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Abstract The genome of a fungal strain Penicillium
chrysogenum strain HKF42, which can grow on 20%
sucrose has been annotated for 7595 protein coding
sequences. On mining of CAZymes, we could annotate a 3-
fructofuranosidase gene responsible for fructo-oligosac-
charides (FOS) synthesis which is a known prebiotic. The
enzyme activity was demonstrated and validated with the
generation of FOS as kestose and nystose.
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Prebiotics which can impart nutritional as well as health
benefits to human population have recently gained the
attention of the people worldwide [1]. Fructo-oligosac-
charides (FOS) sometimes also mentioned as oligofruc-
tose come under the category of prebiotic food segment
which selectively stimulates the beneficial colon bacteria
and boosts the health of the host [2, 3]. Owing to their
low caloric value, FOS are the most appropriate ingredi-
ents which have been incorporated in dairy and bakery
products [4]. Hydrolysis of inulin by inulinase and
transformation of sucrose by fructosyltransferase are the
two widely used methods for the production of FOS [5].
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Production of FOS from sucrose is an economical process
as compared to FOS obtained by inulin hydrolysis
because of low-cost of sucrose [6]. FOS synthesis from
sucrose is mediated by two major enzymes Sucrase (su-
crose fructosyltransferase, FTase, EC 2.4.1.9) and inver-
tase (P-fructofuranosidase fructohydrolase, FFase, EC
3.2.1.26) [1]. Various FOS synthesized from sucrose
include 1-kestose (GF,), nystose (GF3), and 1F-B-fmct0-
furanosylnystose (GF4) where 1-3 units of fructose are
attached in B-(2-1) linkage to the sucrose [4]. The recent
increase in market-share of FOS among the prebiotics has
propelled the need for exploring novel enzymes and
microorganisms having the capacity for high FOS yields
along with an increase in the cost effectiveness of the
process [7].

Several studies have reported Penicillium sp. to be a
potential producer of FFase which is utilised for the FOS
production [8-10]. In the present study, Penicillium
chrysogenum strain HKF42 isolated from effluent treat-
ment plant (ETP) was screened for FFase enzyme activity
and subsequent synthesis of FOS [11]. For a better
understanding of the genes coding for required enzymes, de
novo whole genome sequencing approach was followed.
Genomic DNA was isolated with FastDNA SPIN Kit (MP
Biomedicals, USA) followed by preparation of paired-end
and mate-pair sequencing libraries with mean sizes 629 and
690 bp, respectively. The libraries were sequenced
(2 x 150 bp) on Illumina HiSeq 2500 platform. High
quality reads generated were used for de novo assembly
using Soapdenovo2 assembler [12] resulting in a draft
genome of 31.4 Mbp containing 160 contigs and 143
scaffolds (Table 1).

A total of 568,994 bp (1.81%) repeat sequences were
masked using RepeatMasker and the RepBase library and
afterwards, the repeat masked assembly was used for
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Table 1 Genome features of

e . Features
Penicillium chrysogenum strain

Penicillium chrysogenum strain HKF42 genome

HKF42 No. of reads

Pair end read length (bp)
Genome assembly size
Number of contigs
Number of scaffolds
Contigs N50

Gaps between scaffolds
Scaffold N50

No. of gene model

No. of exon per gene
Mean protein length
GC content (%)

No. of tRNA

NR annotated
SwissProt annotated
KEGG annotated

KOG annotated

Pfam annotated
CAZymes

61,456,596
150
31,410,885
160

143
2,015,765
0
2,810,928
11,251
3.14
475.45
53.22

188
11,184
7595

2154

5482

8154

600

coding gene prediction. Coding sequences (CDS) in the
genome were predicted by GeneMarkES [13] which
resulted in a total of 11,251 protein-coding genes. Later,
NCBI’s non-redundant (nr) database was used for simi-
larity search of predicted CDS using the BLASTP algo-
rithm. The total proteins were also searched for similarity
against Swiss-Prot, Pfam and KOG databases using
BLASTP, rpsblast and Hmmscan algorithms (via
webMGA). Gene Ontology (GO) annotation obtained
through nr database using blast2GO Pro and CDS associ-
ated with similar functions were assigned to the same GO
functional groups. GO sequence analysis distributions
revealed the presence of all three GO domains i.e. cellular
components (3926), biological processes (3981) and
molecular function (3348) (Fig. 1a). Proteins were mapped
and orthologs were assigned to the biological pathways
through KEGG automatic annotation server (KAAS) and
compared with the KEGG database using BLASTP. For
CAZymes analysis, CDS were annotated using dbCAN, the
data generated in dbCAN was based on the family
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classification from CAZy database [14, 15]. Gene annota-
tion disclosed the presence of an enzyme belonging to
CAZymes family which was located on gene 6513 and
corresponded to FFase with molecular weight of 72.8 kDa
respectively. The nearest neighbour analysis of FFase gene
6513 carried out through BLASTP (version 2.7.1), amino
acid sequence was searched for similarity against reference
proteins (refseq_proteins) and 10 hits were chosen based on
query coverage more than 80%. Sequences were aligned
using ClustalW interface in MEGA 7 based on the neigh-
bour joining method, and bootstrap values were based on
1000 replicates (Fig. 1b). Gene 6513 shares 78% similarity
with Penicillium digitatum Pdl protein, the nearest
neighbor highlighted the diversity of the FFase enzyme in
Penicillium and Aspergillus sp. We, further characterized
the gene product using program MotifFinder, I-TASSER
and COACH for binding and active site prediction as
described in Table 2; Fig. S1 and S2 [16, 17]. Ancestral
relationship of the isolate P. chrysogenum strain HKF42
with P. chrysogenum strain P2niaD18 was carried out
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Gene 6513 beta-fructofuranosidase Penicillium chrysogenum strain HKF42
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genum strain HKF42 genome sample is displayed on the left side of
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scaffolds of the P. chrysogenum strain HKF42 genome on the left, to

the matched sections of the reference genome on the right
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XP 002383662.1 Glycosyl hydrolases family 32 Aspergillus flavus NRRL3357

Fig. 1 a WEGO plot visualization of GO terms identified in P.
chrysogenum strain HKF42. b Neighbor Joining tree calculated by
ClustalW for B-fructofuranosidase gene from Penicillium sp. con-
structed by MEGA 7. Numbers displayed on the branches are the
bootstrap support obtained through 1000 replications. ¢ The synteny
relationship between Penicillium chrysogenum strain P2niaD18
reference genome and P. chrysogenum strain HKF42 scaffolds. The
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Fig. 1 continued

using synteny analysis through BLASTN and CIRCOS
which gave a visual overview of the alignment (Fig. 1c)
[18].

The genetic capacity of the isolate for FFase production
and FOS synthesis was further validated by submerged
fermentation studies. Inoculum development and sub-
merged fermentation strategy was followed as per Prata
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et al. [19]. The samples were withdrawn at a regular
interval of 24 h; centrifuged using a refrigerated centrifuge
(4 °C, 10,000 RPM) and the supernatant without further
purification was used as the source of FFase. Assay of
FFase activity was carried out as per the method of San-
geetha et al. [20] wherein the quantitative analysis of the
FOS was done using HPLC and retention time of products
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Table 2 Characterization of active site motifs and domains identified in gene 6513 coding for B-fructofuranosidase (FFase)
Domain Pfam Predicted binding site residues using Active
different tools site
residues
NCBI- 214,757 185,737 185,718 PF00251 PF08244 TM-SITE S-SITE COACH predicted
CDD by
I-Tasser
Motif  Glycosyl Glycosyl Glycosyl Glycosyl Glycosyl
hydrolases hydrolase hydrolase hydrolases hydrolases
family 32 family 32, families: family family 32
beta- GH43, 32 N- C-terminal
fructosidases GH62, terminal
GH32,
GH68
Gene  Position Position Position Position Position Ligands Ligands Ligands D56 and
6513 46-526 52-397 62-395 46-340 468-667 (fructose, (glucose, (fructose) E264
sucrose, kestose, G55, D56,
nystose) SUCTrose) L74,
G55, D56, D56, L74, T78,
L74, T78, Fl14, D115, F114,
F114, L137, P138, D115,
D115, 1139, H140, R186,
R186, R186, E264, D187,
D187, E289, S298, E264,
E264, $300, Y337, Y337,
T265, W365, F371,  W365
Y337 G372

were compared with the FOS standards for identification.
One unit of FFase activity was defined as the amount of
enzyme required to produce 1 pmol of glucose per minute
at 55 °C with 55% sucrose at pH 5.5 [8]. The consumption
of sucrose by the fungal isolate and concomitant produc-
tion of FFase is shown in Fig. 2a. A rapid reduction in
sucrose concentration was observed with 85% sucrose
being hydrolyzed in 48 h followed by complete hydrolysis
in 72 h. FFase activity increased gradually to 8.3 U/mL in
72 h which doubled to 15.4 U/mL in 96 h resulting in

complete hydrolysis of sucrose. HPLC analysis of the assay
reaction mixture confirmed the hydrolysis of sucrose to
glucose and fructose by FFase along with the formation of
two types of FOS viz., kestose and nystose as indicated in
Fig. 2b.

In conclusion, P. chrysogenum strain HKF42 can be
considered a promising candidate for the production of
extracellular B-fructofuranosidase and synthesis of short
chain FOS and the genome data further can be utilized for
mining of other prebiotic synthesizing enzymes.
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This Whole Genome Shotgun project has been deposited
in GenBank under the accession number MWKT00000000.
The version described in this paper is MWKTO01000000.
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