A total of 107 spores/mL were collected and transferred to
Erlenmeyer flaskscontaining 50 mL of SMM (Synthetic Medium
for Mucora ean) and incubated during 120 hours, at 28°C, at 150
Hz. A solution of 2 mM copper sulphatewas preparedin distilled
and deionized water, pH adjusted to 6.0 with 1IN sodium
hydroxide and 10% (v/v) acetic acid. All sampleswere prepared
infivereplicates.

Growth Curves

Samplescollected at 12, 24, 36, 48, 72, 96 and 120 hours of
culture were submitted to liophylization and mantained in a
vacuum dissecator until constant weight. The final value
corresponded to the arithmetic media of five replicates of each
sample.

Analytical Procedure

Theanalytical procedureswere performed using samples of
culture supernatant collected at 12, 24, 36, 48, 72, 96 and 120
hours of cultivation. The final value corresponded to the
arithmetic media of five replicates of each sample. Phosphate
consumption was eval uated by spectrophotometric assay based
on the Biosystems kit. A standard curve was produced using a
potassium phosphate solution (0.5 to 5.0 g/L).

Polyphosphate Deter mination

Thetotal cellular polyP was extracted and measured by the
method described by Kornberg, 1995 (22). Cellswere harvested
at 12, 24,36, 48, 72, 96 and 120 hoursof culture, washed twicein
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1.5M NaCl containing 0.01 M EDTA and 1mM NaF (wash buffer).
The cell pellet was resuspended in 1.5 mL of wash buffer and
sonicated onice, for 24 minutes period with 2 minute intervals
at 16 KHz. Theresulting homogenate was centrifuged at 12,000
x g for 5 minutes to remove cell debris. To determine total
intracellular polyP, 200 uL of concentrated HC| wasadded to 0.5
mL of cell extract and heated at 100°C for 45 minutes. The
liberated phosphate was measured spectrophotometrically in a
Spectronic Genesys 2, at ultraviolet spectrum. The polyP
concentrations were expressed in gram of phosphate per gram
of biomass, as means of five replicas. An unhydrolized sample
was used as a control of the background level of polyP.

PhosphatasesActivity

The enzymes activities were evaluated by the method
described by Joh et al., 1996 (19). Samplesof 36 mg, collected at
12,24, 36, 48, 72, 96 and 120 hours of cultivation, obtained from
control and treated cultures, werewashed in distilled water and
suspended in 0.02M sodium acetate, pH 4.5, for the acid
phosphatase detection and in 50 mM Tris-HCI buffer containing
glyceral, pH 7.5, for the alkaline phosphatase detection. The
samples were submitted to maceration during 5 minutes and
homogenized during 2 minutes in ice bath. The extracts were
centrifuged at 12,000 x g during 10 minutesat 4°C to removethe
cellular debris. The activity was determined by the use of Kit-
Lab Test. The results corresponded to triplicates. The enzyme
activity was expressed as|nternational Unitsper Liter (UI/L), in
which 1 UI/L represents the amount of enzyme that catalyses
Tumol of substrate/minute/liter of sample.

RESULTS

Figs. 1A and 1B exhibit the growth C. elegans in SMM
culture medium in the absence and in the presence of copper,
respectively. The cellular growth was evaluated by biomass
production during 120 hours of cultivation. The control culture
presented logarithmic growth during the experimental period.
The maximum growth yield (122.9 mg/L) was obtained at 120
hours of growth (Fig. 1A). An orthophosphate consumption
corresponding to 86.02% was observed during thefirst 12 hours
of cultivation. The orthophosphate consumption was total at
48 hours of culture (Fig. 1A). When C. elegans was grown in
the presence of copper the biomass yield was higher than that
obtained in the control culture (288.2 mg/L). During thefirst 12
hoursof cultivation, an orthophosphate consumption of 80.96%
was detected. In the control culture, the total consumption of
the phosphorus source was observed at 48 hours of culture
(Fig. 1B). The results related to cellular biomass production
revealed a significant difference between control and treated
cultures. In the treated culture, the highest orthophosphate
depletion occurred in the first 24 hours of culture and
corresponded to 26.0% of the control culture.
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Figure 1. Growth curves and orthophosphate consumption
profile of Cunninghamella elegans in Synthetic Medium for
Mucoralean: A- Control Culture; B- Culture grown in 2mM
copper.

The cellular polyphosphate behavior is presented in Fig. 2.
In the control culture, a progressive and sow decline in the
polyphosphate content was detected during the experimental
period, which could be related to increase in the biomass yield
(Fig. 2A). The polyphosphate content in the mycelia was 2.3
mg/dL, 2.2 mg/dL and 2.15mg/dL, for 12 hours, 24 hoursand 36
hours of growth, respectively. After 36 hours a significant
decrease of polyphosphate content occurred. On the other hand,
the analysis of copper treated cultures revealed the higher
polyphosphate consumption during the first 36 hours of
cultivation (Fig. 2B). The polyphosphate content in the mycelia
of copper treated cultureswas 2.3 mg/dL, 1.24 mg/dL and 0.99
mg/dL, for 12, 24 e 36 hours, respectively. The datareveal ed that
poly P content decreased significantly in relation to the control
sample. However, an increase in the polyphosphate content was
observed at 48 hours of growth (1.24 mg/dL). After 48 hours, a
new decline in polyphosphate content was observed. An
analysis of the polyphosphate profile in the control and treated
cultures revealed that in the presence of copper the polymer

Figure 2. Polyphosphate content and biomass yields of
Cunninghamella elegans grown in Synthetic Medium for
Mucoralean: A— Control Culture; B- Culture grown in 2mM
copper.

content decreases in afaster and continuous manner during the
120 hours of growth. On the other hand, in the control culture, a
decrease of 92.1% of polyphosphate content was observed.

Fig. 3exhibitstheresultsfor theakaline phosphatase activity
of the control and the treated samples. In the control samples, a
continuous decreasein the enzyme activity was observed during
the experimental period. Maximum activity was detected at 12
hours of cultivation, corresponding to 5.08 U.I/L. At 120 hours
of culture, theactivity was2.22 U.1/L. The maximum enzymatic
activity of C. elegans in cultures samples submitted to copper
treatment was 1.28 U.1/L at 24 hours of cultivation. After 36
hours the values decreased progressively. The method
described by Joh et al., 1996 (19) wasinadequate to detect acid
phosphatase activity in the control or treated cultures.

A comparative analysis between polyphosphate content
and enzymatic activity for control and treated cultures is
exhibited in Fig. 4. A progressive decrease of polyphosphate
content and enzymatic activity during the experimental period
was observed. A decrease of 56.29% in the alkaline phosphatase
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Figure 3. Alkaline phosphatase profile of Cunninghamella
elegans.
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Figura 4. Correlation of alkaline phosphatase (Ul) and
polyphosphate (mg/dL) contentsin control and treated cultures
of Cunninghamella elegans.

activity was observed for control cultures during the 120 hours
of growth. The correlation between control and treated cultures
revesled adecrease of 75.2%in the alkaline phosphatase activity
inthefirst 12 hoursof cultivation. On the other hand, thetreated
culture showed a decrease of 35.71% in the enzymatic activity
during the experimental growth.
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DISCUSSION

Microbial interactions with metals may have several
implications for the environment and health. Microorganisms
may play alarge role in the biogeochemical cycling of toxic
heavy metals, also in cleaning up or remediation of metal-
contaminated environments. Other implications are not as
beneficial, asthe presence of metal tolerance mechanisms, which
may contribute to the increase of natural resistance. It is very
important to remember that any disturbance on the environment
can affect humans, the environment it self and the microbial
community onwhich other living cells depend (25,26,30).

The data presented in this work reveal the physiological
aspects of the growth of C. elegansin presence of copper. The
addition of 2mM copper to the growth medium has been shown
to have a significant effect on the growth of C. elegans. As
determined by biomassyields, the growth in control mediawas
slower than in the presence of copper, when an increase of
57.3%, in the biomass production was observed.

Most results reported in the literature demonstate the toxic
effectsof heavy metalsor the appearance of microbia resistance
to these heavy metals. The intake and subsequent efflux of
heavy metal ions in microorganisms usually include a redox
reaction involving the metal, which some organisms can even
use for energy and growth. This has an important implication
on microbial tolerance to heavy metals because the solubility
and toxicity of the metal depend on its oxidation state
(14,17,28,29).

Microorganisms require metals in trace quantities for
metabolism and growth, but higher concentrations can betoxic.
Thetoxicity of metalsisdueto their ability to denature proteins.
Theblocking of functional groups, displacing an essential metal,
or the modification of the active conformation of the molecule
can causethiseffect (11,12).

The copper inhibitory concentrationsfor bacteriaare 1 mM,
like Co?"and Ni?*. Copper toxicity isbased on the production of
hydroperoxideradicalsand oninteraction with the cell membrane
(5,6,10). Thus, the intracellular concentration of heavy metal
cations, especially copper has to be tightly controlled. Copper
metabolismwasaready studiedin E. coli, some Pseudomonas-
related species, Enterococus hirae and S cerevisiae, bringing
somelight on copper metabolism (1,2,5,6,7,8,27,30).

The present work indicatesthat C. elegansis able to grown
in copper contai ning medium and that the metal hasastimulatory
effect on biomass prodution.

In fungi, metabolic changes associated to pH and
composition of the culture medium, physical environmental
aspects and growth phases are cited. Indeed, carbon, nitrogen
and phosphorus sources are essential for the growth of
microorganisms. The orthophosphate added to the culture
media could regulate the cellular growth cycle, suggesting its
utilization for molecular synthesisof cellular compounds (4,17).



In this work, it was shown that cultures of C. elegans
submitted to copper treatment exhibited afaster orthophosphate
remotion of the culture mediumin the beginning of growth when
compared to control cultures without the metal.

Some studies on rel ationship between medium components
and culture development in presence of heavy metals,
demonstrated that microorgani smsexhibited areduced biomass
prodution even when the metal concentration was low (10,28).

The occurrence of polyphosphate has been reported for
various eukaryote and prokaryote organisms. Some
microrganisms can accumulate phosphate as poly P (21,22).
Some studies revealed that the subsequent exposure to stress
conditions promotes the poly P degradation. This mechanism
has been coupled to bio-precipitation of heavy metals as cell-
bound metal phosphates (13,21). However, the aspects of
polyphosphate metabolism in fungi as a response to a metal
presence in cultive media have not been reported yet.

Inthisreport, the correl ation between polyphosphate content
in control and treated cells reveded that cultures submitted to
copper treatment presented lower polyphosphate content in the
initial stages of growth. In presence of copper, 57% of the polyP
content was, possibly, degraded, if compared to control samples.

Some studies pointed out the role of polyP in metal
precipitation. In prokariotic cells, Poly P biosynthesis and
degradation, determine the appearance of metal resistance. In
contrast, other results revealed that only intracellular polyP is
related to thisphenomenum (20,21).

The results obtained in this study indicate the association
between polyP and biomassyield in cultures submitted to copper
treatment. The data suggest that the polymer utilization for
cellular growthincreasesin responseto metd . Different enzymes
are related to phosphate and polyP metabolism. Experimental
models determine that phosphatases, exopyphosphatases,
endopolyphosphatases and polyphosphate kinases are key
enzymes, pointing out that these enzymes could be induced as
a response to the phosphate and nitrogen concentration in the
medium, its pH, and the growth phase (22,24).

The acid and alkaline phosphatase activities in response to
copper presence demonstrated that C. elegans did not present
acid phosphatase activity. On the other hand, alkaline
phosphatase activity wasinhibited by the presence of the metal
inthe culture medium. Compared to control cultures, areduction
of 75% in the enzyme activity was determined for treated
cultures. Resultsin the literature for cadmium have shown that
the activity of many enzymes associated to oxidative
phosphorylation, photosynthesis, cell membrane permeability
and integrity wasimpaired by the metal (29).

The present work revealed the influence of copper on the
alkaline phosphatase activity in C. elegans. However, for survival
in environments containing high concentrations of available
metals, mechanismsto counter theinherent toxicity of the metal
ionsarerequired. Theimportant role of fungi in biogeochemical

Polyphosphate metabolism in C. elegans

cycles makes them candidates for studies of metal-microbe
interactions. Fungal strains belonging to the class of
Zygomycetes are of particular importance due to the presence
intheir cell wallsof polymerssuch aschitin, chitosan, and glucan,
which are known to be efficient metal ion biosorbents (3,13).

A better understanding of the factors responsible for metal
resistance may help in the application of fungal biomassfor the
treatment of metal-contaminated water, and in enrichment or
recycling of valuable metals.
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RESUMO

Influéncia de cobreno metabolismo de polifosfato de
Cunninghamella elegans

O presente trabal ho teve como finalidade avaliar os aspectos
fisiol6gicos do metabolismo do polifosfato em Cunninghamella.
elegans cultivada em meio contendo cobre. O perfil de
crescimento foi estabelecido em funcéo da producdo de
biomassa, consumo de ortofosfato, acumulagdo de polifosfato
e atividade das fosfatases. Os resultados obtidos indicaram a
influéncia do metal pesado sobre o crescimento, como
observado pelo rendimento da biomassa. O consumo da fonte
de fésforo durante as primeiras 24 horas de crescimento na
cultura tratada com cobre foi maior que na cultura controle. A
acumulagdo de polifosfato permitiu verificar comportamentos
distintos na auséncia e presenca do metal. A analise do
polifosfato celular revel ou que, nasamostrastratadas, o polimero
€ significativamente metabolizado durante o inicio do cultivo
gquando em presenca do cobre. O isolado analisado n&o exibiu
atividade paraafosfatase &cida. Contudo, o cultivo em presenca
de cobre induziu variagBes na expressdo da enzima fosfatase
alcalina. Umadiminuicdo significativadaatividade enzimética
foi observada para a cultura tratada com o ion metdlico. Os
estudos demonstram o potencial de Cunninghamella elegans
para biorremediacéo de ambientes contaminados com cobre.

Palavras-chave: Cunninghamella elegans, cobre, polifosfato,
fosfatases
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