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Abstract

In most of the raw materials of plant origin used in animal feed, a portion of the phosphorus is
stored as phytic acid or phytate. Phytate is the main storage form of phosphorus in vegetables but
is not readily assimilated into food at low concentrations of the enzyme phytase. In addition to
making phosphorous unavailable, phytate binds divalent cations such as calcium, copper, magne-
sium, iron, manganese and zinc, preventing the absorption of these nutrients in the gut of the an-
imal. Phytase promotes the hydrolysis of the phytate phosphorus-releasing molecule, thereby in-
creasing its bioavailability in feed. Phytase is distributed in plant and animal tissues and it is syn-
thesized by some species of bacteria and fungi. The addition of this enzyme in the diet of animals is
essential to promote greater uptake of phosphorus and also contributes to a decrease in the levels
of phosphorus excreted by animals, thus reducing the pollution caused by excess phosphorus in
the environment. This work aimed to select a fungus that stands out in the production of phytase
among 100 isolates from Brazilian caves belonging to the genera Aspergillus, Penicillium and Cla-
dosporium and 13 endophytic fungi of the aerial part of the coffee plant. For selection, the fungi
were cultured in medium containing phytic acid as a sole source of phosphorus. After seven days
at 25°C, we evaluated growth and enzyme production by the presence of the phytic acid halo de-
gradation (Enzymatic Index-EI) surrounding the colonies. Forty-seven species produced phytase,
and the fungi Penicillium minioluteum (CF279) and Muscodor sp. (UBSX) showed higher degrada-
tion halos, 2.41 and 4.46, respectively. Considering the Muscodor sp. as the main source of phytase,
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high enzymatic levels were obtained when the fungus was grown under submerged fermentation
with initial pH of 5.0 using wheat bran as additional carbon source for 144 h, at 125 rpm and 30°C.
Additionally, the enzyme was stable at pH 5.0 and 40°C, and inhibited (14% - 88%) by all com-
pounds analyzed. Then, this is the first study that reports the production of phytase by the endo-
phytic fungus Muscodor sp.
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1. Introduction

Phytic acid or phytate (myo-inositol hexakisphosphate) is the major source of phosphorus in animal feed, but
animals cannot readily assimilate the element in this form. In addition to making the phosphorous unavailable,
phytate binds to divalent cations (Ca*, Cu?*, Mg®*, Fe?*, Mn?* and Zn*"), preventing the absorption of these nu-
trients in the gut of the animals [1] [2].

In animal feed industries, the feed is usually supplemented with inorganic phosphate to meet the phosphorous
needs for proper growth and development of animals. However, the anti-nutritional effects of phytate remain
unaffected [3]. Excretion of indigestible phytate, resulting in a large amount of phosphorous in manure, leads to
redistribution of phosphorous in the soil [4]. It may leach into waterways and cause eutrophication that generates
water quality issues. Hence, elevated phosphorous levels in water and soil also create several environmental
problems. To avoid phytate-related issues, there is a need to introduce methods for degradation of phytate. The
physical and chemical methods are expensive and reduce the nutritional value of the feed as well. Therefore, en-
zymatic degradation of phytate is an important alternative [5].

Phytases (myo-inositol hexaphosphate phosphohydrolase; EC 3.1.3.8 and EC 3.1.3.26) are enzymes belong-
ing to the class of phosphatases that hydrolyze phytic acid to myo-inositol phosphates and inorganic phosphate
through a series of myo-inositol phosphate intermediates. This process eliminates the anti-nutritional characte-
ristics of phytic acid. Phytases have potential applications in the food and feed industries. In recent years, phy-
tases have attracted attention from researchers and entrepreneurs in the areas of nutrition, environmental protec-
tion and biotechnology. The annual sales of phytase in the USA were estimated to be $150 million, which is one
third of the entire enzyme market [5].

Microorganisms are the main sources of phytases with biotechnological potential with high performance, be-
ing used mainly in animal feed industry to eliminate the anti-nutritional properties of phytate [6] [7]. The pro-
duction by yeast has been described in Saccharomyces cerevisiae, Candida tropicalis, Candida torulopsis, De-
baryomyces castelii, Kluyveromyces fragilis and Schwanniomyces castellii [8]. They can also be produced by
bacteria and filamentous fungi. The production by filamentous fungi has been described in Penicillium oxalicum
PJ3, Schizophyllum commune, Rhizopus oryzae, Aspergillus ficcum and Rhizopus microspores var. microsporus
[9]-[13]. Many studies are focused in the production and characterization of phytase from some microorganisms,
but information concerning enzyme characteristics as regulation, catalytic capacity, specificity and optimization
of production, still need to be clarified to reduce costs and to facilitate the use of this enzyme under an industrial
scale. Commercially, phytases are produced by a limited number of microorganisms [14], what justify the im-
portance to search new fungal strain as phytase producers. Then, this manuscript describes the prospection of
fungal strains to produce extracellular phytase, the selection of the best producer and the optimization of some
culture parameters to achieve high enzymatic production by the endophytic fungus Muscodor sp. This work is
seminal in the reporting of phytase production by this fungus.

2. Material and Methods

The experiments were conducted in the Filamentous Fungi Genetics and Bioprospecting Laboratory-BIOGEN
from Federal University of Lavras-UFLA, Lavras, Minas Gerais, Brazil and in the Laboratory of Microbiology
from Faculty of Philosophy, Sciences and Letters of Ribeirdo Preto, University of Sdo Paulo—USP, S&o Paulo,

Brazil.
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2.1. Microorganisms Evaluated and Selection of Phytase-Producing Fungi

One hundred filamentous fungi isolated from the Brazilian Caatinga caves and 12 endophytic fungi isolated
from coffee plant (Coffea arabica L.) shoots, belonging to the Culture Collection of BIOGEN, were evaluated
for their ability to produce phytases. The cultures were maintained in MilliQ water at 4°C. The isolates were
reactivated on potato dextrose agar (PDA) and incubated at 25°C for 7 days.

The selection of fungal phytase producers was carried out in medium containing (g/L) phytic acid CgHg O24Pe:
5; NaNOg: 3; MgSO,7H,0: 0.5; KCI: 0.5; FeSQ,: 0.12; CaCl,: 0.66; ZnSQ,4: 0.17; agar: 30 [15]. The fungi that
showed a clear zone (halo) around the colony and possessed an Enzyme Index (El-halo diameter/colony diame-
ter) greater than 2 were selected to evaluate the specific enzymatic activity.

2.2. Molecular Identification

The molecular identification of the selected fungi was carried out using sequences of the ITS region. The fungi
were grown on PDA, and mycelium was scraped with a sterile toothpick. The extraction of total DNA was per-
formed according to the “Mobio Ultra Clean Microbial® kit”. Amplification reactions were performed in a vo-
lume of 30 pL containing 15 L of Quiagen kit, 12 puL-H,0O, 10 pmol primer F, 10 pmol primer R and 10ng DNA.

Primers were ITS1 (5 TCCGTAGGTGAACCTGCGG 3’) and ITS4 (5* TCCTCCGCTTATTGATATGC 57)
and amplification conditions were as follows: 95°C 2 min, 95°C 1 min, 50°C 1 min, 72°C 1 min and 72°C 7 min,
programmed for 35 cycles. The amplifications were performed in a thermocycler “MULTIGENE”, Labnet In-
ternational Inc. The sequences were analyzed with the aid of the SeqAssem program, and alignment with other
sequences available in the “GenBank” database was performed by the MEGA program.

2.3. Production of Extracellular Phytase under Submerged Fermentation (SF)

The fermentation medium was prepared in 250 mL Erlenmeyer flasks by adding (g/L) of different additional
carbon sources (wheat bran, soybean, sugarcane bagasse, oat, corn starch, and rye flour): 5, yeast extract: 3;
NaNOs: 3; MgS0O,-7H,0: 0.5; KCI: 0.5; FeSQO,4: 0.12; CaCl,: 0.66, ZnSO,: 0.17, pH 5.5 [15], previously autoc-
laved at 120°C, 1.5 atm for 20 min. Three mycelium disks of approximately 8 mm of the selected fungus (Mus-
codor sp.) were inoculated in the sterilized fermentation medium.

The influence of physical parameters on enzyme production and fungal growth as agitation (100, 125 and 150
rpm), initial pH (4, 5, 6 and 7), temperature (25°C, 30°C and 35°C) and incubation time (24, 48, 72, 96, 120, 144
and 168 h) were also analyzed.

After incubation, the cultures were filtered in vacuum Buchner funnel with Whatman filter paper N°1 to give
a cell free filtrate. The filtrate was dialyzed against distilled water for 24h at 4°C and used for determining the
extracellular enzymatic activity.

2.4. Phytase Activity Assay

Phytase activity was determined according to Gulati, Chadha and Saini [16]. The reaction medium was com-
posed of 50 pL of enzyme sample incubated with 50 pL of phytic acid solution (dodecasodium hydrated C¢Hg
Na;,04Ps.H,0 Sigma®) 1% (w/v), dissolved in sodium acetate buffer 0.2 M, pH 5.0. The reaction was per-
formed at 40°C and then added with 100 uL of 15% TCA (trichloroacetic acid) and 300 pL distilled water in
each test tube followed by addition of 0.9 puL of the chromogenic reagent (of sulfuric acid 0.76 M, 10% ascorbic
acid and 2.5% ammonium molybdate; 3:1:0.5 v/v/v). The tubes were then incubated at 50°C for 20 min and
cooled down; after the reading was taken at 820 nm using a spectrophotometer. In each experiment we included
inactivated enzyme controls to estimate the non-enzymatic hydrolysis of substrate. One unit of phytase activity
was defined as the amount of phytase required to release one pmol of inorganic phosphorus (Pi) per minute un-
der test conditions [13].

2.5. Determination of Total Protein

The total protein concentration was determined according to Bradford method [17] using bovine serum albumin
(BSA) as standard. The amount of protein was expressed as mg/mL of sample. Total protein (mg total) was cal-
culated by multiplying the protein in mg/mL for the sample volume.

®
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2.6. Phytase Stability to Temperature and pH

The thermal stability was determined incubating the phytase samples in aqueous solution at 40°C, 50°C and
60°C. After time intervals of 2, 5, 10, 15, 20, 30, 45 and 60 min, aliquots were removed and maintained in an ice
bath for phytase activity determination.

The pH stability of phytase was observed incubating the phytase samplesin citrate buffer 100 mM (pH 3, 4, 5
and 6). The enzyme and buffer were added at 1:1 (v/v), and after incubation for 1 h at 25°C, aliquots were re-
moved and the relative enzyme activity was determined.

2.7. Effect of Different Compounds on Phytase Activity

The effect of different salts (1 mM) (NaCl, AIClz, CuCl,, CuSO,5H,0, FeCls, HgCl,, KCI, MgSO,-7H,0, Zn
(NOs)-7H,0 and CaCl,), Urea and EDTA on phytase activity was investigated. The enzymatic reaction was per-
formed as described above with addition of each compound. The results were expressed as relative activity (%).

All experiments were performed in triplicate, using inactivated enzyme controls to estimate the non-enzy-
matic hydrolysis of substrate and taking into account the standard deviation for the construction of graphs.

3. Results and Discussion

Among the hundred fungi isolated from caatinga caves and twelve endophytic fungi qualitatively analyzed, 28%
were able to hydrolyze the phytic acid in the medium producing a clear halo. Among these strains phytase posi-
tive, 64.5% showed an Enzyme Index (EI) lower than 2.0. Only six strains presented EI higher than 2, hig-
hlighting the endophytic fungus UBSX (EI = 4.41) and the cave fungus CF279 (EI = 2.41) (Table 1). These
both strains were identified as Muscodor sp. (Xylariaceae, Ascomycetes) and Penicillium minioluteum, respec-
tively, using molecular approach and the ITS region.

The enzymatic index of the enzyme produced by the endophyte Muscodor sp. had the highest value, so this
isolate was chosen for phytase production under submerged fermentation. Muscodor sp. is a sterile (not produc-
ing spores) endophytic fungus possessing some interesting hyphal characteristics, including coiling, ropyness,
and right angle branching. The mycelia of the fungus on most media are whitish and suppressed (Figure 1). The
sequences were entered into “GenBank” as KJ425599.

Table 1. Production of phytase by endophytic fungi (UBSX, 226 and HZM64) and by fungi isolated
from caves (CF279, CF302 and HE189A).

Isolates Index Value (EI)
Muscodor sp. (UBSX) 4.41
726 4.35
HZM64 3.7
Penicillium minioluteum (CF279) 241
CF302 2.2
HE189A 2.09

A

Figure 1. Mycelium of isolate Muscodor sp. (UBSX) grown on PDA (A)
and halo of hydrolysis of the phytate by the phytase produced by the en-
dophytic fungus Muscodor sp. (UBSX).
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The Muscodor genus has been reported as a good producer of several other metabolites of interest. Muscodor
albus produces a mixture of volatile organic compounds (VOCs) which are lethal to a variety of human and
plant pathogens, such as other fungi and bacteria. It is also effective against nematodes and certain insects [18].
Muscodor crispans (B-23) is an endophyte residing within the tissues of the stem of Ananas ananassoides, a
wild pineapple of the Bolivian Amazon Basin. This fungus produces a number of esters, alcohols and acids of
low molecular weight whose volatiles have antibiotic properties, making this a potentially useful organism in
many contexts. Despite its 100% genetic similarity to regions of rDNA of M. albus, this organism is considered
distinct because of the number and type of its unusual phenotypic characteristics [19]. According to our know-
ledge, this is the first time that the phytase production is reported for the genus Muscodor.

Investigation of new fungal strains as phytase producers is very important, allowing alternatives to produce
enzymes with different properties than that produced by the genus Aspergillus, mentioned as the main fungal
source of phytases, such as A. ficcum [20], A. fumigatus [21], A. terreus [19] and A. niger NCIM 563 [22].

The enzymatic production by microorganisms can be influenced by different conditions, including the nu-
trient sources available in the culture medium. Carbon and nitrogen sources are essentials for microbial growth
and are determinants in the enzyme production. According to Table 2, the use of all additional carbon sources
resulted in phytase production by Muscodor sp., especially using wheat bran (4.10 U/mg of protein). Wheat bran
is a byproduct of wheat grain, and its composition is rich in calories, proteins, vitamins, minerals, and other im-
portant elements for the development of the microorganism and for the enzyme production, making it an excel-
lent substrate for phytase production. The microorganism Mucor racemosus NRRL 1994 produced phytase us-
ing wheat bran as substrate/support [23]. Other additional complex carbon sources as crushed soy, as well as
some saccharides as sucrose, glucose, fructose, galactose also have been investigated for phytase production
[13]. The use of alternative carbon sources for phytase production can reduces the cost of process, allowing the
obtainment of a cheap product.

3.1. Influence of the Initial pH, Temperature and Agitation on Phytase Production

The enzyme production by microorganism was affected by different culture conditions (Figure 2). Considering
the influence of the initial pH of the culture medium, the peak of production of phytase by Muscodor sp. was
obtained at pH 5.0 (Figure 2(a)) as well as observed for production of phytase by Aspergillus niger ATCC 9142
[24] and A. niger FS3 [25]. These results are in agreement with VVohra and Satyanarayana [26] that described the
initial pH from 5.0 to 6.0 as characteristic for production of most microbial phytases.

According to the Figure 2(b), the agitation level also influenced the production of phytase by Muscodor sp.
with maximal production obtained at 125 rpm. At 150 rpm, the fungal biomass was higher than that observed at
100 and 125 rpm, but the enzyme production was reduced, indicating that the increased biomass is not directly
related to the enzyme production. It is known that the enzyme production is affected by the fungal morphology
as well as the influence of agitation on this morphology, what can explain the result obtained for Muscodor sp.
The production of phytase by Aspergillus niger under submerged fermentation was increased with stirring speed
from 150 to 300 rpm. Moreover, the fungal morphology was influenced by the stirring with small pellets and
tangles prevailing in the cultures at 150 rpm, while free filamentous form was obtained at 300 rpm [27].

The optimum temperature for the production of phytase by Muscodor sp. was 30°C coinciding with the best
temperature for the fungal growth as previously determined in our laboratory. Under this temperature the enzy-
matic production was 2-times higher than that observed at 25°C. At 35°C the enzyme production decreased 20%

Table 2. Additional carbon sources for phytase production by Muscodor sp.

Carbon Source Phytase Activity (U/mg)
Rye Flour 2.60
Wheat Bran 4.10
Sugarcane Bagasse 2.30
Soybean 1.50
Oat 1.30
Corn Starch 1.10
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Figure 2. Influence of the initial pH of the culture medium (a), temperature of culture in-
cubation (b), orbital agitation (c) and time of incubation (d) on phytase production by the
endophytic fungus Muscodor sp. Symbols: (e) phytase activity; (0) dried biomass.

if compared to 30°C (Figure 2(c)). Several studies have investigated the optimum temperature for reaction of
the phytase and phytase reported with optimal activity between 40°C and 60°C, such as those obtained for the
fungi A. fumigatus and A. niger NRRL 3135, with optimal activity at 37°C [28] and 55°C [29], respectively.
However, phytases from Aerobacter aerogenes and Candida krusei WZ-001 showed optimum temperatures of
25°C and 40°C respectively [30] [31]. Thus, this demonstrates that these enzymes can act on various tempera-
tures can be applied in industrial processes which require low or high temperatures.

3.2. Kinetic of Phytase Production by Muscodor sp.

The production of phytase by Muscodor sp. as function of incubation period was evaluated according to the pa-
rameters previously established: temperature of 30°C, pH 5.0, agitation at 125 rpm. The maximum phytase ac-
tivity (26.51 U/mg) was achieved at 144 h of fermentation (Figure 2(d)). This period for enzyme production
was minor than that mentioned for production of phytase by Rhodotorula mucilaginosa JIMUY [32]. On the oth-
er hand, it was higher than that observed for enzyme production by Rhizopus microsporus var. microsporus [13],
by Aspergillus niger CFR 335 and by Aspergillus ficuum SGA [33].

Under optimized parameters of cultivation (30°C, initial pH 5.0, 125 rpm for 144 h), the specific activity of
the phytase produced by the endophytic Muscodor sp. increased 11.32 times (from 2.34 U/mg to 26.51 U/mg).

3.3. Enzyme Stability

The stability of Muscodor sp. phytase was evaluated after storage in 100 mM citrate buffer (pH 3.0, 4.0, 5.0 and
6.0) for 1 h at 25°C (Figure 3(b)). At pH 5.0, it was observed maximal enzyme stability, but at pH 4.0 and 6.0,
the enzyme activity was 20% - 30% from that observed at pH 5.0. The enzyme activity was fully inhibited at pH
3.0. Increase in the pH value reduced the phytase stability (data not shown). The pH stability is an important
characteristic that should be considered aiming the phytase application. Efforts have been done to obtain en-
zymes with a wide pH range of stability as, for example, the recombinant phytases from Aspergillus japonicus
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Figure 3. Thermal stability (A) and pH stability (B) of phytase produced bythe endophytic fungus Muscodor
sp. For pH stability, partially purified extract was also used, but with an activity amount of 7.36 U/mg (100%
relative activity).

BCC18313 and Aspergillus niger BCC 18081 [34]. Phytase Il of Aspergillus niger was stable from pH 3.5 t0 9.0
at room temperature over 12 h [35]. Other studies show that phytase | of Monascus was stable at pH 5.5 - 6.5
and phytase Il had a better stability from pH 6.0 to 7.0 [36].

Another important aspect that has technological importance is the thermal stability. The Muscodor sp. phytase
was fully stable at 40°C through the period analyzed. However, at 50°C and 60°C the enzyme stability was re-
duced with half-life (Ty;) of 10 min and 1.5 min, respectively (Figure 3(a)). Most microbial phytases reported
in the literature has shown similar stability at temperatures from 45°C to 55°C [37]. However, according to Ca-
sey and Walsh [38], most fungal characterized phytases is stable at temperatures in the range from 30°C - 60°C.

The enzyme produced by Aspergillus fumigatus was inactivated only at 70°C [39]. The phytase produced by
biofilm R. microsporus var. microsporus purified was completely stable at temperatures of 30°C and 40°C for
120 min [13].

3.4. Influence of Different Compounds on Phytase Activity

The influence of different compounds on the phytase activity is presented in the Table 3. The phytase produced
by Muscodor sp. was totally inhibited by EDTA, K*, Mg®*, Zn**, Ca®*" and urea (data not shown), and relatively
inhibited by Na*, Hg®*, Cu*, AI**, Fe?*. On the other hand, in presence of FeCl; 86% of phytase activity was
maintained. Phytase produced by Aspergillus niger was also inhibited by Cu®*", Zn**, Hg** and Fe®* [8]. The ac-
tivity of phytase from Candida krusei WZ-001 was completely inhibited by Zn®* and strongly inhibited by Mg?*,
but the increase of the concentration of Fe>* (5 mM) resulted in recovery of phytase activity [30] [31]. Increas-
ing the concentration of sodium, the enzyme activity from Muscodor sp. was drastically inhibited. Ullah, Se-
thumadhavan and Mullaney [40] reported that 500 mM NaCl had an inhibitory effect on the activity of phytase
from Aspergillus niger.

Some phytases can be inhibited by metal ions, but it is difficult to determine whether inhibition is a result of
metal binding to the enzyme or training complex phytic acid-poorly soluble ion. The formation of precipitated
by the addition of Fe?* and Fe** in the enzymatic assay suggests that there is a reduction in the concentration of
active substrate complex of phytic acid formation poorly-soluble Fe [41]. Maenz, Engele-Schaan, Newkirk and
Classen [42] evaluated the inhibitory potential at neutral pH of various minerals on the activity of microbial
phytases and described the following order of inhibition: Zn?* > Fe** > Mn*" > Fe** > Ca?* > Mg®". EDTA (ethy-
lenediaminetetraacetic acid) is a chelating compound capable of forming stable complexes with various metal
ions and most enzymes are adversely affected by this compound reducing the catalytic activity [43].

4. Conclusion

The endophytic fungus Muscodor sp. was the best phytase producer among all fugal strains analyzed and the
enzyme production was affected by different parameters in the culture conditions. The high levels of enzyme
production was obtained using wheat bran as carbon source, an interesting alternative with low cost for phytase



N. M. Alves et al.

Table 3. Effect of different compounds on Muscodor sp. phytase activity.

Compounds (1 mM) Relative activity (%)

Without 100

NaCl 11.75

AICly 49.9

CuCl, 42.77
CuS0,-5H,0 40.07
FeCls 86.12

HgCl, 26.97

100% relative activity = 5.19 U/mg of protein.

production. After culture conditions optimization, the enzyme production was increased 11-folds and the en-
zyme in the crude extract presented interesting properties for a possible application in the future. Then, this is
the first report on phytase production by an endophytic fungus, an interesting alternative source of phytases.
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