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Abstract
Response of culturable microbes on the surface of apples treated with slightly alkaline electrolyzed water (SAIEW) is largely 
unexplored. Thus, the aim of this study was to characterize culturable microbes on the surface of SAIEW treated ‘Granny 
Smith’ apples using conventional and molecular approach. Results showed that SAIEW treatments and storage duration 
influenced culturable microbes isolated from the surface of ‘Granny Smith’ apples stored at 5 °C for 21 days. Enterobacterial 
repetitive intergenic consensus (ERIC-PCR) analysis distinctively identified 27 groups of bacteria from 56 plate isolates. 
Using random amplified polymorphic DNA (RAPD-PCR) typing and RAPD1283 primers, 10 distinct band patterns were 
identified from 30 fungal isolates. Sequencing of 16S rRNA and intergenic spacer (ITS1 and ITS4) region, identified eight 
bacteria and four fungi, respectively, to species level. Study showed that SAIEW treatment inhibited growth of Staphylococ-
cus epidermidis, S. capitis, Ochrobactrum soli, and Aspergillus inuii on the surface apples during storage.
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Introduction

Postharvest diseases destroy 10–30% of the total yield of 
fruit and vegetable crops during handling, transportation, 
storage, and marketing. Therefore, preventing the prolif-
eration and development of post-harvest microbial spoilage 
and pathogens during storage is an important challenge for 
maintaining apple fruit quality and safety. Domesticated 
apple (Malus × domestica Borkh) belongs to the Rosacea 
family, and Pyreae tribe. Apples are rich source of dietary 
fibre, polyphenols, flavonoids and antioxidant activity (Wang 
et al., 2015). Postharvest apple fruit surface is colonized by 
several different microorganisms (Abdelfattah et al., 2016; 
2021), and during long-term storage it is susceptible to spoil-
age and infections by several fungal pathogens.

Chlorine-based solution prepared commercially from 
sodium hypochlorite (NaOCl) with concentrations ranging 
from 5 to 200 mg/L is the most used sanitizing agent for 
washing fresh produce including apples and has been author-
ized for use by the South African Foodstuffs, Cosmetics 
and Disinfectants Act. At effective concentration treatment 
with NaOCl results in a reduction of pathogens on fresh 
produce (Issa-Zacharia et al., 2011). At higher concentration 
for increased effectiveness may cause product tainting, and 
result in the deposition of chemical residues on the product. 
The risks of chemical residues on fresh ready-to-eat product 
have raised public health concerns regarding the use of chlo-
rinated water treatments, leading to additional regulatory 
barriers, limitations, safety, and regulations for the usage 
(Nan et al., 2019). This heightened the need for effective, 
environmentally friendly, and low-cost preservation alterna-
tives for apple fruit.

Electrolyzed water (EW) has been shown to possess 
excellent antimicrobial properties against several microbial 
pathogens, and it is gaining popularity in the food industry 
(Yang et al., 2020; Youssef and Hussien, 2020). It is pro-
duced through the electrolysis of salt solution in a cham-
ber with an anode and a cathode separated by a diaphragm 
membrane (Iram et al., 2021). Through the electrolysis pro-
cess, two different characteristics streams of active water 
are produced: (a) alkaline electrolyzed water (AIEW) side 
and (b) acidic electrolyzed water (AEW) from on the cath-
ode and anode side, respectively (Huang et al., 2006; 2008; 
Iram et al., 2021). On the other hands, systems without a 
membrane generate a neutral electrolysed water (Han et al., 
2018). Forghani et al. (2015) and Lee et al. (2022) reported 
on the efficacy of slightly-AEW for the microbial decon-
tamination of Kashk and virucidal effect on human norovi-
rus. Recently, Nyamende et al. (2022) showed that slightly 

alkaline electrolyzed water (SAIEW) was effective in reduc-
ing the natural microbial load on ‘Granny Smith’ apples. 
However, the authors did not characterize the microbial 
colonies found on the plates to understand the shift in the 
microbial community on the apple surface.

According to Wassermann et al. (2019a), the apple fruit 
surface is teeming with a wide variety of spoilage or patho-
genic microorganisms, which are closely associated with 
fruit postharvest deterioration. Recent studies have shown 
that different apple fruit harbour distinctly different nature 
fungal and bacterial communities that vary in diversity and 
abundance (Abdelfattah et al., 2016; 2021). Many techniques 
have been developed for the identification of microorgan-
isms. This includes the use of conventional morphology 
and molecular methods. Molecular tools allow for rapid and 
accurate identification of microbial populations. Polymer-
ase chain reaction (PCR) is a molecular based technique 
that provides researchers with a simple, economic and fast 
approach for microbial characterization to genus and species 
level (Yao et al., 1996). PCR-based deoxyribonucleic acid 
(DNA) fingerprinting techniques are rapid, having moderate-
to-high sensitivity and are cost-effective compared to DNA 
sequencing and metagenomics. In addition, this fingerprint-
ing approach allows for multiple samples to be analysed at 
the same time (Cellier et al., 2020). Molecular fingerprinting 
via DNA have been demonstrated to distinguish between 
microbial communities, however, this approach may not 
provide phylogenetic information in some instances (Singh 
et al., 2019). Furthermore, PCR techniques based on the 
amplification of ribosomal RNA genes (16S rRNA), enter-
obacterial repetitive intergenic consensus (ERIC), random 
amplified polymorphic DNA (RAPD) and the non-coding 
internal transcribed spacers (ITS) region have been success-
fully used to characterize microbiota on diverse substrate 
(Farzi et al., 2019; Sadeghian et al., 2016; Wassermann 
et al., 2019b).

Based on previous findings on the efficacy of SAIEW 
treatment to reduce microbial load on ‘Granny Smith’ apples 
reported by Nyamende et al. (2022). Thus, this is study 
tested the hypothesis that SAIEW treatment will result in 
a shift in microbial community on the surface of ‘Granny 
Smith’ apples. Therefore, the aim of this study was to use 
a combination of conventional and molecular approach to 
characterize the microbial community on the surface of 
‘Granny Smith’ apples. Set objectives were: (a) to compare 
the shift in microbial profile on the surface of the treated and 
untreated apple fruit during cold storage; and (b) to identify 
predominant microbial community on the apple fruit surface 
via 16S rRNA and ITS region sequencing.
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Materials and methods

Plant materials and postharvest treatment

Fresh ‘Granny Smith’ apples (Malus domestica) were 
harvested at commercial maturity from the Agricultural 
Research Council (ARC) Elgin Research Farm, Grabouw, 
South Africa. Maturity index was based on total soluble 
solids (TSS) = 10.66° Brix. Harvested fruits were trans-
ported in cool trucks from the farm to the Post-Harvest 
iQ Laboratory, ARC Infruitec-Nietvoorbij, Stellenbosch, 
where they were sorted upon arrival. Only mature, healthy, 
and unblemished fruits were selected and stored at 0.5 °C 
for 3 months, prior to pre-treatments and quality analysis.

The SAIEW was generated by electrolysis of a com-
bined solution of dilute hydrochloric acid in the range 
0.001–0.9% and sodium chloride using ELA-12 000ANW 
system (ECA Technologies, Envirolyte, South Africa). The 
solution flows through an electrolytic cell at 2 mL/min; 
3.8–3.9 V, and amperage 10 A. The electrolyte was diluted 
with micro-filtered tap water at a flow rate of 4 L/min 
until available chlorine concentration (ACC) of 500 mg/L, 
oxidation-reduction potential (ORP) > − 800 mV, and 
pH = 10–11.5 was attained. ACC and ORP, and pH were 
measured immediately after production using an ORP 
meter (HM-60 V, TOA Electronics Ltd., Tokyo, Japan) 
and pH meter (D-22, Horiba, Kyoto, Japan), respectively. 
The AIEW was collected at low temperature (4 °C) and 
used immediately in the study.

All treatment solutions were diluted to desired concen-
trations prior to dipping the apples and untreated samples 
were considered as controls. For standard commercial 
treatment food grade sodium hypochlorite (NaOCl, 11.5% 
M/V, Protea Chemicals, Sandton, South Africa) solution 
was used. Selected dipping duration for this study was 
based on the average processing time between receiving 
to sorting apples in chlorinated water in the pack-house. 
Description of treatments and abbreviations as used fur-
ther in this study are presented in Table 1. All samples 
were stored at 5 °C with 90 ± 2% RH for 21 days and sam-
ples were taken for analyses on days 0, 7, 14, and 21. 
The storage conditions selected for this experiment was 
to mimic the packhouse holding rooms or facility for fruit 
dispatch or bulk distribution.

Microbial analysis and morphological 
characterization

Each whole apple fruit was submerged in 0.85% physio-
logical saline (PS) solution in a 600 mL beaker and kept on 
an orbital shaker at 120 rotations per min (rpm) for an hour 

at 28 °C. Three-fold serial dilutions were prepared using 
1.0 mL of the inoculum solution transferred into 9.0 mL of 
sterile PS. Surface area (95.7 cm2 ± 4.53) of the ‘Granny 
Smith’ apples was estimated based on the approach 
reported by Clayton et al. (1995). In this study, different 
selective growth media were not used, because this would 
result in over amplification of specific microorganisms and 
surpress or eliminate others. Therefore, for total aerobic 
bacteria, plate count agar (PCA, NutriSelect®Plus, Merck 
(Pty) Ltd., Johannesburg, South Africa) was used, while 
for the yeasts and molds potato dextrose agar (PDA) sup-
plemented with streptomycin (NutriSelect®Plus, Merck 
(Pty) Ltd., Johannesburg, South Africa) was used. Plates 
were incubated for 3–5 days at 25 °C for yeasts and molds, 
and 2 days at 30 °C for aerobic-mesophilic bacteria.

After plate count was completed, each typical colonies 
were differentiated based on their morphological and micro-
scopic features on solid media, colonies were assessed on 
criteria based on Christopher and Bruno (2003), Sousa et al. 
(2013), and Salo and Novero (2020). After preliminary 
identification, pure colonies were sub-cultured and freeze 
cultures prepared. Freeze cultures were prepared in a 1:1 
ratio, i.e., 900 µL of 60% glycerol (Merck (Pty) Ltd., Johan-
nesburg, South Africa) and 900 µL of the isolated culture, 
under sterile conditions and thereafter stored at -80 °C at the 
ARC Infruitec-Nietvoorbij Gene Bank, Stellenbosch until 
further analysis.

Isolation and inoculum preparation

Freeze cultures were removed from the Biobank, and bac-
teria samples were spotted onto both PCA and De Man, 
Rogosa and Sharpe (MRS agar, Merck (Pty) Ltd., Johan-
nesburg, South Africa). MRS agar was included to confirm 

Table 1   Description of dipping treatments applied on ‘Granny Smith’ 
apple before cold storage and abbreviations used in the study

SAI-EW slightly alkaline electrolyte water, NaOCl sodium hypochlo-
rite (NaOCl, 11.5% M/V)
*Selected dipping duration for this study was based on the average 
processing time between receiving to sorting apples in chlorinated 
water in the pack-house

Active compound Treatment(s) Treatment(s) 
abbreviation

Concentration 
(mg/L) 

Dipping dura-
tion (min)* 

NaOCl 200 10 C1
NaOCl 200 15 C2
SAI-EW 300 10 EW1
SAI-EW 300 15 EW2
SAI-EW 200 10 EW3
SAI-EW 200 15 EW4
Non-treated – – Control
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presence of lactic acid bacteria. For the yeasts and molds, 
Yeast Mold (YM) agar (Merck (Pty) Ltd., Johannesburg, 
South Africa) was used as the general media for cryo-pres-
ervation (universally used by biobanks). All spotted plates 
were incubated for 3–5 days at 25 °C for yeasts and molds, 
and 2 days at 30 °C for bacteria. Single culture colonies 
from the spotted plates were inoculated into YM broth (for 
the cultivation of yeast and mold), and into PCA broth (for 
bacteria). Both broths were incubated for 3–5 days at 25 °C 
for yeasts and molds, and PCA broths for 2 days at 30 °C for 
aerobic-mesophilic bacteria.

Genomic extraction

For genomic extraction, lithium acetate (LiOAc) and sodium 
dodecyl sulfate (SDS) (Separation Scientific, Honeydew, 
South Africa). were used. Total genomic deoxyribonucleic 
acid (DNA) from yeast and bacteria were isolated using the 
LiOAc-SDS lysis extraction method as described by Pulpi-
pat et al. (2013). Bacterial cell pellet was suspended in 200 
µL of 200 mM LiOAc 1% SDS solution and incubated for 
15 min at 70 °C. A volume of 500 µL of 96% ethanol was 
added for DNA precipitation. Samples were mixed briefly, 
and DNA was collected by centrifugation (Eppendorf 
microcentrifuges 5425 R, Stevenage, UK) at 13,800×g for 
5 min. The supernatant was removed, and the DNA pellet 
was washed with 500 µL of 70% ethanol to remove some 
salts from the pellet and centrifuged again at 13,800×g for 
5 min. Thereafter, the DNA pellets were dried at 26 °C and 
then suspended in 30 µL Tris-EDTA (TE) buffer (Separa-
tion Scientific, Honeydew, South Africa). The cell debris 
was removed by centrifugation at 13,800×g for 15 s and the 
supernatant was used for PCR template.

Molecular characterisation of the isolates

PCR—ERIC and internal transcribed spacers (ITS)

Total bacteria genomic materials were amplified using 
ERIC1 and ERIC2 (Supplementary, S-Table 1) to identify 
the bacterial population. The ERIC-PCRs were carried out 
in a 25 µL reaction volume that contained 2 µL DNA tem-
plates according to Sallman et al. (2018). Fungal DNA were 
amplified by PCR according to a method described by Sia-
voshi et al. (2018) with primers ITS1 and ITS4 (S-Table 1). 
ITS-PCR were carried out in volumes of 50 µL comprising: 
1 µL of the DNA template, 10× amplification buffer with Mg 
(Separation Scientific, Honeydew, South Africa); a 2.5 mM 
dNTP (Separation Scientific, Honeydew, South Africa); 25 
mL MgCl2; ITS1 and ITS4 primer (IDT, Whitehead Scien-
tific, South Africa); 20 mg/mL bovine serum albumin (Mil-
liporeSigma Chemical Co., St Louis, MO, USA); 5 u/µL 

super-therm polymerase (Separation Scientific, Honeydew, 
South Africa) and addition of distilled water.

Both PCR was performed using a programmable ther-
mal cycler with heated lid (Techni, 3Prime, LASEC, South 
Africa). Amplification conditions were as follows: initial 
denaturation at 95 °C for 7 min; samples held at 75 °C for 
1 min; followed by 35 cycles of denaturation at of 94 °C for 
5 min and 35 cycles of 94 °C for 1 min, 54 °C for 1 min, and 
72 °C for 5 min followed by a final extension of 72 °C for 
10 min. The samples were maintained at 4 °C until analysis 
by gel electrophoresis.

Amplification of 16s ribosomal DNA

Bacterial rRNAs were amplified by PCR according to a 
method by Konecka and Olszanowski (2019) with primers 
16SD and 16SR (S-Table 1). The 16s rDNA PCRs were car-
ried out in a 50 µL reaction volume that contained 2 µL of 
the cDNA template, a 10× amplification buffer with Mg; 
a 2.5 mM dNTP; 16sd and 16sr primers (IDT, Whitehead 
Scientific, South Africa); 25 mL MgCl2; 5 u/µL super-therm 
polymerase. Reactions were performed using the program-
mable thermal cycler with heated lid (PTC-100, Techni, 
3Prime, Lasec, South Africa), with the following conditions: 
initial denaturation at 94 °C for 30 s followed by 30 cycles at 
94 °C for 1 min, annealing at 55 °C for 1 min, and extension 
at 72 °C for 2 min and a final extension of 72 °C for 8 min. 
Thereafter, samples were maintained at 4 °C until analysed 
by gel electrophoresis.

RAPD analysis

RAPD-PCRs were carried out in a 25 µL reaction volume 
that contained 2 µL rDNA templates according to a method 
by Farzi et al. (2019). RAPD-PCRs were amplified with 
RAPD1283 primer (S-Table 1). The following was added to 
each 25 µL reaction mixture: a 10× amplification buffer with 
Mg2

++ (Separation Scientific, Honeydew, South Africa); a 
2.5 mM dNTP (Separation Scientific, Honeydew, South 
Africa); 25 mL MgCl2; primer RAPD1283 (IDT, White-
head Scientific, South Africa); 20 mg/mL bovine serum 
albumin (Sigma Chemical Co., St Louis, MO); and 5 u/
µL Super-Therm polymerase (Separation Scientific, Hon-
eydew, South Africa) and addition of distilled water. The 
PCR was performed using a Programmable Thermal Cycler 
with heated lid (Techni, 3Prime, Lasec, South Africa). The 
thermal conditions were initial denaturation step of 95 °C 
for 4 min, followed by 30 cycles (denaturation at 94 °C for 
30 s, annealing at 38 °C, extension at 72 °C for 2 min with a 
final extension of 72 °C for 8 min) and a final hold at 10 °C 
for 10 s. Samples were maintained at 4 °C until analysis by 
gel electrophoresis.
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Electrophoresis

The presence and quality of the extracted genomic DNA and 
all PCR amplicon samples was analysed using a 1.5% agarose 
gel containing 0.01% (v/v) − 1 ethidium bromide (Separation 
Scientific, Honeydew, South Africa) at 4 °C. Loading dye (5 
µL) was added to each genomic DNA extract and all PCR 
amplicons, thereafter 10 µL of each sample was inoculated 
into separate wells of the gel and electrophoresed for 90 min 
at 90 V (VACUTEC Thermocycler, South Africa). Thereafter, 
the gel images were captured using a Gel Doc image analyser 
(UVTEC Image Analyser, United Kingdom) to visualise chro-
mosomal banding patterns.

Sequencing and sequence information

All amplicons of the internal transcribed spacer (ITS) and 
16S regions for post-PCR cleanup and sequencing reactions 
were conducted at the Central Analytical Facility (CAF) at 
Stellenbosch University (South Africa). Post-PCR cleanup 
was perfomed using Nucleofast 96 well cleanup plate from 
Macherey Nagel according to the manufacturer’s protocol on 
a Tecan EVO150 Robotic Workstation. One directional DNA 
sequencing was done using the manufacturers protocol with 
slight modifications on the BigDye Terminator V3.1 sequenc-
ing kit (Applied Biosystems, Thermo Fisher Scientific Inc., 
Waltham, MA, USA). After sequencing the products were 
treated with SDS and then transferred onto Sephadex columns 
(Princeton Scientific Corp., Bethlehem, PA, USA). Protocols 
supplied by the manufacturer was followed on the Tecan 
EVO150 Robotic workstation. Received sequences were ana-
lysed using FinchTV™. Nucleotide homology searches were 
performed using the BLASTn search function (Altschul et al. 
1990) on the NCBI website (https://​blast.​ncbi.​nlm.​nih.​gov). 
Sequences were cross referenced with those in the GenBank 
NCBI database.

Statistical analysis

Factorial analysis of variance (ANOVA) was used to elucidate 
the impacts of treatments, dipping time and storage duration on 
microbial load on the surface of ‘Granny Smith’ apples at 95% 
confident interval using Statistica Software vr. 13 (TIBCO, 
StatSoft Inc., Tulsa, OK, USA). Duncan multiple range test 
was used to determine the difference between mean values. 
All analyses were conducted in triplicate and results were pre-
sented as mean (n = 3) ± standard deviation.

Results and discussion

Morphological characterization

Gram staining showed a total of four Gram-positive and 
four Gram-negative bacteria were confirmed (Supplemen-
tary, S-Fig. 1 A, B). In addition, the microscopic assess-
ments showed that the bacteria shapes were bacilli (rod 
shaped), coccobacilli intermediate between cocci (round 
shaped) and bacilli, as well as cocci (round shaped). Colo-
nies were differentiated based on their morphological fea-
tures on solid media such as surface colour, colony eleva-
tion, margin, and form on the plate, as well as appearance 
(S-Table 2). For instance, colonies shared circular form but 
were different in colour, texture, margin, and appearance 
(S-Fig. 1 C).

Throughout the entire storage period, a total of 56 and 
30 morphologically distinct bacterial and fungal colonies 
were isolated, respectively. Colony morphology plays a 
crucial role in the identification of bacterial and fungal spe-
cies, because of their unique growth patterns on solid agar 
plates. Notably in this study, the undiluted and 10− 1 serial 
dilution plates had tiny colonies with limited characteriza-
tion attributes, however, sub-culturing unique colonies gave 
better outcome. Colony density on agar plate (> 20 colonies) 
could result in restricted and non-well-defined colony forma-
tion due to other surrounding colonies (Sousa et al., 2013). 
Furthermore, the choice and composition of solid agar media 
have been shown to influence bacterial and fungal colony 
morphogenesis (Bonachela et al., 2011; Fries et al., 2002; 
Flemming et al., 2007). Therefore, proper separation or dis-
tance between colonies should be maintained and consist-
ency for best characterization outcomes.

Based on the plate count and isolates the predominant 
microbial population after treatment with electrolyzed water 
on the apple fruit surface were bacteria. Similar results indi-
cating that the microbes on the surface of apple fruit is pre-
dominately bacterial as compared to fungal was reported by 
Wassermann et al. (2019a). The lower fungal diversity on the 
apple fruit surface could be attributed to: the poor soil nutri-
ent content, which could limit the growth and airborne of 
fungal spore (Gu et al., 2020); low water activity on the fruit 
surface (Maffei et al., 2016); and orchard rural or urban pro-
duction strategies, such as organic or conventional practices 
(the frequency of use and concentrations of fungicides and 
pesticides applied to apple fruit trees (Shen et al., 2018b). In 
contrast, to this study, Abdelfattah et al. (2021) focused on 
the global analysis of the apple fruit microbiome after har-
vest which indicated that the predominant microbial popula-
tion was that of fungi. The difference between the authors 
report and the current study is primarily the characterisation 
approach considered.

https://blast.ncbi.nlm.nih.gov
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Molecular bacterial characterization

ERIC‑PCR

Amplicon patterns obtained via ERIC PCR are shown 
in (S-Fig. 2 A–D). Amplicon of varying base pair (bp) 
sizes ranging from 100 to 3000 bp were observed across 
the selected bacteria genomic DNA. Out of fifty-six (56) 
bacterial genomic DNA extracts that were selected across 
all the treatments during the storage period, 19 of them 
were characterized as similar based on ERIC PRC analy-
sis. This includes bacterial genomic DNA extracts with 
100–3000 bps on (L: 8, 12, 15, 20, 21, 24 and 26); (L: 9, 8 
and 23); (L: 3, 1 3, 22 and 30); (L: 4, 15, and 20) and (L:5 
and 14) as shown in S-Fig. 2. The similarities could have 
meant that the bacterial genomic DNA extracts were that 
of closely related species. Based on the similar bacterial 
genomic DNA band pattern samples were grouped accord-
ing to their similarities and differences. It has been proven 
that ERIC-PCR has the ability to discriminate between 
strains of the same or closely related species (Aljindan 
et al., 2018). This study clearly showed that ERIC-PCR 
was able to discriminate between members of the same 
or closely related species. Therefore, using ERIC-PCR 
resulted in the generation of 27 distinct ERIC-PCR geno-
types out of the 56 isolates. This shows the accuracy of 
molecular characterization of microorganisms as com-
pared to the traditional plate isolation methods.

16s rRNA typing

Following amplification of the 16s rRNA gene fragment, an 
analysis of the amplified products on agarose gel revealed 
that the amplification took place in 16 bacterial isolates to 
generate 1500 bp amplicons [Fig. 1(A)]. Sequence analysis 
of the amplicons showed a high level of similarity between 
the test sequences and the reference sequences in the Gen-
Bank (Table 2). On day 0, and before storage, on the freshly 
harvested untreated apples, a total of seven different bac-
teria were indentified to species level: Ochrobactrum soli 
(10%), Erwinia aphidicola (15%), Enterobacter bugandensis 
(10%), Staphylococcus epidermidis (10%), Curobacterium 
flaccumfaciens (40%), Pantoea agglomerans (5%), and 
Pseudomonas graminis (10%) (Fig. 2). Curobacterium flac-
cumfaciens was the most dominant bacteria amongst this 
group. Curtobacterium flaccumfaciens is normally dispersed 
via agricultural practices such as, planting saved seed and 
through farm equipment, and it is known to survive only 
a couple of weeks as free bacteria in the soil (Nascimento 
et al., 2020). Previous studies by Wassermann et al. (2019b) 
found the overall bacterial community on apple samples 
assessed by 16S rRNA gene amplicon sequencing, consisted 
of Rhizobiales (12%), Pseudomonadales (11%), and Entero-
bacteriales (7%); Pseudomonas (11%), Pantoea (5%), and 
Hymenobacter (5%) as abundant genera.

On day 7, the dominate microbe (C. flaccumfaciens) 
before treatment and storage notably declined across all 
treatments and control, with EW4 treatment (200 mg/L) 

Fig. 1   (A) PCR products of 16S 
and 16D primer of band size 
100-1500 bp, electrophoresis on 
1.5% agarose at 90 V/cm2 for 
1:30 h with UV visualization. 
Lane M: DNA ladder (100 bp), 
lanes (1–16) PCR products, 
and (B) PCR products of ITS1 
and ITS4 primer of band size 
100-1500 bp, electrophoresis on 
1.5% agarose at 90 V/cm2 for 
1:30 h with UV visualization. 
Lane M: DNA ladder (100 bp), 
lanes (1–8) PCR products
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having the most effect in reducing this bacterial com-
munity. Futhermore, on day 7, the result showed that 
total number of identified bacteria increased to eight 
with the addition of S. capitis. Bacteria, S. capitis has 
been shown to be commonly isolate from/on human skin 
(Cui et al., 2013). Therefore, suggests possible human 

cross-contamination during the furit post-harvest handling 
processes. This observation emphasises the need for good 
agricultural practices along the value chains. Furthermore, 
S. capitis was found only on the surface of apples under 
control, C1, C2 and EW1 (300 mg/L, 10 min dipping time) 

Table 2   Major microorganisms found on the surface of ‘Granny Smith’ apple across all treatments during 21 days post-harvest storage at 5 °C 
using ITS and 16S rRNA sequences

Major microbes Species Sequence 
length (bp)

Identity
(% accuracy)

GenBank accession no. Reference

Mold/yeast
Rhodotorula nothofagi 586 99 KY104889.1 Vu et al. (2016)
Aspergillus inuii 821 95 MH856954.1 Vu et al. (2019)
Debaryomyces hansenii 614 100 KY103230.1 Vu et al. (2016)
Phialemoniopsis curvata 527 96 AB278180.1 Yaguchi et al. (2006)

Bacteria
Ochrobactrum soli 1229 95 NR_169364.1 Choi et al. (2020)
Erwinia aphidicola 1072 94 LT548976.1 Lopez-Fernandez et al. (2018)
Staphylococcus epidermidis 1252 91 CP035288.1 Argemi et al. (2018)
Curtobacterium flaccumfaciens 1123 85 MN687837.1 Musa (2019)
Pantoea agglomerans 1179 84 CP077366.1 Sproer et al. (2021)
Pseudomonas graminis 1214 94 LN551925.1 Janssen et al. (2015)
Enterobacter bugandensis 1217 92 KI911561.1 Das et al. (2013)
Staphylococcus capitis 1240 97 MF678924.1 Kosecka-Strojek et al. (2019)
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treatments. Thus, EW2 to EW4 treatments (200 mg/L) was 
effective in preventing S. capitis (Fig. 2).

In addition, P. graminis which was found on samples 
before storage became more prominent from day 7. The 
observation in this study is consistent with literature. Stud-
ies have shown that P. graminis is a natural microbe on the 
surface apple fruit. Some strains of P. graminis such as P. 
graminis CPA-7, was identified as an effective biocontrol 
agent against Listeria monocytogenes, Salmonella enterica, 
and Escherichia coli O157:H7 on fresh-cut fruit (Alegre 
et al., 2013a; 2013b). Therefore, the presence of P. graminis 
on the apple surface in this study could have an inhibitory 
effect on the growth of other bacteria such as S. capitis and 
S. epidermidis. Percentage contribution of S. capitis and S. 
epidermidis declined with the increase in the presence of P. 
graminis under C1 and C2 treated apples. In addition, results 
obtained also showed that EW treatment had most impact on 
S. capitis and S. epidermidis compared to chlorinated water. 
Both were present in low percentage on EW1 treated sam-
ples on day 7 and declined until the end of the storage, while 
EW2–EW4 effectively removed them. In contrast, C1 and 
C2 treatment did not change the abundance of both Staphy-
lococci species (Fig. 2). Staphylococci species identified in 
this study are commonly found on human skin and mucous 
membranes, however, they are able to contaminate raw and/
or processed food products under improper handling (Cui 
et al., 2013).

At the end of storage day 21, P. graminis and Pantoea 
agglomerans became the most abundant groups across all 
the treatments (Fig. 2). Both P. graminis and P. agglomer-
ans strains have been reported as effective biocontrol agent 
for postharvest management of fruit disease (Abadias et al., 
2014; Soto-Muñoz et al., 2014; Mikiciński et al., 2016). 
Thus, this change in microbial profile is significant and it 
could have contributed to the maintenance keeping quality of 
the apples during storage and reducing the prevalence spoil-
age microorgansims. Overall, the study established that the 
culturable natural microbes on apple fruit changes in com-
position along the value chain depending on the postharvest 
handling practices and storage conditions.

Fungal characterization

RAPD‑PCR

Using RAPD-PCR typing with the primer RAPD1283, out 
of the approximately 30 fungal isolates only a total of 10 
distinct band patterns were identified, across all treated and 
untreated ‘Granny Smith’ apple fruit surfaces during the 
storage period (S-Fig. 3). Bands obtained ranged from 100 
to 3000 bp on each gel. The RAPD analysis compares the 
whole chromosomal DNA displaying bands of genotypi-
cally specific values, and is fast and trust-worthy (Molnár 

et al., 1993). It uses short (5–10 m) oligonucleotide prim-
ers with arbitrary sequences at low annealing temperatures 
that hybridize at loci distributed randomly throughout the 
genome, allowing the amplification of polymorphic DNA 
fragments (Lathar et al., 2010). These patterns, based on the 
RAPD-PCR typing analyses, indicate that the various fungi 
(yeast and mold) isolated from of electrolyzed water treated 
‘Granny Smith’ apples, are different from each other based 
on the number of polymorphic bands produced.

Pianzzola et al. (2004) recovered fourteen isolates of 
Penicillium expansum from rotten apple with blue mold 
symptoms. RAPD primer gave reproducible RAPD pat-
terns, with 13% being the highest difference in band pres-
ence between repetitions for the same isolate. Two different 
and very homogeneous patterns were revealed for natural 
isolates, which corresponded to those of P. expansum and 
P. solitum type strains. RAPD band patterns corresponding 
to P. expansum and P. solitum isolates showed up to 78% 
similarity, whereas those corresponding to the closest related 
species (P. expansum and P. viridicatum) showed similar-
ity levels of about 68%. RAPD analysis proved to be an 
objective, rapid, and reliable tool to identify Penicillium spp. 
involved in blue mould of apple. Wei et al. (2017) identified 
and characterized fungal species on apples for their potential 
cider-making performance using RAPD-PCR typing. More 
than 71 different fungal species belonging to 24 different 
genera were observed following RAPD-PCR sequencing. 
Younus (2018) isolated Saccharomyces cerevisiae present 
on different fruits (apple, plum, dates, and peach) and per-
forming RAPD analyses. Based on RAPD assay the data 
developed from the PCR analysis demonstrated that some 
primers generate several bands, while other generates only 
a few bands.

ITS‑PCR analysis

The results of ITS1 and ITS4 showed that most of the iso-
lates give single bundle of DNA on agarose gel [Fig. 1(B)]. 
Out of the 10 isolates characterized via RAPD1283, only 
four isolates could be successfully amplified using the ITS1 
and ITS4 regions. This includes Debaryomyces hansenii, 
Rhodotorula nothofagi, Phialemoniosis curvata, and Asper-
gillus inuii (Table 2). The unsuccessful amplification of 
the other four isolates could be attributed to the conserved 
nature of ITS1 and − 4 region of the fungal isolates (Manter 
and Vivanco, 2007), as well as the DNA template quan-
tity and quality or the presence of a DNA inhibitor (Taylor 
and McCormick, 2008). Grantina-Ievina (2015) obtained 
baseline information about apple rot-causing fungi, their 
incidence during fruit storage and evaluated the fungicide 
sensitivity of most of isolated fungal species. The authors 
found that in part of the storehouses, apple rot caused by 
Cadophora luteo-olivacea was observed and its identity was 
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successfully proved by PCR with ITS1 and ITS 4 primers 
specific to this species. Alternaria spp. and Cladosporium 
spp. were detected on few apples as secondary infection 
agents.

Shen et al. (2018a) characterized the superficial fungi of 
18 apple samples before and after cold storage by sequenc-
ing ITS1 region. A total of 1,319,679 high-quality ITS reads 
were obtained from eighteen samples. Recently, Madbouly 
et al. (2020) isolated five endophytic yeasts from ‘Golden 
Delicious’ apples and identified them according to their 
microscopic characteristics as Schwanniomyces vanrijiae, 
Galactomyces geotrichum, Pichia kudriavzevii, Debaryo-
myces hansenii, and Rhodotorula glutinis. The first three 
isolates showed appreciable inhibitory potential against by 
in vitro test. Moreover, these fungal species caused a sig-
nificant inhibition of germination of pathogen conidia by 
67.6–89.2%. Identification of these three potent fungal spe-
cies in addition to M. fructigena isolate was confirmed by 
PCR analysis through amplification of ITS region and PCR 
products of approximately 650 bp amplified with the ITS1/
ITS4 primers and corresponding to the ITS1, 5.8S and ITS2 
regions of rDNA were obtained from all isolates.

Fungal community composition in this study was affected 
by pre-treatment and cold storage (Fig. 3). For instance, 
before storage four equally prevalent fungal species were 
observed, however, at the end of day 7 storage the dominate 
microbiota notably shifted occurred with Debaryomyces 
hansenii > Phialemoniosis curvata ≥ Rhodotorula nothof-
agi > Aspergillus inuii in untreated control (Fig. 3). Rhodoto-
rula nothofagi became most prominent in untreated control 
samples on day 14. The phyllo plane yeast Rhodotorula spp., 

which was found before storage as well as after posthar-
vest treatments (control, C1, C2) during cold storage has 
been reported to control B. cinerea on geranium seedlings 
in combination with fungicides (Buck, 2004). In contrast, on 
day 21 Debaryomyces hansenii and Phialemoniosis curvata 
were most dominant for EW treated samples. Debaryomy-
ces hansenii has also been recently employed as a biologi-
cal control against a variety of fruit rot causing diseases, 
including apples (Madbouly et al., 2020). Notably, chlorin-
ated water was not effective in eliminating A. inuii com-
pared to the EW treatment in this study. The biggest shift in 
the fungal community composition during storage occurred 
between day 14 and 21. The effect of treatment on the fungal 
community was similarly most evident between EW 1, EW2, 
EW3 and Ew4 treated fruit, with the EW4 exhibiting the 
highest degree of inactivation (Fig. 3).

Overall, for practical application, this study demon-
strated that the slightly electrolyzed water could be an 
effective alternative to chlorinated water treatment used in 
apple packhouses. Additionally, by implication, this study 
showed that natural microbes on the surface of fresh fruit 
plays crucial role for safety and preservation during the 
postharvest period. Several of these microbes serves as 
competitive inhibitors and the presences of others as safety 
indicators based on literature. Furthermore, EW treatments 
were found to be effective in eliminating Staphylococci spe-
cies compared to the use of chlorinated water on the surface 
of the ‘Granny Smith’ apples. Microbes such as Pantoea 
agglomerans, Pseudomonas graminis and Debaryomy-
ces hansenii became predominant, while others declined 
demonstrate the dynamics on the fruit surface. However, 
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further study is required to investigate the effects of other 
types of electrolyzed water (slightly acidic, acidic, and/or 
alkaline) alone or comparatively, and in combination with 
other hurdle techniques on the changes in microbial profile 
on ‘Granny Smith’ apples. In addition, a full-scale metagen-
omic sequencing approach with 16S rRNA gene and 18 S 
fungal ITS amplicons must be considered to get a complete 
picture of cultivable and non-cultivable microbial profile on 
the apple.
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