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Abstract Inulinase is an enzyme produced by plants and several microorganisms,
including fungi, to hydrolyze the β-2,1 glycosidic linkages present in some oligosac-
charides to produce fructose and glucose. This enzyme, in conjunction with invertases,
levanases, and two types of 1-fructosyl transferases have been described as members
of the glycosyl hydrolases (family 32), the most diverse group of enzymes used by
microbes for biomass degradation. As being part of the same clan, they have common
evolutionary origin sharing the most important functional characteristics. Recently, a
xerophylic fungi strain isolated from Mexican semi-desert, Penicillium citrinum ESS
has been reported as inulinase producer, which could have greater stability than other
enzymes due to a metabolic machinery adapted to typical temperature changes in this
region. To continue the understanding of action mechanisms of these enzymes and to
establish evolutionary relationships within this family, in the present study, phyloge-
netic analyses were used to analyze amino acid sequences coding fungal and yeast
glycoside hydrolases of family 32, including the new sequenced inulinase of
P. citrinum ESS. It was possible to elucidate the action mechanism of fungal glyco-
side hydrolases in present study and to classify inulinase from P. citrinum ESS as an
exo-inulinase on the basis of their amino acid sequence phylogenetic affinities.
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Introduction

Inulinase is an enzyme that hydrolyzes the β-2,1 glycosidic linkages to produce fructose and
glucose [1]. This enzyme has been used for improving ultra-high-fructose syrup quality and
yields from inulin storage plant tissues compared with high-fructose corn syrup produced from
starch and reducing production costs [2]. Also, inulooligosaccharides (IOSs) can be obtained
from inulin, which can be used as soluble dietary fiber, functional sweeteners, or as prebiotics
for enriching population of Bifidobacteria [3].

On the other hand, microorganisms which possess inulinase, especially filamentous fungi
and yeasts, are known as potent decomposers of inulin present in some plant cell walls [4].
Biotechnologically, fungal inulinases represent advantages for industry, although it is necessary
to improve our knowledge about its production and gene encoding enzyme. Among the
filamentous fungi, Aspergillus and Penicillium species are common inulinase producers
[5–7]. Within inulinases, exo- and endo-inulinases have been described [8]. Endo-inulinases
(2,1-β-D-fructan fructanohydrolase; EC 3.2.1.7) are specific for inulin and hydrolyze the
internal β-2,1-fructofuranosidic linkages to yield inulooligosaccharides as the main products
(e.g., inulotriose, inulotetraose, and inulopentaose) while exo-inulinases (β-D-fructan
fructohydrolase; EC 3.2.1.80) successively split off terminal fructose units from the non-
reducing end of inulin and also hydrolyze sucrose and raffinose [9]. The genes encoding
endo-inulinase have been cloned from fungi such as Penicillium purpurogenum [10], Asper-
gillus niger [11], and Aspergillus ficuum [12]. For exo-inulinases, nucleotide and amino acid
sequences have been reported from yeast [13], Aspergillus awamori [14] and Geobacillus
stearothermophilus [15]. Recently, Penicillium citrinum ESS isolated from Mexican semi-
dessert has been reported as inulinase producer [16]; however, there is no information about
the inulinase encoding gene and its differences with genes from other microorganisms. Other
fungal strains isolated from Mexican semi-desert have been reported as producers of enzymes
which tolerate extreme pH and produce higher substrate consumption when compared with
other fungal strains [17]. Thus, inulinase produced by microorganisms that grow in semi-arid
and arid regions could have greater stability than other enzymes, as these microorganisms must
have metabolic machinery adapted to typical temperature changes (from 45 to −15 °C).

Based on amino acid sequence comparisons, it has been demonstrated that both exo- and
endo-inulinases belong to the glycoside hydrolases (GH). This is the most diverse group of
enzymes used by microbes for biomass degradation, representing about one third of all
enzymes (about 1,000 of 3,700 enzymes) listed in the enzyme classification [18]. Over a
hundred GH families have been classified to date [19]. Inulinases, in conjunction with
invertases, levanases, and two types of 1-fructosyl transferases are members of the GH32
family [20]. Traditionally, biochemical nomenclature of glycosidase families is based exclu-
sively on their substrate specificity and, only sometimes (in the case of amylases EC 3.2.1.1
and EC 3.2.1.2), it takes into account molecular mechanism of the catalyzed reaction (enzyme
nomenclature).

Nowadays, it has been reported that enzymes of the same clan have a common evolutionary
origin of their genes and share the most important functional characteristics such as compo-
sition of the active center, anomeric configuration of cleaved glycosidic bonds, and molecular
mechanism of the catalyzed reaction (either inverting or retaining) [21]. Thus, some authors
have suggested subdividing the glycosidase families with high number of known members to
subfamilies or subtypes according to the level of similarity of their amino acid sequences [22].
The informational analysis of amino acid (or nucleotide) sequences is carried out through
alignments and phylogeny reconstruction [23, 24], which has become an intensively develop-
ing area in modern biochemistry and molecular biology during the last two decades [25]. Thus,

Appl Biochem Biotechnol (2015) 175:1358–1370 1359

Author's personal copy



it is an important tool to infer the evolutionary relationship among GH32 members based on
similarities of the amino acid sequences and activity toward the fructose containing polysac-
charides and oligosaccharides. In the present study, the inu gene encoding inulinase from
P. citrinum ESS was sequenced and phylogenetic analysis was carried out to establish the
evolutionary relationship within fungal GH32 glycosil hydrolases for a better understanding of
its function and structure.

Material and Methods

Microorganism Culture P. citrinum ESS strain was isolated from the Mexican semi-desert
region [26] and is deposited in the culture collection of the Food Research Department
(Universidad Autonoma de Coahuila, México). It was cultured in 250-ml shake flasks with
100 ml of culture medium (g/l): KH2PO4 (2.47), (NH4)SO4 (6.6), CaCl2 (0.48), MgSO4·7H2O
(0.38), NaCl (0.32), FeSO4·7H2O (0.124), inulin (from Dahlia tubers, Fluka®) (30), and
oligoelement solution (1 ml) [ZnSO4·7H2O (22), H3BO3 (1.1), MnCl·4H2O (0.5), CoCl2·6H2O
(0.16), CuSO4·5H2O (0.16)]. pH was adjusted to 5.5, and medium was inoculated with 1.5×
106 spores/ml. Mycelia was filtered with Whatman No. 41 after incubation at 30 °C under
constant agitation (150 rpm) for 4 days, washed three times with sterile distilled water, and
stored in a freezer at −70 °C in 50-ml Falcon tubes until DNA isolation.

DNA Isolation Genomic DNA was extracted using the protocol of Barth and Gaillardin [27]
with modifications. Fresh mycelium was frozen in liquid N2 and pulverized. It was transferred
to a Falcon tube and 20 ml of lysis buffer (50 mM Tris–HCl pH 7.5, 20 mM Na2EDTA, and
1 % sodium dodecyl sulfate) were added. Sample was mixed thoroughly and incubated at
−70 °C for 10 min. Resultant solution was equally distributed in 2-ml Eppendorf tubes, and
5 M sodium acetate and sodium chloride were added. It was incubated for 20 min at −20 °C
and then centrifuged at 16,162×g for 20 min at 4 °C. The aqueous phase was transferred to a
new tube and mixed with 5 μl of RNAse. Sample was incubated at 37 °C for 20 min, and
200 μl of phenol/chloroform/isoamyl alcohol (25:24:1) was added. Then, it was centrifuged at
16,162×g for 10 min at 4 °C and 0.1 volume of 7.5 M ammonium acetate, and 2 volumes of
cold ethanol (96 %) were added to aqueous phase. Sample was incubated overnight at −20 °C
and centrifuged for 10 min at 15,000 rpm at 4 °C to recover DNA. After rising the pellets with
70 % ethanol, they were allowed to air dry briefly and were subsequently resuspended in 50 μl
of TE buffer (10 mM Tris–HCl, 1 mM Na2EDTA, pH=8.0).

Inulinase Gene Amplification by PCR Primers were designed using Primer BLAST of NCBI
software (http://www.ncbi.nlm.nih.gov/tools/primer-blast) based on highly conserved DNA
(≥18 bp) inulinase sequences known among Aspergillus and Penicillium species in the
National Center for Biotechnology Information (NCBI) Gene Bank reference database (Ta-
ble 1). The PCR reaction system consisted of 0.5 μl of 1 U/μl Taq DNA Polymerase, 2.5 μl of
10× buffer stock solution, 0.5 μl of 10 mM deoxynucleotides (dNTP mixture), 2.0 μl of
10 μM oligonucleotide, 2 μl template DNA, and sterile distilled water made up to 25.0 μl as
the final volume. Amplification was done in a PCR Thermal Cycler Px2 (Thermo Electron)
with the following program: an initial denaturation at 95 °C for 10 min; 35 cycles, each
consisting of 94 °C for 1 min, a gradient annealing temperature from 50 to 65 °C, 72 °C for
1 min, and final extension at 72 °C for 20 min. PCR products were run on 1 % agarose gel
made with 1× TAE buffer, and the band of interest was excised with a scalpel and purified
using Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, USA).
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TOPO-TA Cloning TOPO-TA Cloning® Kit (Invitrogen, USA) was used to clone the gel
purified DNA of the inulinase gene from P. citrinum ESS according to manufacturer’s
instructions. Colonies were screened for plasmid DNA isolation and re-inoculated in 2 ml of
broth LB added with ampicillin and were incubated at 37 °C in agitation (200 rpm) for 16 h.
Plasmid DNAwas isolated by alkaline lysis with SDS: minipreps according to Sambrook and
Russell [28]. Then, EcoRI digestion and amplification with universal oligonucleotides M13
were performed. Products were resolved using a 1 % agarose gel electrophoresis in 1× TAE
buffer, and nucleotide sequence correspondent to inulinase gene fragment of at least three
independent colonies was determined using Taq FS Dye-terminator cycle sequencing
fluorescence-based sequencing method in an automated sequencer model 3730 (Perkin
Elmer/Applied Biosystems).

Other Fungal Genes of GH32 Family Sequences of enzymes from the fungal GH32 glycoside
hydrolases family were retrieved from the GenBank database [29]. This specific search was
conducted using the terms fructosiltransferase, fructosyltransferase, sucrose:sucrose 1-
fructosyltransferase (1-SST), fructan:fructan 1-fructosyltransferase (1-FFT), fructan:fructan
6G-fructosyltransferase (6G-FFT), and sucrose: fructan 6-fructosyltransferase (6-SFT) [30].
Table 2 lists the studied species with their accession numbers.

Phylogenetic Analysis Enzyme protein domains were predicted using Pfam protein database in
each group of enzyme sequences [31], finding as conserved in all sequences only the GH32
domain. Sequences were manually edited with the help of a sequence editor (BioEdit v7.0.9.0)
to get only this domain [32]. Alignment of amino acidic sequences of this conserved domain
was conducted using MAFFT v7.130 server using default parameters (http://mafft.cbrc.jp/
alignment/software/). Alignments were analyzed manually to find conserved motifs and used
to infer a phylogenetic tree. Phylogenies were estimated using MrBayes version 3.1.2 software
[33]. The GH32 protein datasets were analyzed using two independent runs of 1×106

generations with a sample frequency of 1,000 with the Jones-Taylor-Thornton substitution
amino acid model and gamma distributed substitution rates across variable sites (the best
model was found using MEGA v6.06 tool). The first 3×105 generation trees in the sample
were discarded (burn-in) to avoid including trees before likelihood values had reach a plateau.
The remaining trees were used to compute the consensus of the sampled trees, the posterior
probabilities of clades, and average branch lengths. Phylogenetic trees and support of nodes
was also assessed for datasets using maximum likelihood (1,000 bootstrap replicates) as
implemented in PhyML [34] and neighbor-joining bootstrap (1,000 replicates) using MEGA
v6.06 with pairwise-deletion option.

Table 1 Oligonucleotides designed for Penicillium citrinum ESS inulinase gen amplification

Name Sequence 5′-3′

1n-f GGTGGATAAACAACTGGC

1n-r CTGCTTGGCGAAGTCATAG

2n-f CAACTATGACCAGCTCTACC

2n-r GAGCCTTCAGAGAGAGTCTT

A1F TGTTCGAGCTTGAAAGTGTA

A1R TTATCAAGACCCTTGCGGTA
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Table 2 List of fungal organisms and sequences used in this study, GenBank accession numbers, code, and
region corresponding to GH32 domain

GenBank Accession
number

Code Start End

Inulinases

Aspergillus niger CBS 513.88 inulinase XM_00139584 ANinu1 31 371

Aspergillus ficuum isolate JNSP5-06 exo-inulinase HM587130 AFexo2 31 371

A. niger inulinase AF369388 ANinu3 33 356

Aspergillus fumigatus Af293 exo-inulinase InuD XM_743198 AFUMexo4 33 356

A. fumigatus Af293 inulinase XM_743193 AFUMinu5 46 369

Penicillium endo-inulinase. E08802 Pendo6 8 331

Aspergillus awamori inu1 gene for exo-inulinase. AJ315793 AAexo7 31 371

A. niger inuA gene for inulinase AB012771 ANinu8 33 356

A. ficuum inu2 gene AJ006951 AFinu9 33 356

A. niger inuB gene for inulinase AB012772 ANinu10 33 356

Penicillium purporogenum endo-inulinase D84359 PPendo11 33 356

A. niger endo-inulinase precursor gene AF546870 ANendo12 11 325

A. niger extracellular exo-inulinase (InuE) gene DQ233222 ANexo13 31 371

Talaromyces stipitatus ATCC 10500 inulinase XM_002485690 TSinu14 33 379

Penicillium citrinum ESS inulinasea KM364035 PCinu15 31 370

Inulinase [A. niger] BAA33797 ANinu16 33 356

Endo-inulinase [A. ficuum] ACR55693 AFendo17 10 333

Endo-inulinase [A. niger] AAO18341 ANendo18 11 324

Pc21g14720 [Penicillium chrysogenum Wisconsin 54–1255] XP_002568486 PCHinu19 30 371

Exo-inulinase [A. niger] AAR31730 ANexo20 31 371

Exo-inulinase [Aspergillus awamori] CAC44220 AAexo21 31 371

Exo-inulinase InuD [Aspergillus fumigatus A1163] EDP50892 AFUMexo22 37 347

Inulinase [Meyerozyma guilliermondii] ABW70125 MGinu23 24 341

Inulinase [Cryptococcus aureus] ACC61059 CAinu24 41 337

Kluyveromyces marxianus clone Y1 inulinase precursor (INU)
gene

EU719651 KMinu25 43 367

Pichia guilliermondii strain M30 extracellular inulinase gene EU195800 PGinu26 24 341

K. marxianus strain IW9801 exo-inulinase gene AY649443 KMexo27 21 345

K. marxianus inulinase gene AF178979 KMinu28 43 367

K. marxianus INU1 gene for inulinase X57202 KMinu29 43 367

Invertases

A. niger putative intracellular invertase (SucC) gene DQ233220 ANinvi30 14 377

A. niger extracellular invertase (SucA) gene DQ233218 ANinve31 84 413

A. niger putative intracellular invertase (SucB) gene DQ233219 ANinvi32 19 375

Aspergillus oryzae RIB40 extracellular invertase, mRNA XM_00319051 AOinve33 47 408

A. niger strain GH1 invertase gene HQ450381 ANinv34 89 413

Invertase [Taphrina deformans] ACT89092 TDinv35 1 256

Invertase [Saccharomyces cerevisiae] BAJ07809 SCinv36 32 346

Invertase [S. cerevisiae] BAJ07820 SCinv37 32 346

Yeast gene SUC2 encoding invertase V01311 Yinv38 32 346
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Results and Discussion

P. citrinum ESS Gene Amplification DNA-based designed primers amplified a PCR product of
about 1,608 bp (Fig. 1) that had high homology to the inulinases of Penicillium chrysogenum
Wisconsin 54-1255 (hypothetical protein Pc13g01930, 92 % and contig Pc00c13, 90 %),
A. niger CBS 513.88 inulinase (79 %), A. awamori inu1 gene for exo-inulinase (81 %),
A. niger extracellular exo-inulinase inuE gene (79 %), Penicillium janthinellum strain B01
exo-inulinase inuA1 (68 %), and Penicillium sp. TN-88 inuD for exo-inulinase (72 %) [14,
35–38]. Most of the works regarding inulinase sequencing genes have been carried out in
Aspergillus genus, and only few sequences of inulinases from Penicillium are reported in
databases. The nucleotide sequence of P. citrinum ESS inulinase obtained in present study
(accession no. KM364035) encoded 536 amino acid residues with a calculated molecular mass
of 59,415 Da and pI of 5.74; it also showed the conserved domain of glycoside hydrolase
family 32, including β-fructofuranosidase, inulinase, levanase, and fructosyl-tranferases
(Fig. 2). The sequence obtained for P. citrinum ESS inulinase was confirmed as a family 32
fungal glycoside hydrolases according to the criterion of the presence of an extended region
(no less than 100 amino acid residues) similar to the sequence of at least one already known to
attribute a protein to some glycoside hydrolases family [39].

Table 2 (continued)

GenBank Accession
number

Code Start End

Pichia anomala INV1 gene X80640 PAinv39 32 354

Saccharomyces pastorianus suc4 gene for invertase, strain
NBRC

FR820659 SPinv40 32 346

Saccharomyces bayanus suc4 gene for invertase, strain
NBRC 2031

FR820656 SBinv41 32 346

Kluyveromyces lactis invertase (INV1) gene AF079370 KLinv42 49 428

Saccharomyces cerevisiae SUC2B gene for invertase AB495286 SCinv43 32 346

S. cerevisiae SUC2A gene for invertase AB495285 SCinv44 32 346

Invertase [Peniophora incarnata] ACT89113 PIinv45 1 256

Invertase [Schizophyllum commune] ACT89115 SCinv46 1 252

Invertase [Stereum sanguinolentum] ACT89116 SSinv47 1 258

Invertase [Sebacina incrustans] ACT89095 SIinv48 1 225

Invertase [Stereum hirsutum] ACT89094 SHinv49 1 216

Invertase [Trametes hirsuta] ACT89110 THinv50 1 118

Fructofuranosidases

A. niger beta-D-fructofuranosidase gene AF029359 ANbfruc51 89 413

beta-fructofuranosidase [Cryptococcus gattii WM276] XP_003196854 CGbfruc52 50 353

Aspergillus oryzae beta-fructofuranosidase gene EU181219 AObfruc53 29 341

A. niger beta-D-fructofuranosidase (suc1) gene L06844 ANbfruc54 84 413

A. niger fopA gene for beta-fructofuranosidase AB046383 ANbfruc55 85 217

Fructofuranosidase [Schwanniomyces occidentalis] ADN34605 SOfruc56 40 355

Fructofuranosidase [Cryptococcus neoformans var. neoformans
JEC21]

XP_567775 CNfruc57 50 353

a Sequence obtained in the present study (indicated in bold)
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Other Fungal Genes from the GH32 Family Fifty six amino acidic sequences were obtained
with GH32 domain: nine Basidiomycota and 47 Ascomycota (yeast and filamentous fungi).
Also, the amino acidic deduced sequence obtained in present work for P. citrinum ESS
inulinase was included and showed the N-terminal which forms a five bladed β-propeller.
Sequences also showed the C-terminal domain which is absent in other GH families; it consist
of two six-stranded β-sheets, which are composed of antiparallel β-strands forming a
sandwich-like fold. It could play a role in overall protein stability [40]. The accession numbers,
the region corresponding to GH32 domain, and classification (according to their annotation as
invertase, inulinase, or β-fructofuranosidase) of sequences used are summarized in Table 2.

Conserved Motifs The bioinformatic approach used to study inulinase from P. citrinum and
other sequences for the 32 glycoside hydrolases family reveals the presence of several
conserved motifs in the alignment: WMNDPNG (block A), YHLFYQ (block B), WGHATS
(block C), FTGS (block D), RDP (block E), and ECP (block G) (Fig. 3). GH-J clan enzymes
share a common β-propeller catalytic domain with three conserved acidic amino acids referred
to as the “catalytic triad.” In the GH32 enzymes, these three residues including the nucleophilic
(aspartate, D), the acid-base catalyst (glutamate, E), and other aspartate that probably acts as a
transition-state stabilizer are located within three conserved motifs, referred as the
WMNDPNG- (or β-fructosidase), the EC-, and the RDP-motif, respectively [30]. In
P. citrinum ESS inulinase, it was possible to observe these consensus motifs (blocks A, E,
and G), as well in other sequences analyzed in the present study. However, it was observed that
endo-inulinases showed preference for glutamate (E) instead of aspartate (D) as catalytic

Fig. 1 a Agarose 1 % gel electrophoresis of PCR product containing inu gene of Penicillium citrinum ESS. 1,
Molecular marker (100 bp DNA ladder, Invitrogen™); 2, PCR product. b Transformation results. c Plasmid
DNA isolation. 1, Molecular marker (1 kb Plus DNA Ladder, Invitrogen TM); lanes 1, 3, 5, 7, 9, 11, and 13:
plasmid DNAwithout digestion; lanes 2, 4, 6, 8, 10, 12, and 14: EcoRI digested plasmid DNA
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nucleophile in block A as it has been previously reported for A. ficuum endo-inulinase [41].
Replacement of a nucleophilic carbonyl-containing residue (D/E) in the enzyme active center
by a non-nucleophilic residue [alanine (A) or glycine (G) acid] in glycosidases that hydrolyze
substrate with retention of its anomeric configuration results in inactivation of the enzyme [21].
In block B, it was observed that Tyr (Y) was preferred instead of Trp (W) in position 1 in all
exo-inulinases from fungi, including inulinase from P. citrinum ESS. Lammens et al. [30]
reported the conserved motif WSGSAT within plant GH32 members which was equivalent to
FTGS motif observed in inulinase from P. citrinum and P. chrysogenum. Endo-inulinases
showed the motif FTGT (Phe-Thr-Gly-Thr) (block D) while most of exo-inulinases had FSGS

Fig. 3 Partial sequence alignment of conserved motifs in fungal glycosyl hydrolases. Domains that are the
mostly conserved in glycoside hydrolase family 32 are boxed and labeled from A to G

�Fig. 2 Nucleotide sequence of the inulinase gene of Penicillium citrinum ESS obtained and its deduced amino
acid sequence. The conserved motifs WMNDPNG, YHLFYQ, WGHATS, FTGT, RDP, ECP, and SVEVF
present in glycoside hydrolases are boxed and bold
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(Phe-Ser-Gly-Ser). Replacement of tryptophan (W) within this domain by phenylalanine (F)
has been also reported in other inulinases, invertases, and fructan 1-exo-hydrolases (FEH),
which represents a less hydrophobic character at this position [30].

In block E (RDP), the aspartate residue provides hydrogen bonds to bind the C3 and C4
hydroxyls of fructose [42] and as such, it plays a key role in substrate binding and stabilization.
The block G containing the ECP motif also present in inulinase from P. citrinum contains the
Glu residue in GH32 enzymes acting as the general acid/base catalyst in the reaction
mechanism. Among sequences of GH32 analyzed in present study, the Cys of this motif
shows divergence with endo-inulinases showing preference for Val (V) and invertases for Thr
(T). Besides, the consensus motif MVLAHGG reported by Raba’atun et al. (2011) was
contained in all endo-inulinases (block F).

Also, it was observed the conserved motif SVEVF within the sequence of inulinase from
P. citrinum ESS in the present study (Fig. 2), which is present in the C-terminal half majority of
the fungal but not in yeast inulinases (both exo- and endo-acting). It has been reported to be
present only in those enzymes which attack inulin and levan but not sucrose and raffinose [43].
This sequence, therefore, may be important for binding of the high Mw fructans [44].

Phylogenetic Analysis To infer the phylogenetic affinities of inulinase from P. citrinum ESS,
plant invertase GH32 domain sequences were included as outgroup in the alignments and
maximum likelihood and neighbor-joining trees were constructed to obtain a rooted phyloge-
netic tree. The rooted trees showed Ascomycete invertases to be the sister group of all the rest
of family 32 gene sequences. For subsequent analyses, the outgroup was removed to avoid the
loss of resolution due to the use of a so distant group, but phylogenetic trees were all re-root,
preserving Ascomycete invertases as basal group. Phylogenetic analysis of all 57 fungal
glycosyl hydrolases family 32 revealed a total of five well-supported clades (Fig. 4).

Inulinase from P. citrinum showed common characteristics with enzymes in clade IV, which
involves exo-inulinases from other Penicillium and Aspergillus species (Ascomycetes). This
clade had a common ancestor with GH32 of Basidiomycetes (clade III) and
Saccharomycetales (clade II) which together constitute its sister group. Although a low
statistical support was obtained for this branch, the topology inferred by the different methods
used in this study was conserved. Groups I, IV, and V harbored filamentous Ascomycetes
sequences for endo-inulinase, exo-inulinase, and invertase, respectively. For group II
(Saccharomycetales) and group III (Basidiomycetes), there was no phylogenetic grouping
according to their hydrolytic activity (inulinase or invertase). It was observed that
Kluyveromyces exo-inulinase formed a cluster with invertases of Kluyveromyces, Saccharo-
myces sharing a common ancestor with Pichia invertase and inulinases (group II), suggesting a
common evolutionary origin for yeast invertases and inulinases, as Laloux et al. [45] reported
for Kluyveromyces marxianus exo-inulinase and Saccharomyces cerevisiae invertase on the
basis of the high similarity on their amino acid sequences. Also, gene duplication within
Kluyveromyces and Pichia genus produced the genes for inulinase and invertase (also called
beta-fructofuranosidase) independently. This phenomenon has been often reported in glycosi-
dase genes and makes it possible for the species bearing it to acquire new functions without
losing the function of the progenitor gene [46, 47]. This was also observed in Cryptococcus
genus of Basidiomycetes (group III) and in A. niger invertase gene (SucC and SucB) (group
V). Within endo-inulinases clade (group I), multiple duplications had originated paralogs in
Aspergillus (for instance INUA and INUB from A. niger) after the splitting of the ancestral
gene between the Aspergillus and Penicillium species.

Exo- and endo-inulinases (groups IV and I, respectively) have been described both as
inulinases [8]. However, they were clustered in two independent monophyletic groups clearly
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Fig. 4 Bayesian phylogenetic tree is showing evolutionary relationship among fungal glycoside hydrolases
GH32 family. The unrooted phylogenetic tree was inferred using Bayesian inference, neighbor-joining, and
maximum likelihood on the basis of deduced amino acid sequences. The numbers over branches represent
bootstrap confidence values (%) based on 1,000 replications (ML/NJ). Posterior probabilities are shown under
each branch. The scale bar denotes 0.3 amino acid substitutions per site. Monophyletic clades are indicated by
different colors, and the group including Penicillium citrinum ESS inulinase is bold and highlighted with shadow.
Group I: Ascomycete endo-inulinases; group II: Saccharomycetales; group III: Basidiomycetes; group IV:
Ascomycete exo-inulinases; group V: Ascomycete invertases
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differentiated from each other in the phylogenetic tree, suggesting that the genes encoding the
respective hydrolytic activities toward terminal and internal β-(2,1)-fructofuranosidic linkages
in inulin have evolved independently.

Conclusions

It was possible to amplify the inulinase gene of Penicillium citrinum ESS which showed high
similarity of its amino acid deduced sequence with other fungal exo-inulinases and also
presented the most important domains reported for GH32 glycoside hydrolases. According
to the phylogenetic trees obtained, it was possible to demonstrate that endo- and exo-inulinases
have independently evolved and that invertases seem to be the most ancestral of fungal GH32
glycoside hydrolases studied in this work. Most of the sequences used for this study were
annotated only as inulinases, without defining their mechanism as exo- or endo-acting.
However, it was possible to confirm the potential of phylogenetic methodology as an
alternative to elucidate the action mechanism of fungal glycosil hydrolases of family 32 on
basis of its amino acid sequence phylogenetic relationships and presence of certain motifs.
Thus, action mechanism of P. citrinum ESS INU was confirmed as exo-inulinase. Although
further studies are needed, it could be confirmed the potential of the P. citrinum ESS as a strain
for the production of HFS.
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