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ARTICLE INFO ABSTRACT

Keywords:
Ultrasonication

In this work, low-intensity ultrasonication (58.3 and 93.6 W/L) was performed at lag, logarithmic and stationary
growth phases of Lactobacillus plantarum in apple juice fermentation, separately. Microbial responses to soni-
cation, including microbial growth, profiles of organic acids profile, amino acids, phenolics, and antioxidant
capacity, were examined. The results revealed that obvious responses were made by Lactobacillus plantarum to
ultrasonication at lag and logarithmic phases, whereas sonication at stationary phase had a negligible impact.
Sonication at lag and logarithmic phases promoted microbial growth and intensified biotransformation of malic
acid to lactic acid. For example, after sonication at lag phase for 0.5 h, microbial count and lactic acid content in
the ultrasound-treated samples at 58.3 W/L reached 7.91 + 0.01 Log CFU/mL and 133.70 + 7.39 mg/L, which
were significantly higher than that in the non-sonicated samples. However, the ultrasonic effect on microbial
growth and metabolism of organic acids attenuated with fermentation. Moreover, ultrasonication at lag and
logarithmic phases had complex influences on the metabolism of apple phenolics such as chlorogenic acid,
caffeic acid, procyanidin B2, catechin and gallic acid. Ultrasound could positively affect the hydrolysis of
chlorogenic acid to caffeic acid, the transformation of procyanidin B2 and decarboxylation of gallic acid. The
metabolism of organic acids and free amino acids in the sonicated samples was statistically correlated with
phenolic metabolism, implying that ultrasound may benefit phenolic derivation by improving the microbial
metabolism of organic acids and amino acids.

Lactic acid fermentation
Apple juice
Lactobacillus plantarum
Metabolic response

1. Introduction

In the past decades, food products processed by lactic acid fermen-
tation have received increasing attention owing to the enhanced nutri-
tional and sensory properties and extended shelf-life [1,2]. A large
variety of food matrix can be the media of growth of lactic acid bacteria,
including meat, milk, soy, fruit, vegetable and others [3]. Among them,
the majority of raw fruits and several vegetables are considered unfa-
vorable for microorganisms due to the acidic environment, indigestible
nutrients (e.g. fiber and inulin), low buffering capacity, antinutritional
and inhibitory constitution (e.g. phenolic compounds) [1,4]. To over-
come this problem, innumerous efforts have been attempted to develop
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and apply autochthonous and allochthonous lactic acid bacterium
starters to ferment various fruit and vegetable matrices [1,4,5].

In recent years, ultrasound, particularly at low-intensity level, has
been labeled as an emerging technology to improve microorganism’s
performance during food fermentation, for example, promoting micro-
bial growth, accelerating fermentation process, and enhancing the yields
of biomass and target metabolites [6-8]. Although the mechanism un-
derlying the intensification of fermentation by low-intensity ultrasound
has not yet been well clarified, the reported studies reveal that the ul-
trasonic improvement of mass transfer and revisable cell structure
modification play key roles. On the one hand, ultrasound can favor
gas-liquid mass transfer (gas adsorption by liquid) and solid-liquid mass
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transfer (solid dissolution in liquid) [9]. On the other hand, moderate
ultrasound cavitation can provide repairable damage to microorganisms
like dispersing the cells, increasing cell membrane permeability or even
affecting cellular components and genetics [6]. All these factors allow
the microbial utilization of nutrients and transfer of intracellular me-
tabolites easier. Considering the beneficial effect of low-intensity ul-
trasound on food fermentation, it can be a good idea to employ low-
intensity ultrasonication during lactic acid fermentation in fruit and
vegetable juices to help microorganisms adapt harsh environment pro-
vided by fruits and vegetables. According to a comprehensive literature
review, ultrasound technology has been rarely used in fruit and vege-
table juice fermentation by lactic acid bacteria. Therefore, it is impor-
tant to explore the influence of low-intensity ultrasonication on lactic
acid fermentation of fruit and vegetable materials and optimize the
process.

Lactobacillus plantarum is the most frequently used species of lactic
acid bacteria in the fermentation of fruit and vegetable juices [10-12].
Thus, Lactobacillus plantarum can be a representative microbial strain to
evaluate the effect of ultrasound on the lactic acid fermentation process.
Meanwhile, to provide in-depth knowledge about the metabolic
response of Lactobacillus plantarum in fruit and vegetable juices under
ultrasonic fields, different investigations related to microbial growth,
profiles of carbohydrates, organic acids, free amino acids, volatiles and
phenolics are needed [4,5,13]. A series of studies conducted by Filanino
et al. [4,5,13] revealed that the metabolic traits of these indices during
lactic acid fermentation were highly correlated. A comprehensive survey
about microbial growth, profiles of carbohydrates, organic acids, free
amino acids and phenolics can help evaluate the ability of Lactobacillus
plantarum to tolerate and metabolize fruit and vegetable components.
Moreover, some studies found that the impact of ultrasound on
fermentation is dependent on the period of the microbial growth phase.
For example, Daccache et al. [9] reported that Hanseniaspora sp. yeast
was more sensitive to ultrasound at lag phase than the logarithmic phase
during cider production from Lebanese apples. Inversely, Huang et al.
[7] claimed that ultrasonication at logarithmic phase benefited the
fermentation of skim milk by Lactobacillus paracasei to produce peptides.
Consequently, sonication time should be taken into account when
studying the ultrasonic influence on the metabolic response of Lacto-
bacillus plantarum during fruit and vegetable juice fermentation.

In this investigation, as a globally accepted fruit juice, apple juice
was used as the experimental medium for the fermentation of Lactoba-
cillus plantarum. The aim is to systematically explore the influence of
low-intensity ultrasound at three microbial phases (lag, logarithmic and
stationary phases) on the metabolic response of selected Lactobacillus
plantarum strain during the fermentation of apple juice. The detailed
changes in microbial growth, contents of specific sugars, organic acids,
amino acids and phenolics, and antioxidant capacity in vitro throughout
fermentation were monitored. Besides, the relationships between
phenolic metabolism and metabolism of organic acids and amino acids
were explored. The obtained results could enrich the fundamental
knowledge about the application of ultrasound in lactic acid fermenta-
tion of fruit and vegetable juices.

2. Materials and methods
2.1. Bacterial strains

Lactobacillus plantarum BNCC337796 isolated from cabbage were
purchased from BeNa Culture Collection, Beijing, China. The freeze-
dried bacterial powders were first activated in De Man-Rogosa-Sharpe
(MRS) broth at 37 °C for 24 h. Then, the broth was stored at —20 °C
with the addition of 50% glycerinum at the ratio of 1:1 (v:v) for long-
term preservation. Meanwhile, the broth was also incubated at —4 °C
on MRS agar slants medium for short-term preservation. Before
fermentation, cultures on an ager slant medium were transferred into 50
mL of the sterile MRS medium and incubated at 37 °C for 24 h. The
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microbial count was determined to be around 9.0 Log CFU/mL.
2.2. Preparation of apple juice

Apple juices were prepared according to the method of Liao et al.
[14] with some modifications. Fresh mature apples “Malus Domestica cv.
Fuji” were purchased from Suguo Supermarket in Nanjing. Apples with
similar maturity were selected, washed, peeled, cored and cut into small
pieces. To obtain apple pulps, apple pieces were pulped with distilled
water at a ratio of 10:1 (w/w) in a domestic juicer (MJ-WBL2521H,
Midea, Foshan, China), and 1.5%0 D-sodium erythorbate (w/w) was
added simultaneously to prevent browning during juicing [15]. After-
wards, the apple puree was first filtered through four-layer cheesecloth,
and cloudy apple juice was then centrifuged at 4000 rpm (approxi-
mately 2500 g) for 15 min. Total soluble solids and pH of the apple juice
were adjusted to 13.0 °Brix and 6.0, respectively. Also, 0.3% yeast
extract (w/w) was added to apple juice before fermentation. Apple
juices were sterilized at 85 °C for 15 min [16].

2.3. Ultrasound-assisted fermentation of apple juice

Each 100 mL of apple juice was inoculated with a 2.0% (v/v) inoc-
ulum, making the initial cell number reach around 7.0 Log CFU/mL.
Inoculated juices were then incubated at 30 °C. During fermentation, a
probe sonicator (20 kHz, VCX130, Sonics and Materials Inc., Newtown,
USA) with a tip diameter of 10 mm was used to sonicate apple juices.
Ultrasound probe was located at 1 cm depth from the surface of the
medium. Energy input was controlled by setting the amplitude, and the
actual ultrasonic power dissipated in the sample was determined by the
calorimetric method [17]. The acoustic energy density (AED) in the
system was obtained by dividing the measured power by the juice
volume.

Sonication was performed at a pulse mode of 5 s on and 5 s off when
the microbial growth was in lag, logarithmic, and stationary phases,
respectively (after incubation for 0, 8 and 18 h). Two AED (58.3 and
93.6 W/L) levels were applied, which were selected according to the
preliminary tests. The preliminary experiments indicated that neither
higher nor lower AED levels could positively influence microbial
growth. Ultrasound treatment lasted for 30 min at 30 °C in a water bath.
Samples were collected for analysis before fermentation and after son-
ication for 0, 2, 4, 6, 12, and 24 h.

2.4. Analytical methods

2.4.1. Growth curve of Lactobacillus plantarum

The growth of Lactobacillus plantarum in apple juice at 30 °C was
monitored by measuring the optical density of juice at 600 nm for 25 h in
a temperature-controlled microbial growth analyzer (FP-1100-C, Bio-
screen, Finland) periodically [18]. Herein, the lag, logarithmic and
stationary phases stayed from O to4th, 4th-14th and 14th-25th h of
fermentation.

2.4.2. Viable cell counts
The number of Lactobacillus plantarum was determined via the pour
plate method using MRS agar.

2.4.3. Total phenolic content

The Folin-Ciocalteu method was used to determine the total phenolic
content in apple juice [19]. Gallic acid was used as a standard to
construct the calibration curve. The results were expressed as mg gallic
acid equivalents per liter juice.

2.4.4. Phenolic profile

Individual phenolic compounds in the apple juice were first identi-
fied using an ultrahigh performance liquid chromatography (UHPLC,
Nexera X2, SHIMADZU, Japan) system connected with a Triple-TOF-MS



H. Wang et al.

system (TripleTOF 4600, AB SCIEX, USA) [20]. The contents of indi-
vidual phenolics were measured in a Shimadzu LC-2010A HPLC system
equipped with the column Inertsil ODS-3 (4.6 x 250 mm, 5 um, GL
Sciences, Japan), according to the methodology described by Zhang
et al. [21] with minor modifications. The column temperature was
maintained at 25 °C. The mobile phase consisted of deionized water with
1% acetic acid (solvent A) and methanol with 1% acetic acid (solvent B).
Samples previously filtered through a 0.22 pm membrane were eluted at
a flow rate of 0.6 mL/min with the following elution programme: 0-10
min, 90-74% A; 10-25 min, 74-60% A; 25-45 min, 60-35% A; 45-55
min, 35-5% A; 55-58 min, 5-90% A; 58-65 min, 90% A. The injection
volume was 20 pL. The detected wavelength was at 280 nm. The content
of each phenolic compound was quantified according to the calibration
curve of the corresponding standard and expressed as mg/L.

2.4.5. Sugar profile

The sugar profile was analyzed in an Agilent 1200 Series HPLC sys-
tem with an external Alltech 3300 evaporative light scattering detection
detector (Grace, Deerfield, USA), based on the method of Vervoort et al.
[22] with some modifications. The column was a Prevail carbohydrate
ES column (250 mm x 4.6 mm, 5 pm, Alltech, USA) protected with a
Prevail C18 guard cartridge of 7.5 mm X 4.6 mm diameter. The column
temperature was set at 30 °C. Isocratic elution using acetonitrile:water
(75:25, v/v) was performed, and the flow rate was 1.0 mL/min. The drift
tube temperature was kept at 80 °C, and the applied nitrogen flow rate
was 1.5 L/min. Moreover, the injection volume was 10 pL. For the
quantification purpose, standard sugars were used to make the cali-
bration curve, and the results were expressed as g/L.

2.4.6. Organic acid profile
The contents of individual organic acids were determined using the
HPLC method described in our previous study [23].

2.4.7. Free amino acid profile

The contents of free amino acids were measured according to the
method proposed by Li et al. [24]. Before analysis, the samples were
mixed with 10% sulfosalicylic acid at a ratio of 1:1 (v:v) and then kept at
4 °C for 1 h. Samples were filtered through a 0.45 pm membrane and
then analyzed by a fully automated amino acid analyzer (HITACHI L-
8900, Hitachi Ltd., Japan). The amounts of free amino acids in the apple
juice were quantified using each standard’s calibration curves and
expressed as mg/L.

2.4.8. Antioxidant activity in vitro

Free radical scavenging activity of the apple juice was measured
using the 2,2'-azinobis-(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS)
method, while the ferric reducing antioxidant power (FRAP) assay was
also utilized. The detailed procedures for ABTS and FRAP assays can be
found in our previous study [25]. The results of ABTS and FRAP assays
were expressed as Trolox equivalent antioxidant capacity (mmol of
Trolox per liter of apple juice) and mmol of FeSO4 equivalents per liter of
apple juice, respectively.

2.5. Statistical analysis

All experiments were replicated three times. The data were expressed
as mean =+ standard deviation. One-way analysis of variance was per-
formed using SPSS Statistics 20.0 (IBM Corp., NY, USA). Significance
was evaluated at p < 0.05, and independent t-test was used to separate
the mean differences. Principal component analysis (PCA) was carried
out using Minitab 17.1.0 (Minitab Inc., Coventry, UK).
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3. Results and discussion

3.1. Effect of ultrasonication at the lag phase of Lactobacillus plantarum
on the fermentation features of apple juice

3.1.1. Effect of ultrasonication at lag phase on the microbial growth

The influence of ultrasound at the lag phase of Lactobacillus planta-
rum on their growth in apple juice is illustrated in Fig. 1a. As can be seen,
the number of Lactobacillus plantarum in the sonicated apple juices
increased faster than that in an un-sonicated apple juice, especially in
the early stage of fermentation. After sonication for 0.5 h, the microbial
count in the apple juices that were sonicated at 58.3, and 93.6 W/L
increased from 7.48 to 7.91 and 7.82 Log CFU/mL, respectively. Instead,
the number of Lactobacillus plantarum in the apple juice without soni-
cation had no variations. This result implied that sonication shortened
the duration of Lactobacillus plantarum staying in the lag phase. Similar
results could be observed in the literature. For example, Shokri et al.
[26] observed that subjecting to sonication every 2.5 h during fermen-
tation of Lactococcus lactis subsp. Lactis in nutrient broth led to the
increment of microbial count by 1.6 Log CFU/mL after incubation for
12.5 h. Ewe et al. [27] also reported that sonication of Lactobacillus
fermentum parent cells promoted microbial growth in the subsequent
fermentation in biotin-supplemented soymilk by 3-9%. Theoretically,
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Fig. 1. Effect of ultrasonication on the quantity of Lactobacillus plantarum
during fermentation of apple juice. a: sonication at lag phase; b: sonication at
logarithmic phase; c: sonication at stationary phase.
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sonication can loose the cell bunches of microbial culture, enhance cell
membrane permeability, facilitate cellular transport of metabolites and
nutrients, and promote microbial growth [6,18]. Moreover, the inten-
sification of the growth of Lactobacillus plantarum attenuated once mi-
crobial growth entered the stationary stage. A possible explanation of
this phenomenon could be due to lactic acid accumulation [28] or
nutrient deficiency that led to growth inhibition.

3.1.2. Effect of ultrasonication at lag phase on the sugar and organic acid
profiles

Sugar is the major carbon source participating in microbial growth.
The effect of sonication at lag phase on sugar profile in the fermented
apple juice is shown in Table 1. Among all the detected sugars, glucose
content decreased gradually during lactic acid fermentation. In contrast,
there were no significant changes in sucrose and fructose contents in the
whole 24.5-h of the fermentation process. In apple juices without soni-
cation, glucose content decreased from 39.67 + 3.03 to 29.90 + 0.65 g/L
at the end of fermentation. This result suggested that Lactobacillus
plantarum preferentially used glucose among the three sugars. A similar
phenomenon was referred to in the case of lactic acid fermentation of
ginkgo kernel juice, and this phenomenon can be referred as carbon
catabolite repression [29]. Moreover, sonication at lag phase did not
affect the microbial utilization of sugar. The contents of all these three
individual sugars in apple juices with and without sonication were the
same throughout the whole fermentation period. Sugar evolutions in
apple juice can be affected by both glycolysis and hydrolysis of oligo-
saccharides during fermentation [30]. Thus, it was speculated both
glycolysis and hydrolysis reactions could be influenced by sonication,
resulting in the insignificant differences in sugar metabolism with and
without sonication.

The influence of ultrasonication at lag phase on the organic acid
profile of fermented apple juice was analyzed by principal component
analysis (PCA). The PCA results are presented in Fig. 2a and 2b.
Meanwhile, the original data about organic acid contents are listed in
Supplementary Table 1. PC1 and PC2 explained 92.2% of the total

Table 1
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variance of apple juice samples, indicating that PCA well explored the
effect of ultrasound treatment at lag phase on organic acid profile. Ac-
cording to Fig. 2a, the apple juice samples fermented at different stages
were distributed at different regions, implying that the organic profile
changed markedly with fermentation. Unfermented apple juices and
apple juices fermented for 0.5 h distributed on the negative side of PC2,
while apple juices fermented for 6.5 and 12.5 h distributed on the pos-
itive side of PC2. The variables corresponded to PC2 mainly include
malic acid, lactic acid and pyruvic acid. Within 12.5 h of fermentation,
the malic acid content decreased, and lactic acid content increased
gradually. Taking fermentation without sonication for example, lactic
acid content increased from 0 to 2570.49 =+ 22.45 mg/L, and malic acid
content declined by 86.5%. This phenomenon is widely recognized as
malolactic fermentation, which biotransformed malic acid to lactic acid
[31]. An increase in pyruvic acid content was associated with glycolysis
and the product of which was pyruvic acid [29].

On the other hand, PC2 could separate apple juice samples fermented
for 24.5 h from other samples. Compared with samples fermented for
12.5 h, apple juices fermented for 24.5 h were richer in lactic acid but
contained less pyruvic acid. It was probably because pyruvic acid was an
intermediate product in lactic acid fermentation, which can be further
transformed to lactic acid and other products through homolactic
fermentation, heterolactic fermentation and other metabolic pathways
[32]. Besides, both citric acid and succinic acid contents experienced a
first increase and then a declining trend throughout the 24.5 h of lactic
acid fermentation. Citric acid and succinic acid are intermediate prod-
ucts in the tricarboxylic acid cycle, and their contents usually stay in a
dynamic change [33]. Pyruvic acid could be changed to citric acid if
aerobic respiration played a dominant role, leading to increased citric
acid [33]. Along with fermentation, citric acid can also be degraded by
Lactobacillus plantarum to generate lactic acid, acetic acid and diacetyl
[32].

Ultrasonication at lag phase affected the organic profile of apple
juice significantly within the first 12.5 h of fermentation. The synthesis
of lactic acid and bioconversion of malic acid were enhanced

Concentrations (g/L) of specific sugars in the sonicated and un-sonicated apple juices during fermentation.

Sampling time after Sample Sonication at lag phase (sonication at 0 h Sonication at logarithmic phase Sonication at stationary phase (sonication
sonication (h) during fermentation) (sonication at 8 h during fermentation) at 18 h during fermentation)
Sucrose Glucose Fructose Sucrose Glucose Fructose Sucrose Glucose Fructose
Before 22.64 + 39.67 + 45.30 + 13.53 + 54.00 + 42.51 + 10.22 + 33.15 + 27.05 +
fermentation 0.48° 3.03° 0.96°% 0.99% 1.80° 0.93° 0.23% 0.40% 0.12°
0 No sonication 22.20 + 40.03 + 44.96 + 12.40 + 48.76 + 41.28 + 9.72 + 29.42 + 25.82 +
0.18%° 1.36° 0.15%¢ 0.07° 0.17>¢ 0.37%° 0.13° 1.69° 0.36™
US at 58.3 W/L 22.26 + 39.31 + 44.46 + 12.78 + 50.42 + 41.62 + 9.60 + 30.89 + 26.27 +
0.14%° 3.18° 1.45%¢ 0.34%° 1.42° 0.03% 0.29% 1.24° 0.07°
US at 93.6 W/L 21.60 + 40.19 + 46.24 + 12.61 + 49.72 + 41.69 + 9.62 + 28.95 + 25.75 +
1.92° 4.52° 0.17 0.42° 2.30 0.74% 0.01° 0.25 4 0.53
6 No sonication 21.36 + 36.71 + 45.21 + 12.86 + 46.35 + 40.74 + 9.29 + 28.89 + 25.74 +
0.37° 1.78% 0.18°¢ 0.50°" 0.42% 0.06" 0.02 <4 0.25 0.12¢
US at 58.3 W/L 21.98 + 35.81 + 45.10 + 12.68 + 47.87 + 41.80 + 9.20 + 28.17 + 25.45 +
0.04%® 1.59%° 0.31°¢ 0.39%° 2.00Pde 0.79% 0.24% 0.01 4 0.14¢de
US at 93.6 W/L 22.01 + 35.91 + 46.06 + 12.47 + 46.60 + 40.89 + 9.21 + 28.72 + 25.69 +
0.08%° 0.13% 0.51%° 0.06" 0.16°% 0.22% 0.02% 0.10¢ 0.22 °
12 No sonication 21.82 + 34.05 + 45.08 + 12.47 + 45.33 + 40.52 + 9.07 + 28.03 + 25.46 +
0.14%° 1.64%¢ 0.77%® 0.14° 0.72¢ 0.70° 0.02% 0.54¢ 0.16°¢
US at 58.3 W/L 21.62 + 34.44 + 44.96 + 12.62 + 45.62 + 40.47 + 8.92 + 28.11 + 25.36 +
0.01%° 0.53% 1.75%¢ 0.09° 0.42% 0.98° 0.10° 0.18<¢ 0.07¢de
US at 93.6 W/L 21.25 + 33.19 + 45.05 + 12.66 + 47.57 + 41.80 + 8.97 + 28.14 + 25.19 +
0.17° 1.223bcd 0.76%> 0.49° 3.82bede 2.13% 0.144 0.00 0.314¢
24 No sonication 21.68 + 29.90 + 44.22 + 12.67 + 45.20 + 40.29 + 8.91 + 28.16 + 25.21 +
0.03%® 0.65¢ 0.12¢ 0.08%° 0.40° 0.12° 0.05° 0.03 4 0.23%
US at 58.3 W/L 21.22 + 29.85 + 44.74 + 12.38 + 44.55 + 40.32 + 9.00 + 27.70 + 25.03 +
0.39° 0.26¢ 0.16°> 0.01° 0.37° 0.46° 0.22% 0.45¢ 0.11¢
US at 93.6 W/L 21.38 + 31.09 + 44.52 + 12.66 + 45.61 + 40.42 + 8.95 + 28.09 + 25.09 +
0.04° 1.99 « 0.45° 0.40°° 1.034% 0.41° 0.05° 0.16 <4 0.21¢

Data are averages of different samples + standard deviation; values followed by different letters in each column indicate significant differences (p < 0.05); US refers to

ultrasonication.
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Fig. 2. Principal component analysis based on organic acid contents in the apple juices during fermentation with ultrasonic assistance. a and b: score and loading
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immediately after sonication for 0.5 h. The contents of lactic acid and
malic acid in the sonicated samples at 93.6 W/L were 28.84 mg/L higher
and 42.12 mg/L lower than that in the un-sonicated samples, respec-
tively. It was supposed that the malolactic fermentation-related me-
tabolisms were promoted by ultrasound through facilitating microbial
growth, enhancing cell membrane permeability, and accelerating
intracellular and extracellular mass transfers [26,34]. In the meantime,
the contents of citric acid and succinic acid in the ultrasound-treated
apple juices were all significantly higher than that in the samples
without sonication. It was deduced that tricarboxylic acid cycle in
Lactobacillus plantarum was also influenced by sonication. More changes
in the organic acid profile were found in the apple juices fermented for
6.5 h. At this stage, the difference in the lactic acid content between
samples with and without sonication enlarged. Sonicated apple juices
contained more pyruvic acid compared to un-sonicated samples. This
phenomenon indicated that the glycolysis might also be intensified by
ultrasound, leading to a higher pyruvic acid yield. Moreover, sonicated
apple juices contained less citric acid than samples without ultrasound
treatment, and the difference was statistically significant. The influence
of ultrasound on the metabolism of organic acids was weakened with the
increase of fermentation time. After fermentation for 12.5 h, the pyruvic
acid content in apple juices sonicated at 93.6 W/L was slightly lower
than that in the un-sonicated samples. In contrast, the differences in the
contents of malic acid, citric acid and succinic acid between samples
with and without sonication can be negligible. After fermentation for
24.5 h, all the samples were distributed together (Fig. 2a).

In summary, a series of metabolic pathways, including bioconversion
of malic acid to lactic acid, glycolysis and the tricarboxylic acid cycle can
be influenced or intensified by ultrasound. However, the influence of
ultrasound got attenuated with the appearance of a new generation of
lactic acid bacteria. Both Shokri et al. [26] and Hashemi et al. [34] also
reported that ultrasound treatment stimulated Lactococcus lactis subsp.
Lactis and Lactobacillus helveticus PTCC 1332 to synthesize lactic acid in
the nutrient broth and date syrup, respectively. However, the knowledge
about the ultrasonic influence on the detailed organic acid profile be-
sides lactic acid during lactic acid fermentation is limited.

3.1.3. Effect of ultrasonication at lag phase on the amino acid profile

In the applied apple cultivar, 15 amino acids were tentatively iden-
tified. Among them, Asp (234.79 + 8.86 mg/L) had the highest content
in the apple juice before fermentation, followed by Gly (81.18 + 1.00
mg/L), Glu (73.26 + 2.20 mg/L) and Ala (62.50 + 1.24 mg/L). The
amino acid profile changed with fermentation since apple juices fer-
mented for different times located in different regions (Fig. 3a). Based on
Fig. 3a and 3b, probiotic fermentation led to the decline of Ala, Tyr, Phe
and Glu, as well as an increase in the contents of Pro, Gly, Val, Lys and
Ile. The detailed data about amino acid profile are listed in Supple-
mentary Table 2. All the amino acids stayed in dynamic changes
throughout the whole fermentation process. After 24.5 h of fermenta-
tion, the contents of Ala, Tyr, Phe and Glu in the un-sonicated samples
were significantly decreased from 62.50 + 1.24 to 39.39 + 1.40 mg/L,
32.88 £ 0.67 t0 21.10 + 0.06 mg/L, 42.46 + 0.11 to 30.89 + 0.01 mg/L,
73.26 + 2.20 to 59.56 + 0.29 mg/L, respectively. Filannino et al. [35]
also reported the decline of Tyr and Phe in the case of lactic acid
fermentation of pomegranate juice. The decline of amino acid contents,
as mentioned above, can be referred to the catabolism of amino acids,
one mechanism for the microbial adaptation to juice environment [4].
For example, the participation of amino acids, such as Ala, Arg, Leu, Ile,
His, etc. in the microbial mechanism can provide nitrogen nutrients for
the microbial growth, generate energies by decarboxylation, enrich
juice flavor through a series of conversions, and enhance acid resistance
[36,37]. On the other hand, the contents of Pro, Gly, Val, Lys and Ile
were slightly increased from 13.95 + 0.26 to 16.52 4+ 0.09 mg/L, 81.18
+1.00 to 84.41 + 0.69 mg/L, 30.78 + 0.25 to 35.34 + 0.25 mg/L, 29.87
+ 0.31 to 32.11 + 0.68 mg/L, and 27.31 + 0.67 to 29.63 + 0.14. The
increases in the contents of these amino acids were all statistically sig-
nificant. This could be because microbial death in the late stage of
fermentation can lead to cell autolysis and release intracellular proteins,
which may be further hydrolyzed to amino acids [38]. Instead, Filannino
et al. [4] claimed that branched-chain amino acids such as Val, Ile and
Leu decreased significantly during lactic acid fermentation of carrot and
tomato juices. To date, the metabolism of amino acids during lactic acid
fermentation of fruit and vegetable juices has been poorly studied, and
more exploration in this topic is needed in the future.
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Fig. 3. Principal component analysis based on free amino acid contents in the apple juices during fermentation with ultrasonic assistance. a and b: score and loading
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Compared to the fermented apple juices without sonication, soni-
cation at 58.3 W/L at lag phase influenced the amino acid profile pro-
foundly. Instead, fewer changes were observed in the sonicated apple
juices at 93.6 W/L. According to the PCA score plot (Fig. 3a), the amino
acid profile differences between sonicated and unsonicated samples
mainly exist within the first 12.5 h of fermentation. In contrast, all the
samples at the end of fermentation were distributed closely. This
outcome is consistent with the results, as mentioned earlier about
organic acid. After 0.5 h of sonication immediately, as well as sonication
followed by another 6 h of incubation, ultrasound-treated samples at
58.3 W/L possessed lower amino acid contents than the samples without
sonication. During this period, ultrasound, especially at 58.3 W/L,
promoted the growth of Lactobacillus plantarum. Accordingly, the
catabolism and bioconversion of amino acids may also be stimulated by
ultrasound, resulting in a higher decline trend. On the contrary, soni-
cated samples at 58.3 W/L with another 12 h of fermentation were
featured by higher amino acid contents compared with un-sonicated
samples. Since the microbial growth entered the stationary phase at
this stage, ultrasound may also promote cell autolysis and hydrolysis of
intracellular proteins, leading to an increase in the amino acid contents.

3.1.4. Effect of ultrasonication at lag phase on the phenolic profile and
antioxidant capacity of apple juice

Based on Fig. 4a, probiotic fermentation led to the decline of total
phenolic content in the apple juices. After 24.5 h of fermentation, the
total phenolic content decreased from 918.85 + 10.88 mg/L to
approximately 860 mg/L. Meanwhile, there was only a statistically
significant difference in the total phenolic content between sonicated
and unsonicated samples after 12.5 h of fermentation. In contrast, the
ultrasonic effect can be neglected at other stages of fermentation.
Ankolekar et al. [39] and Hashemi et al. [40] also reported that the total
phenolic contents in both apple and lemon juices decreased after lactic
acid fermentation.

On the other hand, phenolics experienced complex conversions
under the action of lactic acid bacteria, for example, decarboxylation,
oxidation, reduction and epimerization [12]. The original data about the

evolutions of detailed phenolic profiles under fermentation with soni-
cation at lag phase are listed in Supplementary Table 3, and PCA was
employed to extract the data. Based on the distribution of samples and
individual phenolics, as shown in Fig. 5a and b, the samples at different
fermentation stages can be well separated according to the phenolic
profile. Generally, catechin and phloretic acid contents exhibited an
increasing trend, whereas the contents of chlorogenic acid, procyanidin
B2, protocatechuic acid, ferulic acid, and gallic acid decreased with
fermentation. Taking samples without sonication, for example, catechin
and phloretic acid contents increased from 5.48 + 0.20 to 14.23 + 0.01
mg/L, and 2.32 + 0.68 to 10.30 & 0.62 mg/L at the end of fermentation.
Chlorogenic acid and procyanidin B2 contents declined from 134.24 +
0.03 to 127.38 £+ 0.20 mg/L, and 66.91 + 2.13 to 61.51 + 1.32 mg/L.
Under lactic acid fermentation, chlorogenic acid can undergo a degra-
dation process and be transformed into caffeic acid, leading to chloro-
genic acid loss [5,41]. Meanwhile, caffeic acid can be further
transformed into the corresponding derivatives by phenolic acid
decarboxylase and reductase [12], resulting in an unclear change of
caffeic acid content. The increase of gallic acid content at the early stage
of fermentation can be attributed to the hydrolysis of gallic acid-related
derivatives, such as hydrolyzable tannins, and gallic acid esters [42].
Gallic acid can also be decarboxylated to form pyrogallic acid, associ-
ated with the loss of gallic acid [12]. Moreover, protocatechuic acid can
also face a decarboxylation process, resulting in catechol formation
[12,43]. Besides, according to the study of Rodriguez et al. [12] and
Filannino et al. [4], phloretic acid and vinyl phenol can be formed due to
the decarboxylation and reduction of p-coumaric acid under the action
of lactic acid bacteria. Procyanidin B2, as a dimer of epicatechin, is not
easily absorbed in the human gastrointestinal tract [44]. However, it can
be broken down into catechin or epicatechin by colonic microbiota,
including Lactobacillus [45], and catechin and epicatechin can be
quickly absorbed in the upper part of the small intestine [44]. Procya-
nidin B2 may also be converted into phenyl propionic acids, phenyl-
acetic acid and benzoic acid derivatives without being depolymerized
into monomers [44]. Rupasinghe et al. [46] found that the biotrans-
formation of cranberry proanthocyanidins can produce more bioactive
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substances and enhance pharmacological activity in the fermentation by
Lactobacillus rhamnosus. Overall, several reactions have been identified
in the phenolic metabolism during probiotic fermentation, and the
changes of phenolics can affect the quality and nutritional values of
fermented products profoundly [47,48].

Sonication at lag phase can somewhat affect the metabolism of
phenolic compounds in the probiotic fermentation of apple juice. Ac-
cording to Fig. 5a, the scores of ultrasound-treated samples on PC1 were
lower than that of un-sonicated samples throughout the entire fermen-
tation, except the samples fermented for 12.5 h. For sonicated samples,
their scores on PC1 decreased with the increase of acoustic energy
density. Thus, PC1 was the contributor to distinguish samples with and
without sonication. Chlorogenic acid, epicatechin, procyanidin B2,
protocatechuic acid, ferulic acid, gallic acid were located on the positive
side of PC1. In contrast, catechin, phloretic acid, caffeic acid and p-
coumaric acid were distributed on the negative side of PC1. Therefore,
sonication can enhance the contents of caffeic acid and catechin in the
apple juice, as well as lower the contents of chlorogenic acid, procya-
nidin B2 and gallic acid, despite that these changes were in a small scale.
It could be noted from Supplementary Table 3 that after 0.5 h of soni-
cation without further incubation, the contents of procyanidin B2
declined by 1.79 mg/L at 58.3 W/L and 5.57 mg/L at 93.6 W/L,
respectively. Gallic acid contents in the sonicated samples were always
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lower than those in the un-sonicated samples at all the sampling points,
although some were insignificant. The catechin contents in both the
sonicated samples after fermentation for 6.5 h were slightly higher than
the unsonicated samples. Accordingly, the bioconversions mentioned
above among phenolics like decarboxylation, oxidation and reduction,
can be affected by ultrasound, which may impact the quality and
nutritional value of the fermented products.

The influence of ultrasonication at lag phase on the antioxidant ca-
pacities of fermented apple juice in vitro is illustrated in Fig. 6a and b.
Lactic acid fermentation led to the slight enhancement of ABTS® " radical
scavenging capacity of apple juice. According to Fig. 6a, the ABTS*"
radical scavenging capacity of all the fermented samples were signifi-
cantly higher than that of unfermented samples.

Similarly, Kwaw et al. [49] reported that the ABTS** radical scav-
enging capacity of mulberry juice increased by 10.9%, 22.3% and 19.6%
after 36 h of fermentation by Lactobacillus plantarum, Lactobacillus aci-
dophilus and Lactobacillus paracasei, respectively. The free radical scav-
enging capacity of fermented products is dependent on several factors,
like microbial strains, pH, temperature, fermentation time, dissolved
oxygen, etc. [50]. Meanwhile, lactic acid bacteria itself has the antiox-
idant ability [51]. Moreover, the above bioconversions of phenolics may
also have connections with the increase of ABTS®" radical scavenging
capacity. Instead, the ferric reducing power of apple juice exhibited a
declining trend with fermentation, although the change was small. Gao
et al. [52] also reported that the reducing power of Momordica charantia
juice fermented by Lactobacillus plantarum was lower than that of fresh
juice. Also, sonication at lag phase had an unclear influence on the
antioxidant capacity of fermented apple juice, and these changes could
be neglected.

3.2. Effect of ultrasonication at logarithmic phase of Lactobacillus
plantarum on the fermentation features of apple juice

3.2.1. Effect of ultrasonication at logarithmic phase on the microbial
growth

According to Fig. 1b, sonication at the logarithmic phase also
somewhat promoted the growth of Lactobacillus plantarum in the apple
juice. After 0.5 h of sonication at 93.6 W/L immediately referring to
fermentation for 8.5 h, the microbial count was 8.86 Log CFU/mL,
which was 3.6% higher than that in the non-sonicated sample. The ul-
trasonic influence on the microbial growth attenuated with the pro-
longation of fermentation. After fermentation for 20.5 h, there was no
noteworthy difference in the microbial count between sonicated and
non-sonicated apple juices. Inversely, Shi et al. [53] and Huang et al. [7]
reported that sonication at the logarithmic phase could exert persistent
influence on the subsequent growth of Saccharomyces cerevisiae and
Lactobacillus paracasei, resulting in the acceleration of fermentation and
enhancement of biomass. This result can be explained by the difference
in the sensitivity of Lactobacillus plantarum at different growth stages to
ultrasonic stimulation since the structure and physiological properties of
microorganism change dynamically with their growth [53]. Overall, the
stimulation of microbial growth under sonication at logarithmic phase
was weaker than that under sonication at lag phase.

3.2.2. Effect of ultrasonication at logarithmic phase on the sugar and
organic acid profiles

Similar to the results presented in Section 3.1.2, the data on the effect
of ultrasonication at logarithmic phase on the sugar profile also implied
that glucose was better utilized by Lactobacillus plantarum than sucrose
and fructose, and sonication at logarithmic phase had negligible influ-
ence on the evolution of sugar contents during fermentation (Table 1).

The evolutions of organic acid contents after sonication at logarith-
mic phase are exhibited in Supplementary Table 4. Meanwhile, PCA
plots about the effect of sonication at logarithmic phase on the organic
acid profile are illustrated in Fig. 2c and 2d. According to Fig. 2c, the
sample points were scattered after 0.5 h of sonication immediately. After
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that, the samples with and without sonication assembled with the
progress of fermentation. This result is consistent with the influence of
sonication at logarithmic phase on the microbial phase. The contents of
malic acid and succinic acid in the fermented apple juices just after
sonication at 93.6 W/L were 418.65 + 26.18 and 278.46 + 23.82 mg/L,
respectively, which were 178.81 and 86.59 mg/L lower than the coun-
terparts in the fermented juices without sonication. Correspondingly,
the lactic acid content was 232.91 mg/L higher than that in the non-
sonicated fermented juices. Moreover, the amount of malic acid in the
samples immediately after sonication at 58.3 W/L was also significantly
lower than that in the non-sonicated samples. These data implied that
sonication at the logarithmic phase could intensify the transformation
from malic acid to lactic acid, and affect the tricarboxylic acid cycle
during lactic acid fermentation.

The attenuation of ultrasonic impact on the subsequent microbial
metabolism and organic acid evolution could probably be related to the
growth of the new generation of microorganism. The study of Yeo et al.
[54] reported that although ultrasound processing promoted the growth
of Lactobacillus casei, the biotransformation of isoflavones and cholate-
tolerance, ultrasound could not affect the subsequent passages of cells
continuously. Both the results about sonication at lag and logarithmic

phases indicated that previous ultrasonication had no significant influ-
ence on the profile of organic acids when the microbial growth moved to
the stationary phase. It was supposed that the accumulation of lactic
acid and nutrient deficiency in the apple juice could inhibit the meta-
bolism of organic acids when the fermentation entered the stationary
phase [28].

3.2.3. Effect of ultrasonication at logarithmic phase on the amino acid
profile

The changes of amino acid contents in the apple juices after ultra-
sonication at logarithmic phase are listed in Supplementary Table 5. And
the PCA score and loading plots are shown in Fig. 3c and 3d. As can be
seen, the amino acid profile in the non-sonicated samples evolved
similarly to that previously discussed in Section 3.1.3. Meanwhile,
sonication at logarithmic phase exerted continuous influences on the
metabolism of amino acids in the subsequent fermentation process.
According to Fig. 3c and 3d, all the ultrasound-treated samples were
located on the right side of samples without sonication at each sampling
time. All the individual amino acids had positive values on PC1. Thus, it
can be deduced that compared to fermented apple juices without soni-
cation, ultrasound-treated counterparts possessed higher contents of
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free amino acids. The data in Supplementary Table 5 validate this. As
previously discussed in Section 3.1.3, it was found that sonication (58.3
W/L) at lag phase led to higher utilization of amino acids by lactic acid
bacteria accompanied by lower amino acid contents in the apple juices.
In contrast, sonication at logarithmic phase seemed to inhibit the utili-
zation of amino acid due to higher amino acid contents in the juices. This
phenomenon could be because sonication accelerated the microbial
growth, making the transition from the logarithmic phase to the sta-
tionary phase earlier. In stationary phase, microorganisms tend to
autolyse and release and hydrolyze intracellular proteins [38]. Besides,
amino acid metabolism by lactic acid bacteria can also become weaker
in the stationary phase. Accordingly, higher amino acid contents in the
apple juices were observed during the subsequent fermentation process
after sonication at the logarithmic phase.

3.2.4. Effect of ultrasonication at logarithmic phase on the phenolic profile
and antioxidant capacity of apple juice

In line with Fig. 4a, the results illustrated in Fig. 4b also show a
declining trend in the total phenolic content during lactic acid fermen-
tation. Referring to individual phenolics shown in Fig. 5¢ and 5d and

Supplementary Table 6, the evolutions of chlorogenic acid, procyanidin
B2, caffeic acid, gallic acid, catechin, protocatechuic acid, epicatechin
and phloretic acid in the control sample were also similar to that in the
counterparts shown in Fig. 5a and 5b and Supplementary Table 3.
Generally, the contents of chlorogenic acid, procyanidin B2, proto-
catechuic acid and gallic acid in the apple juices declined gradually,
whereas the contents of catechin and phloretic acid showed an
increasing trend.

According to Fig. 4b, ultrasonication at the logarithmic phase had an
ignorable effect on the total phenolic content in the fermented apple
juices. However, ultrasound treatment at logarithmic phase exerted
some influences on the specific phenolic compounds, including chloro-
genic acid, caffeic acid, procyanidin B2, catechin and gallic acid. As
shown in Fig. 5c, the loading values of ultrasound-treated samples on
PC1 at different fermentation periods were always lower than that of
control samples. Chlorogenic acid, procyanidin B2 and gallic acid had
high values on PC1, while caffeic acid and catechin possessed lower
values on PC1 (Fig. 5d). Thus, it can be deduced that sonication at
logarithmic phase decreased the amounts of chlorogenic acid, procya-
nidin B2 and gallic acid, and increased the amounts of caffeic acid and
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catechin in the apple juices during lactic acid fermentation. In Supple-
mentary Table 6, the chlorogenic acid content in the ultrasound-treated
samples was always lower than that in the non-ultrasound treated
samples throughout fermentation. After fermentation for 32.5 h, the
chlorogenic acid content in the control sample declined by 3.89%,
whereas 13.29% of chlorogenic acid was lost or hydrolyzed in the son-
icated samples at 93.6 W/L. As the product derived from chlorogenic
acid hydrolysis [41], caffeic acid content increased significantly from
0.75 mg/L to 4.52 mg/L immediately after 0.5 h of sonication at 93.6 W/
L with respect to 8.5 h of fermentation. Moreover, the content of pro-
cyanidin B2 in the fermented samples just after sonication at 93.6 W/L
was significantly lower than that in the samples without sonication.

In comparison, catechin content was significantly higher than that in
the control samples. Besides, gallic acid contents in the ultrasound-
processed samples at both 58.3 and 93.6 W/L were always lower than
that in the control samples in the subsequent fermentation following
sonication. Together with sonication at lag phase, sonication at loga-
rithmic phase can also change the bioconversion of phenolics during
lactic acid fermentation, such as the hydrolysis of chlorogenic acid to
form caffeic acid [41] and transformation of procyanidin B2 [44], and
decarboxylation of gallic acid [12].

The influence of ultrasonication at the logarithmic phase on the
antioxidant capacity of fermented apple juices is plotted in Fig. 6¢ and
6d. It can be seen that sonication at logarithmic phase strengthened the
ABTS** radical scavenging capacity of apple juice throughout fermen-
tation. At the end of fermentation, ABTS"" radical scavenging capacity
of juice sample previously sonicated at 93.6 W/L was 36.7 mmol Trolox/
L, which was 17% higher than that of the non-sonicated counterpart.
Similarly, sonication at logarithmic phase also intensified the ferric
reducing power of fermented apple juice. After fermentation for 32.5 h,
the ferric reducing power of sonicated apple juice at 93.6 W/L (6.87
mmol Fe?t/L) was 8.1% higher than that of the control sample (6.35
mmol Fe?*/L). Combined with the phenolic profile results, it was sup-
posed that ultrasonication at logarithmic phase influenced the biocon-
version and derivation of phenolics during lactic acid fermentation, thus
promoting the enhancement of antioxidant capacity of juice sample in
vitro. However, the results mentioned above in Section 3.1.4 revealed
that sonication at lag phase also changed the phenolic profile, whereas
the antioxidant capacity was less affected. More investigations are
needed to study the detailed chemical reactions among phenolics during
lactic acid fermentation in an ultrasonic field.

3.3. Effect of sonication at stationary phase of Lactobacillus plantarum
on the fermentation features of apple juice

3.3.1. Effect of sonication at stationary phase on the microbial growth,
profiles of sugar, organic acids and amino acids

According to Fig. 1c and Table 1, ultrasonication at the stationary
phase could not influence the microbial growth and sugar utilization in
the subsequent fermentation period. The differences in the microbial
count and sugar contents between sonicated and non-sonicated samples
were all insignificant (p > 0.05) Similarly, Shi et al. [53] reported that
sonication at stationary phase did not influence the growth of Saccha-
romyces cerevisiae. Moreover, no exact impact of sonication at stationary
phase on the organic acid profile was observed based on Fig. 2e and 2f.
The malic acid content in the fermented apple juices just after sonication
was markedly lower than that of non-sonicated samples, whereas other
changes in the organic profile could be ignored (Supplementary
Table 7). The results above also clarified that the effects of sonication at
both lag and logarithmic phases on the microbial growth, sugar and
organic acid profiles attenuated when fermentation moved to stationary
phase. Considering these results, it can be deduced that ultrasound could
not exert marked influence on the microbial growth and metabolism of
organic acid in the stationary phase of Lactobacillus plantarum.

On the other hand, fermented apple juices just after sonication at
58.3 W/L possessed lower amino acid contents like Asp, Glu, Leu, Lys
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and others than the non-sonicated samples. After sonication for 6, 12
and 24 h, the effect of sonication at both 58.3 and 93.6 W/L on the
amino acid profile of all the fermented apple juices were not significant
(Fig. 3e, 3f and Supplementary Table 8).

3.3.2. Effect of ultrasonication at stationary phase on the total phenolic
content, phenolic profile and antioxidant capacity

According to Fig. 4c, sonicated apple juices at 58.3, and 93.6 W/L
possessed higher amounts of total phenolics than unsonicated juices in
the subsequent fermentation process, although the differences were
small. Simultaneously, sonicated apple juices also exhibited a stronger
ability to reduce ferric to ferrous ion (Fig. 6f). However, phenolic profile
data (Fig. 5e and 5f and Supplementary Table 9) revealed that sonication
at stationary phase had an ignorable influence on the specific phenolic
compounds listed. As previously discussed, complex reactions may occur
among phenolics under the action of lactic acid bacteria, and some of the
resulting phenolic derivatives such as pyrogallic acid transferred from
gallic acid and dihydrocaffeic acid transferred from caffeic acid possess
strong antioxidant capacity than their phenolic substrates [12,55]. The
slight enhancement of ferric reducing power may be associated with
phenolic derivations. A comprehensive analysis of phenolic profile is
needed in the next step to clarify the reactions among phenolics.

Taking microbial growth and detailed juice composition changes
into consideration, it was found that ultrasonication at lag and loga-
rithmic phases can exert more profound influences on microbial meta-
bolism and juice composition than ultrasound treatment at stationary
phase throughout the fermentation of apple juices by Lactobacillus
plantarum.

3.4. Correlation between phenolic composition and profiles of organic
acids and amino acids

The phenolic composition is the key factor determining the quality of
fermented apple juice, and the metabolism of organic acid and amino
acid has implicative connections with phenolic bioconversion [4,5]. To
understand the relationship between phenolic profile and composition
of organic acids and amino acids under ultrasound-assisted fermenta-
tion, Pearsons’ correlation coefficients were calculated using the data on
the samples sonicated at lag and logarithmic phases. As shown in
Table 2, the relationship between phenolic profile and organic acid
profile for the samples sonicated at lag phase was similar to that of
samples sonicated at the logarithmic phase, except the relationship be-
tween ferulic acid and organic acids. For example, lactic acid content
had a significant correlation with chlorogenic acid, protocatechuic acid,
procyanidin B2, catechin, gallic acid, phloretic acid and epicatechin.
Meanwhile, malic acid content was significantly correlated with the
contents of chlorogenic acid, protocatechuic acid, procyanidin B2,
catechin, gallic acid, phloretic acid and epicatechin. As mentioned
previously, the contents of chlorogenic acid, procyanidin B2 and gallic
acid decreased under ultrasound-assisted fermentation. In contrast, the
amounts of caffeic acid and catechin increased, which could be associ-
ated with the hydrolysis of chlorogenic acid to caffeic acid, and the
transformation of procyanidin B2 and decarboxylation of gallic acid.
Considering these statistical relationships between organic acids and
phenolics, it was deduced that ultrasonic intensification of biotransfor-
mation of malic acid to lactic acid promoted the bioconversions of
phenolics. The study of Filannino et al. [4] also reported that the
decarboxylation of malic acid and the generation of lactic acid directly
affected the bioconversion of phenolic compounds.

Table 3 shows the relationship between phenolic profile (including
chlorogenic acid, protocatechuic acid, procyanidin B2, catechin, gallic
acid, phloretic acid and epicatechin) and amino acid profile for the
sonicated samples at lag phase was close to that of samples sonicated at
log phase. Taking His and Tyr for example, their contents were posi-
tively correlated with chlorogenic acid, procyanidin B2 and gallic acid
contents, and negatively correlated with catechin content during
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Table 2

Pearson’s correlation coefficients between the phenolic profile and organic acid profile.
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Chlorogenic  Protocatechuic p- Procyanidin C . Caffeic ~ Ferulic Gallic  Phloretic . .
acid acid coumaric B2 atechin acid acid acid acid Epicatechin

Lactic acid -0.908** -0.844%* 0.177 -0.580** 0.993** -0.053  -0.722**  -0.623**  0.821** -0.536%**

Sonication Succinic acid 0.691%* 0.863** 0.071 0314 -0.916%* 0.225 0.450*  0.519%*  -0.535%* 0.508%*
at lag phase Pyruvic acid -0.069 0.132 -0.25 -0.204 0.029 0.154 0.490*  -0.584** 0.111 -0.422*
Malic acid 0.809* 0.670%* -0.086 0.651** -0.845** -0.135 0.431*  0.874**  -0.801** 0.641%*
Citric acid 0.625%* 0.800%** 0.141 0.245 -0.858%** 0.235 0.36 0.466* -0.459* 0.490*

o Lactic acid -0.413* -0.705%* -0.128 -0.947%* 0.936** -0.338 0.841%%  -0.837**  0.425% -0.724%*
Sonication  guqcinicacid  0.462* 0.720%* 0.124 0.826%*  -0.952%* 0341  -0.546** 0.754**  -0.121 0.575%*
Tégarithmic Pyruvic acid 0.077 0.815%* 0.221 0.492* -0.512%*  0.558%*  -0.666**  0.754%* -0.125 0.17

phase Malic acid 0.463* 0.076 -0.111 0.659%** -0.696** -0.104 -0.374 0.257 -0.294 0.626**
Citric acid 0.522* 0.295 0.116 0.632%* -0.776%* 0.115 -0.182 0.38 0.006 0.516%*

*Correlation is significant at p < 0.05; **Correlation is significant at p < 0.01; data marked in red color indicate that the relationship for samples sonicated at lag phase

is similar to that for samples sonicated at logarithmic phase.

Table 3

Pearson’s correlation coefficients between the phenolic profile and amino acid profile.

Chlorogenic  Protocatechuic p- Procyanidin . Caffeic Ferulic Gallic Phloretic . .
acid acid coumaric B2 Catechin acid acid acid acid Epicatechin
Asp 0.375 0.236 -0.251 0.356 -0.341 -0.446* 0.095 0.522%* -0.346 0.366
Ser 0.771%* 0.630%** -0.144 0.586** -0.771* -0.276 0.442* 0.763* -0.705** 0.586%*
Glu 0.486* 0.372 -0.221 0.417* -0.486* -0.417* 0.167 0.633** 0.452%
Gly 0.299 0.173 -0.258 0.302 -0.262 -0.461* 0.023 0.491* 0.330
Ala 0.574%% 0.455% -0.226 0.473* -0.574* -0.403* 0.263 0.679%* 0.481*
Cys 0.374 0.348 -0.195 0.345 -0.416* -0.460* 0.101 0.600%** -0.335 0.398*
Val 0.276 0.205 -0.233 0.277 -0.272 -0.467* 0.023 0.486* -0.249 0.314
Sonication Met 0.561** 0.625%* -0.092 0.439* -0.691%** -0.327 0.239 0.823** -0.499* 0.526%*
at lag phase Ile 0.317 0.254 -0.219 0.309 -0.326 -0.466* 0.036 0.551%* -0.285 0.360
Leu 0.384 0.313 -0.218 0.354 -0.394* -0.461* 0.099 0.591** -0.348 0.394*
Tyr 0.596** 0.510%* -0.195 0.460* -0.618%* -0.389* 0.291 0.696** -0.526%* 0.491*
Phe 0.543%* 0.447* -0.209 0.460* -0.559** -0.424* 0.223 0.704**%  -0.501%* 0.487*
Lys 0.322 0.245 -0.232 0.322 -0.320 -0.482* 0.059 0.539%* -0.229 0.346
His 0.433* 0.340 -0.218 0.396* -0.442% -0.452% 0.116 0.646%* -0.398* 0.433*
Arg 0.353 0.270 -0.237 0.336 -0.349 -0.470* 0.081 0.554%* -0.328 0.365
Pro -0.232 -0.217 -0.064 0.070 0.225 -0.591** -0.451* 0.391* 0.190 0.146
Asp 0.125 0.611%* 0.001 0.689** -0.667** 0.424* -0.656* 0.622%%  -0.610%* 0.633*
o Ser 0.277 0.671** 0.053 0.908** -0.919%* 0.392* -0.763**  0.767** -0.402* 0.667*
Sonication Glu 0.294 0.543%% 0.049 0.753%%  -0.886* 0368  -0.438%  0.558**  -0.262 0.627%*
i;garilhmic Gly -0.260 -0.223 -0.318 -0.139 0.196 -0.105 0.185 -0.351 -0.421* -0.062
phase Ala 0.351 0.744* 0.154 0.899** -0.946%* 0.448* -0.753%* 0.822%* -0.387 0.702%*
Cys 0.389* 0.319 0.052 0.452% -0.414* 0.127 -0.424* 0.469* -0.188 0.435*
Val -0.308 -0.104 0.119 -0.268 0.318 0.120 -0.018 0.001 -0.180 -0.015
Met 0274 0369 0.058 0754 -0.780%%  0.182  -0.514**  0458%  -0337  0.599%*
Ile -0.247 0.114 0.058 0.202 -0.229 0.271 -0.283 0.180 -0.362 0.289
Leu 0.214 0.443* 0.246 0.580** -0.649%* 0.354 -0.560* 0.634** -0.290 0.551%*
Tyr 0.368 0.742%% 0.168 0.863** -0.961* 0.469* -0.703** 0.809%** -0.265 0.643**
Phe 0.408* 0.626%* 0.152 0.888** -0.945%* 0.353 -0.717* 0.758%* -0.356 0.714%*
Lys -0.524%* 0.284 -0.038 -0.005 0.052 0.382 -0.242 0.158 -0.417* 0.066
His 0.277 0.339 -0.009 0.727** -0.690%* 0.111 -0.498* 0.387 -0.491* 0.653**
Arg -0.071 0.458* 0.187 0.367 -0.388 0.473* -0.497%*%  0.533%* -0.366 0.393*
Pro 0.349 -0.499 0.049 0.704%* -0.785%* 0.313 -0.405* 0.534%* -0.256 0.616**

*Correlation is significant at p < 0.05; **Correlation is significant at p < 0.01; data marked in red color indicate that the relationship for samples sonicated at lag phase

was similar to that for samples sonicated at logarithmic phase.

fermentation with ultrasonic assistance at lag phase. The study of
Filannino et al. [4] claimed that the catabolism of His and Tyr could
assist Lactobacillus plantarum to regulate intracellular pH and stimulate
its growth in an acid environment, indirectly interfering phenolic
bioconversion. According to the exhibited relationship between phe-
nolics and amino acids, it can be found that the catabolism of free amino
acids in the apple juices under an ultrasonic field also has a profound
influence on the metabolism of phenolic compounds during Lactobacillus
plantarum fermentation.

Additionally, the current study demonstrated that the metabolism of
phenolics organic acids and amino acids had weak connections with
sugar changes under ultrasound-assisted fermentation. The results, as
mentioned above, showed ultrasound did not affect the metabolism of
individual sugars. Generally, the reactions about organic acids, amino
acids and phenolics are closely related to the composition of substrates,
intermediate products and final products, and enzymatic activity like
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phenolic acid decarboxylase, esterase, glycosidase, etc. [2,12,36].
Sugars were not the key component affecting the metabolic pathways of
these bioreactions. As a result, sugar changes may not interfere the
evolutions of organic acids, amino acids and phenolics directly under an
ultrasonic field.

4. Conclusions

The current study demonstrated that low-intensity ultrasonication at
lag and logarithmic phases of Lactobacillus plantarum exerted compli-
cated influences on the microbial metabolism in the apple juices,
particularly sonication at lag phase. On the contrary, no distinct meta-
bolic responses of Lactobacillus plantarum were observed when ultra-
sonication was applied in the stationary phase. The microbial number
was increased by 0.51 and 0.31 Log CFU/mL immediately after soni-
cation at the lag phase (58.3 W/L) and the logarithmic phase (93.6 W/
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L), respectively. Meanwhile, the biotransformation of malic acid to
lactic acid was enhanced by sonication at both lag and logarithmic
phases. More importantly, sonication at both lag and logarithmic phases
seemed to assist the hydrolysis of chlorogenic acid to caffeic acid, the
transformation of procyanidin B2 and decarboxylation of gallic acid.
Correlation analysis revealed that ultrasound treatment strengthened
the bonds between the metabolism of organic acids and free amino acids
and phenolic derivations. It was speculated that ultrasound intensified
both biosyntheses of lactic acid and catabolism of free amino acids by
Lactobacillus plantarum, consequently regulating the derivations of
phenolics in the apple juices. This study guides the adaptability of lactic
acid bacteria in the production of fruit and vegetable juices. More
fundamental studies are needed in the future to explore the mechanism
of the ultrasonic enhancement of lactic acid fermentation in fruit and
vegetable materials.
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