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Abstract

The wide range of applications of B-galactosidase has made it a candidate enzyme of study for
improved yield. Most studies focused on expressing this enzyme in expressible vector(s) while sources of
this enzyme are rarely investigated. Aquatic habitats harbor arrays of microorganisms that can participate
in demineralization, nutrient restoration, circulation and hence confer significant properties on the
habitats and significantly influence microbial interactions and metabolism. In view of this, aquatic fungal
isolates were qualitatively and quantitatively screened for intracellular and extracellular f-galactosidase
production. Four fungal isolates tagged SB01 and SC02 from stream identified as Aspergillus oryzae and
Aspergillus niger and SC01 and SAO01 from pond identified as A. oryzae and A. niger were studied. B-
galactosidase gene was successfully amplified from the four isolates and their enzyme production levels
were further studied. All the isolates showed considerably higher extracellular secretion than the
intracellular synthesis on glucose-based medium. The production level was probed by xylose
supplementation but surprisingly, the intracellular synthesis was higher than the extracellular secretion for
all the isolates. In an attempt to boost the enzyme production, temperature was varied and 25 °C showed
improved B-galactosidase synthesis and secretion than the 30 °C. This study revealed these filamentous
fungi as candidates for [B-galactosidase production and broaden the understanding of harnessing
microorganisms from an aquatic reservoir for bio-production, and more importantly, revealed the
intracellular accumulation of the enzyme as a bottleneck for industrial production.
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Introduction

B-galactosidase, also known as lactase is an enzyme that catalyzes the hydrolysis of terminal non-
reducing B-D-galactose residues in B-D-galactosides or the transfer of galactosyl residue to saccharide
acceptors to yield galacto-oligosaccharides. B-galactosidase has a wide range of application, from
prevention of lactose crystallization in frozen and condensed milk products to reduction of water
pollution caused by whey, increase sweetening properties of lactose [1], and hydrolysis of lactose that
catalyzes trans-glycosylation reaction leading to formation ofdi-, tri-, or higher galacto-oligosaccharides
(GOS) [2]. The cosmopolitan nature of this enzyme existing in; plants, animals and microorganisms [3,4]
has instigated diverse studies. Although several microbial sources are of great technological interest as
they offer various advantages over other available sources such as easy handling, relatively stable, higher
multiplication rate and high production rate and yield [5].

The interest in commercial production of this enzyme has implicated a large number of
microorganisms such as Aspergillus spp., Kluveromyces spp., Bifidobacterium spp., Lactobacillus spp.,
and Geuhomyces pullulan, among others as potential sources of this enzyme [6]; however, only
Aspergillus niger, Aspergillus oryzae and Kluveromyces lactis are considered safe for food and
industrialrelated applications. Although a novel organism with other benefits was screened and also
identified in the production of the enzymes [7]. As important as this enzyme is, its commercial production
is still being bottlenecked with poor activity and to alleviate this menace, heterologous expression of this
enzyme in Escherichia coli, Saccharomyces cerevisae and Pichia pastoris microbial cell factories is
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being studied while microbial screening for enzyme production from natural habitats is also being
considered [8].

Interestingly, microbial habitat influences the physiological and metabolic properties of an
organism, with significant effect on the synthesis and properties of the product. For instance,
environmental factors can affect microbial communities both in terms of structures and function [9],
thereby determining the output of such microorganism upon selection. The aquatic environment harbors
many microorganisms which participate in the decomposition of organic material, demineralization,
restoring nutrients and influencing nutrient circulation within such environment, thereby conferring
properties on such habitat and also influencing microbial functionality. In addition to this, microbial
productivity depends largely on the environmental factors where microorganisms are found [10].
Therefore, the biodiversity and the physicochemical properties of aquatic environment depict a unique
habitat for study. Furthermore, despite the multifunctional properties of B-galactosidase, there is still a
concern of meeting consumers’ need, which thus suggests that harnessing great potential of aquatic
microbial community could be a panacea towards improved secretion of the enzyme. Thus, the present
study is aimed at screening fungal isolates from aquatic community for 3-galactosidase production and
optimized the cultural conditions for improving the secretion efficiency.

Materials and methods

Water collection, isolation and identification of fungal isolates

Both stream and pond water samples from Oye-EKiti,south-western part of Nigeria, were collected
into a sterile glass tubes aseptically and tagged SA and SB, respectively. The samples were taken from
Oye-EKkiti to test-proof the efficacy of these fungi in secreting the enzyme. The water samples were diluted
with sterile double deionized water and 1 mL of the diluent 3 (10-®) was pour plated into 39 g/L PDA
containing medium supplemented with 100 mg/mL chloramphenicol antibiotics. Plates were allowed to
firmly set prior to incubation at 25 °C for 7 days. Mixed spores from the plates were distinctively and
morphologically sorted, and thereafter sub-cultured to obtain pure culture. For identification, cotton blue
lactophenol staining was performed as described in medical microbiology guide [11].

Fungal genomic DNA extraction

The genomic DNA was extracted from 5 days old fungal cultures cultivated in broth following the
method described by Burik ez al. [12]. Fungal mass culture was harvested by 5,000 rpm centrifugation.
The broth was carefully separated from the mass and the mass was suspended in a tube containing 60 - 80
mg sterile glass beads (425 - 600 uM, Sigma) and lysis buffer (100 mM Tris HCI [pH 8.0], 50 mM
EDTA, 3 % SDS). The plates were thereafter homogenized on a table top homogenizer with intermittent
cooling on ice by 10 disruption cycle processes with 1-min disruption and 1-min cooling single cycle. The
homogenates were subsequently subjected to 12,000 rpm for 10 min in order to aspirate the supernatant.
10 mg/mL RNase A was added to the supernatant and incubated at 37 °C for 15 min. Phenol, chloroform
and isopropyl alcohol were afterward added and inverted for proper mixing before centrifugation at
13,000 rpm for 10 min. The upper layer was pipetted into another new micro centrifuge tube and equal
volume of absolute ethanol was added and precipitated for 1 h at 20 °C. Upon precipitation, the tubes
were subjected to 12,000 rpm for 10 min to obtain the DNA as pellet and 70 % ethanol was added and
allowed to stay for 2 min before centrifugation at 12,000 rpm for 5 min. The DNA was allowed to air dry
for 5 min at 25 °C before dissolving in 1XTE buffer. The quantity of the extracted gDNA was determined
by measuring the absorbance at 260 and 280 nm using Thermo Scientific Nano Drop spectrophotometer.

Molecular identification and sequencing

Both ITS-1 and ITS-4 primer pairs (details in Table 1) were used for molecular identification of the
organisms tested positive to B-galactosidase. A 25 uL High fidelity PCR amplification system containing
5 uL 5X buffer, 2 uL. DNTP, 15 uL H,O, 1 uL gDNA, 0.5 pL PrimeSTAR and 1 pL each of the primers.
The 35 cycles of amplification was carried out in a PCR mastercycler (Eppendorf) as follows: 94 °C for 1
min; annealing at 55.5 °C for 2 min and extension at 72 °C for 2 min; and a final extension step at 72 °C
for 10 min. The PCR products were thereafter sent for sequencing. The sequencing data were mapped
into the GeneBank (https://www.nchi.nIm.nih.gov/genbank) for their accession numbers.
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Amplification of g-galactosidasegene from gDNA

The gDNA was used as template for amplification of B-galactosidase gene. For A. oryzae and A.
Nigerfungal isolates, galAor-F/galAor-R and galAni-F/galAni-R primer pairs (Table 1) were used for
amplification respectively. A 50 pL High fidelity PCR amplification system containing 10 uL 5X buffer,
4 uL DNTP, 32 uL H,0, 1.5 uL. gDNA, 0.5 pL PrimeSTAR and 1 pL each of the primers with 45 - 68 °C
annealing temperature, was adopted.

Table 1 List of primers.

Primers Oligonucleotides

ITS-1 GTCGTAACAAGGTTTCCGTAGGTG

ITS-4 TCCTCCGCTTATTGATATGC

galAor-F CTCGAGAAAAGATCCATCAAGCATCGTCTCAATG
galAor-R GCGGCCGCTTAGTATGCTCCCTTCCGCTGC
galAni-F CTCCTAGGGGAATTGAAGCAAGCCTCCTG
galAni-R GCGGCCGCTCACTGCATAGAAGCATAATC

Synthesized by Beijing Rubio BiotechCo., Ltd [13]

Inoculum preparation

Inoculum preparation was done in 250 mL Erlenmeyer flasks containing 100 mL medium per liter:
10 g glucose, 15 g yeast extract, 0.9 g (NH.)2SO4, 2 g KH2PO4, 0.5 g MgS04.7H20, 0.1 g CaCl,.2H,0,
0.5 g KCI, 0.5 g thiamine in citrate phosphate at 5.0 pH. The medium was inoculated with bored fungus
Potato Dextrose Agar (PDA) of 7 mm diameter and incubated at 25 °C and 100 rpm.

Shake flask fermentation

An aliquot from inoculum was transferred into 25 mL of medium (same composition as that of
inoculum preparation) in one batch and in the other batch substituting glucose with xylose with an initial
2 cell density at 600 nm Optical Density (ODsoo). The cultures were subjected to shake flask fermentation
at 200 rpm at either 25 or 30 °C with subsequent 400 uL feeding of appropriate carbon source (glucose or
xylose) at 12 h interval for 4 days. Samples were withdrawn every 12 h interval to detect extracellular
enzyme secretion by subjecting 1 mL of the sample to centrifugation at 12,000 g for 5 min, follow by
careful separation of the supernatant and the pellet. The fermentation supernatants were thereafter used as
sample for determination of extracellular secretion of B-galactosidase during the fermentation period
while the pellets were disrupted by glass beads and used for determination of intracellular synthesis of the
enzyme.

Disruption of fungal cell

Cells were disrupted following the method described by Costa-Silva et al. [14]. Pellet cells from
fermentation medium were washed with 0.1 N saline solution before disruption and cells were disrupted
using glass bead technique. The fungal mass was mixed with sterile glass beads (425 - 600 uM, Sigma)
and lysis buffer (100 mM Tris HCI [pH 8.0], 50 mM EDTA, 3 % SDS) before subsequent disruption
using a table top homogenizer with intermittent cooling on ice. Ten disruption cycle processes with 1-min
disruption and 1-min cooling single cycle were adopted. The beads were separated and the cell
homogenates were centrifuged at 6,500 rpm for 15 min and viewed under light microscope. The lysed
homogenates (supernatant) were thereafter evaluated for enzyme synthesis.

p-galactosidase assay

B-galactosidase activity was determined by adding 100 pL reaction mixture containing 0.25 (w/v)
oNPG in 0.1 mol/L sodium acetate buffer (pH 5.2) to 25 pL of fermentation supernatant or the lysed
homogenate and incubated at 60 °C for 10 min. 125 uL of 1 M Na,COs; was added to terminate the
reaction. The release of o-nitrophenol (oNP) was measured calorimetrically through the absorbance at
420 nm and one unit of B-Galactosidase was defined as the amount of enzyme that releases 1 umol of
oNP per min [15].
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Results and discussion

Isolation from different sources

Fungi were isolated from stream and pond water samples. In total, 7 fungal isolates were identified.
SB04, SB01, SC02 and SBO03 were isolated from stream source while SA01, SCO1 and SAQ02 were
isolated from pond water source. The morphological and microscopic features are documented in Table
2. Upon submission of the sequenced data to the GeneBank, 100 and 99 % similarity of KR029081
accession number (a.n.) was obtained for SBO1 and SCO01, respectively while 99 % KR137638 a.n. was
obtained for both SAO01 and SCO02. This outcome confirmed that SB01 and SC01 were identical toA.
oryzae, while SA01 and SC02 toA. niger.

Table 2 Morphological features of the fungal isolates.

CODING Conidiophores Phialides Vesicles Tentative organisms

SA01 Long, smooth and Biseriate Round, radiate head Aspergillus niger
colourless

SBO1 Long, smooth and Biseriate Round, radiate head Aspergillus oryzae
colourless

SBO03 Short, smooth Biseriate Round,radiate head Penicillium corylophilum
colourless

SB04 Long, smooth Uniseriate  Huge, clavate-shaped Aspergillus candids
colourless

SCo01 Long smooth branched  Uniseriate  Wide clavate-shaped Aspergillus oryzae

SCO02 Long, smooth and Biseriate Round, radiate head Aspergillus niger
colourless

SA02 Long_, smooth and Biseriate Hyaline globose Aspergillus sulphureus
pigmented

Mal-digestion of lactose is the most common disorder of intestinal carbohydrate digestion in human
and it is a widespread problem occurring in approximately 70 % of the world population [16]. B-
galactosidase, also known as lactase, hydrolyzes lactose the sugar in milk into its components; glucose
and galactose. The wide occurrence and application of this enzyme have made it a model enzyme of most
host-secretion studies [17]. Although some proteins such as human serum albumin and antibody
fragments can be highly secreted from native host [18]; however, majority of others are still being
reported in low level secretion, owing to different bottlenecks such as; mis-folding, sub-optimal
conditions and secretion limitation pathways which may result in accumulation of these proteins in the
endoplasmic reticulum, among others [19]. Nevertheless, efforts had been directed towards overcoming
this bottleneck [20,21], but unfortunately, the sources of these proteins are rarely investigated.

The biodiversity and ecological instability of aquatic environment suggest that microorganisms in
this habitat may be good candidates for enzyme screening, and also, proves their tolerance to secretion,
thus serving as a guide towards its candidacy for heterologous secretion. To test this hypothesis, -
galactosidase gene from isolated organisms were amplified by Polymerase Chain Reaction (PCR) using
gDNA as template. B-galactosidase coding genes were successfully amplified from the four fungal
isolates. Their appropriate gene sizes 2,900 and 3,000 bp which correspond to the size of this enzyme
[13,22], were successfully mapped with the marker size while the negative control revealed no band size
(Figure 1).
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Figure 1 Amplification of p-galactosidase gene from fungal isolates. SBO1 (A. oryzae from stream) SC01

(A. oryzae from pond), SA01 (A. niger from pond) and SC02 (A. niger from stream), M (Marker in
kilobase).

For efficient metabolic processes, microorganisms must be subjected to optimal conditions [23]. In
view of this, the optimal conditions for the secretion of p-galactosidase were rationally determined.
Temperature is one of the parameters that had been implicated in the efficient secretion of proteins in
microbial host factory whose optimization must be applied in order to improve protein secretion.
Additionally, secretion is another bottleneck encountered by microbial cell, as studies have indicated that
protein misfolding within the intracellular space adversely affects the efficient secretion of proteins
irrespective of the efficient synthesis of such protein. Therefore, these factors were considered to optimize
[-galactosidase secretion capability of the isolated organisms. At 25 °C, all the 4 fungal isolates produced
certain level of the enzyme. SB01 produced 22.6 and 11.5 U/mL extracellular and intracellular enzymes
respectively, which is the highest activity observed in all the strains examined. In addition to this, all the
strains showed gradual increase in enzyme secretion with the lowest secretion obtained in SA01 isolate
which produced 13.3 U/mL extracellular enzyme activity at 72 h of the culturing processes. SB01 showed
a geometric rise in intracellular accumulation of the enzyme while SC02 only showed 3.1 U/ mL
intracellular enzyme activity during the culturing processes (Figure 2).
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Figure 2 B-galactosidase production at 25 °C; A) Extracellular secretion. B) Intracellular synthesis. SB01
(A. oryzae from stream), SCO1 (A. oryzae from pond), SA01 (A. niger from pond) and SC02 (A. niger
from stream). Three parallel flasks are tested for each strain. Error bars represent deviations (n = 3).
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At 30 °C, extracellular $-galactosidase enzymatic activity was considerably lower compared to the
25 °C and intracellular enzyme secretion at same culturing temperature. For extracellular enzyme
secretion, SBO1 isolates produced 7.8 U/mL while SC02 produced 0.6 U/mL. There was also a decline in
the B-galactosidase production in SC01 at 60 h of the culturing processes (Figure 3A). The intracellular
enzyme activity also revealed that SB01 synthesized 15.1 U/mL at 36 h culturing processes and upon the
extension of the culturing period, the intracellular enzyme synthesis began to decline. SC02 also
synthesized minimal enzyme throughout the processes (Figure 3B).
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Figure 3 B-galactosidase production at 30 °C; A) Extracellular secretion. B) Intracellular synthesis. SBO1
(A. oryzae from stream) SCO01 (A. oryzae from pond), SA01 (A. niger from pond) and SC02 (A. niger
from stream). Three parallel flasks are tested for each strain. Error bars represent deviations (n = 3).

The observed increase in extracellular B-galactosidase secretion at 25 °C compared to 30 °C
suggests that lower temperature favors the regulation pattern of this enzyme and most especially its
synthesis within the intracellular space. Dragositis et al. [24], reported that lower temperature efficiently
enhanced heterologous protein secretion in Pichia pastoris by attenuating the folding stress responses.
Moreover, the observed increase in intracellular synthesis of f-galactosidase at 30 °C also suggests that
this temperature may affect the key organelles responsible for enzyme processing. More importantly,
protein secretion is a very complex process, encompassing multiple steps and thousands of genes [25].
The key gene aiding the intracellular synthesis and accumulation of p-galactosidase within the
intracellular space may be difficult to predict. Eukaryotic cells have developed responses to folding
proteins [26] which had been adopted in fungi as a means of alleviating protein misfolding [27].
Therefore, harnessing the potential of this mechanism may reduce B-galactosidase intracellular
accumulation, and hence optimizes its extracellular secretion at 25 °C.

The synthesis of B-galactosidase by the fungal isolates may also be directly linked to the carbon
source which the organism utilized for their metabolic activities. In fact, studies had revealed that
supplementation of carbon source could be a panacea for improving protein secretion [28]. In view of
this, carbon supplementation was harnessed in downstream processes as a means of improving the
enzyme production. Xylose supplementation into the fermentation medium produced B-galactosidase in
proportion varying from those on glucose-based medium, although there was also increase in enzyme
production throughout the culturing processes. At 72 h, SBO1 produced 11.2 U/mL while SA01 and SC01
produced approx. 8 U/mL extracellular enzyme only after 12 h of the culturing processes (Figure 4A).
Contrary to the findings on glucose-based medium, the intracellular enzyme synthesis was higher than the
extracellular secretion. Both SBO1 and SCO02 accumulated 24.3 and 17.7 U/mL B-galactosidase
respectively at 72 h (Figure 4B).
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Figure 4 Effect of xylose supplementation onfB-galactosidase activityat 25 °C; A) Extracellular secretion.
B) Intracellular synthesis. SBO1 (A. oryzae from stream) SCO1 (A. oryzae from pond), SAO0L (A. niger
from pond) and SC02 (A. niger from stream). Three parallel flasks are tested for each strain. Error bars
represent deviations (n = 3).

At 30 °C, the extracellular enzyme secretion was significantly lesser than the intracellular synthesis.
In all the fungal isolates examined, only SBO1 secreted minimal level of B-galactosidase at 36 h of the
culturing processes. Although other isolates also produced minimal enzyme activity, but towards the end
of the fermentation processes (Figure 5A). The intracellular synthesis at this incubation temperature was
significantly higher than the extracellular. At 12 h of the fermentation period all the isolates accumulated
certain level of B-galactosidase enzyme till the end of the fermentation period (Figure 5B).

Ry B
-’E‘ —a=— SB01 12+
5 10 —e— SA01 €
s T——sco1 510+
R " 2
T & 2 8
s e
g 6 e ¢
> £
& )
() g 4
k| 5
3 2
8 3 2
S g
: £ o
0O 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Time (H) Time (H)

Figure 5 Effect of xylose supplementation onf-galactosidase activityat 30 °C; A) Extracellular secretion.
B) Intracellular synthesis. SBO1 (A. oryzae from stream) SCO1 (A. oryzae from pond), SAO1 (A. niger
from pond) and SC02 (A. niger from stream). Three parallel flasks are tested for each strain. Error bars
represent deviations (n = 3).

Studies into the growth pattern and glucose utilization of the substrate revealed that the isolates
followed the same pattern in glucose utilization with 3 and 5 g/L residual glucose concentrations in SB01
and SAO01 as seen in (Figure 6B). Findings into biomass accumulation also revealed similar pattern with
19.1 in SBO1 been the highest cell density while other isolates demonstrated insignificant difference in
the growth at the end of the fermentation period (Figure 6A). On xylose-based medium, the highest
biomass accumulated at 72 h of the fermentation processes only reached 12.6 at ODgoo and the variation
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in growth pattern was insignificant to other isolates (Figure 6C) while the rate of substrate utilization was
minimal as indicated by the residual xylose concentration (Figure 6D).
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Figure 6 Cell growth and sugar utilization pattern of the isolates isolate; A) Cell growth on glucose based
medium, B) Residual glucose concentration, C) Cell growth on xylose based medium, and D) Residual
xylose concentration. SBO1 (A. oryzae from stream) SCOL (A. oryzae from pond), SAO0L (A. niger from
pond) and SCO2 (A. niger from stream). Three parallel flasks are tested for each strain at 30 °C. Error bars
represent deviations (n = 3).

The supremacy of glucose over xylose in extracellular secretion of the enzyme may not be
unconnected to the glycolytic pathway that is naturally present in the isolates which converts glucose to
the utilizable form for subsequent generation of ATP, and thus aiding the trafficking of this enzyme
within intracellular spaces. The study is in line with Sati and Bisht [29], who reported glucose as the most
preferred carbon sugar for biomass accumulation. In addition to this, the intracellular synthesis of this
enzyme at 25 °C on xylose supplementation compared well with the glucose counterpart. The reason for
this cannot be ascertained but there is prediction that the slow utilization of xylose favors the synthesis of
protein secretion but represses the key genes for either extracellular trafficking or for Unfolding Protein
Responses which begs for further study.

Conclusion

This study identified a filamentous fungus from an aquatic body as a promising source for -
galactosidase secretion, and that downstream optimization can be achieved through glucose optimization
for industrial application. The study also revealed that supplementation of xylose can result into
intracellular accumulation of the enzyme. Therefore, to alleviate the challenge, investigation into the
regulation pattern of key genes that are associated with folding and misfolding of proteins within the
cellular compartment during culturing processes is recommended as a means to upstream optimization.
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