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Abstract Excessive softening of fruits during the ripening
process leads to rapid deterioration. N-glycan processing
enzymes are reported to play important roles during fruit
ripening associated softening. Efforts have been made to
identify and purify B-D-N-acetyl hexosaminidase (B-Hex)
from strawberry fruit and also to investigate its function
during ripening. More than that, the postharvest treatment
effect of alginate oligosaccharides (AOS) at a concentra-
tion of 0.1 g L' on fruit firmness and the activity of
N-glycan processing enzymes were also investigated dur-
ing the storage of strawberry. Results demonstrated that the
full-length of f-Hex; and f-Hex, genes were 2186 and
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2013 bp, including an ORF of 1598 and 1724 bp and
encoding 532 and 574 amino acids with a predicted
molecular weight of 60 and 71 kDa, respectively. More-
over, B-hex enzyme activity and the expression of their
encoding genes increased during the ripening of straw-
berry. In addition, postharvest application of AOS delayed
the loss of firmness and suppressed the activity of N-glycan
processing enzymes (o-Man and [-Hex) along with
N-glycan processing enzymes associated genes expression
resulting in delayed fruit softening. Therefore, our study
suggests that N-glycan processing enzymes may play roles
in strawberry softening and AOS treatment suppressed
enzymes activity and preserve firmness of the fruit.

Keywords [-D-N-acetyl hexosaminidase - Cloning -
Identification - Characterization - Firmness - Softening -
Alginate oligosaccharide

Introduction

The garden strawberry (Fragaria x ananassa Duch)
belongs to the family Rosaceae, is one of the most
prominent and economically important fruit in the world. It
is highly appreciated by consumers due to attractive color,
delicious taste, distinct flavor and high nutritional quality
(Bose et al. 2019). Short shelf life and rapid softening
during ripening are the important post-harvest problems of
this fruit. Texture is one of the vital characters for fleshy
fruit because its linked to consumer’s sense of touch and
texture softening is associated with loss of firmness,
accelerating postharvest spoilage, challenging fruit trans-
portation and reducing quality and shelf life of fruit (Posé
et al. 2011). Hence, to fortify the texture of strawberry and
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Fig. 1 Protein N-Glycosylation
pathway in plants. ER:
endoplasmic reticulum; Apo:
apoplast. 1: Man8; 2: Man5; 3:
Man5Gn; 4: MGn; 5: GnGn; 6:
GnGnX; 7: GnGnXF3; 8:
MMXF3 (paucimannosidic
structure). GMI: Golgi-o-
mannosidase I; GnTI: N-
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to reduce postharvest loss during storage is of great
interest.

To reduce postharvest losses and enhanced shelf life,
strawberries are externally treated with chitosan (Gol et al.
2013), abscisic acid (Jiang and Joyce 2003), methyl jas-
monate (Saavedra et al. 2016), salicylic acid (Asghari and
Babalar 2009) and calcium chloride (Langer et al. 2019)
etc. It is shown that the use of different chemical com-
pounds such as imazalil (IMZ), pyrimethanil (PYR), flu-
dioxonil (FLU), thiabendazole (TBZ) etc. to prolong shelf
life and quality, enhance the risk of adding toxic substance
with fruit resulting in harmful impact on health and envi-
ronment (Palou 2018). Very recent, the use of natural non-
toxic compounds including chitosan (Chaiprasart et al.
2006), chitosan oligosaccharides (COS) (Yangiu et al.
2019), alginate oligosaccharides (AOS) (Bose et al. 2019)
for fruit storage and preservation, showing great prefer-
ence. Several reports revealed that postharvest treatment of
COS significantly delayed ripening and softening of aprium
(Ma et al. 2014), cherries (Kerch et al. 2011) and
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strawberries (Yanqiu et al. 2019). Similar with COS, AOS
also proved a nontoxic biostimulator and more useful for
maintaining fruit quality (Battacharyya et al. 2015; Bose
et al. 2019). AOS was prepared in our laboratory by
enzymatic hydrolysis from sodium alginate which was
extracted from brown algae (Bose et al. 2019; Huang et al.
2013). Recent report suggested that strawberry fruit treated
with AOS, prolong shelf life by delaying ABA accumula-
tion, and cell wall degradation (Bose et al. 2019).
Accordingly, studying the molecular process and ripening
associated softening of strawberry would be the main target
to extend the shelf life.

Considerable studies have reported that strawberry fruit
softening during ripening is widely accompanied with
enzymes mediated cell wall degradation and inhibiting the
activity of these enzymes such as polygalacturonase
(Quesada et al. 2009), pectin methyl esterase (Osorio et al.
2008), pectate lyase (Youssef et al. 2009) and endoglu-
canase (Mercado et al. 2010) are not sufficient for delaying
fruit texture softening. Possibly, there are many more
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factors including N-glycoprotein are participating in the
fruit softening process during ripening. The inhibition of
N-glycosylation can delay fruit ripening suggesting that
N-glycan processing may be play significant roles in the
ripening process (Priem et al. 1993). N-glycoproteins are
commonly found in the plant cell wall and extensively take
part in activity of different physiological mechanisms
including fruit ripening and softening (Bourque et al. 1999)
and free N-glycans appear as the antecedent of glycosyla-
tion or proteolysis of glycoprotein. These N-glycans are
responsible for the stability of several biological activities
of glycoproteins and can protect the protein from prote-
olytic degradation (Rayon et al. 1998). In plants, N-glycan
processing is initiated in the endoplasmic reticulum, the
below figure showing previously proposed protein N-gly-
cosylation pathway in plants (Bosch et al. 2013).

Recent report suggested that N-glycan processing
enzymes o-Mannosidase (a-Man) and B-D-N-acetyl hex-
osaminidase (B-Hex) bring out into open their involvement
in the ripening associated softening of different fleshy fruit
(Ghosh et al. 2010; Meli et al. 2010). For this reason,
among N-glycan processing enzymes, we have targeted the
B-Hex which degrades the N-glycan form N-glycoprotein,
that was found to play important roles in the fruit ripening
process. This enzyme was recently reported to take part in
the degradation of cell wall N-glycoprotein and generate
free N-glycans which accelerate ripening associated soft-
ening of tomato (Irfan et al. 2014) and pepper (Ghosh et al.
2010). B-Hex, the member of GH family 20 cleaves the
terminal N-acetyl-D-hexosamine residues and produce the
paucimannosidic N-glycans present in most of the plant
glycoproteins (Gutternigg et al. 2007; Strasser et al. 2007).
Previous report also suggested that the activity of B-Hex
are higher during fruit ripening and softening (Jagadeesh
et al. 2004), and fruit shelf life can be extended by
repressing the expression of f-Hex through RNA interfer-
ence. It is also noted that blocking the activity of B-Hex
enzymes, increased capsicum fruit shelf life due to the slow
degradation of N-glycoprotein resulting in delayed soft-
ening (Ghosh et al. 2010). However, till to date f5-Hex in
strawberry has not been identified, and the role of B-Hex
enzymes during ripening of strawberry remain unexplored.
So, their molecular functions need to be elucidated.

Therefore, in this study, we first report the cloning,
isolation, characterization and expression of B-Hex genes
in strawberry. Furthermore, we also examined [-Hex
enzyme activity during strawberry fruit postharvest stor-
age, explore the effect of AOS application on fruit firm-
ness, B-Hex, and another N-glycan processing enzyme o-
Man activity and related gene expression.

Materials and methods
Gene cloning and sequence analysis

Total strawberry RNA was extracted using TaKaRa
RNAiso Reagent (TakaRa, Dalian, China) and 1 mg of
total RNA was used as template for the synthesis of cDNA
by PrimeScript™ Ist Strand cDNA Synthesis kit (Takara)
according to the manufacturer’s instruction. The nucleotide
sequence was identified by sequencing (service provided
by BGI (Beijing, China) and the Open Reading Frame
(ORF) was mapped by using ORF finder (https://www.
ncbi.nlm.nih.gov/gorf/).  Gene-specific  primers were
designed and synthesized during this study are describe in
supplementary Table 1.

In order to subclone the gene of f-Hex; and f-Hex, into
the expression vector pPICZaA, the recombinant expres-
sion vector was constructed by RF-cloning following the
previously described method (Van and Lowe 2006). Mul-
tiple sequence alignments were performed with Basic
Local Alignment Search Tool (BLAST, https://blast.ncbi.
nlm.nih.gov/Blast.) on NCBI. Sequence domains were
analyzed using the online Simple Modular Architecture
Research Tool (SMART, https://smart.embl-heidelberg.de/
). Multiple alignments of amino acid sequences were per-
formed using the Vector NTI software program.

Expression and purification of recombinant protein

The recombinant plasmids were expressed into Pichia
pastoris X-33, and performed in Buffered Glycerol-com-
plex Medium (BMGY) and Buffered Methanol-complex
Medium (BMMY) media at 28 °C (1% yeast extract, 2%
peptone, 1.34% YNB, 4 x 107°% biotin, 0.1 mol L'
potassium phosphate, pH 6.0 and 1% glycerol or 0.5%
methanol as carbon sources, respectively). After expres-
sion, the harvested culture supernatant was purified using
Nickel-Nitrilo Triacetic Acid (Ni-NTA) SepharoseTM
excel chromatography resin (GE Healthcare, Amersham,
Sweden) and then verified by SDS-PAGE analysis.
PNGase F is the most effective enzymatic method for
removing almost all N-linked oligosaccharides from gly-
coproteins. The PNGase F enzymatic assay was performed
according to manufacturer’s instruction (New England
Biolab, UK).

Effects of pH, temperature and metal ions
on the activity of -Hex

The effects of pH, temperature and metal ions on the

activity of B-Hex were perfomred according to previously
described method (Jin et al. 2002). Briefly, the optimum pH
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for B-Hex1 and B-Hex2 activity was determined using
0.05 mol L™" p-nitrophenol (pNP) in 0.2 mol L™' NaAc-
HAc buffer (pH 3.0-8.0). The optimum temperature for the
B-Hex1 and B-Hex2 activity determination was performed
with 0.005 mol L™' pNP in 0.1 mol L' NaAc-HAc (pH
5.0) using incubation temperatures range from 20 to 70 °C
for 60 min.

For determination of metal ion effect on f-Hex1 and B-
Hex2 activity, a volume of 0.75 mL of B-Hex1 and B-Hex2
in 0.02 mol L™" Tris—=HCI (pH 7.5) was diluted with 0.25 g
L~ BSA and incubated for 2 h with 0.25 mL of 0.2 mol
L! Ethylene Diamine Tetra Acetic Acid (EDTA) con-
taining 0.5 mol L™' NaCl (pH 7.5). An incubation control
was made with 0.05 mol L™ Tris—HCI (pH 7.5) containing
0.5 mol L™ NaCl instead of EDTA. The EDTA-treated -
Hex-1 and B-Hex-2 was desalted using PD10 columns (GE
Healthcare) previously equilibrated with 0.1 mol L~'
NaAc-HAc (pH 4.5). Elution was performed with 2 mL of
equilibration buffer. The effect of metal ions was studied
by incubating 100 pL of desalted sample at room temper-
ature with 10 pL of 0.001 mol L™ concentrations of the
following salts: NaCl, CaCl,, CuSO4, MgCl,, MnCl,,
FeSO, and ZnCl,, respectively.

Plant materials and treatment

Commercially mature, uniform size and shape with
15-16 g weighted, more or less similar color without any
defect cultivated strawberries (Fragaria x ananassa
Duch) were collected from farmer’s field located at 39° 25’
to 40° 12’ N latitude and 122° 29’ to 123° 31’ E longitude
(Zhuanghe city, Liaoning Province, China) on April 2018.
A total of 180 randomly selected strawberries were divided
into two groups and each group consisted of 90 strawber-
ries and each replication contained 30 fruits.

AOS was prepared in our laboratory from sodium algi-
nate which was extracted from brown algae (viscosity, 250
cP). It was 69 h hydrolysate of Alg2A (an alginate lyase
from Flavobacterium sp. S20) and purified by a cation
exchange column. The degree of polymerization is 2-7 and
M/G is 7:3 (Bose et al. 2019; Huang et al. 2013). AOS
powder was weighted with the help of an electric balance
and dissolved in distilled water. Initially, 5 concentrations
of AOS (0.05, 0.1, 0.25, 0.5 and 1.0 g L_l) were used
during our previous study (Bose et al. 2019). Among these
five concentrations, AOS 0.05, 0.1 g L~ exhibited better
results compared to other treatments and we noticed that
AOS 0.1 g L™" treatment most effectively preserved fruit
quality and increased shelf life of strawberry. Based on our
previous studied results, we used 0.1 g L™' AOS as a
treatment and one control group in this experiment.
Between two groups of fruit, 1 group was treated with AOS
solution and other group was steeped with distilled water
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for 1 min and then placed on brown paper at room tem-
perature for drying surface liquid. Strawberries were stored
at 20 + 2 °C with 80 £ 2% relative humidity up to 6 days.
From each fruit group, 15 fruits were taken at every
alternate day for measuring the firmness and then cut into
small pieces, group wise packed with aluminum foil,
immediately dipped in liquid nitrogen and then stored at —
80 °C for enzyme activity analysis.

Determination of flesh firmness

Fruit flesh firmness was determined by “TA.XT.plus
Texture Analyser” (Stable Micro Systems Ltd., Surrey
UK). At every alternate day, 15 fruits from each treatment
group were used for firmness determination. Fruits were
longitudinally divided into two equal parts and two mea-
surements were done on opposite sides of each fruit by
penetrating the probe at a distance of 5 mm into the fruit
with pre- and post-test speed 1 mm s~'. The firmness of
fruits was estimated from maximum penetration force of
probe while breakage of fruit tissues and average value was
expressed as Newton (N) (Fig. 1).

Strawberry in-vivo enzymes (2-Man and f-Hex)
activity determination

o-Man and B-Hex enzymes activity were determined
according to the method described by Jagadeesh et al.
(2004) with some modifications. Briefly, 5 g frozen
strawberry fruits were ground in liquid nitrogen with the
help of mortar and pestle. Transfer 2.0 g fruit powder in a
50 mL centrifuge tube and suspended with 10 mL of
0.1 mol L™" sodium acetate (NaAc) buffer (pH 4.5) con-
taining 0.5% polyvinylpyrrolidone (PVP), then kept over-
night at 4 °C. The supernatant was collected by
centrifugation at 10,000xg for 15 min at 4 °C and col-
lected liquid was used as crude enzyme for enzyme activity
determination. A volume of 50 pLL NaAc (0.1 mol Lfl)
buffer (pH 4.5) and 200 pL of substrate (pNP-o-Man and
pNP-GIcNAc, 1 mm Lfl) was taken in a 2 mL tube,
heated in a water bath at 37 °C for 5 min, then 50 pL of
crude enzyme was added to the tube, and again heated for
15 min at 50 °C. The reaction was terminated by adding
1 mL of 0.5 mol L™! sodium carbonate, after 5 min the
absorbance was measured at 410 nm. P-nitrophenol was
used as standard for calculation of enzyme activity. One
unit was defined as 1.0 Ay unit mgjl sample.

Real-time quantitative PCR (RT-qPCR) analysis
For RT-qPCR analysis, 5 pL. Monad PCR mix (Monad

Biotech Co. Ltd, Shanghai, China), 1 pL of each gene
specific forward and reverse primer, 2 pL. cDNA, and 1 pL.
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Diethyl Pyrocarbonate (DEPC) water were mixed together
in a final volume 10 pL. The nucleotide sequences of the
primer pair used for each gene in this study are presented in
supplementary Table 1. DNA amplification was conducted
by using RT-qPCR machine (qTOWER 2.2, Analytik Jena
AG, German) under following thermocycling conditions:
94 °C for 10 min followed by 40 cycles at 94 °C for 10 s
and at 60 °C for 1 min, finally melting for 0.06 s. 26S—18S
was used as reference gene to normalize small differences
in the amount of the used template. The specificity of the
PCR amplification was confirmed with a melt curve anal-
ysis. The relative expressions of desire genes were ana-
lyzed using the 272" formula (Livak and Schmittgen
2001).

Statistical analysis

The present study was conducted by using completely
randomized design with three replications. The collected
data were compiled and analyzed by using SPSS 22.0
(IBM, New York, USA) software. The level of significant
difference was considered at P < 0.05 and P < 0.01.

Results and discussion
Cloning of strawberry p-Hex

The function of f-Hex during ripening and softening were
observed by cloning the genes from strawberry using
degenerate primers and then consistently evaluated their
activity. The sequencing results showed that they share 98
and 97% similarity with PREDICTED Fragaria Vesca
subsp. Vesca f-Hex; (XM004307513) and f-Hex, base
sequence (XM004301762), respectively. The full-length of
fB-Hex; and f-Hex, were further cloned. The length of f-
Hex; gene is 2186 bp (Supplementary Fig. 1 a, i.e. Fig. S1
a), including an ORF of 1598 bp (449-2047 bp), encoding
532 amino acids with a predicted molecular weight of
60 kDa (Fig.S1 b). The length of fi-Hex, gene is 2013 bp
(Fig. S1 a), containing an ORF of 1724 bp (244-1968 bp),
encoding 574 amino acids with a predicted molecular mass
of 71 kDa (Fig. S1 b). Their C-terminal is the Glycohydro
20 domain, as shown in supplementary Fig. 2 (Fig. S2),
indicating that f/-Hex; and f}-Hex, are members of the GH
20 family. Our findings also validated previously reported
results that after cloning and functional characterization of
p-Hex from capsicum fruit, it was noted that f-Hex is the
member of GH family 20 which cleaves the terminal -D-
N-acetylglucosamine residues of N-glycans (Cao et al.
2014; Ghosh et al. 2010).

The phylogenetic analysis of - Hex

The nucleotide sequence identity analysis of the two f-Hex
genes were carried out in NCBI data using blastx program,
and the amino acid sequences encoded by the ORFs of Pp
f-Hex; and Pp f-Hex, were named Fragaria vesca Hex;
(FvHex;) and Fragaria vesca Hex, (FvHex>).

FvHex, had high similarity to Nicotiana sylvestris Hex;
(75%) and Brassica rapa Hex; (74%), and FvHex, had
high similarity to Prunus persica Hex, (87%) and Pyrus
bretschneideri Hex, (80%). The sequences of all the genes
mentioned above were used for multiple alignment analysis
(Fig. 2). Results showed that FvHex; and FvHex, belongs
to two different branches, and along evolutionary distance
existed in different branches, with only 28.0% of sequence
identity between FvHex; and FvHex,. Similar to our
research, differences in structure and function was also
reported in several previous study such as PpHex; and
PpHex; in peach fruit (Cao et al. 2014), AtHex; and AtHex,
in Arabidopsis (Liebminger et al. 2011).

Purification and identification of recombinant f-
Hex; and p-Hex,

Both FvHex; and FvHex, were expressed and purified
successfully, with molecular weight between 70 and
90 kDa, which was larger than the theoretical molecular
weight (69.54 kDa/71 kDa), indicating the presence of
N-glycosylated sites in both enzymes (Fig. S3 a and b). For
the purpose of confirmation that the recombinant B-Hex
were N-glycosylated modified proteins, the purified B-Hex
was digested with the glycosidase PNGase F under native
and SDS-PAGE (Fig. S3 c). The molecular weight of B-
Hex1 and B-Hex?2 decreased to 70 kDa, which is consistent
with the theoretical molecular weight (69.5 kDa), indicat-
ing that both B-Hexl and B-Hex2 are N-glycosylated
modified protein, and the N-glycan branching may not
introduce steric hindrance. Under natural conditions, the
glycosidase PNGase F can approach the glycosylation site
and excise the glycan.

Characterization of FvHex; and FvHex,

The activity of B-Hex1 and B-Hex2 increased gradually at
temperature range from 20 to 50 °C and then decreased
(Fig. 3a, b). From our result we noticed that the f-Hexl
and B-Hex2 both enzymes showed maximum activity at
50 °C. This result was agreement with previously descri-
bed results obtained by purification and characterization of
B-N-acetyl hexosaminidase from rice seeds and also noted
that the purified enzyme showed the highest activity at
50 °C and was stable at 2040 °C (Jin et al. 2002).

@ Springer



626

J Food Sci Technol (February 2021) 58(2):621-631

| ADU20405.1_Capsicum_annuum Hex!

2009

52

NP_001311538.1_ Capeicum_annuum hex2
XP_0097730221_Nicotiana_sytvectris hex2
NP_001234608.1_ Solanum_ycopersicum hex!
NP_001234608.1_ _Solanum_lycopersicum hex{
L— XP_009118582 1_Brassica_rapa hex?
“l= XP_010276360.1_Nelumbo_nucifera hex2
— XP_015887787.1_ Ziziphus_jujuba hex2
2 (| r AGCO0493.1_Prunus_persica hex2

‘{ XP_004301810.1_Fragana_vesca_subsp._vesca hex2

XP_009365067.1_Pyrus_x_bretschneiden hex2

L XP_0177022%4.1_Phoenix_dactfera her?
XP_010037513.1_Eucalyphus_grandis hex2

[ KMT21917.1_Clostridum_cylncosponum_DSM_605 hex
|

XP_009769884.1_Nicotiana_syvectric hex!
XP_009139188.1_Brassica_rapa hex1
XP_018732861.1_Eucalyptus_grandis hexf
XP_008810522.2_Phoenix_dactylifera hex!
XP_015871439.1_partia_Ziziphus_jjuba hext
XP_009357661.1_Pyrus_x_bretschneiden hex!
AFP90754.1_Prunus_persica hext
XP_010253321.1_Nelumbo_nucifera hext

8

XP_004307561.1__Fragana_vecca_subsp._vesca hex!

AEE17050.1_Treponema_brennaborense_DSM_12168 hex

WP_010894601.1_Xylela_fastidiosa hex

—_—

02
Ve

WP_004247099.1_MULTISPECIES hex_Proteus
“ _{ i WP_011848533 1_Actinobacilus_plewpneumoniae hexf
. WP_013746766.1_ Gallibacterium_anatis hex

%

Fig. 2 Phylogenetic tree of Fragaria vesca subsp. Vesca -Hex, and [-Hex,

The effect of pH on the activities of the enzymes was
examined using the corresponding p-nitrophenyl glyco-
sides as substrates. The optimum B-Hexl activity was
noted at pH 4.0 whereas for -Hex2, it was 5.0 (Fig. 3c, d).
Our results validated previously described result and they
reported that the maximum activity of pNP-GIcNAc was
showed at pH 5.0 and activity of this enzyme was stable at
pH 5.0-5.5 in rice seeds (Jin et al. 2002).

To specify the effect of metal ions on enzyme activity,
we performed the enzyme reaction under standard condi-
tion. Enzyme activity in the absence of any metal ions was
considered as 100%. The effect of various metal ions on
the B-Hex enzyme activity is presented in Table 1. Among
the studied metal ions, the highest enzyme activity was
recorded from Mn*" in respect of both p-Hex1 and p-Hex2
whereas the enzyme activity was strongly inhibited in the
presence of Cu”" and Zn>" in case of B-Hex1 and p-Hex2,
respectively. Metal ions play important roles in the bio-
logical function of many enzymes. Different metal ions had
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inhibitory and enhanced effect on B-Hex enzyme activity
was reported by several researchers in many crops. For
instance, B-Hex enzyme activity strongly inhibited by
Ag>t, Cu®" and Fe’ " in wheat leaf (Barber and Ride 1989)
and enhanced by Mn”>*, Mg®" and Ca®" in pea (Harley and
Beevers 1987).

In order to clarify the effect of N-glycosylation on the
activities of B-Hex1 and B-Hex2, the activities of B-Hex1
and B-Hex2 were detected before and after PNGaseF
enzyme treatment. PNGase F is a highly active enzyme that
can be used to efficiently deglycosylate N-linked glyco-
proteins for characterization of glycan structure and func-
tion, as well as for glycan-site identification. N-Glycans
were removed by using PNGaseF (New England Biolabs,
Ipswich, Massachusetts, USA) under denaturing condi-
tions, according to the supplier’s instructions and visual-
ized by SDS-PAGE (Fig. S3 c). The results revealed that
the activities of B-Hex1 and B-Hex2 were decreased by
10.03 and 27.48% of the activity of correspondence
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Table 1 Effect of metal ions on . . .. . .
B-N-acetyl hexosaminidase Metal ions Relative activity (%) B-Hex1 Relative activity (%) B-Hex2
from strawberry Control 100 100
Na® 76.5 £ 1.99%* 70.8 £ 0.18%*
Mg>+ 65.96 £+ 0.66** 78.3 £ 0.57%*
Ca™* 67.0 & 0.07** 100.7 £ 0.72™
Fe** 82.7 £ 2.47%* 105.5 + 0.26"
Zn*" 13.5 + 0.17%* 26.4 £+ 0.06%*
Ccu*t 13.48 + 0.36** 542 + 1.28%*
Mn?*+ 108.5 &+ 0.11%** 116.4 + 0.45%*

Data represent the means + SE (Standard Error). B-Hex activity was relative to the control (100%). The *
and ** represent means significantly different according to T test at P < 0.05 and P < 0.01 level,
respectively and ™ mean not significant

glycoprotein, respectively indicating significant influence
of glycosylation on the enzyme activity. Previous report
noticed that B-Hex is a cell wall glycoprotein which is able
to cleave terminal B-D-N-acetyl glucosamine residues of
N-glycans (Ghosh et al. 2010) but they didn’t provided any
direct evidence. In our research we, first time provided
direct evidence that the B-Hex enzyme is a glycoprotein
which validated previous results.

p-Hex enzyme activity and related gene expression
To know the probable function of B-Hex enzyme in

ripening associated softening, activity and encoding gene
expression was observed. The result showed that the B-Hex

enzyme activity increased during ripening of strawberry
fruit (Fig. 4a). Similar trend of results was also reported
previously in capsicum fruits and noted that this enzyme
activity was higher during ripening and silencing of this
enzyme activity reduced softening resulting in enhances
fruit shelf life (Ghosh et al. 2010). The expression level of
f-HexI and f-Hex2 genes were also increased (Fig. 4b, c)
during ripening of strawberry. Our results were also similar
with previously reported results that f;-Hex gene expression
was higher during ripening of peach fruits and suppressing
the expression of these genes increased shelf life of fruits
(Cao et al. 2014). All these results indicated that f-Hex
play crucial role in ripening and ripening associated soft-
ening of fruits during postharvest storage.
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Fig. 4 a B-Hex enzyme activity
and gene expression analysis of
b f-Hexl, ¢ f-Hex2 during
storage of strawberry fruits.
Data represent the means £ SE.
The * and ** represent means
significantly different according
to T test at P < 0.05 and
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Effect of AOS on fruit firmness

AOS has been reported to play important roles on fruit
quality preservation. To understand the possible effect of
AOS during strawberry fruit ripening and softening, we
also studied the fruit firmness. Enhancement of desirable
texture during storage and ripening of strawberry is the key
to prolonging shelf life. Fruit firmness closely associated
with softening, is one of the vital quality indices. Imme-
diately after AOS treatment, both treated and untreated
fruits showed same firmness and it decreased during pro-
long storage period. It was observed that AOS at a con-
centration of 0.1 g L™" significantly (P < 0.05) delayed the
loss of firmness compared to untreated fruit (Fig. 5a) and
after 6 days of storage the higher firmness was noted from
AOS treatment. Previous report suggested that fruit soft-
ening closely linked with cell wall degradation and modi-
fications resulting from the activity of some cell wall
degenerating enzymes (Brummell 2006). COS postharvest
treatment could delay the firmness reduction of strawberry
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Fully ripe stage

(Kerch et al. 2011; Yanqiu et al. 2019) and aprium fruit
(Ma et al. 2014). In our result, we also observed that AOS
postharvest treatment had a good efficiency to retain
firmness of strawberry fruit.

AOS effect on f-Hex enzyme activity and related
gene expression on strawberry ripening

To know the probable function of AOS on -Hex enzyme
activity during ripening associated softening, their encod-
ing gene expression was observed after AOS postharvest
treatment. In this experiment, our result showed that B-Hex
enzymes activity increased during ripening and noted
maximum after 6 days of storage whereas fruit treated with
AOS significantly (P < 0.05) inhibited the B-Hex enzymes
activity (Fig. 5b). Previous study reported that inhibition of
B-Hex enzymes activity, increase fruit shelf life and delay
the softening of tomato (Meli et al. 2010) which validated
our results. So, results suggested that AOS have great
potential to inhibit B-Hex enzymes activity, as a result
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higher firmer fruit was obtained during storage compared
to control.

Furthermore, we also examined the expression of B-Hex
encoding gene expression during storage of strawberry and
our results revealed that gene expression increased with the
time of storage period which is consistent with enzymes
activity. AOS at a concentration of 0.1 g L™" had inhibiting
effect on both §-Hex; and [5-Hex, genes expression during
storage. AOS treatment significantly (P < 0.05) restrained
p-Hex; gene expression during 4 days of storage (Fig. 5c),
but in respect of f-Hex,, significantly (P < 0.01) sup-
pressing effect of AOS treatment was recorded during
entire storage period (Fig. 5d). Previous report suggested
that, when peach fruit treated with ethylene antagonist like

Days After Storage (DAS)

2-Acetaindo-1,2-dideoxynojirimycin (2-AND), reduced the
B-Hex enzyme activity as well as suppressed the B-Hex
encoding gene expression resulting delayed ethylene pro-
duction and softening of fruit (Cao et al. 2014). In our
study, we noted that after AOS application, -Hex enzyme
activity as well as encoding genes expression were sup-
pressed resulting in delayed fruit softening and increased
shelf life. Considering the role of f-Hex enzymes in rela-
tion to fruit firmness and softening, another N-glycan
processing enzyme (o-Man) activity and related gene
expression were also investigated during storage after AOS
postharvest treatment.
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AOS effect on a-Man enzyme activity and related
gene expression

o-Man is another N-glycan processing enzyme, member of
the glycosyl hydrolase 38 (GH 38) family enzyme (Fig. S4)
and its activity was shown to increase during ripening of
several fruit including tomato, capsicum, mango, papaya
(Ghosh et al. 2010; Hossain et al. 2009; Meli et al. 2010;
Priya and Prabha 1997). To know the possible role of o-
Man in strawberry fruit softening during storage, a-Man
enzyme activity and related gene expression was observed.
During storage, o-Man enzyme activity increased and
noted maximum after 6 days of storage. Our results
showed that AOS treatment significantly (P < 0.05)
repressed the o-Man enzyme activity (Fig. 5e). Similar
result was previously reported in case of tomato fruit
ripening and they also noticed that suppression activity of
o-Man enzyme, increase fruit shelf life and delay the
softening (Meli et al. 2010). In our study, we observed that
AOS postharvest treatment inhibited the activity of this
enzyme, as a result higher firmer fruit was obtained during
storage compared to control.

In addition, we assessed the expression of o-Man
encoding gene expression during storage of strawberry and
our results revealed that gene expression increased with
prolong storage period which is similar with enzymes
activity. AOS at a concentration of 0.1 g L™ significantly
(P < 0.05) repressed the expression of o-Man gene during
storage i.e. untreated fruit exhibited higher expression
compared to AOS treated fruit throughout the storage
period (Fig. 5f) which implied that AOS suppressed the o-
Man encoding gene expression. Our results were in line
with previously reported results in capsicum fruit and noted
that this enzyme encoding gene expression was higher
during ripening and silencing of this gene reduced soften-
ing resulting in enhances fruit shelf life (Ghosh et al. 2010).
The possible reason is that AOS postharvest treatment
hinders both enzyme activities during storage of strawberry
fruit. Above results suggested that o-Man and -Hex genes
play important roles in softening of strawberry fruit and
AOS showed obvious inhibition effect against these
enzymes and encoding genes resulting delay softening. The
commercial ways to improve shelf life and delay softening
of strawberry fruit and comparison of our results with
previous literature are present in supplementary table 2.

Conclusion
In our study, we have cloned, purified and characterized
N-glycan processing enzyme encoding gene f3-Hex from

strawberry fruit for the first time. In addition, we examined
the activity of this enzyme along with another N-glycan

@ Springer

processing enzyme o-Man during storage. Their increasing
activity and gene expression implied that they involved in
the regulation of strawberry postharvest softening. AOS
postharvest treatment has a good effect on retaining
strawberry firmness, it also exerts obvious inhibition effect
on the expression and activity of this N-glycan processing
enzymes, which further validates N-glycan processing can
be targeted for the improvement of shelf life in strawberry
fruit.
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