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ABSTRACT
b-Galactosidase production, partial purification and characterization by a new fungal were investi-
gated. Partial purification was performed by aqueous two-phase system (ATPS) using polyethylene
glycol (PEG) molar mass, PEG concentration, citrate concentration and pH as the independent vari-
ables. Purification factor (PF), partition coefficient (K) and yield (Y) were the responses. After identi-
fication by rDNA sequencing and classification as Cladosporium tenuissimum URM 7803, this isolate
achieved a maximum cell concentration and b-galactosidase activity of 0.48 g/L and 462.1U/mL,
respectively. b-Galactosidase partitioned preferentially for bottom salt-rich phase likely due to
hydrophobicity and volume exclusion effect caused in the top phase by the high PEG concentra-
tion and molar mass. The highest value of PF (12.94) was obtained using 24% (w/w) PEG
8000g/mol and 15% (w/w) citrate, while that of Y (79.76%) using 20% (w/w) PEG 400g/mol and
25% (w/w) citrate, both at pH 6. The enzyme exhibited optimum temperature in crude and ATPS
extracts in the ranges 35–50 �C and 40–55 �C, respectively, and optimum pH in the range 3.0–4.5,
with a fall of enzyme activity under alkaline conditions. Some metal ions and detergents inhibited,
while others stimulated enzyme activity. Finally, C. tenuissimum URM 7803 b-galactosidase showed
a profile suitable for prebiotics production.
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Introduction

b-galactosidases (EC3.2.1.23) are hydrolases capable of
hydrolyzing the b-galactopyranosyl terminal residue of lac-
tose (Galb1-4Glc) to form glucose and galactose as well
as the reverse reaction, i.e., sugar condensation to galacto-
oligosaccharides (GOS). Therefore, they are able to split
b-galactosyl bonds in glycoproteins, polysaccharides, disac-
charides and other compounds such as o- and p-nitro-
phenyl-b-D-galactosides used to determine b-galactosidase
activity. Also known as lactases, they are among the most
studied enzymes.[1]

b-Galactosidases are produced by a large number of
microorganisms such as filamentous fungi, bacteria and
yeasts, but they are also found in vegetables, particularly
almonds, peaches, apricots and apples, as well as in animal
organs such as intestine, brain and placenta.[2] These
enzymes are industrially important because they are used to
(a) prevent lactose crystallization in sweetened, condensed

and frozen dairy products such as ice cream and condensed
milk, (b) solve problems associated with whey utilization
and disposal, (c) avoid lactose intolerance complications in
lactase-deficient individuals, (d) treat disorders of the gastro-
intestinal tract through the development of lactose-based
supplements; (e) develop biosensors to be used in diagnos-
tic tests.[3,4]

Despite the wide variety of sources, enzymes produced by
bacteria, yeasts and filamentous fungi are the most studied
and used for various purposes in the biotechnology, food
and pharmaceutical industries.[5–7] Even though several fila-
mentous fungi such as Teratosphaeria acidotherma,[8]

Aspergillus tubingensis,[9] Aspergillus nidulans,[10] Aspergillus
lacticoffeatus[11] and Papiliotrema terrestris[12] were reported
as good producers of these enzymes, studies have been
encouraged in recent years on the search for new microbial
sources able to produce b-galactosidases with special
characteristics.
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Candidates as new b-galactosidase producers, fungi belong-
ing to the genus Cladosporium are still little explored biotech-
nologically. This genus, defined by Link in 1816, is one of the
largest, widespread and most heterogeneous genera of
Hyphomycetes[13] and comprises more than 189 species.
Cladosporium spp. are called black yeasts, because they are nat-
urally brownish in color due to the presence of melanic pig-
ment (dihydroxynaphthalene melanin) in their cell wall.
Among the species of this genus that have largely been applied
biotechnologically, Cladosporium cladosporioides is reported as
a producer of some enzymes such as pectin methylesterase and
polygalacturonase.[14] Moreover, unpublished results obtained
with the new isolate of Cladosporium tenuissimum (URM 7803)
used in this study highlighted its potential both in the hydroly-
sis of lactose and in the production of prebiotics such as GOS.

The literature reports several techniques for enzymes separ-
ation and purification, being ammonium sulfate precipitation,
ultrafiltration, successive chromatography steps and dialysis the
most commonly used.[15,16] However, these procedures are
considered infeasible for large-scale productions, because they
are too expensive, time consuming and difficult to scale
up.[17,18] It is then necessary to develop alternative low-cost
and high-yield methodologies to replace them at least partially.

In this context, Aqueous Two-Phase Systems (ATPS)
have emerged as an alternative method to extract and purify
enzymes[19–21] because they make use of simple and cheap
components. Being among the most promising bioseparation
processes, they can be used in the initial stages of the purifi-
cation process to replace solid-liquid separations, or even in
subsequent steps of purification.[22]

During the last few years there has been a renewed interest
in new methods in separating biomolecules that allow replac-
ing expensive chromatographies. The literature has already
reported the use of ATPS for the separation of several biomo-
lecules such as lipases,[23,24] a-lactalbumin,[25] collage-
nases,[26–28] ovalbumin,[29] phosvitin and gallic acid,[30]

antioxidant peptides,[31] among others. The use of ATPS for
b-galactosidase purification was also reported by some
authors, all using polyethylene glycol and potassium phos-
phate.[20,32,33] On the other hand, this is the first study in
which a sodium citrate ATPS was used to recover b-galactosi-
dase and in which the enzyme stability was simultaneously
checked in the presence of ions, inhibitors, and detergents.

The aim of this work was to investigate b-galactosidase
production by the new isolate Cladosporium tenuissimum
URM 7803, which was identified by rDNA sequencing, for
possible application in lactose hydrolysis and production of
prebiotics such as GOS. Moreover, we identified the best
conditions for its pre-purification using ATPS formed by
PEG and sodium citrate and made its partial characteriza-
tion in terms of influence of temperature, pH and types of
ions, inhibitors, and detergents on its activity.

Materials and methods

Materials

Polyethylene glycol (PEG) 400, 3350 and 4000 g/mol was
purchased from Sigma (St. Louis, MO, USA), while Tween

80, lactose, peptone, yeast extract and salts were purchased
from HIMedia (Mumbai, India). All the other reagents were
of analytical grade and acquired from MerckVR (Darmstadt,
Germany), MicromedVR (Brasilia, DF, Brazil) and SigmaVR . All
the salts used had purity �98%.

Microorganism

The Cladosporium tenuissimum strain URM 7803 was iso-
lated from culture medium saturated with lactose, deposited
at “Micoteca - URM” of Mycology Department of the
Federal University of Pernambuco (UFPE), Recife-PE,
Brazil, preserved in mineral oil and maintained at 28 �C in
Czapek Dox Agar.

DNA extraction, PCR amplification and DNA sequencing

To extract rDNA, cultures grown in test tubes containing
malt extract were incubated at 28 �C for six days to obtain
the fungal biomass. The material was transferred to 2.0-mL
microtubes with screw caps. Acid-washed glass beads (0.5 g)
with two different diameters (150–212mm and 425–600 mm,
1:1; Sigma, Burlington, MA, USA) were added to each tube.
The material was crushed by stirring at high speed in a
FastPrep homogenizer. The genomic DNA extraction pro-
cedure was conducted as previously described by G�oes-Neto
et al.[34] The mycelium was washed with 24:1 chloroform:i-
soamyl alcohol and then homogenized in 2% cetyltrimethy-
lammonium bromide buffer. DNA was precipitated in
isopropanol, washed with 70% ethanol and resuspended in
50 mL of ultrapure water.

The primer pairs EF1-728F/EF1-986R[35] were used to
amplify the translation elongation factor 1-a (TEF1).
Polymerase Chain Reaction (PCR) was carried out in 50-lL
samples containing 75mM Tris-HCl (pH 8.8), 200mM
(NH4)2SO4, 0.01% Tween 80, 2.0mM MgCl2, 200lM each
dNTP, 1.0 lM each primer, and 2 units Taq DNA polymer-
ase (Fermentas, Thermo Fisher, Waltham, MA, USA).
Thermal cycling parameters were set as follows: an initial
denaturation temperature of 94 �C for 5min, followed by 40
cycles of denaturation temperature (94 �C) for 45 s, primer
annealing at 52 �C for 30 s, primer extension at 72 �C for
90 s and a final extension step at 72 �C for 6min.

The final amplicons were purified with the kit WizardVR

SV Gel and PCR Clean-Up System (Promega, Madison, WI,
USA). Sequencing was performed by the Laboratory of
Molecular Biology and Evolutionary Biology of UFPE,
Recife, Brazil. Sequence assembly and editing were per-
formed using the tools called Pregap4 and Gap4, which
belong to the Staden package.[36]

Phylogenetic analysis

Forward and reverse sequences were assembled using the
Staden package. The sequence generated in the current study
was deposited in GenBank (Table 1). The sequence was
compared to GenBank sequences using the Basic Local
Alignment Search Tool (BLAST) to query the National
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Center for Biotechnology Information (NCBI) sequence
database for approximate species identification.

Sequences of type and representative strains of C. clado-
sporioides species complex of elongation factor 1-a were
downloaded from GenBank and combined with the newly
generated sequence. Multiple sequence alignment was per-
formed in MEGA 7.0.14.[37]

The phylogeny was inferred under the maximum likeli-
hood (ML) criterion. ML analyses were done in PhyMl 3,1
aLRT[38] implemented on Phylogeny.fr web server,[39] ML
tree searches were performed under the HKY85 substitution
model with 1000 pseudoreplicates.

Scanning electron microscopy

Cladosporium tenuissimum URM 7803 spores were fixed
with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer,
pH 6.8 (Sigma-Aldrich, S~ao Paulo, SP, Brazil). Then the
samples were post-fixed in 1% osmium tetroxide (Sigma-
Aldrich) in cacodylate buffer for 1 h in the absence of light
at 25 �C. After this step, washing and dehydration were per-
formed in a series of increasing ethanol concentrations for
15min each (30, 50, 70, 90 and 100%). Samples were sub-
jected to critical point using liquid CO2, coated with col-
loidal gold and examined with a scanning electron
microscope, model JEOL-5600 LV (Jeol, Tokyo, Japan).

Inoculum preparation and b-galactosidase production

Spore suspensions for inoculum were prepared in sterile
saline solution (0.85% NaCl, w/v) containing 0.01% (w/v)
Tween 80, and conidia density was adjusted to 107 conidia/
mL. The fermentation medium was composed of (%, w/v):
lactose (2.0), peptone (0.4), yeast extract (0.4) and salts
[KH2PO4 (0.2), Na2HPO4.12H2O (0.8) and MgSO4.7H2O
(0.025)]. Fermentations were carried out at 28 �C, pH 6.5
and 180 rpm for 13 days. Aliquots of the fermented medium
(50mL) were collected every 24 h, and b-galactosidase activ-
ity was determined.

b-galactosidase activity

Extracellular b-galactosidase activity was determined by
incubating samples (50 mL) at 37 �C for 30min with 50 mL of
3.0mM o-nitrophenyl-b-D-galactopyranoside (ONPG) solu-
tion prepared in 50mM sodium citrate buffer, pH 4.5. The
reaction was stopped by the addition of 200mL of 0.1M
sodium carbonate.[40] The released o-nitrophenol was quan-
tified spectrophotometrically at 420 nm. One unit (U) of
b-galactosidase was defined as the amount of enzyme that
released 1 mmol of o-nitrophenol from ONPG per minute
under the assay conditions.

Protein determination

Protein content was determined by the bicinchoninic acid
method, using the PierceTM BCA Protein Assay Kit and
bovine serum albumin as a standard.[41]

Determination of cell dry mass

In order to determine fungal cell dry mass at specific time
intervals, the mycelium was filtered through filter paper
(Whatman n� 40), washed once with distilled water and
dried up to constant weight at 80� C. The mycelium was
placed in desiccator, and then its mass was determined
by weighing.[42]

Aqueous two-phase systems

A concentrated solution of sodium citrate (30% w/w) was
prepared by mixing at 25 ± 1 �C appropriate amounts of
equimolar solutions of dihydrate tri-sodium citrate and
monohydrate citric acid so as to obtain different pH values
(6.0, 7.0 or 8.0). PEG solutions with different molar masses,
specifically 400, 3350 and 8000 g/mol, were dissolved (60%
w/w) in phosphate-buffered saline and transferred to 15-mL
graduated tubes. Subsequently, water and aliquots of the fer-
mented broth corresponding to 20% (w/w) of the total mass

Table 1. GenBank and culture collection accession numbers of Cladosporium species employed in phylogeny.

Species (1) Culture accession number (2)
ef1-a

GenBank accession number

C. angustisporum� CBS 125983; CPC 12437 HM148236
C. australiense� CBS 125984; CPC 13226 HM148240
C. cladosporioides� CBS 112388 HM148244
C. colocasiae� CBS 386.64; ATCC 200944; MUCL 10084 HM148310
C. cucumerinum� CBS 171.52; MUCL 10092 HM148316
C. feniculosum� CBS 122129; ATCC 38010; IFO 6537; JCM10683 HM148338
C. gamsianum� CBS 125989; CPC 11807 HM148339
C. grevilleae� CBS 114271; CPC 2913 JF770472
C. phaeocomae� CBS 128769; CPC 18223 JF499875
C. pseudocladosporioides� CBS 125993; CPC 14189 HM148402
C. subuliforme� CBS 126500; CPC 13735 HM148441
C. tenuissimum SRRC1616 KT950252
C. tenuissimum SRRC1634 KT950253
C. tenuissimum� CBS 125995; CPC 14253 HM148442
C. tenuissimum URM 7803
C. verrucocladosporioides� CBS 126363; CPC 12300 HM148472

1: "�" represents holotype isolates. 2: ATCC: American Type Culture Collection, Manassas, VA, USA; CBS: CBS-KNAW Fungal Biodiversity
Center, Utrecht, The Netherlands; CPC: Culture Collection of Pedro Crous, housed at CBS; IFO: Institute for Fermentation, Osaka,
Japan; MUCL: Mycoth�eque, Laboratoire de Mycologie Syst�ematique et Appliqu�ee, Universit�e Catholique de Louvain, Louvain-la-
Neuve, Belgium; SRRC: Southern Regional Research Center, New Orleans, LA, USA.
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(10 g) were added. After 1min of vortex shaking, the two
phases were separated by settling for 120min. The volume
of each phase was then measured, and protein concentration
and b-galactosidase activity were determined. To avoid any
interference of PEG and citrate salt, all the samples were
compared with protein-free standard solutions, with the
same phase composition.

The b-galactosidase partition coefficient (K) was deter-
mined as the ratio of the b-galactosidase volumetric activity
in the top phase (AT) to that in the bottom phase (AB):

K ¼ AT

AB
(1)

The yield (Y), expressed as a percentage, was defined by
the equation:

Y ¼ 100
1þ 1

RVK

(2)

where:

RV ¼ VT

VB
(3)

is the volume ratio, i.e., the ratio of the top phase volume
(VT) to that of the bottom phase (VB).

The purification factor (PF) was calculated as the ratio of
the specific activity in the bottom phase (aB ¼ AB/CB) to
that in the fermented broth (aF ¼ AF/CF):

PF ¼ AB=CB

AF=CF
(4)

where CB and CF are the protein concentrations, expressed
in mg/mL, in the bottom phase and the fermentation broth,
respectively.

Experimental design

A 24-full factorial design (Table 2) was utilized to evaluate
the influence of four independent variables, namely PEG
molar mass (MPEG), PEG concentration (CPEG), citrate con-
centration (CCIT) and pH, on K, Y, PF and aB selected as
the responses.

For model fitting, the variables were coded according to
the following equation:

xi ¼ Xi � X0

DXi
(5)

Where xi is the coded value corresponding to the Xi

actual value, X0 the average of the two extreme levels and

DXi the range of variation of the i-th factor (1¼MPEG,
2¼CPEG, 3¼CCIT, 4¼ pH).

The full 24-design model included a constant term, three
main effects, three two-factor interactions and a three-factor
interaction. Since no replicates had been carried out at this
point, the model was truncated after the two-factor interac-
tions, and the three-factor term was taken as an estimate of
the error of an effect. With this assumption, the model was
reduced to the equation:

ŷ ¼ b0 þ
X

bixi þ
X

byxixj (6)

Where ŷ is the predicted response, b0 is the constant
term, bi are the linear coefficients, by are the interaction
coefficients, while xi and xj are the coded values of the inde-
pendent variables i and j, respectively. The relative signifi-
cance of all coefficients was assessed from the error estimate
based on the third-order term at 95% confidence level.

The goodness of model fitting was evaluated by the coef-
ficient of determination (R2) and multiple regression; the
first-order model equation was determined by the Fischer’s
test. The experimental and predicted values were compared
by the Statistica 8.0 statistical program package (Statistica,
Statsoft Inc, 2015, Tulsa, OK, USA) to determine the validity
of the developed model.

b-Galactosidase partial characterization

The effect of temperature on enzyme activity was evaluated
by determining the b-galactosidase activity at the end of
each test, using 50mM sodium-citrate buffer (pH 4.5) at dif-
ferent temperatures (from 15 to 85 �C) under the conditions
described in the previous section. The effect of pH on the
enzyme activity was evaluated at 37 �C using two different
buffers depending on the pH range under investigation,
namely 50mM sodium-citrate buffer (pH 3.0–5.5) or 50mM
phosphate-citrate buffer (pH 6.5–8.5), under the conditions
described in the previous section. To study the effect of dif-
ferent metal ions, additives and detergents, the selected com-
pound was added to 50mM sodium-citrate buffer (pH 4.5).
For metal ions, the buffer was mixed with one of the follow-
ing salts, KCl, NaCl, BaCl2, MgCl2, ZnSO4, MnCl2, FeCl2,
CoCl2 and CuSO4, at a concentration of 10mM. The same
buffer was also used to prepare solutions either of detergents
such as 10mM sodium dodecyl sulfate (SDS), 1% (w/v)
Tween-80 or 1% (w/v) Triton X-100 or of additives such as
10mM phenylmethanesulfonyl fluoride (PMSF), ethylenedia-
minetetraacetic acid (EDTA) or ascorbic acid.

All these effects were evaluated by incubating 50mL of
enzyme extract with 50 mL of a 3.0mM ONPG solution pre-
pared in buffer solutions supplemented with each specific
compound. In all cases, the enzyme activity was determined
using the b-galactosidase activity assay previously described.
All characterization tests were carried out in triplicate.

Table 2. Factor levels of the 24-full factorial design used to investigate b-gal-
actosidase extraction and recovery by ATPS.

Factor

Level

Low (�1) Center (0) High (þ1)

PEG molar mass (MPEG) 400 3350 8000
PEG concentration (CPEG) 20 22 24
Citrate concentration (CCIT) 15 17.5 20
pH 6.0 7.0 8.0
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Results and discussion

b-Galactosidase production

Cladosporium tenuissimum URM 7803 fermentation was car-
ried out for a period of 312 h, during which samples were
taken every 24 h to determine the best conditions for b-gal-
actosidase production. Enzyme activity achieved a maximum
value of 462.1U/mL after 264 h and kept almost constant up
to the end of cultivation (451.7U/mL), while dry cell con-
centration, after reaching a maximum value of about 0.48 g/
L after 168 h, progressively decreased and entered the cell
death phase after 212 h (Fig. 1).

Such a partial dissociation of b-galactosidase from the
fungus growth suggests that the enzyme preferentially accu-
mulated intracellularly, a characteristic that had already been
observed for Teratosphaeria acidotherma[8] and Bacillus
safensis,[43] with a pH-dependent distribution between intra-
cellular and extracellular activities in the former case.

The slow growth of C. tenuissimum URM 7803 is typical
of fungi belonging to the genus Cladosporium that reach
maturity usually between 14 and 21 days.[44] Moreover,
b-galactosidase produced by this strain had a maximum
activity significantly higher than those of other filamentous
fungi of the Aspergillus genus in submerged fermentation
(Supplemental Material, Table S1), hence proving to be a
promising novel enzyme with potential for future biotechno-
logical applications.

Morphological and phylogenetic analyses

Members of the genus Cladosporium form septate and dark
hyphae with lateral and terminal conidiophores of varying
size. Their conidia can be produced in chains or even soli-
tary in some species, being able to assume cylindrical, egg-
shaped, spindle-like, ellipsoid or spherical forms.[45] In
agreement with such a description, macromorphological
observation of C. tenuissimum URM 7803 revealed dark or
brown olive color colonies (Supplemental Material, Fig. S1),

while the microscopic one conidia with smooth or verrucous
surface (Fig. 2).

Phylogenetic analyses showed that ef1-a partial sequence
of the b-galactosidase producer was similar to sequences of
the C. cladosporioides species complex according to the
BLAST search. The isolate was placed together with C. ten-
uissimum isolates with very strong support (88%) in the ML
tree (Fig. 3) and was confidently assigned to this species.

The genus Cladosporium contains species with very sig-
nificant morphological and genetic similarities, being
sequencing of the elongation factor 1-a an important tool to
distinguish them.[46] Results of such a sequencing method
confirmed that C. tenuissimum URM 7803 is a new fungal
isolate able to produce b-galactosidase not yet reported in
the literature.

Partial b-galactosidase purification by aqueous two-
phase systems

Several factors are known to influence partitioning of bio-
molecules between two phases, among which are the type,
concentration and molar mass of the polymer, salt or co-sol-
ute salt, pH and temperature. All these factors are in fact
able to modulate the characteristics and surface properties of
a biomolecule, and then its separation.[47]

Figure 1. Time behaviors of b-galactosidase activity (�) and biomass concentra-
tion (�) during Cladosporium tenuissimum URM 7803 cultivation on a lactose-
based fermentation medium.

Figure 2. Scanning electron micrographs of Cladosporium tenuissimum URM
7803. (A) Ramoconidia and conidia; (B) detail of conidia. Scale bars ¼ 10 mm
(A), 1mm (B).
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Results of partial purification of b-galactosidase listed in
Table 3 show that the runs 1, 3, 9 and 11 carried out at the
lowest PEG molecular mass (MPEG ¼ 400 g/mol) did not
lead to any biphasic system, likely because the concentra-
tions of components were below or very close to the critical
point of the binodal curve.[18] The high concentration of
PEG used in this study may have promoted the enzyme par-
titioning toward the salt-rich, bottom phase, as shown by
the very low values of the partition coefficient (K) observed
in the runs 5, 7, 13 and 15 (0.12-0.18). A similar effect can
be ascribed to the high PEG molar mass. These results taken
together suggest that, in general, an increase in polymer size
or concentration increased the top phase hydrophobicity,
thereby exerting a repulsive volume exclusion effect and
then leading to preferential partitioning toward the salt-rich,
bottom phase.[19]

The high values of the purification factor observed in the
runs 2 (12.82) and 4 (12.94) can be ascribed to a synergistic
effect of high MPEG and other factors, which may have pro-
moted the partition of different extract components to the
top PEG-rich phase and that of b-galactosidase to the bot-
tom, salt-rich one.[47,48]

The results of statistical analysis (Supplemental Material,
Table S2) revealed that most of the effects of the independ-
ent variables and their interactions were statistically signifi-
cant at a 95% confidence level on K and Y, but less on aB
and PF.

All the variables exerted positive linear effects on K,
being that of MPEG (x1) the strongest one, whereas the inter-
action of CPEG and CCIT (x2x3) was negative, which means
that enzyme partitioning to the bottom phase would be pro-
moted by an increase in CPEG (x2) and a simultaneous

decrease in CCIT (x3), or vice versa (Supplemental Table S2).
This behavior is also consistent with the dramatic K increase
caused by a rise in pH from 6.0 (run 2) to 8.0 (run 16).
Likewise, when the pH was raised from 6.0 to 9.0, using a
PEG-phosphate ATPS, it was observed an increase from 3 to
9 in K of bromelain.[49]

Only MPEG and pH exerted significant linear positive and
negative effects, respectively, as well as a negative interaction
effect on PF, which means that b-galactosidase recovery
toward the bottom phase would be promoted by an increase
in the former independent variable and a decrease in the lat-
ter (Supplemental Table S2). This effect, too, may be
ascribed to the reduction of space available for b-galactosi-
dase in the top, PEG-rich phase resulting from an
increase in PEG molar mass. In previous studies where
b-galactosidase was purified by affinity chromatography,
Silva and Franco[50] obtained a purification factor of 2.8,
while Hemavathi and Raghavarao[32] of only 1.8. Even
though the highest PF (14.86) was obtained in the run 6,
taking together the results of the three extraction parame-
ters, i.e., K, PF and Y, the conditions of runs 2 (MPEG

8000 g/mol, 20% CPEG, 15% CCIT, pH 6) and 4 (MPEG

8000 g/mol, 24% CPEG, 15% CCIT, pH 6) were selected as the
best. On the other hand, MPEG and pH exerted significant
antagonist effects on the specific activity in the bottom
phase (aB), in that such a response increased with lowering
the pH and increasing MPEG, but, likewise PF, was not stat-
istically significantly influenced by CCIT at 95% confidence
level. It is known that pH affects protein partitioning by
changing the net charge of the phases; therefore, the hydro-
phobic and hydrophilic forces existing in the system may be
altered, favoring the protein partitioning toward a particular

Table 3. Factor level combinations and results of the 24-full factorial design employed to investigate the extraction and recovery of Cladosporium tenuissimum
URM 7803 b-galactosidase by PEG/citrate ATPS.

Run
MPEG

a

(g/mol)
CPEG

b

(% w/w)
CCIT

c

(%w/w) pH
aB

d

(U/mg)
AB

e

(U/mL) Kf
Yg

(%) PFh

1 400 20 15 6 – – – – –
2 8000 20 15 6 3.30 261.5 0.13 56.61 12.82
3 400 24 15 6 – – – – –
4 8000 24 15 6 3.34 238.9 0.27 51.71 12.94
5 400 20 20 6 0.66 368.5 0.18 79.76 2.57
6 8000 20 20 6 3.83 97.17 1.42 21.03 14.86
7 400 24 20 6 0.49 327.6 0.12 70.91 1.91
8 8000 24 20 6 3.09 101.5 1.11 21.97 11.98
9 400 20 15 8 – – – – –
10 8000 20 15 8 2.41 198.3 0.20 42.91 9.35
11 400 24 15 8 – – – – –
12 8000 24 15 8 0.40 34.34 2.47 7.43 1.57
13 400 20 20 8 0.31 276.1 0.14 59.76 1.28
14 8000 20 20 8 1.53 79.13 1.64 17.13 5.95
15 400 24 20 8 0.35 274.3 0.16 59.38 1.35
16 8000 24 20 8 0.90 43.47 3.32 9.41 3.48
17(C) 3350 22 17.5 7 3.68 198.7 0.29 43.01 14.24
18(C) 3350 22 17.5 7 3.25 191.9 0.34 41.55 12.60
19(C) 3350 22 17.5 7 3.56 194.8 0.37 42.16 13.80
20(C) 3350 22 17.5 7 2.76 182.2 0.39 39.43 10.71
aPEG molar mass.
bPEG concentration.
cCitrate concentration.
dSpecific b-galactosidase activity in the bottom phase.
eb-Galactosidase activity in the bottom phase.
fPartition coefficient.
gActivity yield in the bottom phase.
hPurification factor in the bottom phase.
–: no biphasic system. The best results are shown in boldface.
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phase. However, the change in electrostatic force with pH
may vary significantly from one salt to another.[51]

The validity of the regression model was checked by the
multiple regression analysis (Supplemental Material, Table
S3). For K, PF and aB, the F-test was significant for all the
independent variables, and the model adequate to describe
the results, i.e., the calculated F values (6.40 for K, 4.59 for
PF and 4.59 for aB) were higher than the tabulated one
(3.06). As far as Y is concerned, the F-test was not signifi-
cant at 95% confidence level, due to a too high lack of fit
(results not shown). Although the values of the determin-
ation coefficient (R2) obtained by multiple regression ana-
lysis for the effects of all independent variables on responses
were between 0.550 and 0.630, taking into account that the
estimated effects and the corresponding p-values were below
0.05, the agreement between experimental data and values
predicted by the models can be considered satisfactory.

b-galactosidase partial characterization

The results of C. tenuissimum URM 7803 b-galactosidase
hydrolytic activity obtained at different temperature and pH
values using ONPG as a substrate are illustrated in Figure 4.
The enzyme activity reached an optimum at temperature
ranging from 35 �C to 50 �C in the crude extract and 40 to
55 �C in the ATPS extract from run 4 (MPEG of 8.000 g/
mol, CCIT of 15%, CPEG of 24%, pH 6.0), with an average
increase in the relative activity of approximately 31% for the
latter. On the other hand, dramatic decreases in enzyme

activity were observed in both extracts at lower or higher
temperatures. The optimum enzyme pH was found to be
between 3.0 and 4.5, and the enzyme activity decreased sig-
nificantly at higher pH values, especially in the
crude extract.

As for other enzymes, b-galactosidase activity may be
influenced by the presence of monovalent or divalent cati-
ons.[52] However, in general, the type and extent of their
effect are quite dependent on the enzyme source, the fungal
ones being less sensitive than those from other sources.[53]

As shown in Figure 5, mono and divalent cations exerted
a 45–55% increase in the hydrolytic activity of the crude
extract, with no statistically significant influence of the cat-
ion type and charge number. On the other hand, in the
ATPS extract, only Fe2þ promoted a 38% increase in such
an activity, Zn2þ, Cu2þ and Co2þ reduced it by approxi-
mately 25%, while the other ions exerted no effect or only a
weak negative effect. The inhibitory effect of some divalent
metal ions has also been reported for b-galactosidases from
Aspergillus carbonarius[54] and Aspergillus alliaceus.[55]

The effect of some additives and detergents on the hydro-
lytic activity of C. tenuissimum URM 7803 b-galactosidase
was also investigated. It can be seen in Figure 6 that such an
activity was improved or not appreciably influenced by all
the compounds tested but PMSF, a well-known serine prote-
ase inhibitor, which reduced it by around 20 and 12% in the
crude extract and the ATPS extract, respectively.

These results suggest a possible inhibition of different pro-
teolytic enzymes present in the crude extract, other than ser-
ine proteases, which improved the stability of b-galactosidase.

Figure 3 Maximum likelihood tree of Cladosporium cladosporioides species inferred from an alignment of ef1-a Supports �70% are shown above the nodes. Ex-
types are marked with “�”. Isolate used in the present study is written in bold type. Cladosporium grevilleae was used as outgroup taxa. The scale bar indicates the
average number of substitutions per site.
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Figure 4. Effect of (A) temperature and (B) pH on the relative hydrolytic activity of b-galactosidase from Cladosporium tenuissimum URM 7803 in the crude extract
(�) and the extract partially purified by ATPS in run 4 (MPEG of 8.000 g/mol, CCIT of 15%, CPEG of 24%, pH 6.0) (�), expressed as percentage of the maximum
activity observed in the crude extract at 37 �C and pH 4.5.
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The addition of EDTA, a well-known chelating agent, led
to activity increases as high as 48 and 35% in the crude and
ATPS extracts, respectively. A combined evaluation of this
effect with those of metal ions suggests that C. tenuissimum
URM 7803 b-galactosidase did not require metal ions for its
hydrolytic activity,[54] except for Fe2þ that promoted it
mainly in the ATPS extract likely due to enzyme complex-
ation/stabilization.

As far as the addition of detergents is concerned, SDS,
being a protein denaturing anionic agent,[56] was expected
to exert a negative effect on b-galactosidase activity; how-
ever, the observed 37% activity increase in the crude extract
and 10% increase in the ATPS one indicate that higher
concentrations of SDS would be required to induce
b-galactosidase denaturation, while some stabilization may
have occurred at the low concentration used in this study
(10mM). The addition of the non-anionic detergents Triton
X-100 and Tween 80 led to activity increases in the crude
extract by no less than 31 and 42%, respectively, but only by
4 and 29% in the ATPS one. This effect may have occurred
because nonionic surfactants generally do not cause enzyme
inactivation or denaturation.[57]

Conclusions

The C. tenuissimum URM 7803 isolate used in this study,
which had its species confirmed through the elongation factor
1-a sequencing, proved to be a novel b-galactosidase producer
with potential application in the biotech industry. Preliminary
extraction and purification of extracellularly produced b-galac-
tosidase was attempted using PEG/citrate aqueous two-phase
system (ATPS). Runs carried out using the highest PEG molar
mass (8000 g/mol) and lowest pH of citrate solution (6.0)
allowed obtaining the best combination of results for the
extraction parameters. Under these conditions, the enzyme par-
titioned to the salt-rich phase, hence making its posterior
recovery easier. Partial characterization of b-galactosidase
revealed an optimum temperature in the range of 35–50 �C in
the fermented broth and 40–55 �C in that submitted to PEG/

citrate ATPS, while optimum pH was found to range from 3.0
to 4.5 in both cases, hence behaving as an acidophilic enzyme.
Most metallic ions had a positive effect on the enzyme hydro-
lytic activity in the crude extract, but only Fe2þ was able to
increase it by 38% in the ATPS extract, whereas Zn2þ, Cu2þ

and Co2þ reduced it by around 25%. Surprisingly, the addition
of most detergents and well-known inhibitors led to an increase
in the relative b-galactosidase activity, suggesting destabilization
or inhibition of proteolytic enzymes likely present in the crude
extract. The only exception was PMSF that reduced it by 20
and 12% in crude and ATPS extracts, respectively. These results
taken together reveal a promising profile for this novel b-galac-
tosidase, which may find a lot of different applications in the
food industry sector, among which the synthesis of prebiotics
such as galacto-oligosaccharides or the production of lactose-
free foods. One of the next efforts will concern the full charac-
terization of this enzyme.
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