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1 Introduction
Cloudy apple juice (CAJ) is getting more popular due to its 

potential health benefits and pleasant flavor. Compared with 
concentrated and reduced apple juice, cloudy apple juice is 
reported to contain more abundant bioactive compounds, such 
as phenolic acids, flavonoids, malic acid, tartaric acid, carotenes, 
and fibers (Oszmiański  et  al.,  2009; Siguemoto  et  al.,  2019). 
Notably, the bioactive polyphenolic substances (chlorogenic 
acid and phlorizin) in apple juice are known as effective agents 
against cardiovascular diseases, diabetes, osteoporosis, and 
neurodegenerative diseases. However, a great industry challenge 
is that the shelf life of CAJ juice is short, even less than 30 days. 
Microbial spoilage, enzymatic browning, flavor loss, and fast 
sedimentation are the main challenges to extend shelf life of 
CAJ (Oszmiański et al., 2009; Stinco et al., 2019).

Understanding that microbes, enzyme, irregularly shaped 
particles, polymerized phenolic compounds, as well as flavor 
compounds are reactive, the CAJ industries are hunting 
for ways to make them more stable. Sterilization process is 
playing a significant role in the phytochemical profiles and 
organoleptic characteristics of CAJ product as well as its shelf 
life. Currently,  conventional sterilization technologies (such 
as pasteurization) and high-temperature short time (HTST) 
are still the main strategies of microorganism inactivation 
in the juice industry. Pasteurization (80~90  °C, 10~30  min) 

is regarded as an effective way to control the enzymes that 
negatively affect the quality of juice products, maintaining the 
safety and shelf-stability of juice. However, excessive thermal 
treatments will inevitably exacerbate nutritional and fresh 
quality losses. In recent decades, there is an increasing interest 
in innovative non-thermal approaches alternative to thermal 
treatment. Certain non-thermal technologies, such as high 
hydrostatic pressure (HHP) (Varela-Santos et al., 2012), high-
pressure homogenization (HPH) (Alvarez-Sabatel et al., 2015), 
pulse electric field (PEF) (Katiyo et al., 2017), and cold plasma 
(Illera et al., 2019) are showing advantages and being applied 
to control the juice quality in many researches. In which, HHP 
treatment is the most utilized technology (Zou et al., 2016).

The application of HTST or HHP treatment in apple juice has 
been well documented in the literatures, in which, the authors 
have demonstrated the effectiveness of HHP or HTST treatment 
in inactivating microorganisms in apple juice (Yi et al., 2017). 
For  example, HHP treatment (500 MPa/3  min/25  °C) was 
sufficient to reduce the total aerobic bacteria, and coliforms 
population level in cloudy apple juice below the detection limit 
(<1 CFU/g) and no microbial growth was observed throughout 
the storage period of 21 days at 4 °C (Kim et al., 2012). However, 
the main microorganism profile and the quantify changes 
of apple juice over the shelf-life remains unclear. Since the 
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microorganisms cannot be killed completely and enzymes of 
juice were not inactivated totally, quality deterioration of CAJ 
is inescapability. Besides,  few literatures have comparatively 
studied the cloudy apple juice after HTST and HHP processing 
from the physicochemical, enzymatic and microbial view. 
More research on the correlations between physicochemical 
parameters like polyphenol profiles, volatile profiles and the 
sensory attributes of CAJ, correlations between enzyme activity 
and color parameters of CAJ, are very helpful to understand the 
mechanism of quality changes during the storage. In particular, 
the main microorganism profile of CAJ during storage remains 
unclear, which are more important factors determining the 
shelf-life. Moreover, revealing the correlations between bacterial 
community and the physicochemical parameters are also in 
urgent need to design the proper sterilization method according 
to the juice constituents.

In these regards, the present study aims to evaluate the 
shelf-life of cloudy apple juice under HTST and HHP processing 
in terms of microbial, physicochemical, and flavor quality. 
This study is providing theoretical foundations for commercial 
cloudy apple juice producers to choose HTST or HHP treatment 
according to the demands.

2 Material and methods

2.1 Cloudy apple juice preparation

Fresh Fuji apples, which were uniform in size, without 
mechanical damage or rot, were purchased from a local market. 
The apples were peeled and cut into pieces after being washed, 
and the stems and seeds were discarded. L-Ascorbic acid 
(0.5% w/v) and CaCl2 solution (0.25% w/v) were added during 
processing. Juices were extracted using an HU-780WN juicer 
(Hurom Electric Appliance Co., Seoul, Korea) and filtered to 
remove tissue residues using a 100-mesh filter.

2.2 Chemicals and reagents

Gallic acid, caffeic acid, 4-hydroxy benzoic acid, catechin, 
epicatechin, rutin, quercetin, chlorogenic acid, and phlorizin used 
for HPLC characterization were purchased from Sigma-Aldrich 
(Beijing, China). (±)-6-Hydroxy-2,5,7,8- tetramethyl- chroman-
2-carboxylic acid (Trolox), 2,4,6-tri-2-pyridyl-1,3,5-triazine 
(TPTZ), 2,2-diphenyl-1-picrylhydrazyl (DPPH) for chemical 
analysis were purchased from Tianjin Fuyu Fine Chemicals 
Co., Ltd. (Tianjin, China). Plate count agar, VRBA (Violet Red 
Bile Agar), RBM (Rose Bengal medium) and CTAB (Hexadecyl 
trimethyl ammonium bromide) were purchased from Aoboxing 
Biotechnology Co., Ltd. (Beijing, China).

2.3 HTST treatment

Cloudy apple juice samples were pasteurized in a laboratory-
scale pasteurizer at 98 °C for 50 s. The pasteurized juices were 
hot-filled into sterilized glass bottles. The samples were stored at 
4 °C for subsequent analyses after being cooled. All treatments 
were performed in triplicate.

2.4 HHP treatment

The apple juices were processed with a 10-L HHP equipment 
(HHP.L1-600, Huatai Senyu BIOENG. TECH. Co., Ltd., Tianjin, 
China). The initial temperature of the sample was 10 °C, and 
the sample temperature did not exceed 25 °C throughout the 
treatment (Baron et al., 2006). The pressurization rate was near 
120 MPa/min, and the depressurization time is less than 3 seconds. 
The optimal conditions of HHP treatment were determined to 
be 400MPa for 10 min. The cloudy apple juice sample was filled 
in 50  mL polyethylene terephthalate (PET) bottles for HHP 
treatment. After the HHP processing, all samples were stored 
at 4 °C for analysis. All treatments were performed in triplicate.

2.5 Physical and chemical parameters

The pH, total soluble solids (TSS) and titratable acidity (TA) 
of cloudy apple juice samples were determined according to 
our previous work (Deng et al., 2015). The color of apple juice 
was measured using a NS800 colorimeter (3NH Technology 
Co., Ltd., Shenzhen, China) at room temperature referenced 
by (Cao et al., 2011), which was expressed as the L* (lightness 
to darkness), a*(redness to greenness) and b* (yellowness to 
blueness). L-Ascorbic acid was analyzed according to the 2, 
6-dichloroindophenol method (Yen et al., 2002) with modifications.

Yen, G.-C., P.-D. Duh and H.-L. Tsai (2002). “Antioxidant 
and pro-oxidant properties of ascorbic acid and gallic acid.” 
Food Chemistry 79(3): 307-313.

2.6 Measurement of PPO and POD

PPO and POD were extracted and determined according 
to the method of (Bayındırlı et al., 2006). The absorbance value 
at the start of the reaction for 15 s was used as an initial value 
using a spectrophotometer, and the absorbance at 420/470 nm 
was recorded every 1 minute thereafter. The PPO/POD enzyme 
activity was calculated by applying Equation 1:

/420 470 1

2

OD VU
V m

∆ ×
=

×
  (1)

where V1 is the total volume of the sample extract (mL), V2 is 
the extract volume of the sample taken during the measurement 
(mL), and m is the sample mass (g).

2.7 Measurement of antioxidant activity

The antioxidant activities, including the capabilities of 
scavenging free radicals (DPPH) and reducing iron (FRAP), were 
studied based on the method described by Patras et al. (2009a).

2.8 Measurement of polyphenol components

The extraction and determination method of polyphenols 
in cloudy apple juice was based on our previous study 
(Deng et al., 2015). Separations were executed on a C18 column 
(150 x 4.6  mm, 5  μm, Agilent Technologies Inc., Shanghai, 
China). Agilent 1260 Infinity HPLC system (Agilent Electron 
Co., Shanghai, China) was used for chromatographic analysis. 
The detection wavelength was 280 nm, and the injection volume 
was 10 μL during the run.
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2.9 Measurement of microorganisms

Plate count agar was used to calculate total aerobic bacteria 
(TAB) and hatched at 37 °C for 48 ± 2 h. Rose Red Agar was 
used to calculate the feasibility of yeast and mold (Y&M) after 
72 ± 2 h incubation at 27 °C. Crystal violet neutral red bile salt 
agar was used to calculate E. coli incubation at 37 °C for 48 ± 2h 
(Gómez-López et al., 2010).

2.10 Bacterial diversity analysis

Microbial diversity in HTST and HHP treatment cloudy apple 
juice samples was determined using PCR-DGGE. Total DNA was 
rapidly extracted using the Fast Prep method in combination 
with CTAB (Abdolmaleki  et  al.,  2014). The resulting DNA 
was dissolved in TE buffer solution and stored at 20 °C before 
evaluation. Then, the sequencing library was generated using 
IonPlus Fragment Library Kit 48 rxns (Thermofisher, Shanghai, 
China). The library quality was evaluated on the Qubit@ 2.0 
Fluorometer. Finally, the library was sequenced on an Ion S5TM 
XL platform. The juice sample sequences processed by CK, 
HHP, and HTST were clustered into Operational Taxonomic 
Units (OTUs) with 97% consistency by default. According to 
the algorithm principle, sequences with the highest frequency 
in OTU were selected as the representative sequences of OTU.

2.11 Sensory evaluation

Sensory evaluation of apple juice was conducted by a semi-
trained group during all the shelf life analysis. The sensory panel 
consisted of 20 experienced panelists (10 females and 10 males) 
aged at 24-37 years. Panelists were asked to score by the criteria of 
the score sheet (showed in Table S1 in Supplementary Material) 

and used the 1-9 feature scale to score color, appearance, aroma, 
taste and overall acceptability (9 is extremely like, 1 is extremely 
dislike, 5 is the rejection point).

2.12 Statistical analysis

Data analysis was performed by ANOVA with Duncan’s 
test using SPSS 20.0 (IBM, Chicago, IL, USA). Figures in this 
study were drawn by Origin 8.0 (OriginLab, Northampton, MA, 
USA) software. The results were expressed as mean ± standard 
deviation (SD), p < 0.05 was considered significant. Principal 
Component Analysis (PCA) was used as an exploratory technique 
for assessing each data set to detect potential outliers.

3 Results and discussion

3.1 Effects of HHP and HTST on pH, TSS, TA and 
L-ascorbic acid parameters

The overall parameters of CAJ treated by HHP or HTST 
treatment are comparable to that of fresh apple juice. The pH, 
TSS, and TA in CAJ samples (data showed in Table S2 in 
Supplementary Material) showed no significant change after 
HTST and HHP treatment during 30 days’ storage period 
(p < 0.05). As shown in Table 1, a higher content of ascorbic 
acid was obtained in HHP treated cloudy apple juice than 
in HTST. In the paper of Kim et al. (2012), they also found 
that HHP treatment did not significantly change vitamin C 
content. Compared with HTST treatment, HHP retained more 
ascorbic acid content in CAJ. However, a sharp drop began 
at week 2 to week 5. In contrast, L-ascorbic acid in the HTST 
sample showed a much slower decrease trend. The possible 

Table 1. Changes of ascorbic acid, color parameters, PPO and POD of cloudy apple juice after HTST or HHP treatment during the storage 
period at 4 °C.

Parameters Treatments
Storage time (week)

1 2 3 4 5 7 9

L-ascorbic 
acid (mg/kg)

Control 225.36 ± 5.69a
HHP 232.44 ± 4.18a 97.02 ± 7.52c 42.65 ± 2.18 f 22.43 ± 0.11 g 12.43 ± 4.59 h
HTST 164.08 ± 5.26b 162.87 ± 2.11b 136.51 ± 8.05 d 130.51 ± 4.93 d 100.46 ± 3.03 c 64.47 ± 1.65 e 61.46 ± 5.62 e

L*

Control 33.26 ± 0.05ab

HHP 33.48 ± 0.04a 32.66 ± 0.03ab 30.3 ± 0.09c 30.77 ± 0.06c 29.89 ± 0.03c

HTST 31.69 ± 0.04bc 31.55 ± 0.05bc 31.70 ± 0.15bc 30.35 ± 0.14c 30.22 ± 0.12c 30.19 ± 0.06c 30.01 ± 0.11c

a*
Control -1.77 ± 0.05a

HHP -2.49 ± 0.02ef -2.53 ± 0.01f -2.44 ± 0.04ef -2.31 ± 0.04cde -2.17 ± 0.01bc
HTST -2.37 ± 0.04cdef -2.35 ± 0.06cdef -2.40 ± 0.08def -2.32 ± 0.08bcde -2.28 ± 0.01bcde -2.19 ± 0.03bcd -2.08 ± 0.12b

b*
Control 3.24 ± 0.07a

HHP 2.59 ± 0.02b 2.65 ± 0.02b 2.60 ± 0.12b 2.55 ± 0.02b 2.50 ± 0.04b
HTST 2.59 ± 0.11b 2.50 ± 0.06b 2.61 ± 0.14b 2.54 ± 0.09b 2.51 ± 0.04b 2.48 ± 0.08b 2.44 ± 0.11b

$ PPO
Control 0.023 ± 0.0021bc

HHP 0.047 ± 0.0017a 0.029 ± 0.001b 0.022 ± 0.0015bc 0.026 ± 0.0021bc 0.019 ± 0.0012c
HTST ND ND ND ND ND ND ND

$$ POD
Control 0.14 ± 0.0136cd

HHP 0.19 ± 0.0175a 0.15 ± 0.0092bc 0.14 ± 0.011cd 0.17 ± 0.0121ab 0.12 ± 0.0075d
HTST ND ND ND ND ND ND ND

Note: All measurements were performed in triplicate. The results were expressed as mean ± standard deviation. Different letters indicate significant differences 
according to ANOVA, followed by the Duncan test (p < 0.05). $: PPO activity was measured as OD420min-1·g-1; $$: POD activity was measured as OD 470min-1·g-1.
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explanations are the HHP-treated CAJ contains more oxygen 
and related oxidases, making its content decrease faster during 
the storage period.

3.2 Enzyme activity

Scientists believed that series of enzymatic browning reactions 
occurred during storage time were one of the main reason 
resulting in a shorter shelf life of juice products (Abid et al., 2014; 
Jukanti, 2017; Marszalek et al., 2019). The control of enzymatic 
browning reactions was crucial for manufacturing cloudy apple 
juice. The effects of HHP and HTST treatment on PPO and POD 
activities and color parameters (L*, a*, b* values) in cloudy apple 
juice samples were shown in Table 1. PPO and POD enzymes 
were inactivated completely by HTST treatment. In contrast, the 
activities of PPO and POD of the HHP treatment juice were 96% 
and 114%, respectively. As reported in some studies, PPO and 
POD had considerable high-pressure resistance, and the PPO 
could be activated by ascorbic acid (0.2 to 10 g/L) during storage 
(Patras et al., 2009b).Similar results were observed by Chen et al. 
(2013), which indicated that HHP treated (600 MPa/3  min) 
apple juice was still detected a residual (> 50%) activity of PPO. 
In another study, after HHP treatment (450 MPa/50 °C/60 minutes) 
the residual PPO activity of cloudy apple juice was detected as 
low as 9.0 ± 2.2% (Bayındırlı et al., 2006). The enzyme activity 
showed a slight downward trend during storage time. At the 
storage time of week 5, PPO and POD activity decreased by 
26% and 28%, respectively. The changes in enzyme activity of 
apple juice after HHP treatment may be caused by the more 
residues of ascorbic acid in CAJ or changes in the secondary 
and tertiary structures of these enzymes. As reported by Juarez-
Enriquez et al. (2015), the residual active PPO in juice started 
recovering its activity during the storage time of 34 days at 4 °C. 
The conformation changes affect enzyme activity by altering their 
substrate specificity and function (Han et al., 2019; Vallverdú-
Queralt et al., 2012).

3.3 Color parameters

Compared with the untreated juice, the L* value of CAJ 
treated by HTST was decreased (p<0.05), and that of HHP 
treatment was close, which indicated the brightness of the 
CAJ. The L* value of HHP treated apple juice decreased faster 
than that of HTST during storage time (0-5 weeks), possibly 
due to browning induced by residual PPO and POD enzymes 
activities. Similar phenomena were observed by Huang et al. 
(2013), who found that the color of apricot nectar getting 
darker during storage. Another study found that the L* 
value of the HHP-treated cucumber juice tended to decrease 
during the 20 days storage period, indicating discoloration 
of the juice (Liu et al., 2016). The a* value and b* value of 
the two treatments were no significant differences. The color 
of fruit juice is determined to a great extent by the activity 
of polyphenol oxidase (PPO) and peroxidase (POD) inside. 
Meanwhile, enzymatic browning occurred in cloudy apple 
juice has been a severe problem resulting in the lowering 
of sensorial properties and nutrients. Those browning 
reactions are initiated by oxidation-reduction enzymes due 
to degradation of polyphenols to colored quinines, which are 

substrates to further reactions, leading to pigment formation 
(Cao et al., 2011; Jukanti, 2017).

3.4 Antioxidant activities

The antioxidant capacity (calculated by DPPH and FRAP) 
of CAJ (data shown in Figure S1 in Supplementary Material), 
either HTST or HHP treatment, decreased with the prolonging 
of storage time. Regardless, the antioxidant capacity of HTST 
samples was generally higher than that of HHP and the untreated 
samples. These results verified the observations made by 
(Patras et al., 2009b), who found that the antioxidant activity 
of the HTST treated (70  °C/2  min) carrot puree was higher 
than that of the untreated and HHP (400 MPa/15 min/20 °C) 
treated puree. The changes in antioxidant activity of apple juice 
treated by HHP and HTST are related to the degradation of 
the polyphenols and ascorbic acid (El Hajj Assaf et al., 2019; 
Patras et al., 2009a).

3.5 Polyphenol profiles

Polyphenolic compounds are believed to be important 
determining factors of the color, taste and bioactivities 
of apple juice, as well as influencing its shelf life through 
browning or co-precipitation with other macromolecules in 
juice. Figure 1 showed the polyphenol profiles of CAJ treated 
with HTST or HHP. In this study, nine individual phenolic 
compounds were quantified in CAJ samples. Compared with 
the control (224.80 mg/L) samples, total polyphenol content 
was significantly phlorizin reduced after HTST (173.80 mg/L) 
or HHP (127.68 mg/L) treatment.

Chlorogenic acid and phlorizin were typical polyphenolics 
in apple. HTST induced a higher chlorogenic acid at the 
beginning of the storage while showed the same content level 
at the end of the shelf life. As for phlorizin, both HHP and 
HTST caused a significant decrease (p < 0.05) of concentration 
of CAJ. Flavon-3-ols like catechin and epicatechin showed 
significant decline (p < 0.01) of content after treatment. 
Phenolics except caffeic acid, 4-hydroxy benzoic acid and 
quercetin were detected lower concentration (p<0.05) after 
HHP treatment compared with HTST, possibly because PPO 
and POD the higher (p < 0.05) residual activity in HHP 
treatment juice, which could oxidize and induce degradation 
of mono-phenol substances and form polymers. Another 
explanation is that the extraction property of the plant 
cell wall was changed due to the destruction of the plant 
cell wall during heat treatment, making polyphenols more 
likely to be released (Chen et al., 2013; Huang et al., 2013). 
The concentration of rutin, quercetin and chlorogenic acid 
in HTST treatment samples showed a relatively stable content 
during storage time. Nevertheless, epicatechin in HTST and 
HHP samples decreased by 33% and 53%, respectively.

3.6 Changes on the sensory attributes

The radar diagram in Figure 2 showed the sensory results 
of CAJs by different treatments and storage times. There was 
no significant difference in color and appearance between 
samples. The scores of aroma and overall acceptability after 
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HHP treatment is higher than that of HTST, which explained 
that HHP was shown to be a better processing technology at 
maintaining sensory quality. During the storage, both HTST 
and HHP processing of apple juice showed a slow degradation 
in the aroma, taste, and overall acceptability aspects, which 
may due to the physico-chemical changes of polyphenols and 
odorants of CAJs.

3.7 Effect of HHP and HTST treatment on the microbial loads

Spoilage microorganisms are the one of the determinants 
of juice shelf life. In this study, HHP and HTST treatment both 
exhibited the capacity of inactivating TAB, Y&M, and E.coli in 
cloudy apple juice samples. During the cool storage test, the 
TAB value of HHP treated juice was detected (2 log CFU/mL) at 
5th week. The possible reason is that spores in CAJ had a high-
resistance form of dormancy, some microorganisms would resume 

Figure 1. Changes of HPLC chromatogram of the 9 individual phenolic content in cloudy apple juices during storage time at 4 °C after HPP 
and HTST. Chromatogram of the 9 individual phenolic contents in HTST (A) and HHP (B) cloudy apple juice in the first week. The nine 
monophenolic substances are 1. gallic acid, 2. 4-hydroxybenzoic acid, 3. chlorogenic acid, 4. caffeic acid, 5. catechin, 6. epicatechin, 7. rutin, 8. 
quercetin, 9. phloridin Chromatogram overlay of the nine individual phenolic contents in HTST (C) and HHP (D) cloudy apple juices over the 
storage time (1-9 week).

Figure 2. Sensory evaluation of HPP treated cloudy apple juices during 
storage time (1, 5 week) at 4 °C.
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growth by self-healing (Bayındırlı et al., 2006) without the high 
pressure. In comparison, HTST treated CAJ was microbiological 
safe through the 9-week storage period (Table 2).

3.8 Microbiological profiles after HHP/HTST treatment, 
and during cold storage

Shannon index, Chao 1 index, and ACE index of the bacteria 
in sample juice were selected to evaluate the microbial richness 
and diversity in juice samples during cold storage. As can be 
seen in Figure 3, the Shannon index of HHP1 and HTST1 
increased after treatment compared with the control samples, 
indicating that the microbial diversity of the two kinds of juice 
increased after treatment. The Chao 1 index and ACE index 
of HTST1 treated juice rose significantly, indicating a richness 
and uniformity of the bacterial community at the OTU level.

The Venn diagram visually showed the similarity and specificity 
of OTU composition in the three samples. The number of OTU 
identified in CK, HHP1, and HTST1 samples were 546, 423, and 

1126, respectively. Compared with HTST, the lower microbial 
diversity of HHP is probably caused by a lower killing rate of 
some microorganisms, which consisted of a larger proportion 
in the bacterial community. In contrast, HTST treatment had a 
relatively high killing rate of bacteria to kill a wide range of types 
of bacteria, which gave rise to more diversity of the detected 
microorganisms. During the storage period, with the increase 
of the relative abundance of dominant bacteria, the microbial 
diversity decreased.

The 16s DNA of the bacteria in sample juice was analyzed 
to identify the main bacteria that cause apple juice to spoil. 
During the storage period, the bacterial community structure 
was constantly changing. The information of the top 10 bacteria 
genera was further mined that dominant bacteria in HHP and 
HTST treatments cloudy apple juice was different based on 
phylum (Figure 4A) and genus (4B).

In the control samples, the dominant genera were 
unconfirmed rickettsia (67.97%), pseudomonas (5.16%), and 

Table 2. Microbial counts in cloudy apple juice after HTST or HHP treatment during storage period at 4 °C (Lg CFU/mL).

Items Treatments
Storage time (week)

1 2 3 4 5 7 9 10
TAB Control 3.41 ± 0.16a

HHP ND ND ND ND 2.00 ± 0.18b

HTST ND ND ND ND ND ND ND 3.04 ± 0.31c

Y&M Control 4.78 ± 0.11a

HHP ND ND ND ND ND
HTST ND ND ND ND ND ND ND ND

E.coli Control 3.08 ± 0.07a

HHP ND ND ND ND ND
HTST ND ND ND ND ND ND ND ND

*Different lowercase letters indicating significant difference (p < 0.05), “ND” means not determined.

Figure 3. Bacterial diversity of HHP/HTST treated cloudy apple juice under cold storage (4 °C) during 1-9 week: (A) Shannon index, Chao 1 
index, and ACE index; (B) Bacterial OTU-based Venn diagram of HHP treatment samples; HHP with numbers behind means their treatment 
samples at storage time 1-5 week.
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Figure 4. Bacterial profiles of HHP treatment apple juice during cold storage (4 °C) during 1-5 weeks. Column atop the cumulative abundance 
of the top 10 species based on Phylum (A) and Genus (B) level treated by HHP. HHP with numbers behind means their treatment samples at 
storage time 1-5 week.

Figure 5. Heatmap for the correlation between microbial species richness at Phylum level (A), genus level (B) of different treatment samples 
with their physiochemical parameters.
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unconfirmed oxyphotobacteria (19.21%). After HHP treatment, 
the dominant genera of juice were unconfirmed rickettsia 
(72.6%) and unconfirmed oxyphotobacteria (19.89%). In 
comparison, the dominant groups of HTST treatment were 
unconfirmed pseudomonas (40.28%), microbacillus (15.69%) 
rickettsiella (13.39%), unconfirmed oxyphotobacteria (10.4%) 
and sphingomonas (1.32%). By the 5th week of cold storage, 
the relative abundance of unconfirmed rickettsia, unconfirmed 
photogenic bacteria, and pseudomonas were all higher than that 
of the 1st week. At the end of storage (week 9), the dominant 
groups of HTST treated cloudy apple juice were unconfirmed 
rickettsia, unconfirmed oxyphotobacteria, pseudomonas, 
sphingomonas, phyllobacterium, cyanobacteria, and bacteroidetes.

3.9 Correlations between bacterial community and 
physicochemical parameters

Spearman correlation analysis was used to test the correlation 
between physiochemical parameters of all the treatment samples 
and the richness of 35 bacteria species at Phylum level and Genus 
level during storage, as displayed in Figure 5. Among the 35 
species of bacteria, the species richness were found positively 
(yellow, orange to red colored squares) correlated to TA, a* value, 
content of chlorogenic acid and FRAP; In contrast, a negative 
(yellow, wathet-blue to blue colored squares) correlation with 
the parameters of pH, TSS, L* and b* values, and DPPH free 
radicals clearance. What was most remarkable is that chlorogenic 
acid was found significant positive correlation (p<0.05) with 
Tenericutes, Bacteroidetes, Actinomyces, and Acidobacteria at 
Phylum level, and Acinetobacter, Bacillus, Nocardioides, and 
Phyllobacterium at Genus level.

4 Conclusions
In the present study, we compared the effect of HHP 

(400MPa/10 °C/10 min) and HTST (98 °C/50s) treatment on 
the microbes inactivation, enzymatic activity, phytochemical 
parameters, and flavor quality during the cold storage. The findings 
verified that microbial and enzyme inactivation could be achieved 
after HHP or HTST treatment, which ensured cloudy apple juice 
4 weeks and 9 weeks of shelf-life, respectively. Before microbial 
spoilage occurred in juice, both HHP and HTST treated cloudy 
apple juice showed a declining trend in aroma, taste and overall 
acceptability, as well as the L*. Compared with HHP treated cloudy 
apple juice, HTST treatment had a relatively high killing rate of 
bacteria and a higher diversity of the detected microorganisms 
during the cold storage. At the end of shelf-life, the dominant 
genera were rickettsia, oxyphotobacteria, and pseudomonas 
in HHP-treated apple juice, and rickettsia, oxyphotobacteria, 
pseudomonas, sphingomonas, phyllobacterium, cyanobacteria 
and bacteroidetes in HTST-treated apple juice. Further study is 
needed to searching for new or improved processing parameters 
of HHP and HTST technologies, to inactivate the targeted 
microorganisms especially the spores in CAJs.
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Supplementary Material 

Supplementary material accompanies this paper.

Table S1. The standard score sheet for the sensory evaluation of cloudy apple juice.

Table S2. Changes of pH, TA and TSS of CAJ after HTST or HHP treatment during storage period at 4 °C

Figure S1. Changes of DPPH radical scavenging rate (A) and FRAP total antioxidant capacity (B) in cloudy apple juices during 
storage time at 4 °C after HHP and HTST.

This material is available as part of the online article from http://www.scielo.br/cta
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