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ARTICLE INFO ABSTRACT

Keywords:
Mix-culture fermentation

Effects of mixed cultures composed of any two of four autochthonous lactic acid bacteria on fermentation of
Chinese northeast sauerkraut were investigated in this study. Results indicated that different mixed cultures
qPCR inoculation generated diversified physicochemical, microbiological and flavor quality of sauerkraut. Compared
Metabolome £ . . 1 f . h d sienifi hich lati £ lacti id
Eonose to spontaneous fermentation, mix-culture fermentation showed significant higher population of lactic aci
E-tongue bacteria and lower amounts of undesirable microorganisms. Free amino acids increased by 2- to 5-fold from
Sensory characteristics initial level in spontaneous and mix-culture fermentation, with the lowest production by spontaneous fermen-
tation. Moreover, mix-culture fermentation promoted the flavor formation based on the analysis of HS-SPME/
GC-MS, E-nose, E-tongue and sensory evaluation, especially for the mixed culture of Leu. mesenteroides and
L. plantarum. These results highlighted that using a mixed culture made up with Leu. mesenteroides and
L. plantarum could be a potential way to improve the quality of sauerkraut, which could provide an alternative

way to meet consumers’ requirement.

1. Introduction

Northeast sauerkraut is a famous traditional Chinese fermented food
made from Chinese cabbage (Brassica rapa L. pekinensis, cv. Wombok)
in a certain concentration of brine, being very popular in the northeast
region of China for the nutritional value, pleasant flavor and health
benefits. Sauerkraut contains not only high amounts of vitamins and
minerals, but also high levels of glucosinolate hydrolysis products, and is
known to have various functions such as anti-obesity, anti-oxidant, anti-
cancer and cholesterol reduction (Park et al., 2019). Fermentation im-
proves the flavor properties with the production of aromatic metabolites
including organic acids, free amino acids (FAAs) and volatile com-
pounds (Chen et al., 2019). At present, the annual output of northeast
sauerkraut has reached several hundred thousand tons, with an output
value of nearly 5 billion CNY (Wang, Zhang, Gao, Han, & Wu, 2021).

Nonetheless, until now, northeast sauerkraut is still produced by the
natural fermentation which is made based on empirical knowledge and
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relies on the microbiota originated from raw materials and environment.
Fresh and good quality cabbages are pretreated (washed, cut and
blanched) and then stacked with salt into jars, and finally left at ambient
temperature for at least one month (Liang et al., 2020). Generally, the
microbiota of northeast sauerkraut includes members of lactic acid
bacteria (LAB), which are the dominant microbial group throughout the
fermentation, whereas yeasts, molds, Enterobacteriaceae, Clostridium,
Pseudomonadaceae and Staphylococcus may appear at the beginning of
fermentation (Vaccalluzzo et al., 2020). Liang, Yin, Zhang, Chang, and
Zhang (2018) have reported that the spontaneous fermentation process
is initiated by heterofermentative LAB such as Leu. mesenteroides, and
terminated by homofermentative LAB such as L. plantarum. However,
spontaneous fermentation usually results in products with poor quality,
due to the contamination with spoilage microorganisms or pathogens,
which has been a significant bottleneck for industrial production.
Meanwhile, the consumers’ consumption trend toward fresh-tasting,
high-nutritional and health-promoting foods, with satisfactory
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organoleptic properties, is increasing.

LAB, as one of the most important microorganisms in fermented
foods, have been given the Generally Recognized as Safe (GRAS) status
by the US Food and Drug Administration (FDA) and the Qualified Pre-
sumption of Safety (QPS) status by the European Food Safety Authority
(EFSA) (Hossain et al., 2020). LAB are able to metabolize chemical
components of vegetables, which contributes to the nutritional value,
flavor and texture of final products, and improves the digestibility.
Additionally, LAB exhibit probiotic effects by producing antimicrobial
compounds, such as organic acids, carbon dioxide, hydrogen peroxide
and bacteriocins. Recently, LAB have been used as starters to drive the
fermentation process, prolong the shelf life and improve the organo-
leptic characteristics of fermented products, such as yoghurt (Soni et al.,
2020), kimchi (Lee, Choi, Lee, Park, Oh, Yun, & Lee, 2020) and sour
meat (Zhang, Hu, Xie, & Wang, 2020). Minervini, Missaoui, Celano,
Calasso, Achour, Saidane, and De Angelis (2019) developed a co-culture
system composed of L. paraplantarum and L. plantarum for the fermen-
tation of zgougou, and the result demonstrated that co-culture fermen-
tation improved the antioxidant activity, color, odor and safety of
products. Lee et al. (2020) established a mixed culture made up with
Leu. mesenteroides and L. sakei to investigate the effects of mixed culture
on the overall fermentation process of kimchi, and the result demon-
strated the mixed culture had great potential for the standardized
manufacture of kimchi. These studies demonstrated that fermentation
with mixed culture made important contributions to improve the quality
of fermented foods. Thus, the use of mixed cultures in the fermentation
of northeast sauerkraut would be one of the most effective approaches to
control the fermentation process, standardize the quality, ensure the
safety, and optimize the benefits of final products.

However, up to now, no systematic study has been performed on the
effects of mixed-cultures on the fermentation of northeast sauerkraut. In
our previous study, several potential LAB strains were isolated from
spontaneous sauerkraut in northeast China. The previous experimental
results showed that they possessed excellent fermentative properties,
including good growth activity, high capacity of acid production and
nitrite degradation, and significant antimicrobial activity (Yang et al.,
2020). Hence, the aim of this study was to explore, in-depth, the effects
of mix-culture fermentation by different combinations of selected LAB
species on the quality of northeast sauerkraut. Alterations in the growth
of microorganisms, pH and the contents of nonvolatile and volatile
compounds before and after fermentation were determined. Further-
more, the sensory characteristics of final products were evaluated by E-
tongue, E-nose and trained panelists, respectively.

2. Materials and methods
2.1. Starter preparation

Four autochthonous LAB strains used in this study were Leuconostoc
mesenteroides (Leu. mesenteroides), Lactobacillus plantarum (L. plantarum),
Lactobacillus paracasei (L. paracasei) and Weissella cibaria (W. cibaria),
which were previously isolated in our lab from homemade spontaneous
sauerkraut in Dalian, Jinzhou, Liaoning Province (Yang et al., 2020).
These strains were stored at —80 °C in MRS broth supplemented with
glycerol (20%, v/v). Prior fermentation, the four strains were pre-
cultured into sterile MRS broth and incubated at 30 °C for 24 h to
obtain a final cell density of 9 log cfu/mL. Then cells were harvested by
centrifugation at 12,000g for 20 min at 4 °C, washed twice with sterile
0.85% (w/v) saline, and suspended in sterile 0.85% (w/v) saline to
obtain a concentration of 7 log cfu/mL for inoculation.

2.2. Sauerkraut fermentation and sampling procedures
Northeast sauerkraut was fermented according to the method

described by Yang et al. (2020). Briefly, the raw materials, fresh Chinese
cabbages, were cut into halves along the long axis and blanched for 1
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min in boiling water. Then, the pretreated cabbages were transferred to
7.3-L ceramic jars together with sterile salt solution (1%, w/w). Mean-
while, different starter cultures were mixed at the ratio of 1:1 and
inoculated at 10° cfu/g cabbage approximately. Finally, all jars were
sealed tightly and placed at 18-20 °C for 30 days. Seven batches were
performed as follows: (I) spontaneous fermentation (Spo), (II) inocu-
lated with mixed culture of Leu. mesenteroides and L. plantarum (MP),
(I11) inoculated with mixed culture of Leu. mesenteroides and L. paracasei
(MA), (IV) inoculated with mixed culture of Leu. mesenteroides and
W. cibaria (MW), (V) inoculated with mixed culture of L. plantarum and
L. paracasei (PA), (VI) inoculated with mixed culture of L. plantarum and
W. cibaria (PW), (VII) inoculated with mixed culture of L. paracasei and
W. cibaria (AW). The brine and solid sauerkraut were sampled at day 1,
3, 5, 7,12, 17, 23 and 30 for subsequent experimental analysis, ac-
cording to the sampling method as described previously (Yang et al.,
2020). Sauerkraut brine was collected using sterile pipette from upper,
middle and under layer of jar respectively, and five subsamples collected
from each layer were combined and mixed well. Then collected samples
were centrifugated at 12,000g for 15 min at 4 °C. The separated pellets
and supernatants were stored at —80 °C for further analysis.

2.3. pH measurement

The pH value was measured by placing a pH electrode of the pH
meter directly (PHS-3G, INESA Scientific Instrument Co., Ltd., Shanghai,
China) into samples at room temperature.

2.4. Microbiological analysis

2.4.1. Counts of viable cells using the plating method

The microbiological analysis of the viable cells during the fermen-
tation was performed by the standard plate-counting method. 1 mL of
sauerkraut brine was subjected to serial dilutions ranging from 107! to
10, and then cultured on plates by pouring method, including De Man
Rogosa Sharpe (MRS, Hopebio, Qingdao, P. R. China) agar plates incu-
bated at 30°C for 48 h for LAB count and Violet Red Bile Glucose (VRBG,
Hopebio, Qingdao, P. R. China) agar plates incubated at 37 °C for 24 h
for Enterobacteriaceae count.

2.4.2. Quantification by the real-time quantitative PCR (qPCR) method

2.4.2.1. Genomic DNA extraction. DNA was extracted from all samples
atday1,3,5,7,12,17, 23 and 30 using the MiniBEST Bacterial Genomic
DNA Extraction kit Ver. 3.0 (Takara, Shiga, Japan) as per the manu-
facturer’s recommendations for Gram-positive bacteria.

2.4.2.2. Amplification conditions. The qPCR reactions were performed
in 96-well plates on a Biorad ICycler instrument (Biorad) using SYBR
Green as the fluorophore. Primers and standard curves were the same as
that used in our previous study (Yang et al., 2020). Amplification re-
actions were performed in replicate in a final volume of 20 pL containing
10 pL of SYBR Green Premix Pro Taq HS qPCR Kit (AG11701, ACCU-
RATE BIOTECHNOLOGY, HUNAN, Co., Ltd), 0.4 pL of each primer, 7.2
pL of RNase-free water and 2 pL of template DNA. The conditions of
amplification reactions were: 95 °C for 30 s, followed by 39 cycles of
denaturation at 95 °C for 5 s, annealing at 60 °C for 30 s and extension at
95 °C for 10 s. Melting curve analysis was performed automatically by
continuous heating from 65 °C to 95 °C. All qPCR runs were analyzed
using automatic software settings. Standard curves were generated
using serial DNA dilutions of four LAB strains (ranging from 10° to 102
cfu/mL) and were constructed by plotting mean Cq values against log
cfu of them.



W. Hu et al.
2.5. Analysis of metabolome profiles

2.5.1. Determination of non-volatile compounds

High-performance liquid chromatography (HPLC) with a differential
refractometer CTO-10vp detector (Agilent Instruments, USA) was con-
ducted to determine the concentrations of non-volatile compounds
(glucose, fructose, lactic acid and citric acid) following the method
described previously (Yang et al., 2020). Before determination, sauer-
kraut brine was centrifuged at 12,000g for 10 min and then filtered
through 0.22 pm micropore filter (Jin Teng Corp., Tian Jin, China). The
Aminex 300 mm x 7.8 mm HPX-87H column (Bio-Rad Laboratories,
USA) was used to separate the non-volatile metabolites at 65°C. The
mobile phase was 0.005 M H5SO4. The non-volatiles were identified by
comparing their retention times with their standard solutions, and
quantified using calibration curves generated from the peak areas of the
standards.

The content of FAAs was determined according to the method
described by Yang et al. (2020). 10% sulfosalicylic acid was added to the
precipitation of proteins and peptides, and the sample was centrifuged at
12,000g for 20 min at 4 °C. Then, 1 mL of supernatant was filtered
through a 0.22 pm micropore filter (Jin Teng Corp., Tian Jin, China) and
analyzed by an automatic amino acid analyzer (Biochrom Ltd., Cam-
bridge Science Park, England) with a Hitachi 2622c exchange column
(4.6 mm x 6.0 m), at wavelengths of 440 nm for Proline (Pro) detection
and 570 nm for all the other FAAs detection. The concentration of each
FAA was calculated by the external standard method (Wu et al., 2015).

2.5.2. Determination of volatile compounds and odor activity values
(OAVs) calculation

The content of volatile metabolites was determined by the method
reported previously (Yang et al., 2020). Briefly, 5 mL of the sauerkraut
brine and 1.6 g NaCl were transferred into a 20 mL headspace vial. The
vial was tightly capped, heated in a water bath at 60 °C and stirred every
5 min for 40 min. Then a solid-phase microextraction (SPME) fiber
(divinylbenzene/carboxen/polydimethyl siloxane, DVB/CAR/PDMS,
50/30 pm, Supelco, Inc., Bellefonte, PA, USA) was inserted into the
headspace vial to adsorb volatiles for 40 min at 60 °C and then was
injected into the GC injector for desorption. A Shimadzu gas chroma-
togragh (Shimadezu, Kyoto, Japan) with a Rxi-5Sil MS column (30 m x
0.25 mm x 0.25 pm, Restek, Bellefonte, PA, USA) was used for GC/MS
analysis. High-purity helium was used as carrier gas at a constant flow
rate of 1.0 mL/min. The injector temperature was 250 °C, while the oven
temperature was increased from 35 °C (3 min) to 160 °C at a rate of 6
°C/min, and then increased at 10 °C/min to 250 °C. The interface and
ion source temperature were set at 230 °C and 200 °C, respectively. The
mass detector operated in electron impact (EI) mode was generated at
70 eV with a scan range of 35-500 m/z. Volatiles were identified using
the National Institute of Standard and Technology (NIST) and Wiley
libraries (similarity index > 85%), and quantified using 2-octanol
(19.656 pg/L) as the internal standard. The concentration of volatile
was calculated as: concentration of volatile = (concentration of stan-
dard x MS peak area of volatile)/MS peak area of standard. All analyses
were repeated three times.

The OAVs of volatile compounds were calculated by dividing their
concentrations with odor thresholds, which were obtained from previ-
ous studies collected in literatures (Wei, Xiao, Wei, Li, Li, Liu, & Zhong,
2021; Yun et al., 2020a; 2020b). To some extent, OAVs can reflect the
contribution of volatile compounds to the characteristic flavor of sam-
ple. Generally, compound with OAV > 1 contributes to the overall
aroma significantly.

2.6. E-nose analysis
E-nose analysis was performed with a PEN 3.0 E-nose device

(Winmuster Airsense Analytics Inc., Schwerin, Germany) equipped with
a sensor array system containing ten metal-oxide semiconductors with
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different chemical composition and thickness. The sensors were W1C,
W5S, W3C, W6S, W5C, W1S, W1W, W2S, W2W and W3S, and were
constructed to measure aromatic compounds, oxynitride, ammonia and
aromatic compounds, hydrogen, alkane and aromatic compounds,
methane, sulfur compounds, ethanol, aromatic and organic sulfur
compounds, and alkanes, respectively. Briefly, 5 mL of sauerkraut brine
was placed into a 20 mL headspace vial, capped with a PTFE septum and
then equilibrated at room temperature before testing. The headspace gas
was injected into the E-nose carried by air for 60 s at a constant flow rate
of 300 mL/min, and during the test, the sensor signals were recorded at
each second. After each test, the sensor system was purged with filtered
air for 120 s, to reestablish the instrument baseline prior to the next
sample injection. Data was collected by the pattern recognition software
(WinMuster, v.1.6, Airsense Analytics GmbH., Germany). Each sample
was analyzed three replicates and the average was used for the subse-
quent statistical analysis.

2.7. E-tongue analysis

The SA-402B electronic tongue system (E-tongue, Intelligent Sensor
Technology, Inc., Kanagawa, Japan) was used to determine the taste
profile of sauerkraut products. The system consists of five taste sensors
(AAE, CTO, CAO, AE1 and C00) and is used to test umami, saltiness,
sourness, aftertaste, astringency, richness and bitterness, respectively.
All sensors were activated for 24 h using an internal solution (3.3 M KClL
and saturated silver chloride) and a reference solution (30 mM KCl and
0.3 mM tartaric acid). Sauerkraut sample was homogenized, filtered
through gauze to collect the juice and centrifuged at 12,000g for 10 min.
After a successful self-test, the detection method was set and the su-
pernatant was analyzed from eight taste values (sourness, bitterness,
saltiness, umami, aftertaste-A, aftertaste-B, astringency and richness).
Three replicates were performed for each sauerkraut sample.

2.8. Sensory analysis

Sensory evaluation of the final sauerkraut products was conducted
by 15 trained panelists including 7 men and 8 women with an average
age of 28 (from age 20 to 40). Training sessions were carried out for
panelists prior to sensory evaluation to ensure that each panelist could
consistently clarify and detect the attribute of each sauerkraut product.
During the training session, panelists defined and developed sensory
attributes of the samples until they reached an agreement. Commercial
sauerkraut products were used for the training, and each of the sensory
notes and its score distribution was thoroughly discussed until a
consensus among panel members was reached (Yi et al., 2019). During
formal sensory evaluation, each sample (10 g) composed of solid
sauerkraut and brine, was randomly presented to panelists in clear
plastic cups coded with three-digital codes in a random order to prevent
bias. The measurements were carried out at room temperature. Water
and crackers were provided for the panel to rinse their palates between
samples. The overall preference (color, sourness, crispness, flavor, taste
and overall acceptability) was scored using a 9-point scale (1, extremely
dislike; 3, dislike; 5, neither like nor dislike; 7, like; 9, extremely like)
(Choi, Yong, Lee, Park, Yun, Park, & Lee, 2019).

2.9. Statistical analysis

The experimental results were expressed as means + standard error
of the mean, derived from three repeated measurements from each
fermentation vessel. SPSS 19.0 software (SPSS Inc., Chicago, IL, USA)
was used to perform a one-way analysis of variance (ANOVA), while
Turkey’s test was performed to test for significant differences (p < 0.05).
The data of volatilome determination and E-nose analysis were sub-
jected to a principal component analysis (PCA) using SIMCA software
(version 11.0, Umertrics, Umea, Sweden). The cluster analysis was
conducted by R (version 3.4.4). The type of linkage method and distance
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measurement were “complete” and “Euclidean”, respectively. Z-trans-
formation of raw data was required to be processed before constructing a
heatmap. The phylogenetic tree was calculated using the neighbor-
joining method.

3. Results and discussion
3.1. Microbiological analysis during fermentation

3.1.1. Enumeration of microorganisms using plating method

To monitor the whole fermentation process and evaluate the safety of
sauerkraut, it is necessary to investigate the microbial dynamics. LAB is
a dominant group in acid production and of great importance in fer-
mented foods. The population of LAB at day 1 was approximately 8.40
log cfu/mL in all mix-cultured samples, whereas that in Spo samples was
only 7.11 log cfu/mL (Supplementary Table S1). Among all samples,
LAB increased rapidly from day 1 and then gradually decreased until the
fermentation finished. The population of LAB showed a decrease in the
later stage of fermentation, likely due to the low pH value and limited
nutrient availability as fermentation progressed. The time to reach the
peak value of LAB population varied among different samples, at day 5
in PW fermented samples, at day 3 in four treatment groups (Spo, MP,
PA and AW), and at day 1 in MW samples. This difference was inferred to
be caused by the homolactic or heterolactic acid fermentation per-
formed by the starter strains. In addition, it was also related to the dif-
ference in growth ability of starter strains. In the early stage of
fermentation, a fast growth of LAB could lead to a rapid decline in pH
value, which is necessary to prevent the growth of spoilage microor-
ganisms (Zhang et al., 2020). The minimum of LAB number at the peak
and at the end of fermentation were all detected in the Spo samples. At
the end of fermentation, the PW samples contained the largest number
of LAB, followed by the PA samples. These results suggested that it was
necessary to inoculate the starters of LAB for the rapid and vigorous
fermentation.

As the fermentation progressed, the population of Enterobacteri-
aceae in all samples gradually decreased and was not detected at the end
of fermentation (Supplementary Table S1). However, the time taken to
decrease below the detection limit was different, depending on the type
of mixed culture inoculated. Compared with the Spo fermentation, mix-
culture fermentation allowed the number of Enterobacteriaceae below
the limit of detection within a shorter period. The population of
Enterobacteriaceae decreased below the detection limit after 24 h of
fermentation in three mix-cultured groups (MP, MA and MW), at day 3
in two groups (PA and PW), at day 5 in AW samples, whereas at day 7 in
Spo samples. These results suggested that mix-culture fermentation
could promote the rapid growth of beneficial bacteria and inhibit the
growth of undesirable bacteria.

3.1.2. qPCR analysis

The dynamic behavior of the starter strains during fermentation was
monitored by qPCR, which was a faster and more reliable alternative
method to identify and quantify microorganisms during fermentation.
Additionally, mix-cultured strains might compete for nutrients or pro-
duce metabolites that stimulate or inhibit each other’s growth. Thus, it
was helpful to determine the possible population interactions between
the starter cultures.

It was expected that significant (p < 0.05) higher numbers of all
starter strains were detected in the mix-cultured samples compared to
the Spo samples (Supplementary Table S1), which meant that the
fermentation with mixed cultures was effective. Regarding the mix-
cultured models with Leu. mesenteroides (MP and MA), the population
of Leu. mesenteroides was lower than that of L. plantarum and L. paracasei,
especially in the mid-late stage of fermentation. The result could be
explained by the rapid acidification of L. plantarum and L. paracasei,
which was due to their homolactic fermentation. In other terms, lactic
acid produced by L. plantarum and L. paracasei made Leu. mesenteroides
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Fig. 1. Changes of pH during the fermentation of northeast sauerkraut by
spontaneous (Spo) and different mixed cultures (MP, MA, MW, PA, PW
and AW).

disadvantageous in the competition for substrates in mix-culture
fermentation. This result was in good agreement with a previous study
regarding the effect of single and mixed inoculation of L. lactis and Leu.
mesenteroides on the fermentation of skim milk (Ozcan et al., 2020).
During the MW mix-culture fermentation, Leu. mesenteroides and
W. cibaria showed similar behavior, increasing during the first 12 days
and then decreasing until the fermentation finished, and no significant
difference was found between their population. This result supported
the statement of previous study that Leuconostoc and Weissella appeared
in pairs or in chains, and co-existed in a variety of fermented foods
(Zhang et al., 2019a).

As homofermentative LAB, L. plantarum showed a significant (p <
0.05) higher growth performance compared to that of L. paracasei in PA
mix-cultured fermentation, which was likely due to the growth of
L. paracasei was suppressed by L. plantarum. Significant (p < 0.05) higher
number of L. plantarum was found in the MP and PW samples, with
respect to that in PA samples. This finding was in good agreement with
Xu, He, Zhang, and Kong (2017), who reported that heterofermentative
LAB accelerated the growth of L. plantarum and resulted in a rapid
decrease in pH value. During the process of PW mix-culture fermenta-
tion, the changes of L. plantarum and W. cibaria population were almost
synchronous, showing an order-of-magnitude increase at day 23.
L. plantarum showed a higher and W. cibaria showed a lower growth
performance in PW samples, while in AW samples, the population of
W. cibaria was higher than that of L. paracasei. This result indicated that
the presence of W. cibaria exhibited different effects on the growth of
L. plantarum and L. paracasei in mix-culture fermentation, although the
underlying mechanism was still unclear. L. paracasei grew better in the
presence of heterofermentative LAB (Leu. mesenteroides and W. cibaria)
compared with that mixed with L. plantarum. This difference could be
attributed to a better competitiveness of L. paracasei in MA and WA
mixed cultures when compared with that in PA mixed culture.

Overall, among all mix-cultured samples, the population of
L. plantarum and W. cibaria were higher compared to all the other
starters, which might be related to their strong acid tolerance capacity.
These results were in accordance with previous report (Jung et al.,
2012), which had been explained by the hypothesis that members of
Leuconostoc grew well under less acidic and anaerobic condition, while
members of Lactobacillus and Weissella were more competitive under
acidic condition.

Compared to the plating method, the population of LAB quantified
by gPCR was higher. According to the statement of Fittipaldi, Nocker,
and Codony (2012), firstly, this meant that DNA was easily extracted
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Fig. 2. Changes in glucose (A), fructose (B), citric acid (C) and lactic acid (D) concentrations of northeast sauerkraut during spontaneous (Spo) and different mix-

cultured (MP, MA, MW, PA, PW and AW) fermentation.

from the cells of LAB that had grown to different physiological states.
Secondly, qPCR method provided additional information for plate
counting by detecting viable but non-culturable cells and dead cells.

3.2. Analysis of pH value

A low pH value not only influences the flavor of fermented food, but
also ensures the safety of food by inhibiting the growth of spoilage and
pathogenic microorganisms (Zhang et al., 2020). Among all samples, the
pH value sharply decreased, then gradually decreased and finally tended
to stabilize until the fermentation finished (Fig. 1). Throughout the
fermentation process, the pH values of mix-cultured samples were
obviously lower with respect to that of Spo samples. The mix-culture
fermentation required only 1-3 days to reach a pH value below 4.0,
while the Spo fermentation required 12 days. At the end of fermentation,
the lowest pH value was found in the PA fermented sauerkraut, which
might be explained by the homofermentative property of L. plantarum
and L. paracasei. The result suggested that mix-culture fermentation
enabled the brine acidified quickly, which reduced the possible risk of
Enterobacteriaceae spoilage and reduced the lag phase of LAB, thereby
shorten the total time of the fermentation process.

3.3. Analysis of non-volatiles determined by HPLC

Glucose and fructose are detected as major free sugars and play
important roles as carbon sources for microbial metabolism during the
fermentation of vegetables (Jung et al., 2012). At the beginning of
fermentation, low contents of glucose (0.034-0.052 g/L) and fructose
(0.10-0.19 g/L) were detected in all samples. As the fermentation pro-
gressed, the change of glucose concentration significantly differed in

different mix-cultured samples (Fig. 2A). During the initial fermentation
of Spo, PA, PW and AW samples, the concentration of glucose increased,
and the maximum levels were detected at day 1, 1, 1 and 5, respectively.
While in other three groups (MP, MA and MW), no glucose was detected
during the first 5 days of fermentation, then showed an upward trend
from day 5 to 23, and subsequently decreased until the end of fermen-
tation. Interestingly, this phenomenon was only found in the mix-culture
fermentation involving Leu. mesenteroides, which could be explained
that Leu. mesenteroides as heterofermentative LAB played an important
role during the early stage of fermentation. At the end of fermentation,
the glucose in all mix-cultured samples was almost completely exhaus-
ted, ranging from 0.06 to 0.10 g/L. Regarding the Spo fermentation,
there was a remaining amount of glucose (0.48 g/L) at the end of
fermentation, which was significantly (p < 0.05) higher than that in all
mix-cultured samples (Supplementary Table S3). This result was
consistent with the higher pH value in Spo samples than that in mix-
cultured samples (Fig. 1), which might be related to the insufficient
fermentation in Spo samples. The residual carbohydrates may lead to
secondary fermentation by yeast and affect the stability of final prod-
ucts. Similar result was discovered during the fermentation of carrot by
Wouters, Grosu-Tudor, Zamfir, and Vuyst (2013), who reported that
secondary fermentation resulted in the tissue softening due to the pec-
tinolytic activity and production of off-flavor through lipolytic and
saccharolytic activities. Thus, a low concentration of glucose in sauer-
kraut could be in favor of the quality of final products.

The preferred use of fructose as electron acceptor has been observed
in most heterofermentative LAB. In all samples, the concentration of
fructose initially increased, followed by a decrease, while the peak time
varied depending on the type of mixed cultures added (Fig. 2B). The
maximum of fructose concentration was detected at day 17 in Spo
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Table 1

FAAs concentrations (mg/L) in northeast sauerkraut by spontaneous (Spo) and mix-cultured (MP, MA, MW, PA, PW, AW) fermentation.
FAAs 1d 30d
(mg/L) Spo MP MA MW PA PW AW
Asp 10.86 + 0.26 32.09 + 1.10¢ 74.69 + 8.31™ 110.78 + 1.43? 84.39 + 1.37°" 75.36 + 5.48" 95.86 + 7.54%" 63.25 + 2.50°
Glu 346.58 + 11.51  657.52 + 31.61°  1214.42 + 43.74%®  1470.99 + 112.83*  1345.95 + 62.84°  1463.78 + 52,53  905.77 + 9.19°  773.88 + 12.88°
Val 3.25 + 0.21 23.53 + 3.25% 17.16 + 0.27° 25.15 + 0.51% 17.46 + 0.40°* 21.63 + 1.53%¢ 15.44 + 0.20° 15.79 + 0.50"
Tle 1.67 + 0.05 15.51 + 1.35° 11.34 + 0.94%° 14.24 + 0.95 9.46 + 0.57° 13.13 + 1.12%° 9.14 + 0.56" 10.54 + 0.50?°
Leu 1.53 + 0.12 23.94 + 2.40° 15.06 + 0.70 20.13 + 0.77%° 13.73 + 0.52%¢ 19.19 + 1.30%° 12.63 + 0.38° 11.36 + 0.50°
Ala 35.24 + 0.95 87.81 + 3.54° 134.08 + 2.10° 176.36 + 5.57% 126.52 + 0.49° 189.06 + 1.19% 120.09 + 1.88°  88.02 + 1.00°
Pro 5.57 + 0.51 31.63 + 0.87° 35,67 + 4.70%" 40.00 + 0.45% 26.05 + 0.60™ 39.90 + 0.35° 26.15 + 0.56™ 21.63 + 0.50°
Thr 20.86 + 0.57 63.71 + 1.53° 33.86 + 0.24¢ 47.07 + 0.50° 7.64 + 0.22° 67.18 + 1.04° 55.50 + 1.48° 45.92 + 0.90°
Ser 32.31 £ 0.53 95.37 + 1.82° 102.97 + 1.78% 140.79 + 1.04% 111.70 + 4.17° 138.21 + 1.62% 110.45 +2.33°  96.13 £ 0.17°
Gly 2.69 + 0.28 21.22 + 1.63" 21.57 + 0.67° 27.37 + 0.47% 16.97 + 0.87 ¢ 27.65 + 0.37% 17.84 +0.50°¢  14.37 + 0.47¢
Lys 0.87 + 0.07 18.80 + 1.70° 10.49 + 0.19 < 14.05 + 0.41° 9.44 + 0.28¢ 17.45 + 0.13%° 10.43+0.25° 713 +0.38¢
Phe 1.71 £ 0.14 16.19 + 0.67° 7.11 +0.11 15.61 + 0.19° 8.62 + 0.59" 10.13 + 0.29" 4.96 + 0.094 8.44 + 0.50
Tyr 0.98 + 0.04 11.05 + 0.40° 3.77 + 0.124¢ 9.14 + 0.52° 4.69 + 0.06°% 5.43 + 0.45 ° 3.25 + 0.09° 6.03 + 0.29°
Cys 0.65 =+ 0.07 5.68 + 2.56° 0.99 + 0.20° 417 +0.23° 1.16 + 0.02° 1.33 +0.19% 1.43 +0.17° 3.30 + 0.23*
Met 0.63 + 0.05 5.24 + 0.167 0.03 +0.01° 0.04 + 0.01° 3.39 + 0.09° 0.02 + 0.00° 1.53 +0.13¢ 2.08 +£0.11°
His 2.34 + 0.28 12.66 + 0.28° 12.73 + 1.95° 15.06 =+ 0.37° 15.36 + 5.13° 13.08 + 1.64° 12.11 + 3.39° 8.94 + 0.49*
Arg 0.78 + 0.07 23.50 + 4.07" 50.84 + 5.33% 53.97 + 1.79° 11.59 + 2.15 ¢ 37.95 + 3.13% 31.02 +1.18° 6.11 + 0.33¢
GABA 418 +0.17 35.08 + 3.48" 69.88 + 0.51° 35.25 + 4.64™ 51.76 + 2.52° 47.28 + 4.87° 23.39+1.43%  16.62 + 1.06Y

Data are the mean + standard deviation. Values marked with different letters in the same column are significantly different (p < 0.05).

Spo, spontaneous fermentation; MP, inoculated with mixed culture of Leu. mesenteroides and L. plantarum; MA, inoculated with mixed culture of Leu. mesenteroides and
L. paracasei; MW, inoculated with mixed culture of Leu. mesenteroides and W. cibaria; PA, inoculated with mixed culture of L. plantarum and L. paracasei; PW, inoculated
with mixed culture of L. plantarum and W. cibaria; AW, inoculated with mixed culture of L. paracasei and W. cibaria.

samples, at day 1 in four mix-cultured groups (MP, PA, PW and AW), and
at day 12 in two mix-cultured groups (MA and MW). Fructose, which
diffused from cabbage into brine, was completely exhausted by four
mixed cultures (MP, PA, PW and AW), of which the most efficient
consumption was observed in PW samples. The preference for reducing
sugars depended on the type of LAB strains, as demonstrated by the
changes in glucose and fructose contents during fermentation.

Citric acid is found in many substrates used for food fermentation
such as fruits, vegetables and milk. The degradation of citric acid by
microorganisms leads to the formation of some metabolites, such as
diacetyl, acetoin, butanediol and acetaldehyde, which have contribu-
tions to the flavor quality of final products. Among all samples, citric
acid was elevated during the early stage of fermentation and then
decreased until the fermentation finished (Fig. 2C). At the end of
fermentation, the PA fermented sauerkraut had the lowest concentration
of citric acid (p < 0.05, Supplementary Table S3), followed by MA. A
probable explanation for the result was that L. paracasei had a high ca-
pacity for utilization of citric acid, according to a previous study by Chan
et al. (2019). The degradation of carbohydrates, major components of
cabbage, contributes to the formation of numerous organic acids, which
could improve the flavor properties and enhance the safety of products
by inhibiting the growth of spoilage microorganisms (Lee et al., 2020).
In addition, these organic acids are important secondary carbon sources
for the proliferation of microorganisms and intermediates of a variety of
biochemical processes during fermentation (Battelli et al., 2019). The
concentration of lactic acid significantly increased with increasing
fermentation time, regardless of spontaneous or mix-culture fermenta-
tion (Fig. 2D). In particular, this increase in lactic acid concentration
was more marked in the mix-cultured samples. As shown in Supple-
mentary Table S3, the lactic acid concentrations in all mix-cultured
sauerkraut at day 30 were significantly higher than that in Spo sauer-
kraut (p < 0.05). At the end of fermentation, among all mix-cultured
samples, the maximum and minimum level of lactic acid were detec-
ted in PA (12.46 g/L) and MW (7.63 g/L) fermented sauerkraut,
respectively. Interestingly, higher yield of lactic acid was obtained from
the final samples fermented with mixed cultures containing L. plantarum
(MP, PA and PW), which was significantly greater than that of a previous
study regarding the fermentation of suan cai with L. curvatus and Leu.
mesenteroides (Yang et al., 2016). This result might be caused by that the
ability to produce lactic acid by heterofermentative LAB was poor than
that by homofermentative LAB. High lactic acid production testified to

the effectiveness of inoculation with homofermentative LAB strains.
These results indicated that the concentration of lactic acid produced by
LAB depended on the type of strains used for fermentation and the type
of lactic acid fermentation.

3.4. FAAs analysis

LAB are able to break down protein to FAAs that improve the flavor
and nutritional value of northeast sauerkraut (Wu et al., 2015). FAAs not
only have their own flavors, but also can be involved in flavor biosyn-
thesis as direct precursors and produce various aroma metabolites, such
as acids, alcohols, esters and carbonyls in fermented foods.

In this study, eighteen FAAs were detected, and their contents varied
in different sauerkraut samples (Table 1). The total concentration of
FAAs was approximately 472.69 mg/L at the beginning of fermentation
in all samples, and increased by almost 3- to 5-fold in mix-cultured
samples while only 2-fold in Spo samples. Glutamic acid (Glu) were
the most abundant FAAs in all samples, followed by aspartic acid (Asp),
alanine (Ala), serine (Ser), glycine (Gly) and proline (Pro). A similar
result had also been reported in a previous study regarding the
fermentation of kimchi (Wu et al., 2015).

The content of umami-tasting FAAs, Glu and Asp, were 1-2 times
higher in mix-cultured samples than that in Spo samples, of which the
highest level was detected in MA samples. The result was consistent with
the E-tongue result (Fig. 5). In addition, the contents of Asp and Glu
obtained in this study were far higher than that in a previous study on
traditional northeast sauerkraut (Wu et al., 2015).

Ser, providing a sweet taste, could be subsequently converted into
acetic acid, 2,3-butanedione and acetoin through the deamination re-
action (Wang, Sun, Lassabliere, Yu, & Liu, 2019). According to the result
of HS-SPME/GC-MS, the contents of acetic acid and acetoin exhibited a
significant difference (p < 0.05) between Spo and mix-culture fermen-
tation, which indicated that inoculation with mixed cultures might alter
the flavor of sauerkraut by regulating the amino acid metabolism.

The concentrations of branched-chain amino acids (valine-Val,
leucine-Leu and isoleucine-Ile), which were considered to be important
precursors of flavor compounds (aldehydes, alcohols and esters), were
significantly (p < 0.05) higher in Spo samples than that in all mix-
cultured samples. The result was agreed with the report of Li, Tang,
He, Hu, and Zheng (2019), who investigated the influence of
L. plantarum co-fermented with Streptoccus thermophilus on the
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Fig. 3. Hierarchical clustering analysis (A) and biplot
(score plots combined with loading plots) (B) of the
volatilome profiles of sauerkraut by spontaneous
(Spo) and different mix-cultured (MP, MA, MW, PA,
PW and AW) fermentation at days 1 and 30. (Spo.,
MP., MA., MW., PA,, PW., AW.) 1 and 30 represents
sauerkraut samples at day 1 and 30, respectively. The
black dotted area represents all samples at day 1.
Orange, red, yellow, light blue, navy blue, purple and
pink dotted areas represent sauerkraut fermented by
Spo and different mix-cultured (MP, MA, MW, PA, PW
and AW) fermentation, respectively. The green circle
represents all volatile compounds detected in this
study, and the numbers (from 1 to 82) in circles
represent volatile compound names as shown in
Supplementary Table S2. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

proteolysis profile of fermented milk. might be the reason why the MP and PW mix-cultured sauerkraut had
Aromatic FAAs (phenylalanine-Phe and tyrosine-Tyr) are involved in significant (p < 0.05) lower contents of aromatic FAAs, higher content of

the generation of some aromatic volatiles contributing to flavors like lactic acid, and higher contents of aromatic volatiles (phenylethyl

rose and flowers (Park & Kim, 2019). In addition, Phe and Tyr are alcohol and ethyl 3-phenylpropanoate).

critical for the lactic acid production by LAB (Toe et al., 2019). This Sulfur-containing volatiles come from the degradation of sulfur-
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containing amino acids (methionine-Met and cysteine-Cys), and
contribute to flavors as boiled cabbage, potatoes and garlic in many
fermented foods (Park & Kim, 2019). Compared to the Spo sauerkraut,
the mix-cultured sauerkraut, especially PA and MP inoculated samples,
had significant (p < 0.05) lower content of sulfur-containing FAAs. This
result was consistent with the result of sulfide volatiles detected by HS-
SPME/GC-MS.

Higher content of arginine (Arg) was produced in samples mix-
cultured with L. plantarum, which concurred with the result of pH
value (Fig. 1). A probable explanation of this result was that Arg played a
major role in pH homeostasis and stationary phase survival of LAB
(Ganzle, 2015).

GABA is produced by the decarboxylation of Glu catalyzed by the
glutamate decarboxylase. Although the content is generally low in
plants and animals, the application of GABA is wide and versatile as it
has numerous physiological functions in animals and humans. Accord-
ing to Ly, Mayrhofer, Yogeswara, Nguyen, and Domig (2019), GABA was
biosynthesized by L. plantarum and was used in fermented foods as an
active component, which could be used to explain the higher contents
detected in MP and PA samples. In turn, the PW fermented samples had
lower content of GABA, which probably implied that the accumulation
of GABA was inhibited when L. plantarum and W. cibaria were mixed
together.

During sauerkraut fermentation, proteolysis occurs because of mi-
crobial enzymes and endogenous enzymes, leading to an increase in the
contents of FAAs. The FAAs contents of sauerkraut fermented with
mixed cultures were obviously higher than that in Spo sauerkraut, which
could be explained by the increase of LAB population by inoculating
mixed cultures, resulting in higher production of microbial enzymes for
proteolysis (Zhang et al., 2020). These results indicated that mix-culture
fermentation could improve the flavor of northeast sauerkraut by
changing the composition of FAAs.

3.5. Volatilome profile analysis

Flavor is one of the most important characteristics that determines
the quality of fermented products and acceptance of consumers. Hier-
archical cluster analysis was used as a preliminary method to asses if the
volatilome profile associated to each sample could drive the clustering of
samples according to their Euclidean distance. The color scale repre-
sented the abundance of volatile compounds, with red indicating high
abundance and green indicating low abundance, which highlighted
differences between different samples. According to the flavor clustering
result, 82 volatile compounds were attributed to 11 classes, including 2
organic acids, 17 alcohols, 19 esters, 9 terpenes, 2 lactones, 9 aldehydes,
6 ketones, 8 sulfides, 4 ITCs, 3 polyphenols and 3 nitriles (Fig. 3A). All
samples were clustered into five clusters according to the different stages
of fermentation and types of mixed culture. Cluster 1 was composed of
all samples at day 1, showing the lowest types and levels of volatiles.
Cluster 2, 3, 5 were composed of the AW-30 d, Spo-30 d and MW-30
d samples, respectively. Among all samples at day 30, AW samples
showed few differences from samples at day 1. Cluster 4 showed a group
of samples (MA-30 d, PA-30 d, MP-30 d and PW-30 d) whose volatile
contents were higher than that of other clusters. All samples showed a
high aromatic potential after 30 days of fermentation. According to the
color scale, it was observed that northeast sauerkraut fermented with
different mixed cultures exhibited different flavor characteristics. These
results were similar to that achieved in the biplot analysis (Fig. 3B).

The contribution of volatile compound to the comprehensive flavor
rested with the ratio of its actual concentration in the matrix to its odor
threshold, which was called OAV. Generally speaking, the composition
was considered to make a practical contribution when its OAV greater
than 1. Nevertheless, individual volatile with OAV between 0.2 and 1 as
background information might impact the odor by potential synergistic
interaction (Wei et al., 2021). There were 45 volatiles with the OAV
more than 1 that played an important role in the odor of sauerkraut
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(Supplementary Table S2).

3.5.1. Organic acids and alcohols

In this study, only two acids were detected (acetic acid and octanoic
acid), of which octanoic acid was only detected in Spo and MW samples
at day 30, especially in Spo samples. Octanoic acid could contribute to
an unpleasant odor (rancid and musty aroma), indicating that sponta-
neous fermentation might result in poor flavor of sauerkraut. Among all
samples, except for Spo (OAV > 1), the MW samples had the highest
concentration of acetic acid, which was similar to a previous study that
found that Leu. kimchii and W. cibaria led to the highest production of
acetic acid (Rizzello et al., 2018). A probable explanation for this result
could be that Leu. mesenteroides and W. cibaria behaved as hetero-
fermentative LAB during the fermentation.

The total content of alcohols was detected at the highest level in MP
samples at day 30, which was mainly represented by 2-ethylhexanol, 2-
nonanol (OAV = 122) and 2-heptanol (OAV = 6). These volatiles
contributed unique flavor of sweet, floral and rose aroma according to
Liu et al. (2019a). 2,3-butanediol (OAV = 78) was detected only in Spo
samples, which was linked to yeast metabolism. It is noteworthy that a
high occurrence of yeast would be likely to cause an undesirable
fermentation. Therefore, it was suggested that the inhibition of yeast
growth might be necessary to maintain good quality of sauerkraut (Li
et al., 2017).

3.5.2. Esters

Esters are an important group of sensory-active compounds and
mainly formed by esterification of acids with alcohols, as the source of
fruity and floral aromas in finished products. In this study, total content
of esters in mix-cultured samples was significantly (p < 0.05) higher
(from 2- to 4-fold) than that in Spo samples, especially ethyl lactate,
ethyl acetate (OAV: 0 - 3236), ethyl 3-phenylpropanoate (OAV: 0 - 3414)
and methyl 2-hydroxy-4-methylpentanoate. Ethyl lactate was related to
fruity and buttery flavor, with mixed cultures containing L. plantarum
showing higher production. Correspondingly, higher production of ethyl
lactate might account for the higher production of lactic acid in PA, PW
and MP samples, as it was well known that ethyl lactate was formed by
the reaction of lactic acid with ethanol. Ethyl 3-phenylpropanoate,
which could be used in the preparation of flavors and fragrances and
could also be used as a food flavoring agent, was detected only in
sauerkraut samples fermented with mixed cultures.

3.5.3. Aldehydes and ketones

Aldehydes are very important compounds in fruits and vegetables,
which are mainly produced by amino acid metabolism and fatty acid
oxidation. They contribute to characteristic fragrances and flavors, show
antimicrobial activity, and protect the plants from pathogens (Jampa-
phaeng et al., 2018). Total content of aldehydes in all mix-cultured
samples was significantly (p < 0.05) higher than that in Spo samples,
suggesting that the amino acid metabolism and lipid oxidation were
more active in mix-culture fermentation. 2-hexenal (apple-like odor,
OAV: 8 - 27) was detected only in samples fermented with mixed cul-
tures containing L. paracasei (MA, PA and AW), which suggested that
L. paracasei was responsible for the production of 2-hexenal.

Methyl ketones were detected in higher level in sauerkraut samples
inoculated with mixed cultures containing L. plantarum (PW, PA and
MP), especially acetoin (OAV: 54 -189), 2-heptanone (OAV: 3 - 7), 2-
nonanone (OAV: 0 - 72) and 2-octanone (OAV: 0 - 22). This result
concurred with a previous finding by Liu, Li, Yang, Yi, Zhang, and He
(2019b) who concluded that ketones were mainly produced by homo-
fermentative LAB. The presence of various methyl ketones is beneficial
for the sensory attribute of sauerkraut, which are associated with floral,
fruity and creamy notes (Tian, Sun, Yu, Ai, & Chen, 2020).

3.5.4. Terpenes and lactones
Terpenes confer distinct odors to foods, with low thresholds, and are
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Fig. 4. Principal component analysis (PCA) of E-nose data of northeast sauerkraut by spontaneous (Spo) and different mix-cultured (MP, MA, MW, PA, PW and AW)
fermentation at day 30. (A) score plot investigated the differences in flavor properties among different sauerkraut samples. (B) loading plot identified the ten sensors

responsible for the separation in score plot.

usually used in perfume synthesis (v). Eight sterols with OAV > 1,
including geraniol, linalool, a-terpineol, nerolidol, linalool oxide, citral,
leaf alcohol and citronellol, have unique fragrances and contribute
greatly to the flavor of sauerkraut (Tackenberg, Marmann, Thommes,
Schuchmann, & Kleinebudde, 2014). Sauerkraut fermented with MP had
the highest level of terpenes, followed by PW fermented sauerkraut,
suggesting that the generation of terpenes was enhanced when
L. plantarum was mixed with the heterofermentative LAB.

Lactones are formed from unsaturated fatty acids, and significantly
contribute to the aroma of fermented foods, as fruity and floral notes
(Park & Kim, 2019). A particularly interesting finding in this study was
that no lactone was detected in Spo samples at day 30, which concurred
with a previous finding that LAB contributed to the formation of lactones
in fermented vegetables (Lee, Lim, Chang, Hurh, & Kim, 2018).
8-dodecalactone was only detected in sauerkraut fermented with mixed
cultures containing L. plantarum (MP, PA and PW), which indicated that
d-dodecalactone was a metabolite of L. plantarum during fermentation,

although the underlying mechanism remained unclear.

3.5.5. Polyphenols

Polyphenols could be produced from Tyr by LAB, which might help
to explain the highest concentration of Tyr and the lowest concentration
of polyphenols in Spo samples at day 30 (Battelli et al., 2019). Poly-
phenols had been reported to be closely related to the antioxidant ac-
tivity of fermented food (Zhang et al., 2019b). The highest concentration
of polyphenols (OAV = 35) was detected in MP fermented sauerkraut,
suggesting that the antioxidant activity of sauerkraut could be
strengthened by inoculating with L. plantarum and Leu. mesenteroides.

3.5.6. ITCs, nitriles and sulfides

Previous study demonstrated that the breakdown products of glu-
cosinolates, such as isothiocyanates (ITCs) and nitriles, provided many
members of the Brassica genus with characteristic pungent and sulfurous
flavors (Xu et al., 2020). ITCs (OAV: 50-900) were detected at the
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highest concentration at day 0, reaching 90% of all volatile compounds.
As the fermentation process continued, the contents of ITCs rapidly
decreased and was significantly (p < 0.05) lower in mix-cultured sam-
ples (ranging from 19.32 to 38.72 ng/L) than that in Spo samples (65.53
ng/L) at the end of fermentation, which was in line with the higher
levels of nitriles in mix-cultured samples. These results demonstrated
that inoculation with mixed cultures could make the fermentation more
effective.

Sulfides are known to be the most important volatile compounds that
determine the flavor of sauerkraut, which are associated with cooked
cabbage and green onion aroma (Lee et al., 2020). In this study,
dimethyl disulfide (OAV: 15 - 59), 4-(methylthio) butanol (OAV: 442 -
2081), dimethyl trisulfide (OAV: 89 - 1275) and methyl thioacetate
(OAV: 0 - 214) presented extremely high OAVs. These sulfides were
found in higher levels in the sauerkraut samples mix-cultured with MP,
PA and PW, coupled with the lower levels of sulfur-containing amino
acids (Cys and Met), which verified that LAB were able to produce sul-
fides through the degradation of sulfur-containing amino acids. Addi-
tionally, this result was agreed with a previous study that the contents of
sulfides produced by L. plantarum were higher than that by Leu. mesen-
teroides (Yun et al., 2020a; 2020b).

3.6. Principal component analysis (PCA) of volatile compounds

PCA is one of the most widely used multivariate and unsupervised
clustering techniques, which does not require any knowledge of a
dataset and reduces the dimensionality of multivariate data while pre-
serving most of the variance therein (Park et al., 2010). To further un-
derstand and visualize the differences in volatilome profile of each
fermentation trail, PCA was conducted based on the data of HS-SPME/
GC-MS. The PCA biplot explained about 60.40% of total variability in
the dataset, with PC1 as the primary axis explaining 44.50% of entire
dataset and PC2 explaining 15.90% of total variability (Fig. 3B). The
PCA biplot clearly distinguished the seven groups subjected to different
treatments, which indicated that the volatilome profile of sauerkraut
was significantly affected by the identity of inoculated mixed cultures.
All samples at day O (the third quadrant) and Spo samples at day 30 (the
second quadrant) were located on the negative PC1, whereas all mix-
cultured samples at day 30 were located on the positive PC1. At the
beginning of fermentation, all samples were related to ITCs, 2-ethylhex-
anol, 3,5-dimethylbenzaldehyde and 3,5-ditert-butylphenol. At the end
of fermentation, the Spo fermentation was distinguished from six mix-
cultured groups on PCl, and the former was distinguished by the
higher content of ITCs. As for the six mix-cultured groups, MW and AW
fermented sauerkraut lie on the first quadrant, while the other four
groups (MA, PA, PW and MP) situated in the fourth quadrant. Specif-
ically, the sauerkraut mix-cultured with MP was characterized by a
greater number of flavor compounds including alcohols (2-nonanol and
2-heptanol), esters (ethyl crotonate, ethyl butanoate, ethyl lactate, ethyl
hexanoate, ethyl 3-phenylpropanoate and ethyl acetate), terpenes (ge-
raniol, nerolidol and dihydrocarveol), polyphenols and nitriles. Lac-
tones, isobutanol, methyl acetate and 2-methylpentaldehyde were the
most abundant in the MA mix-cultured sauerkraut. MW fermented
sauerkraut was featured by relatively high contents of acetic acid,
phenylacetaldehyde, citronellol, esters (hexyl octanoate, ethyl octa-
noate, ethyl sorbate and isoamyl acetate) and alcohols (hexanol, iso-
amylol and phenylethyl alcohol). The sauerkraut mix-cultured with PA
was mainly signified by having higher levels of ethyl lactate and sulfides
(dimethyl disulfide and dimethyl trisulfide). Cis-6-nonen-1-ol, tetrahy-
drofurfruyl acetate, linalool, trans-2-pentenal and ketones (acetoin, 2-
heptanone and 2-nonanone) were representative compounds in PW
mix-cultured sauerkraut and might be the potential biomarkers. Volatile
compounds, such as diethyl succinate, dodecanal and 4-ethyl-2-methox-
yphenol, were well described as the sauerkraut fermented with AW.
These results indicated that northeast sauerkraut with different flavor
characteristics could be made according to the type of starter cultures
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Fig. 5. Radar chart of E-tongue data of northeast sauerkraut by spontaneous
(Spo) and different mix-cultured (MP, MA, MW, PA, PW and AW) fermentation
at day 30.

used.

3.7. E-nose analysis

E-nose has been widely used in the research of fermentation process
monitoring, as a quality assurance method due to its rapid and accurate
characteristics. This study also performed PCA on the E-nose data to
analyze the volatile characteristics of spontaneous and mix-cultured
sauerkraut.

The dataset was divided into two principal components, which
accounted for 98.05% of the total variance. As displayed in Fig. 4A, all
samples were largely accumulated into seven groups in the score plot of
PCA. MP fermented samples fell in the first quadrant, samples fermented
with MA were situated in the second quadrant, two mix-cultured groups
(AW and MW) were located in the third quadrant, and three treatments
(Spo, PW and PA) were positioned in the fourth quadrant. The result
demonstrated that these sensors could more effectively discriminated
sauerkraut samples fermented with different mixed cultures, indicating
that the type of mixed cultures used exhibited obvious effects on the
flavor of sauerkraut. The loading analysis would help to identify the
sensors responsible for distribution and discrimination of the samples in
current score plot file (Fig. 4B). Considering that the loading parameter
values of sensors were positively correlated with their contributions to
the total resolution of system, sensors W1C (sensitive to aromatic con-
stituents and benzene), W3C (sensitive to aroma and ammonia) and
WS5C (sensitive to short-chain alkane aromatic components) potentially
contributed further to the samples mix-cultured with MP. The increased
response values of aromatic compounds in the analysis of E-nose were
consistent with the results of HS-SPME/GC-MS.

3.8. E-tongue analysis

Sourness and saltiness, as important sensory evaluation indicators in
sauerkraut samples, were significantly different among different sauer-
kraut samples, followed by umami and bitterness (Yun et al., 2020a;
2020b). As shown in Fig. 5, the PA mix-cultured sauerkraut showed the
strongest aroma intensity of sourness, while that in Spo samples had the
lowest value, which was in line with the results of pH value(Fig. 1). As
shown in Supplementary Table S4, the mix-cultured sauerkraut yielded
significantly (p < 0.05) higher umami and lower bitterness values,
especially MP and MA. This could be due to the suppression effect of
umami on bitterness (Ismail, Hwang, & Joo, 2020). Additionally, the
high acidity might inhibit the bitterness and further give sauerkraut a
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Table 2

Sensory evaluation of northeast sauerkraut at day 30 by spontaneous (Spo) and mix-cultured (MP, MA, MW, PA, PW, AW) fermentation.
Attributes Spo MP MA MW PA PW AW
Samples
Color 1.20 + 0.54° 8.47 + 0.72° 8.73 + 0.44% 2.27 + 1.18¢ 6.20 + 0.91° 3.67 + 1.53¢ 1.33 + 0.60%
Crispness 1.13 + 0.34° 8.47 + 0.62° 7.87 + 0.81%° 2.93 + 0.68¢ 6.93 + 0.44° 7.20 + 0.54"¢ 1.67 + 0.79°
Sourness 1.00 + 0.00° 8.40 + 0.49° 5.60 + 0.61° 4.73 + 0.10¢ 7.67 + 0.60% 6.93 + 0.93" 5.07 + 0.93
Flavor 1.13 + 0.34F 8.60 + 0.49% 6.93 + 0.57¢ 2.87 + 0.62° 7.33 + 0.47"¢ 7.60 + 0.61° 3.73 + 0.78¢
Taste 1.27 + 0.57¢ 8.53 + 0.50° 7.13 + 0.50" 3.07 + 0.57¢ 7.60 + 0.61° 7.47 + 0.50" 3.60 + 0.71¢
Overall acceptability 1.07 + 0.25¢ 8.73 + 0.44° 7.87 + 0.62° 2.80 + 0.40° 7.73 + 0.68" 7.53 + 0.72" 3.13 + 0.50°

Data are the mean + standard deviation. Values marked with different letters in the same column are significantly different (p < 0.05).

Spo, spontaneous fermentation; MP, inoculated with mixed culture of Leu. mesenteroides and L. plantarum; MA, inoculated with mixed culture of Leu. mesenteroides and
L. paracasei; MW, inoculated with mixed culture of Leu. mesenteroides and W. cibaria; PA, inoculated with mixed culture of L. plantarum and L. paracasei; PW, inoculated
with mixed culture of L. plantarum and W. cibaria; AW, inoculated with mixed culture of L. paracasei and W. cibaria.
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Fig. 6. Biplot (score plots combined with loading plots) based on the data of HS-SPME/GC-MS, E-nose, E-tongue and sensory evaluation for northeast sauerkraut by
spontaneous (Spo) and different mix-cultured (MP, MA, MW, PA, PW and AW) fermentation at day 30. Five-pointed stars in orange, red, navy blue, yellow, light blue,
purple and pink represent sauerkraut fermented by spontaneous (Spo) and different mixed cultures (MP, MA, MW, PA, PW and AW) fermentation at day 30. The
numbers (from 1 to 82) next to green circles represent volatile compound names as shown in Supplementary Table S2. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

palatable taste, which concurred with a previous finding by Chen et al.
(2019). The result indicated that mixed cultures improved the flavor of
raw materials (including taste and aroma) through their metabolism.
Among all mix-cultured samples, the MP fermented sauerkraut had the
lowest values of bitterness, astringency, aftertaste-A and aftertaste-B,
and significantly higher umami and richness values (p < 0.05, Supple-
mentary Table S4), which suggested that the northeast sauerkraut fer-
mented with the mixed culture of MP might have better flavor
characteristics.

3.9. Sensory evaluation

As presented in Table 2, the sensory evaluation showed that the Spo
sauerkraut exhibited significant (p < 0.05) difference in the six attri-
butes compared to the mix-cultured samples. Sauerkraut mix-cultured
with MP received the highest scores in the taste and flavor, while Spo
sauerkraut obtained the lowest scores. These results were consistent
with the results of the E-tongue and E-nose, respectively. The off-flavor
of sauerkraut might be caused by the propagation of film yeast and
aerobic bacteria. In the case of sauerkraut fermented with mixed
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cultures, microorganisms causing the deterioration were suppressed by
the starter cultures. Altogether, the overall acceptability score of MP
mix-cultured sauerkraut was higher than that of other samples, which
indicated that the northeast sauerkraut fermented with a mixed culture
of MP was more favored by panelists. Multivariate statistical analysis of
the comprehensive sensory characteristics was presented in a biplot
(Fig. 6), which was performed by combing the data of HS-SPME/GC-MS,
E-nose, E-tongue and sensory evaluation. Clear discrimination was ob-
tained from the biplot, which indicated that northeast sauerkraut fer-
mented with different mixed cultures could be distinguished by their
sensory characteristics. As indicated in Fig. 6, Spo fermented sauerkraut
was featured by higher levels of acetic acid and ITCs (iso-
thiocyanatocyclopentane, 4-isothiocyanatobut-1-ene and phenethyl
isothiocyanate), which correlated well with the bitterness. MW and AW
fermented sauerkraut were situated in the first quadrant, which were
closely related to seven E-nose sensors (W5S, W6S, W1S, W1W, W2S,
W2W and W3S). The result was in good agreement with the result of HS-
SPME/GC-MS that MW and AW fermented sauerkraut were character-
ized by relatively high contents of alcohols and aldehydes, especially
trans-2-nonenol, hexanol, isoamylol, phenylethyl alcohol, dodecanal
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and phenylacetaldehyde. It was noteworthy that most of the volatile
compounds were significantly associated with the MP fermented
sauerkraut, such as esters (ethyl lactate, tetrahydrofurfruyl acetate,
ethyl hexanoate, ethyl 3-phenylpropanoate and ethyl acetate), terpenes
(geraniol, linalool, nerolidol and dihydrocarveol) and 3,5-ditert-butyl-
phenol. These compounds were found to be close to several aspects of
E-tongue (umami and richness) and sensory evaluation (crispness, taste,
flavor, color and overall acceptability), which was highly in keeping
with the results of E-tongue and sensory evaluation.

4. Conclusion

The results of this study indicated that the application of mix-culture
fermentation and the type of mixed cultures had significant effects on
the quality of northeast sauerkraut. Mix-culture fermentation increased
the population of LAB but decreased the undesirable microorganisms
compared with the spontaneous fermentation. Based on the results of
HS-SPME/GC-MS, E-nose, E-tongue and sensory evaluation, northeast
sauerkraut fermented with MP showed the best quality. MP inoculation
enhanced the contents of desirable compounds, such as lactic acid,
FAAs, esters, terpenes and polyphenols. It was indicated that MP was
considered as the most promising mixed culture to accelerate and
standardize the process, reduce the growth of spoilage microorganisms
and improve the aroma of final products. It is clear that the interactions
between Leu. mesenteroides and L. plantarum are the most important
factors in producing the distinctive flavor of northeast sauerkraut. So,
further studies are needed to reveal the metabolic activity and in-
teractions of microorganisms in mix-culture fermentation.
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groups.

In order to evaluate the potential of developed p-cyclodextrin (3-CD)/p-Anisaldehyde (PAA) inclusion complexes
as a fumigation agent for the postharvest decay control in strawberry, both in vitro and in vivo tests were con-
ducted. According to the colony morphology analysis on PDA media, inclusion complexes showed activity on
inhibiting the mycelial growth of the fungi including Rhizopus stolonifer, Aspergillus niger and Penicillium. The
effect of inclusion complexes on controlling postharvest decay in fresh strawberry was also confirmed by in vivo
test, in which the inclusion complexes-treated fruit displayed significantly lower incidence and severity than
control, B-CD-treated and free PAA-treated fruit. Moreover, evaluations of fruit qualities including color, weight
loss, firmness and TSS, as well as the sensory indexes including appearance, color, texture and flavor were carried
out in turn, showing there was no significant difference between inclusion complexes-treated fruit and the other

1. Introduction

Strawberry is a unique fruit with vivid appearance and rich bioactive
compounds including polyphenolic compounds, flavonoids, anthocya-
nins, vitamins, pectin and organic acids, etc. (Aday, Buyukcan, & Caner,
2013; Kallio, Hakala, Pelkkikangas, & Lapvetelainen, 2000; Tulipani
et al., 2011). However, due to the absence of peel and low cell-wall
strength, mechanical injury and fungal pathogen infection are the two
primary causes to induce the postharvest decay and spoilage of straw-
berry, which reduce its quality and commercial value (Basu, Nguyen,
Betts, & Lyons, 2014; Jesmin et al., 2016; Jiang et al., 2019). In addition,
the high respiration and metabolic rates of fresh strawberry significantly
accelerate the decay progress and aggravate the spoilage severity
(Caner, Aday, & Demir, 2008; Sousa-Gallagher, Mahajan, & Mezdad,
2013). It is reported that strawberry is prone to microbial infection with
a storage life of 1-2 days at room temperature without proper
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preservative measures (Cao, Hu, & Pang, 2010; Hashmi, East, Palmer, &
Heyes, 2013; Neri et al., 2015). Major threatening fungi that reduce the
postharvest storage life of strawberry include Botrytis, Rhizopus, Asper-
gillus, Penicillium and Gilbertella (Bautista-Banos, Garcia-Dominguez,
Barrera-Necha, Reyes-Chilpa, & Wilson, 2003; Bhaskara; Reddy, Angers,
Gosselin, & Arul, 1998; Palmer, Mansouripour, Blauer, & Holmes, 2019;
Zhang et al., 2020).

Presently, various preservation measures such as pre-cooling, cold-
chain transportation, modified atmosphere packaging (MAP) or
ethylene absorption (Almenar et al., 2007; Picon, Martinez-Javega,
Cuquerella, Del Rio, & Navarro, 1993) and a series of chemical agents
are commonly employed for fruit storage and preservation (Pan et al.,
2014; Vanti, Leshem, & Masaphy, 2021). However, most of the
above-mentioned methods require expensive cost in equipment and
investment or produce harmful chemical residues in fruit (Bose, Howl-
ader, Wang, & Yin, 2021). Therefore, a low-cost, non-toxic,
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pollution-free antimicrobial manufactured by natural active compounds
and biodegradable materials is maybe a potential alternative for food
preservation.

Essential oils (EOs) are natural and volatile liquids derived from
plants. They were generally recognized as safe (GRAS) by the US Food
and Drug Administration (FDA) and considered as good chemical anti-
microbial additive alternatives in food field due to their broad antimi-
crobial properties (Food & Administration, 1997). Moreover, EOs was
reported may not only inhibit a variety of pathogens, but also not easily
cause the resistance of pathogens (Wang et al., 2017). However, the
application of EOs were quite limited by their natures including low
water solubility, low thermal and chemical stability (Kose, Tekin, & ;
Marques, 2010). Additionally, the treatment with EOs affects the sen-
sory acceptability, due to the strong odor-flavor that can be transmitted
from the oil to the food product (Ayala-Zavala, Del-Toro-Sanchez,
Alvarez-Parrilla, & Gonzalez-Aguilar, 2008). High concentrations of EO
even induces serious surface harming when contact fruit directly (Chen
et al., 2020).

In order to overcome these drawbacks, one effective and widely used
solution is to encapsulate the EO components as guest molecules into
cyclodextrins to form inclusion complexes. Former researches have re-
ported that encapsulation in cyclodextrin improved the stability (Gar-
cia-Sotelo et al., 2019), water solubility (Barbieri et al., 2018; Siva, Li,
Cui, Meenatchi, & Lin, 2020) and bioavailability (Suvarna, Gujar, &
Murahari, 2017) of EOs, and ensured the sustained- or controlled-release
of the guest active substances (Chen & Liu, 2016; Yin et al., 2021). The
p-Anisaldehyde (PAA), which is a major compound of the essential oil
extracted from the seeds of Pimpinella anisum (Shreaz et al., 2011), ex-
hibits efficient antimicrobial activities against most foodborne bacteria
(Candida Bacillus subtilis, Pseudomonas aeruginosa, and Fusarium oxy-
sporum, Listeria monocytogenes and Staphylococcus aureus), yeasts
(Candida) and mold strains (Aspergillus niger) in many previous re-
searches (Okamoto, Narayama, Katsuo, Shigematsu, & Yanase, 2002;
Shi et al., 2017). But to our knowledge, this is the first report on
encapsulating PAA into cyclodextrins for food application. In this study,
PAA/B-CD inclusion complexes were used as a fumigation antimicrobial
agent for extending the storage life of fresh strawberry. The aims of this
study are to (i) determine the in vitro antifungal activity of the inclusion
complexes against the fungi isolated from local strawberries; (ii)
investigate the effects of the inclusion complexes as a fumigation agent
on postharvest decay control in fresh strawberries; and (iii) evaluate the
effects of this agent on fruit qualities during storage and verify that the
influences are acceptable to consumers.

2. Materials and methods
2.1. Fruit and pathogens

Strawberry fruit (Fragaria ananassa Duch.) were harvested from a
local orchard in Zhuhai, China. Fruit selected for the experiments were
uniform in size, shape, maturity, and without any physical injuries or
disease symptoms. Strains of postharvest fungi including Rhizopus sto-
lonifer, Aspergillus niger and Penicillium were isolated from the harvested
diseased strawberry and identified by morphological characterization.
Cultures of the microorganisms were maintained on potato dextrose
agar (PDA) media.

2.2. Colony morphology analysis

Assessment of the antifungal activity of the inclusion complexes was
carried out using the poisoned food technique on fungus-inoculated PDA
media as described by the previous research (2013). For different
treatments, molten PDA were previously incorporated with 121.0 mg of
B-CD, 11.5 mg of pure PAA and 121.0 mg of inclusion complexes
(encapsulating approximately 11.5 mg of PAA), respectively. After so-
lidifying, all the PDAs including the control ones (without additives)
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were inoculated by agar plugs (6 mm in diameter) with mycelia which
were cut from the edge of the fungal colony of the pre-prepared cultured
PDAs. Then the inoculated media were incubated at 25 °C for up to 6
days for observation. Both of the morphological images and diameters of
the fungal colony were recorded daily by an automatic colony counts
analyzer (DW-V, Xunshu, China).

2.3. Decay assessment

The in vivo antifungal activity of the inclusion complexes was eval-
uated by investigating the incidence and severity of the fungi-caused
postharvest decay in fruit. For each treatment, 60 strawberries were
randomly divided into 3 replicates. And the 20 fruit of each replicate
were distribute to five 0.75-L sealed containers with 4 strawberries each.
Semipermeable sachets (3 x 3 cm) containing 1.0 g of f-CD, 0.1 g of PAA
and 1.0 g of inclusion complexes (encapsulated 0.1 g of PAA) were fixed
in the center of the container for different treatments, respectively. No
sachets were set in the control group. All the containers were placed at
room temperature (25 °C) for the fungi incubation. During storage, both
incidence and severity were evaluated daily until day 8. Severity was
evaluated by a scale composed of five degrees (0 = absence of symp-
toms; 1 = 1-25% of injured area; 2 = 26-50%; 3 = 51-75% and 4 =
76-100%). The incidence and severity were calculated by equations (1)
and (2), respectively (Zhang, Howell, Starr, & Wheeler, 1996):

Incidence (%) =M x 100 1)

1ny + 2ny + 3n3 + 4ny «

1 2
4n 0o @

Severity (%)=

where n;-n4 are numbers of fruit in categories 1 to 4 of the disease scale
and n is the total number assessed in each replicate.

2.4. Quality evaluation

For the fruit quality assessment, a quantity of 384 strawberries was
randomly divided into four groups, for different treatments (control,
B-CD, PAA and inclusion complexes), respectively. For each treatment,
the 96 fruit were arranged into twenty-four 0.75-L sealed containers
with 4 each. The sachets containing corresponding fumigation agents
(consistent with the above in vivo test) were fixed in the center of the
container except control group. Twelve fruit without any decay were
selected and analyzed for each treatment. The skin color was evaluated
using a CR-10 plus colorimeter (Konica Minolta, Osaka, Japan) by
measuring the L*and a* parameters in three zones around the equator of
each fruit. The weight loss was determined by weighing each fruit daily
during the storage and expressed as a percentage of weight lost
compared to the initial weight. Firmness of these fruit was measured
using a texture analyzer fitted with a 6-mm-diameter cylinder probe
(Baosheng Technology, China). The fruit was pressed at the equatorial
area with 1 N of trigger force and 6 mm of loading displacement. The
pre-test, test, and post-test speeds of the probe were 10, 1, and 10 mm
s~ 1, respectively. The crushed fruit from the firmness test were used for
TSS analysis. Every 4 fruit from each treatment were homogenized
together as a new replicate. Then, the homogenates were centrifuged at
4000 g for 10 min, and the supernatant was collected and measured
using a PAL-1 pocket refractometer (Atago, Japan) and expressed as
percent.

2.5. Sensory analysis

The sensory analysis was developed following the standard ISO
11035:1994. Strawberries with different treatments for the test were
stored at room temperature (25 °C) for up to 3 days. Ten fruit without
any decay lesions from each treatment were picked out and cut into
small pieces, and then scored by 10 random untrained sensory assessors
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Fig. 1. Colony images (A) and diameters (B) of Rhizopus stolonifer, colony images (C) and diameters (D) of Aspergillus niger, and colony images (E) and diameters (F)
of Penicillium on 90-mm PDA media over time at 25 °C. Different letters a-c above the columns indicate significant differences among the treatments for each time

interval based on Duncan’s multiple range test (p < 0.05).

each day. A sensory quality scoring criteria was developed according to
the reported method with modifications (Peralta-Ruiz et al., 2020), in
which the acceptance of indexes including appearance, color, flavor and
texture were rated on 10-point scales.

2.6. Statistical analysis

Data were analyzed using SPSS version 17.0 software (Experian QAS,
Boston, MA) one-way analysis of variance (ANOVA). When significant
differences (p < 0.05) were found, the treatment means were compared
using Duncan’s multiple range test (p < 0.05).

3. Results
3.1. Colony morphology analysis

Both colony morphology images and diameters of R. stolonifer,
A. niger, and Penicillium on PDA media during the 6-day storage were
showed in Fig. 1. Generally, all the three fungi exhibited a gradually
increase in colony diameter for all the treatments over time. However,
for each time point, both PAA and inclusion complexes groups showed
significantly lower diameters than those of control and $-CD groups in
the three fungal colonies (p < 0.05). The colonies of R. stolonifer and
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Day 2 Day 4 Day 6 Day 8

Control

PAA

Inclusion
complexes

Fig. 3. Images of strawberry appearance at 25 °C over time.



Y. Lin et al.

Table 1

Effects of different treatments on color parameters (L* and a*) of strawberries
after 8 days of storage at 25 °C.

Treatment L* a*

Initial 37.02 + 2.73% 38.92 + 1.54%

Control 36.60 + 1.55° 38.32 + 1.45%
p-CD 35.48 + 2.11% 37.41 + 2.31°

PAA 31.40 + 1.97° 22.38 £ 1.08°

Inclusion complexes 36.48 + 2.95% 37.54 + 1.76™°

Different superscript letters *© within a column indicate significant differences
among the treatments based on Duncan’s multiple range test (p < 0.05).

Penicillium from PAA and inclusion complexes treated PDAs (Fig. 1A and
B) showed no difference with each other in diameter (p < 0.05), only
except the data of Penicillium at the third day. According to Fig. 1C and
D, colony diameter of inclusion complexes group was lower than that of
PAA group for each day (p < 0.05). An interesting phenomenon is that
-CD group exhibited even larger R. stolonifer colonies than control until
the fifth day (p < 0.05).

3.2. Decay assessment

Both incidence (Fig. 2A) and severity (Fig. 2B) of the postharvest
decay on fresh strawberry were investigated daily during the 8-day
storage. The fruit treated with free PAA reached 100% in decay inci-
dence by the second day and also showed the highest severity among the
treatments throughout the storage period. In contrast, the fruit treated
by inclusion complexes presented the lowest values in both incidence
and severity at each interval. By the end of the storage (day 8), incidence
of the inclusion complexes-treated group was 75%, while those of all
other three groups reached to 100%. For severity, the inclusion
complexes-treated group also presented the lowest value of 37.08%,
while the severity for groups of control, p-CD and PAA were 88.75, 64.58
and 100%, respectively. As exhibited in Fig. 3, the PAA treated fruit
showed obviously atrophy and browning in appearance during storage,
and they were all classified as rotten fruit when investigation.

3.3. Fruit quality

The changes of fruit color during storage were evaluated by
measuring lightness (L*) and redness (a*) and the results were shown in
Table 1. Compared with the initial data, only PAA-treated fruit showed
significant decrease in both L* and a* values after storage (p < 0.05).
Although some changes were not statistically significant (p > 0.05), all
the weight loss of the strawberries exhibited slightly uptrends during the
storage over time (Fig. 4A). The data of PAA-treated fruit showed the
largest variation among the treatments from day 5-8. For firmness, PAA-
treated fruit demonstrated the lowest value in firmness after storage (p
< 0.05). The other three treatments including inclusion complexes-
treated fruit did not show significant changes in firmness comparing
with the initial value. TSS of all treatments decreased after storage in
this study (Fig. 4C). No difference was observed between the inclusion
complexes-treated fruit and the control ones.

3.4. Sensory analysis

In order to evaluate the effects of the inclusion complexes on sensory
quality, a sensory panel was carried out in which the acceptability was
studied in terms of appearance, color, flavor and texture of the fruit. The
results of the detail parameters for the first 3 days was shown in Fig. 5A.
The inclusion complexes-treated fruit received scores for the four pa-
rameters not lower than those of control samples during the first two
days, and also showed a general acceptability that was no worse than
any other groups for each day (Fig. 5B). The only inadequate perfor-
mance of the inclusion complexes group is its color score, which was
slightly lower than that of control in the third day (Fig. 5A). However,
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Fig. 4. Effects of different treatments on weight loss (A), firmness (B) and total
soluble solid (C) of the strawberry after 8 days of storage at 25 °C. IC: inclusion
complexes. Different letters a-c above the columns indicate significant differ-
ences among the treatments based on Duncan’s multiple range test (p < 0.05).

the PAA-treated fruit received lower scores for flavor and texture at the
second day, and for color, flavor and texture at the third day. For the
general acceptability, PAA-treated group was the only one which got a
significant lower score than the other three groups at day 2 and 3
(Fig. 5B).
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Fig. 5. Sensory characteristics scales (A) and general acceptability scores (B) of the strawberry for different treatments in the first three days. Different letters a and b
above the columns indicate significant differences among the treatments based on Duncan’s multiple range test (p < 0.05).

4. Discussion

It was reported that PAA exerts its antifungal effect by decreasing
NADPH routed through up-regulation of putative aryl-alcohol de-
hydrogenases (Shreaz et al., 2011). In the current study, PAA demon-
strated its efficient antifungal activity against R. stolonifer, A. niger, and
Penicillium on PDA media in both free and encapsulated forms. The two
forms of PAA presented almost the same activity on control the mycelial
growth of R. stolonifer and Penicillium at most investigation time points,
and the mycelia of A. niger treated by the inclusion form of PAA pre-
sented even smaller colony diameters than those of free PAA treated
group, indicating a better in vitro antifungal activity of the EO’s inclusion
form than free form towards A. niger. Differing from pure PAA, the active
compounds start to diffuse at a relatively low rate from its carrier ma-
terial to reach the target microorganism, acting as a slow-release agent
that maintains an effective inhibitory concentration over a long period
of time. A similar research reported that the EO-loaded microcapsules
demonstrated an initial quick release followed by a slow release in the in
vitro release profiles, which effectively delayed the volatilization of EO
and extended its antifungal activity (Li et al., 2018). Besides, the phe-
nomenon that $-CD group exhibited larger R. stolonifer colonies than
control for most days was probably due to that the fungal growth could
benefit from the supplement of 3-CD as a carbon source in PDA media
(De Mot & Verachtert, 1986).

For the consuming purpose, any abnormalities in appearance, flavor,
or texture can be regarded as a loss of freshness. Thus, the fruit with
atrophy and browning in PAA treated group were all classified as
decayed when investigation. The pure essential oil extract was reported
to have seriously burn effect on the fruit surface, due to its strong
volatility and chemical activity. The initial burst of the compounds could
induce a local accumulation of concentration, which caused the damage

in surface cells of fruit (Chen et al., 2020). The injury lesions provide a
‘green channel’ for the microorganism, insect pests or any other pol-
luters, from which the pathogens could easily pass the barrier of fruit
peel or surface and accelerate the decay development in the fruit tissue
(Knoche, 2015). And the excessive concentration of the compounds in
the initial stage could affect the acceptability of the food products in
flavor, some researches has showed that the pungent odor of essential
oils left on food could cause the disgust of consumers (Ayala-Zavala
etal., 2008). In addition, due to the strong volatility and initial burst, the
free PAA could not provide a long-term protection for the fruit, this may
lead to a late-stage outbreak or flourish of decay during postharvest
storage. In contrast, the good performance of inclusion complex in vivo
tests confirmed the in vitro antifungal activity evaluated above. Addi-
tionally, its better stability and long-term releasing property indicated
its great potential for the postharvest decay control as a
sustained-release fumigation agent.

External color of the fresh fruit is one of the most important factors
that might determine consumer acceptance of the product (Del-Valle,
Hernandez-Munoz, Guarda, & Galotto, 2005; Yang, Wu, Ng, & Wang,
2017). The significant decrease in L* and a* of PAA-treated fruit re-
flected the loss of lightness and saturation of the surface color, respec-
tively (Peretto et al., 2014), which was consistent with the visual
appearance changes of strawberry in Fig. 3. Weight loss of fruit is mainly
caused by water vapor transpiration (Valero et al., 2013; Zhang, Chen,
Lai, Wang, & Yang, 2018). Water from the tissue of fruit runs off through
the surface, especially through the openings including stomata, wound
openings, blossom and stem scars (Knoche, 2015). According to the
results of decay evaluation above, the fumigation using free PAA
induced serious damage and decay in fruit, which might cause a higher
water loss than the other treatments. Fruit softening is one of the main
undesirable changes during storage. The water loss leads to the
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reduction of turgor pressure, and finally results in loss of firmness
(Saladié et al., 2007), which was confirmed by the firmness data
(Fig. 4B) in this study. Another vital reason of softening at the
biochemical level is the cell wall polysaccharide solubilisation and
depolymerisation during the storage (Zhang, Zhao, Lai, Chen, & Yang,
2018). As one of the major cell wall polysaccharides, pectin plays an
essential role in maintaining fruit texture. The side-chain conformation
of the type I rhamnogalacturonan (RG-I) region of pectin also appears to
be closely related to the firmness of fruit (Yang, 2014). The total soluble
solid (TSS) content is an important quality index to examine fruit quality
during postharvest storage. TSS is related to fruit ripening, and a higher
amount of soluble solids can also contribute to the flavor of fruit,
especially sweetness (Zhang et al., 2019). According to the previous
research, TSS decreases gradually after harvest because the physiolog-
ical activities (metabolisms and respiration) of fresh fruit are maintained
basing on the consuming of sugars (Aday et al., 2013). Exactly, TSS also
showed a consistent reduction after storage for all treatments in this
study (Fig. 4C), and the treatment of inclusion complexes had no in-
fluence on the change of TSS of strawberries during storage.

When EO was directly applied on fruit, meat or vegetable, sensory
characteristics and fungal infectivity of fresh product could be tremen-
dously influenced by exposure of EO, which was resulted from the
extremely low flavor threshold and the highly water insolubility of EO
(Kalemba & Kunicka, 2003). According to the results of sensory panel,
the free PAA treatment affected the fruit sensory indexes and general
acceptability significantly, but the inclusion complexes did not show any
flavor transfers or surface damage on fruit. That could be attributed to
the sustained-release effect of the encapsulation, which avoided the
excessive local accumulation by the initial burst of free PAA. Similar
results were obtained in Carica papaya fruit, where fruit was treated with
chitosan-Ruta graveolens L. essential oil (Peralta-Ruiz et al., 2020).

5. Conclusions

In this study, p-CD-based inclusion complexes encapsulating PAA
were employed as a fumigation agent to control the postharvest decay in
strawberry. The in vitro antifungal activity of inclusion complexes was
proved by fungal colony analysis of R. stolonifer, A. niger and Penicillium
on PDA media. In vivo test on the fresh strawberry also confirmed the
efficient activity of inclusion complexes on postharvest decay control.
The fumigation of inclusion complexes significantly depressed the decay
incidence and severity to 75% and 37.08%, respectively. As a potential
fumigation agent, the inclusion complexes also maintained the fruit
quality parameters including color, firmness, and TSS, as well as the
sensory indexes for acceptability during the storage, no significant dif-
ferences were found between the inclusion complexes-treated and con-
trol fruit.
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Background: Cultured Cordyceps militaris is very
popular. Objective: To gain dynamic insight into
activity markers in fruiting body of Cordyceps militaris
(C. militaris) in Bombyxmori (B. mori), also named
silkworm. Methods: The development stages of
samples at 3, 9, 12, 19, 27, and 33 days after inoculation
(DAI) were collected. HPLC coupled with diode array
detection and evaporative light-scattering detection
method (HPLC-DAD-ELSD) was used to determine
eight makers, including six nucleosides and two
carbohydrates from the samples. Results: C. militaris
cultured 33 DAI with fifth star silkworm larva could
accumulate higher levels of cordycepin (13.43 mg/g)
than the highest reported cordycepin (8.57 g/L). The
contents of cordycepin, adenosine, and trehalose were
gradually increased with the formation of C. militaris
fruiting bodies on silkworm larva, while mannitol was
decreased. The change of guanosine was similar to
uracil. Conclusions: Results suggested that mannitol
could be accumulated in a short period during
mycelium growth and could metabolize and transform
into energy store and trehalose during fruit body
formation. The inosine in the insect was completely
utilized and transformed. The synergistic formation

of cordycepin and adenosine or differences in
metabolized pathways are a great possibility according
to the same trend. Highlights: This research offered
some reference to further find a certain regularity or
metabolic mechanism.

ordyceps is a composite consisting of the stromata of
the fungus, Cordyceps sinensis (Berk.) Sacc. (family:

Hypocreaceae), parasitized on the larva of some species
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of insects (family: Hepialidae). For centuries, the combination
of dead insect and fungus has been used as famous traditional
Chinese medicine. It is very difficult to realize large-scale
cultivation of natural C. sinensis stromata. However, cultured
C. militaris has made significant progress. It infects and grows
on a wide range of insects, mainly lepidopteron larva and pupa
such as Bombyxpithyocampa, Bombyx. caja, Bombyxrubi,
or others (1). The survey records show that C. militaris or its
extraction have a broad range of applications, such as anti-
inflammatory, antioxidant (2), antiageing, anticancer, antitumor,
antileukemic, antimetastatic, immunomodulatory, antibacterial,
antiviral, antifungal, antiprotozoal, antifibrotic, steroidogenic,
hypoglacaemic, hypolipidaemic, antiangiogenetic, antidiabetic,
anti-HIV, antimalarial, antifatigue, neuroprotective, insecticidal,
larvicidal, liver-protective, reno-protective, prosexual, and
pneumo-protective properties (3).

Many techniques, including storage or stock culture,
preculture, solid culture in substrate (husked rice, saw dusk),
and liquid culture (shaking, submerged, surface liquid, and
continuous/repeated batch culture) have been developed (3).
The stromata of C. militaris can be easily cultivated in different
substrates. Therefore, C. militaris is considered a model
organism with which study cultured Cordyceps species (4).
Some laboratories have carried out a lot of work, including
genome-wide transcriptome and proteome analysis on artificially
cultivated C. militaris (5). In a previous report, C. militaris was
found to be sexually heterothallic, as fruiting can occur without
an opposite mating-type partner. It was believed that fruiting
involves induction of the Zn2Cys 6-type transcription factors,
and MAPK pathway and the PKA pathway are not activated
according the transcriptional profiling (6). During asexual and
sexual development, genes involved in cell or energy metabolism
and stress responses, as well as those associated with cell wall
structures, were upregulated (7).

At the same time, it is very important ensure the safety and
efficacy of Cordyceps and its products. Presently, multiple
markers such as nucleosides (8), ergosterol, mannitol, and
polysaccharides are being used for their quality control (9).
The markers and analytical methods for quality control of
Cordyceps have been discussed and reviewed (9, 10). Many
works on the qualitative and quantitative determination of
nucleosides and their bases in Cordyceps have been reported.
Several methods including capillary electrophoresis (11-14),
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capillary electrochromatography (15), HPLC with diode array
detection (DAD; 16-21), UPLC (22), and GC-MS (23, 24),
have been used for nucleosides analysis. Each technique has its
specific characteristics. HPLC is a commonly used technique for
separation and analysis of nucleosides in Cordyceps. Evaporative
light-scattering detector (ELSD) response does not depend on
the optical characteristics of the analytes, which eliminates
the problems associated with refractive index detector. ELSD
can be easily connected in series with DAD for simultaneous
determination of different types of compounds. According to
our published work, the HPLC-DAD-ELSD method has been
successfully applied to simultaneously quantify 12 components,
including carbohydrate, myriocin, nucleosides, and nucleobases,
in different natural and cultured Cordyceps (20).

In the present study, the HPLC-DAD-ELSD method
was used for further qualitative and quantitative analyses of
markers of C. militaris. It would be more precise and accurate
to simultaneously analyze the development stages of samples
of cultured C. militaris. Their contents in different stages
of samples of C. militaris were compared, which had not
been reported before. Through this research, a reliable rule
to illustrate the complicated metabolic relationship between
C. militaris and the host silkworm could be found.

Materials and Methods

Chemicals and Reagents

Bacto Yeast Extract was purchased from Becton, Dickinson
and Co. (Franklin Lakes, NJ), and KH,PO, (AR grade) and
MgSO,4-7H,0 (AR grade) were purchased from Tianjin Damao
Chemical Factory, China. Uracil, cordycepin, adenosine,
uridine, inosine, guanosine, and D-(1)-trehalosede hydrate were
purchased from Sigma (St. Louis, MO), and D-mannitol was
purchased from MBCHEM (Shanghai, China). ACN for HPLC
analysis was purchased from Merck (Darmstadt, Germany).
Deionized water was prepared using a Millipore Milli-Q Plus
system (Millipore, Bedford, MA). Reagents not mentioned here
were from standard sources.

Microorganism

C. militaris strain was provided by Shaoping Li (University
of Macau, Macao, China). The stock was stored in a potato
dextrose agar tube slant at 4°C. The fungal strains were
transferred to the plate incubated at 25°C for 7 days. Then,
for spawn production, the potato glucose medium consisted
of 200 g potato supernatant, 20 g glucose, 4.5 g yeast extract,
5 g KH,POy, 2.5 g NH4.NOs, 2.5 g MgS0,4.7H,0, and 0.1 g
CaCl, per liter solution. The seed culture medium was poured
into 500 mL flasks and autoclaved at 121°C for 30 min. After
cooling, each flask was inoculated with the mycelia discs
(5 mm) of C. militaris on the plate and incubated at 25°C on a
rotary shaker (150 rpm) for 5 days.

Cultured Fruit Body of C. militaris on Rice Medium

Rice medium was composed of 35 mL potato glucose
liquid medium and 30 g rice mixed with 3 g silkworm pupae
power (per 300 mL bottle). The rice medium was sterilization

at 121°C for 1 h. After cooling, each bottle was inoculated
with 6 mL liquid seed. The conditions of mycelium growth
stage were 25°C in darkness. Then, the development of
stromata was controlled at a lower temperature of 20°C in
12 h darkness and at a higher temperature of 25°C in 12 h
light of 1000 Ix. The mature fruit body was incubated for up
to 60 days.

Fruit Body Formation on Silkworm

The fifth instar larvae of silkworm B. mori were purchased
from Sericulture & Agri-Food Research Institute GAAS
(Guangdong, China) and continued rearing with natural
mulberry leaves. After 2 days, the fifth instar silkworm larvae
were injected inoculation using 100 pL homogenized hyphal
bodies and spawn of C. militaris (25). They were injected into
each haemocoel of the head in the larvae of the silkworm. The
injection volumes of a hyphal suspension contained 2 x 10° CFU.
After infection, silkworm larvae were reared on mulberry leaves
at 22-25°C and 40-90% humidity. As shown in Figure 1B,
the developmental stages of the samples of C. militaris were
collected for dynamic analysis. For description of the samples,
refer to Table 1.

Sample Preparation

Sample preparation was performed using pressurized
liquid extraction, which was done using a Dionex ASE 200
system (Dionex, Sunnyvale, CA) as reported before (20).
In brief, powder of C. militaris developmental stages (0.2 g)
was mixed with diatomaceous earth in a proportion 1:1
and placed into an 11 mL stainless steel extraction cell.
The extraction was performed under optimized conditions.
The extract was concentrated in a 50°C water bath using a
rotary evaporator (BUCHI, Switzerland), then transferred
into a 10 mL volumetric flask and diluted to the mark
with 95% methanol. The extract should be diluted to an
appropriate concentration when the analytics are beyond the

Plate strains

,

Figure 1. Model showing (A) the life cycle of silkworm and (B) the
growth stages of C. militaris fruiting body. © =Growth on silkworm
larva of C.militaris. @ =Growth on silkworm pupa of C.militaris.
®=Growth on rice of C.militaris. DAI, days after inoculation.
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linear ranges. After filtering through a 0.45 mm Econofilter
(Agilent Technologies, Palo Alto, CA), 10 mL solution was
injected into the HPLC system.

HPLC-DAD-ELSD Analysis

According to our published analysis, the HPLC-DAD-ELSD
method was successfully applied to quantify eight components.
All separations were performed on an Agilent Series 1100 liquid
chromatography system, equipped with a vacuum degasser, a
quaternary pump, an autosampler, a DAD, and an ELSD 2000ES
(Alltech, Nicholasville, KY). A Prevail Carbohydrate ES column
(250 mm x 4.6 mm id, 5 mm, Grace) was operated at 25°C.
Solvents that constituted the mobile phase were ACN (A) and 5 mM
ammonium acetate—0.1% acetic acid aqueous solution (B). The
separation was achieved using gradient elution of 0—8 min, 5-10%B;
820 min, 10-12% B; 20-28 min, 12-20% B; 28-30 min,
20-25% B; 3040 min, 25% B; 4045 min, 25-50% B; and
45-50 min, 50% B. Then, 50% B was kept for 10 min to clean
the column, and, finally, the reconditioning step of the column
was 95% B isocratic for 35 min. The flow rate was 1 mL/min. The
analysts for nucleosides were monitored at 254 nm, and ELSD
was used for detection of mannitol and trehalose. The impact or
position of ELSD was set off. The other parameters including
mobilizing gas flow rate and drift tube temperature were optimized
based on the S/N (20).

Data Processing and Multivariate Data Analysis

A data matrix was obtained containing retention times,
accurate masses, and normalized peak intensities. The test was
performed in triplicate. The resulting data were exported to Excel
(Microsoft Office 2007). Hierarchical clustering analysis (HCA)
was performed by SPSS 19.0 for windows (IBM, Armonk,
NY). A method called the average linkage between groups was
applied, and cosine distance was selected as measurement.

Biomarker Identification

Major metabolites were positively identified using standard
compounds by comparing both the mass spectra and retention
time.

Results and Discussion

Comparison of Nucleosides and Carbohydrates from
C. militaris Cultured with Different Media or Substrates

Nucleosides and carbohydrates were extracted from fruiting
bodies, mycelium or substrate of C. militaris cultured with
silkworm larva, solid rice medium, and liquid medium. The
developed HPLC-DAD-ELSD method was subsequently
applied for simultaneous determination of six nucleosides
(uracil, cordycepin, uridine, adenosine, inosine, guanosine)
and two carbohydrates (mannitol and trehalose) in 13 samples
of C. militaris. The typical chromatograms of the mixed
standards (A) and 33 days after inoculation (DAI) C. militaris
with dead silkworm larva are shown in Figure 2. According
to the retention times, accurate mass numbers and normalized
peak intensities of different chromatograms and the contents

of the investigated compounds in C. militaris are summarized
in Table 1. The results illustrated that their contents in
different medium were greatly variant and suggested that these
bioactive markers could be accumulated in a different culture
medium.

Trehalose was the main solute in ascospores bioactive
polysaccharides from this fungus. These carbohydrates were
utilized by the fungus for adenosine triphosphate generation
and amino acid biosynthesis, but they were also converted
to storage compounds (e.g., glycogen, trehalose, and sugar
alcohols) for the maintenance of a strong carbon sink (26).
While the largest content of mycelium in liquid medium
(submerged fermented mycelium; SFM) was mannitol
(102.85 mg/g), trehalose had the highest contents compared
with other tested compounds. The trehalose (165.85 mg/g)
from C. militaris cultured fruiting body on silkworm were
higher than the combination of C. militaris infected dead
insect cultured 12 DAI on silkworm (12Y; 9.47 mg/g).
Fruiting body in rice substrate (593.36 mg/g) was also higher
than rice substrate (56.59 mg/g). In addition, the mannitol
content of mycelium (SFM, 102.85 mg/g) was three-times
that of trehalose (32.96 mg/g). It was very easy to find
that the mannitol could be accumulated in the mycelium
stage, whereas the trehalose was abundant in fruiting body
stage. The result was consistent with that reported in the
literature. It suggested that mannitol metabolism is enhanced
in mycelia, and trehalose is upregulated in fruiting bodies of
Tuber melanosporum (26).

Cordycepin was one of most important active ingredients of
C. militaris. It exhibited significant therapeutic potential (27).
The U.S. Food and Drug Administration granted orphan
drug designation to cordycepin for the treatment of acute
lymphocytic leukemia in patients who express the enzyme
terminal deoxynucleotidyl transferase. Cordycepin as a
nucleoside analog has known efficacy against viral infection.
It was first a clinical stage development compound. Table 1
shows cordycepin content was more than other determined
nucleosides. The contents of cordycepin (6.96 mg/g) and
adenosine (2.52 mg/g) in 12 DAI infected fifth instar dead
silkworms (12Y) were significantly higher than fruiting body
cultured on silkworm. Cordycepin was similar with fruiting
body in rice substrate (4.84 mg/g) and in silkworm larva
(4.26 mg/g). However, cordycepin in rice substrate was less
than fruit body cultured in rice substrate. It was easy to find
the cordycepin in fruiting body, and solid substrates were
more abundant than in mycelium from the liquid medium. In
addition, it could be accumulated in a different substrate in the
present study.

Adenosine was the bioactive ingredient and chief chemical
marker of C. militaris that modulates many physiological
processes. In the present study, the content of adenosine
was approximately 0.09 to 4.29 mg/g. Adenosine in 12 DAI
silkworms infected by C. militaris (12Y) was higher than
other cultivation materials. Guanosine was determined to be
in the range of approximately 0.028 to 0.780 mg/g. Uridine
was approximately 0.209 to 1.530 mg/g, and uracil was
approximately 0.016 to 0.160 mg/g. Guanosine, uridine, and
uracil were highest in fruit body cultured in rice medium. The
content of inosine was too low to be determined in C. militaris
from different culture mediums, which is in accordance with the
reported result (0.017 mg/g cultured C. militaris; 28).
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Figure 2. Typical HPLC-DAD-ELSD chromatograms of (A) the mixed standards and (B) 33 DAI C. militaris with dead silkworm larva. (1)
Uracil, (2) cordycepin, (3) uridine, (4) adenosine, (5) inosine, (6) guanosine, (7) mannitol, (8) and trehalose. 3L, live silkworm 3 DAI; 3D, dead
silkworm 3 DAI (soft); 33DAI FB+Silkworm, fruiting body in silkworm (length 2 cm) in 33 days after inoculation.

Dynamic Analysis of Nucleosides and Carbohydrates
During Developmental Stages of C. militaris on
Silkworm Larva

The variances of artificial C. militaris growth on silkworm
larva and yield parameters were analyzed, and the results are
summarized in Figure 3. Cordycepin, adenosine, trehalose, and
mannitol were clearly increased during fruiting body growth of
cultured C. militaris compared with both control groups. The
content of cordycepin (Figure 3A) and adenosine (Figure 3C)
from combination dead silkworm and fungus were significantly
higher than fruiting body separation from C. militaris cultured
on silkworm. However, guanosine (Figure 3B), uracil
(Figure 3E), uridine (Figure 3F), and trehalose (Figure 3H)
from a combination of dead silkworm and fungus were clearly
lower than fruiting body. The cordycepin increased gradually
with the growth of C. militaris from mycelium accumulation
and fruiting body development, shown in Figure 3A. It was
easy to discover that cordycepin could be enriched in silkworm
because the mycelium infected it. There was a large difference
between the content of the combination and fruiting body
separated from it. The largest content of cordycepin 13.43 mg/g
in C. militaris cultured with 33 days on silkworm was higher
than the highest reported cordycepin content 8.57 g/L (29).

Figure 3C shows that the trends of adenosine were similar with
cordycepin. Moreover, adenosine in health fifth instar larvae
of silkworm was higher than prepupae (PP), but it was lower
than the infected silkworm. Therefore, the results showed that
cordycepin and adenosine could be accumulated in silkworm
during the extended time of cultivation.

Figure 3D shows the inosine determined only in the
uninfected silkworm (fifth instar silkworm, PP) and live
silkworms (3 DAI). The content of inosine from fifth instar
larvae of silkworm was the highest (0.19 mg/g). However, in
dead silkworm infected by C. militaris, inosine was also not
found or determined. The level of trehalose of PP declined
from fifth instar larvae shown in Figure 3. The result that it
played a role as the energy source was in accordance with
the reference. All these stages accumulated the disaccharide
trehalose. The levels of trehalose depended on the stage of
growth and nutritional stage. Fruiting body was determined
to accumulate much larger amounts of trehalose. In previous
studies, during fruiting body formation, the importance of
carbon metabolism in this complex morphogenesis had been
suggested. Studies had been reported that some enzymes of
amino acid and isoprenoid biosynthesis, the glyoxylate cycle,
carbon and nitrogen metabolism, mitochondrial division, and
cell wall synthesis were upregulated.
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Figure 3. Chemical composition variation of the fruit body growth stages of C. militaris on silkworm larva. (A) Codrycepin, (B) guanosine,
(C) adenosine, (D) inosine, (E) uracil, (F) uridine, (G) mannitol, and (H) trehalose. Samples are the same as shown in Table 1.

HCA of C. militaris Cultured in Different Conditions

HCA has been proven to be the most appropriate method
to classify samples according to their characteristics. In the
present work, HCA was implemented by SPSS 19.0 Software to
evaluate the variation in the contents of nucleosides, mannitol,
and trehalose among the growth stage samples of C. militaris.
Between-group linkage was applied, and cosine distance was
selected as a measurement (30). Dendrogram resulting from the
contents of the eight analytes in the samples are shown in Figure 4.
The results indicated that the samples, which the growth stage
of fruiting body cultured in different substrates, were classified

in three clusters. Mycelium accumulation stage, fruit body
formation stage, and fruit body maturation stage were clear. All
the results demonstrate that the effect of cultivation condition was
obvious for the contents of nucleosides, mannitol, and trehalose.
Furthermore, the transcriptomic analysis of developmental
features of Bombyx mori wing disc during metamorphosis (31) and
the genome-wide transcriptome and proteome analysis on different
developmental stages of C. militaris (5) have been researched. In
the next stages, the interaction of Cordyceps fungi and its host
insect on the growth phases should be researched by transcriptome
and proteome analysis to try to reveal the relationship. All these
were very significant for the development of the health product.
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Figure 4. Dendrogram of hierarchical cluster analysis for C. militaris

samples on the basis of contents of nucleosides, mannitol, and
trehalose. Method: between-group linkage; measurement: cosine
distance. Samples are the same as shown in Table 1.

Conclusions

In order to better analyze the trend of nucleosides and
carbohydrate of C. militaris growing at different stages and in
the different substrates, HPLC-DAD-ELSD was performed
for these biomarkers. We can easily conclude that mannitol
is mainly accumulated and stored during the final steps of
fungal conidiophores development and then emerges. Trehalose
underwent biotransformation and accumulated during the fruit
body development. Cordycepin and adenosine were accumulated
during the developmental stages of fruit body on silkworm
larva. As we all know, the development of fruiting body needs
stricter growth conditions. It has enabled life to survive, adapt,
evolve, and flourish in diverse conditions. Therefore, the
hyper production of cordycepin by solid culture on silkworm
larvae offers a new idea. This is the first report of research that
illustrates the relationship between the contents of nucleosides,
nucleobases, mannitol, and trehalose and the development of
fruiting body. It is very significant for further development of
health products of C. militaris.
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Previous studies have established the in vivo bioavailability and efficacious dosages of
phenylbutyl isoselenocyanate (ISC-4), a selenium-substituted isothiocyanate, against
mouse xenograft models of human melanoma and colorectal cancer. To explore its
potential attributes against prostate cancer, we treated human LNCaP prostate cancer
cells with ISC-4 and examined their apoptosis responses, and interrogated the signaling
mechanisms through pharmacological and siRNA knockdown approaches. Our results
show that ISC-4 was more potent at inducing apoptosis than its sulfur analog
phenylbutyl isothiocyanate (PBITC) without suppressing protein kinase AKT Ser*”3
phosphorylation. ISC-4 induced apoptosis in concentration- and time-dependent
manners, and the apoptosis execution was attenuated by pre-incubation with a pan
caspase inhibitor. ISC-4 decreased the abundance of androgen receptor (AR) and its
best known target prostate specific antigen (PSA) without decreasing their steady state
mRNA. ISC-4 upregulated the abundance of p53 protein and its Ser'>-phosphorylative
activation, and that of DNA double strand break marker Ser*3”-p-H2A.X coincident
with apoptotic exposure. Similar to the rapid induction of reactive oxygen species
(ROS) by isothiocyanates, I1SC-4 increased dihydroethidium-detectable signals in
LNCaP cells. Pre-incubation with ROS scavenger N-acetyl-L-cysteine preserved AR
and PSA abundance, markedly reduced ISC-4-induced apoptosis and attenuated p53
Ser®® phosphorylation, p21Cip1, and p-H2A.X. Furthermore, siRNA knockdown of p53
did not suppress ROS production, but decreased ISC-4-induced apoptosis. Knocking
down p53-targets PUMA and Bax exerted greater protective effect on ISC-4-induced
apoptosis than depleting p21Cip1. In summary, ISC-4 inhibited LNCaP cell growth and
survival with ROS-mediated suppression of AR axis signaling and induction of p53-

PUMA-Bax mitochondrial apoptosis.
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1 | INTRODUCTION

Prostate cancer (PCa) remains a top cause of cancer death in US
men, second only to lung cancer. Androgens, functioning through
androgen receptor (AR), are essential for the genesis, progression,
and survival of PCa.! Androgen deprivation therapy (ADT) has
remained the standard-of-care for metastatic PCa for decades with
serious side effects on the patients’ quality of life. Despite its initial
efficacy to reduce tumor burden in the short-term, ADT is inevitably
followed by the recurrence of castration-resistant prostate cancer
(CRPC). Chemotherapy with docetaxel? or its derivative cabazitaxel
in docetaxel resistant CRPC® offers a survival benefit of a few
months for CRPC patients with dose-limiting toxicities. The
discovery of persistent AR signaling in CRPC led to development
of “second generation” ADT drugs,*™> such as androgen synthesis
inhibitor abiraterone acetate (Zytiga)®”” and AR antagonist enza-
lutamide/Xtandi.®~? Each drug demonstrated an efficacy against
chemotherapy-resistant CRPC with median survival benefit mea-
sured in months.®~81° However, nearly all CRPC patients inevitably
develop acquired resistance to these novel ADT drugs.l-1?
Autologous cell-based immunotherapy of CRPC such as the FDA-
approved Provenge (Sipuleucel-T) remains highly personalized and
expensive for the survival benefit (FDA website). In spite of rapid
advances of checkpoint inhibitor monoclonal antibodies against a
number of cancers of other organ sites, PCa remains rather
unresponsive to these cutting edge immunotherapy modalities.
Radiotherapy modalities for CRPC provide palliative pain relief at
best. To effectively impact PCa morbidity and mortality, there
remain clinically un-met needs to develop additional small molecu-
lar agents and drugs, especially for the chemoprevention or therapy
of early stage PCa to block or delay the emergence of metastatic
CRPC.

Isothiocyanates (ITCs), the naturally-occurring compounds
stored as glucosinolates in plants and cruciferous vegetables,®-1°
have been shown to be efficacious chemopreventive agents against
animal carcinogenesis models both in the initiation (inhibit phase |
and induce phase Il enzymes) and the post-initiation (block cell-cycle
progression and induce apoptosis in human cancer cells) stages for
many organs sites. Some ITCs, especially phenethyl isothiocyanate
(PEITC), have been studied extensively for the cell cycle and death

16-21 22-23 in PCa cell lines and in

effects as well as AR signaling
animal models.242> Nearly a decade ago, a series of ITC analogs and
their selenium-substituted isoselenocyanate (ISC) derivatives were
designed and synthesized at our institution to further improve the
anti-cancer efficacy and drug likeness.2® Through extensive struc-
ture-activity relationship (SAR) studies, phenylbutyl isoselenocya-
nate (ISC-4, see Figure 1A for structure), demonstrated the most
attractive drug-like attributes.?® ISC-4 exhibits favorable LogP value
(LogP 4.2) and molecular weight (MW 238) which satisfied Lipinski's
Rule of Five.?” Previous studies have established the in vivo
bioavailability, and safe and efficacious dosages of ISC-4 in mouse
xenograft models of melanoma?®=2? and colorectal cancer®® with an

inhibition of protein kinase AKT (ie, AKT3 in melanoma and AKT1/2

in colorectal cancer) signaling as a putative mechanism of the anti-
cancer action. Given its seleno-modification and improvement on
drug likeliness, we would hypothesize that ISC-4 could be a
promising candidate for research and development (R&D) as a
chemopreventive agent for PCa.

As an initial effort toward testing this hypothesis, we selected
LNCaP cells, which possess wild-type p53 tumor suppressor
protein,31'32 functional mutant AR,*® and defective PTEN®* (acti-
vated AKT-mTOR) as the target cells to examine their growth
suppression and apoptosis responses to ISC-4 in cell culture. The
rationale for choosing this cell line is several-fold: i) the wild type p53
is characteristic of precancerous prostatic lesions as well as localized
prostate adenocarcinomas which mostly retain wild type p53 gene®>;
ii) these cells are responsive to AR signaling for proliferation 2 as are
most clinical prostate cancers with AR amplification or mutational
activation®®; and iii) they have defective PTEN tumor suppressor,>*
therefore activated AKT-mTOR signaling, representing a prevalent
oncogenic driver pathway in the human prostate adenocarcinomas.
We selected ISC-4 exposure concentrations in the serum/plasma
achievable range as demonstrated in an earlier pharmacokinetic (PK)
experiment.3®

To provide insights into common versus unique mechanisms of
action, we compared and contrasted ISC-4 and PBITC with a reference
bioactive anti-cancer selenium compound, methylseleninic acid
(MSeA).3”-%8 We have shown in vivo cancer growth inhibitory
activities of MSeA in xenograft models®” and in genetically-engineered

mouse models of prostate carcinogenesis*®=4*

with daily gavage
dosing. In LNCaP cell culture model, MSeA exerted inhibitory impact
on AR and its best characterized target prostate specific antigen

43-44 and without evident

(PSA)*? with minimal effect on p53 activation
involvement of reactive oxygen species (ROS).** Given the pivotal
significance of AR signaling in prostate epithelial survival, cancer
genesis and progression, and the preservation of wild type p53 in early

lesions and most localized PCa,®®

our findings indicate attractive
cancer-intrinsic potential of ISC-4 for precision intervention and

therapy of PCa.

2 | MATERIALS AND METHODS

2.1 | Chemicals and antibodies

ISC-4 was synthesized as previously described.?® The purity of
ISC-4 was higher than 97%. Stock solution was prepared at 10 mM
in DMSO. MTT was purchased from Sigma-Aldrich (St. Louis, MO).
PSA ELISA kits were purchased from Calbiotech (Spring Valley, CA).
ROS and Annexin V kits were purchased from Pierce Biotechnology
(Waltham, MA). Antibodies against Ser*”3-p-AKT, Ser!®-p-p53,
p21Cip1, PARP, c-PARP, Bax, PUMA, B-actin, and HRP-conjugated
secondary antibodies were purchased from Cell Signaling Technol-
ogy (Danvers, MA). Antibodies against p53 and AR were purchased
from BD Pharmingen (San Jose, CA). Antibody against PSA was
purchased from Dako (Glostrup, Denmark). Antibody against
Ser'®-p-H2A.X was purchased from Abcam (Cambridge, MA).
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FIGURE 1 [SC-4 exerted stronger anti-proliferative and pro-apoptosis activities than sulfur-analog PBITC in LNCaP cells. A, The chemical
structures of ISC-4 and PBITC and MSeA. B, The cell number/viability assessed by MTT assay. LNCaP cells were seeded into 96 well plates and
treated with the indicated concentrations of ISC-4 and PBITC for 24 h. Error bar represents SD of triplicate determinations. C, Western blot
detection of PARP cleavage as a marker for apoptotic caspase activation. LNCaP cells were seeded into 100 mm dishes and treated with 5 or

10 uM of ISC-4, PBITC, or MSeA for 12 and 24 h. Whole cell extracts were prepared. 30 pg portions of those extracts were resolved via Bolt
4-12% Bis-Tris Plus gel and probed with antibody specific for PARP (116kD; arrow pointed to 89 kD cleaved product) or the cleaved PARP

(89 kD) only. The same blots were re-probed with B-actin antibody to verify protein loading. D, Cell death assessment by Annexin V binding
assay. LNCaP cells were seeded into 6 well plates and treated with 10 uM of ISC-4 or PBITC for 12 h and the Annexin V binding was analyzed by
Muse Cell Analyzer. Error bar represents SD of triplicate determinations. E, Apoptosis assessment by WB detection of cPARP in LNCaP versus
PC-3 and DU145 cells after 12 h exposure to ISC-4 at indicated concentrations. Mutation of p53 in DU145 cells vastly increased protein stability

2.2 | Cell culture sequencing (Macrogen Clinical Laboratory, Rockville, MD) and RNA

sequencing (Penn State Hershey Genome Sciences Facility, Hershey,
LNCaP, PC-3, and DU145 prostate cancer cells were obtained from PA). In terms of p53 functional background, LNCaP PCa cells are
the American Type Culture Collection (ATCC, Manassas, VA). The p53-wild type, DU145 cells contain non-functional mutant p53 and

LNCaP cells were cultured in RPMI 1640 Medium (Invitrogen, PC3 cells are p53-null.332 DU145 cells were cultured in Minimum
Carlsbad, CA) with 10% fetal bovine serum (Atlanta Biologicals, Essential Eagle's medium supplemented with 10% fetal bovine serum
Flowery Branch, GA) without any antibiotics and maintained at 37°C and 2 mM L-glutamine without antibiotics. PC-3 cells were cultured

with 5% CO, in humidified atmosphere. Authentication of the in F-12 K medium supplemented with 10% fetal bovine serum and

LNCaP cell lines was accomplished by next-gen DNA whole genome 2 mM L-glutamine without antibiotics.
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2.3 | Estimation of cell viability/number

The LNCaP cells were suspended at a density of 1.0x 10°/mL and
added to 96-well flat bottom microtiter plates at 100 uL per well.
Approximately 2 days after seeding, the cells were treated with
concentrations of 0, 2.5, 5, 10, and 20 uM of ISC-4 or PBITC to
determine the percentage of metabolically viable cells. After incuba-
tion for 24 h, cell growth was measured by MTT assay. The percentage
of cell viability ratio was calculated as follows: Cell viability ratio

(%) = (A49O, sample ~ A490, blank)/(A49O, control — A49O, blank) *100.

2.4 | Annexin V assay

The LNCaP cells were seeded in six-well plate at 8 x 10* cells per well,
for approximately 2 days, and were treated with indicated
concentration(s) of ISC-4, PBITC or 0.1% DMSO. Annexin V & Dead
Cell kits were used for measuring dead and dying cells in both floating
and adherent cells with Muse Cell Analyzer (EMD Millipore, Billerica,
MA), according to the manufacturer's protocol. Data were analyzed

using Muse 1.4 software.

2.5 | Measurement of reactive oxygen species (ROS)

To assay intracellular ROS, LNCaP cells were seeded in 6-well plate at
8 x 10* cells per well for approximately 2 days and were treated with
ISC-4 (5 and 10 uM), or 0.1% DMSO for 6 h. Measurement of total ROS
levels in LNCaP cells was performed by using the Muse Oxidative
Stress Kit with Muse Cell Analyzer based on dihydroethidium (DHE) to
react with superoxide anions to form DNA-binding fluorophore
ethidium bromide which intercalates with DNA resulting in red
fluorescence. The kit identifies two different cell populations of ROS
(-) cells and ROS (+) cells, which were represented by the M1 and M2
peaks in the graph, respectively. Percentages of ROS (-) and ROS (+)

cells were analyzed using Muse 1.4 software.

2.6 | Immunoblot analysis for proteins of interest

The LNCaP cells were plated in 100 mm dishes at 4.5 x 10° cells per
dish, and after 2 days, treated with different concentrations of
compounds. 200 pL of the medium from each dish was collected
for analysis of secreted PSA. Cells were harvested, washed with
PBS once and whole-cell lysates were made in RIPA lysis buffer
(ThermoFisher Scientific, Waltham, MA) containing protease
inhibitor cocktail and phosphatase inhibitor cocktail (Sigma-
Aldrich) at 4°C for 20 min. The resulting lysates were centrifuged
at 16 000g at 4°C for 10 min to remove any insoluble debris. The
protein concentrations were quantitated by a BCA Protein Assay
Kit (ThermoFisher Scientific). Equal amounts of total proteins were
separated by Bolt 4-12% Bis-Tris Plus gel (ThermoFisher Scientific),
and after electrophoresis/SDS-PAGE, the resolved proteins
were electro-transferred to a PVDF membrane (Bio-Rad, Hercules,
CA). The membrane was blocked in 5% skimmed milk for 1h at

room temperature, incubated with indicated primary antibodies

at 4°C overnight and horseradish peroxidase (HRP)-conjugated
secondary antibody for 1-4 h at room temperature. Immunoblots
were developed using the enhanced chemiluminescent reagents
(ThermoFisher Scientific).

2.7 | ELISA of secreted PSA

The amount of secreted PSA into medium was measured by using
PSA ELISA kits (Calbiotech), according to manufacturer's instruc-
tions. Twenty five micro liter of standards and samples were
pipetted into the holder with coated strips, and incubated with
100 pL of anti-PSA conjugated reagents for 1 h. After removal of the
liquid and three times wash by washing buffer, 100 uL of TMB
substrate was added and incubated for 15 min in room temperature,
and then after adding 50 uL of stop solution, absorbance was
obtained on ELISA reader at 450 nm.

2.8 | Quantitative real-time PCR for mRNA detection

The LNCaP cells (1 x 10%) were treated with DMSO (vehicle) and
ISC-4 (5 and 10 uM) for 1 and 3 h. Total RNA was isolated using
Direct-Zol (Zymo Research, Irvine, CA). RNA quality and concen-
trations were determined using the Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA). First strand cDNA was produced
from 1pug of total RNA using the standard High Capacity cDNA
Reverse Transcription kit with RNase Inhibitors (ThermoFisher)
protocol. The cDNA concentrations were quantified by absorbance
using a NanoDrop-100 (ThermoFisher). Quantitative RT-PCR was
performed using an ABI QuantStudio 12KFlex Sequence Detection
System (ThermoFisher). Assays were prepared using 100 ng cDNA
reaction product, 2X TagMan Gene Expression Master Mix Master
Mix and Assay-on-Demand primers and probes (900 nM unlabeled
PCR primers; 250nM FAM dye-labeled TagMan MGB probe)
(ThermoFisher) in a final reaction volume of 10 uL. Quantitative
RT-PCR conditions were 2min at 50°C, 10min at 95°C and
40 cycles of 15s at 95°C and 1min at 60°C. ABI SDS 2.2.2
software and the 2722 analysis method*® were used to quantitate
relative amounts of product using GAPDH as endogenous control.
Assays-on-Demand used for this analysis were: AR (Hs00171172_m1)
KLK3 (PSA) (Hs02576345_m1) and GAPDH (Hs02786624 _g1).

2.9 | Depletion of p53, p21Cip1, PUMA, or Bax by
siRNA transfection

The p53 siRNA and negative control siRNA (scrambled RNA)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
The LNCaP cells were seeded in six-well plates at a density of
8 x 10* cells per well in 2 mL complete RPMI 1640 growth medium.
Two days later, when cells reached 70-90% confluence, transfection
was carried out with 50 nM of p53 siRNA or control siRNA using
Lipofectamine 3000 transfection reagents (ThermoFisher Scientific)
according to the manufacturer's instructions. After 36h, the
transfected cells were treated with 10 uM of ISC-4 for 12 h.
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Similarly, to knock down p21Cip1, PUMA, or Bax gene expression,
siRNA against each molecular target was purchased from Cell Signaling.
LNCaP cells (8 x 10% cells/well) were seeded for 2 days and then
transfected with either scrambled or specific sSiRNA. After 2 days, cells
were treated with 10 uM of ISC-4 for 12 h and analyzed as above.

2.10 | Statistical analysis

All the presented data were confirmed in 2-3 independent experi-
ments. Numerical values are expressed as mean*SD. Statistical
analyses were carried out with GraphPad Prism 6 software (La Jolla,
CA\). Differences among groups were analyzed by one-way ANOVA.
For comparison involving only two groups, the Student t-test was

used. P < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Cell growth and death responses to ISC-4
compared to PBITC and MSeA

Exposure of LNCaP cells for 24h to ISC-4 led to a strong
concentration-dependent decrease of their numbers, estimated
with MTT assay that detected cells capable of mitochondrial
reductive metabolism, with an ICso value of ~5uM (Figure 1B).
ISC-4 was approximately fourfold more potent than its sulfur analog
phenylbutyl isothiocyanate (PBITC, see Figure 1A for structure)
possessing an estimated ICsq of >20uM in the same assay
(Figure 1B). Under a phase contrast microscope, treated cells were
observed to display typical apoptotic responses within a few hours
of exposure to ISC-4, including rounding and detachment from
culture vessel surface. The greater growth suppression effect of
ISC-4 than PBITC was confirmed by immunoblotting for cleavage of
PARP as a molecular indicator of caspase-mediated death execution
(Figure 1C) and by Annexin V binding assay for phosphatidylserine
that has translocated from the inner membrane leaflet to the surface
of cells undergoing apoptosis (Figure 1D) (approximately fourfold
net increase). The apoptotic induction effect of ISC-4 or PBITC was
concentration-dependent as shown by PARP cleavage and was each
more potent than MSeA (Figure 1C). Indeed, the ISC-4 apoptotic
action was so rapid as to be detectable as early as 3h
(Supplementary Figure S1A). Pre-treatment of LNCaP cells with a
pan-caspase inhibitor, z-VAD(OMe)-FMK, attenuated I1SC-4-induced
apoptotic PARP cleavage in an inhibitor concentration-dependent
manner (Figure 2D). These results established the greater potency of
ISC-4 than PBITC to inhibit the proliferation of LNCaP cells and to
induce their demise through apoptosis that was largely preventable
by inhibiting caspases.

The caspase-mediated apoptosis effect of ISC-4 (12 h exposure) in
LNCaP cells was compared with PC-3 (P53-null, AR-null, high pAKT
due to null Pten) and DU145 (mutant P53, AR-null, low pAKT due to
wild type Pten) cells 32 using cPARP as the readout with Western Blot
detection (Figure 1E). The LNCaP cells showed the most sensitive
apoptosis execution among the three cell lines tested, with PC-3 cells
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being the least sensitive. Therefore, the rest of the study focused on

using LNCaP cells.

3.2 | Lack of inhibition of AKT phosphorylation by
ISC-4 in LNCaP cells

Given that earlier work had identified an inhibitory activity of ISC-4
on AKT3 signaling in melanoma cells?® as well as AKT1/2 in
colorectal cancer cells,>® we examined whether AKT phosphoryla-
tion was decreased in ISC-4-exposed LNCaP cells by immunoblotting
for Ser*”2-p-AKT. Exposure for 12 and 24 h to ISC-4 or PBITC did
not result in any observable decrease of p-AKT band intensity (see
Figure 2A for representative data). MSeA did not decrease p-AKT at
12 h, but decreased its band intensity by 24 h, showing a delayed
effect as expected from our earlier studies.***” Because LNCaP cells
are known not to express AKT3 protein,*® we therefore ruled out the
involvement of AKT1/2 inhibition by ISC-4 in our model. Subse-
quently, we examined other signaling pathways to account for the

LNCaP-specific molecular and cellular responses to ISC-4.

3.3 | Impact of ISC-4 exposure on androgen receptor
(AR) signaling axis

To determine whether ISC-4 affected AR signaling in LNCaP cells,
we examined the protein level of AR and its best characterized
transcriptional target PSA by immunoblotting the cellular extracts
prepared from cells that had been exposed to increasing concen-
trations of ISC-4, PBITC, or MSeA for 12 and 24 h (Figure 2A). Both
ISC-4 and PBITC exerted a strong and concentration-dependent
suppression of AR at 12 and 24 h, whereas MSeA decreased AR
more prominently at 24 h than at 12 h. By 12 h exposure, as little as
2.5 UM ISC-4 decreased AR (Figure 2B) and the secretion of PSA into
the medium (Supplementary Figure S1C) in a finer concentration-
titration experiment. In time course experiments, the ISC-4-induced
suppression of cellular AR and PSA preceded apoptotic PARP
cleavage by a few hours (Figure 2C). ISC-4 treatment also decreased
the secretion of PSA into culture medium at 3 h, the earliest time
point sampled (Supplementary Figure S1D).

To further delineate the relationship between AR and PSA
suppression by ISC-4 and its activation of the apoptotic caspases, we
immunoblotted cellular AR and PSA in LNCaP cells that were
co-treated with a pan caspase inhibitor and I1SC-4 (Figure 2D). In
spite of the much attenuated caspase-mediated apoptosis indicated
by c-PARP in these cells, ISC-4 exposure maintained its strong
suppression on AR and PSA proteins (Figure 2D). Detection of the
steady state mRNA level by RT-qPCR for AR and Klk3 (PSA) genes in
LNCaP cells treated for 1 or 3 h did not reveal any decrease due to
ISC-4 exposure (Figure 2E). These data and the time frame of AR and
PSA changes in relation to cPARP (Figure 2C) therefore would be
consistent with the suppression of AR and PSA through rapid post-
transcriptional mechanism(s) related to hastened protein degrada-
tion and/or decreased protein synthesis and might contribute to the

observed anti-proliferative and pro-apoptosis outcomes.
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ISC-4 inhibited AR/PSA post-transcriptionally and independently of apoptosis. A, Western blot assessment of AKT

phosphorylation, AR, PSA, and p53 abundance in LNCaP cells exposed to indicated concentrations of ISC-4, PBITC or MSeA. The
AR-/PSA-null and Pten-wild type DU145 cell extract served as a negative control for AR and PSA and for pAKT, respectively. The

mutant p53 protein in DU145 cells served as a “positive” size marker for p53. B, Western blot assessment of 1SC-4 impact on AR and
PSA in relation to cPARP in a concentration-titration experiment. LNCaP cells were treated with the indicated concentrations of ISC-4
for 12 h. C, Western blot assessment of ISC-4 impact on AR and PSA in relation to cPARP in a time course experiment. LNCaP cells
were treated with 10 uM of ISC-4 for 0.5-12 h. D, Western blot assessment of ISC-4 impact on AR and PSA and cPARP in presence of
pan caspase inhibitor, Z-VAD(OMe)-FMK. LNCaP cells were pretreated for 1 h with or without Z-VAD (10 and 30 uM), and then treated
with 10 uM of ISC-4 for 12 h. B-actin was detected as a loading control for WB. E, Real time PCR quantitation of steady state mRNA
level for AR and PSA (Klk3) in LNCaP cells treated with 5 and 10 uM of ISC-4 for 1 or 3 h. Relative quantitation (RQ) data were
normalized to respective GAPDH mRNA. Error bar represents SD of triplicate PCR determinations

3.4 | Proximal mediator role of reactive oxygen
species (ROS) in ISC-4-exposed cells

Because of the known induction of rapid ROS generation by ITCs in

18-19

other prostate cancer cells and the previously reported in vitro

ROS generation by ISC-4 in a cell-free model,*® we assessed the
ability of ISC-4 to induce ROS in LNCaP cells. As shown in Figure 3A,
ISC-4 exposure for é6h increased the dihydroethidium (DHE)-
reactive ROS in a concentration-dependent manner. Time course
experiments indicated increased ROS as early as 2 h and peaked at
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6 h and subsided thereafter (Supplementary Figure S2). Pretreating
LNCaP cells with ROS scavenger N-acetyl cysteine (NAC, 2 mM)
significantly diminished the morphologic (Figure 3B), cell membrane
biochemical (Figure 3C) (Annexin V binding), and nuclear molecular
(Figure 3D) (c-PARP) manifestations of apoptosis in the ISC-4-exposed
cells. Notably, NAC rescued the AR and PSA expression in ISC-4-
exposed cells (Figure 3D). The data therefore supported intracellular
ROS as the crucial primary mediator in discharging the anti-
AR signaling and pro-apoptosis activities of ISC-4 in the LNCaP
cells.

3.5 | p53 as a major nexus for apoptosis signaling
induced by ISC-4

Because ROS and cellular oxidative stresses can trigger DNA damage
and p53 plays a central role in DNA damage response (DDR), cell
cycle arrest and apoptosis,®® we immunoblotted for p53 in cells
treated with ISC-4, PBITC or MSeA for 12 and 24 h (Figure 2A) and
observed greater increases of p53 abundance by ISC-4 and PBITC
than MSeA. For Ser!®-p-p53 and the best known p53 transcriptional
target p21Cip1°! as well as the DNA double strand break marker
protein Ser3%-p-H2A.X (y-H2A.X),>2 NAC pre-treatment reversed
the I1SC-4-induced increase of each of these proteins of interest
(Figure 3D, lane 4 vs lane 2).

To further probe possible cause-effect relationship between
p-H2A.X (marking DNA double strand breaks) and p53 activation, we
examined the concentration-dependency as well as temporal
sequence of changes among these proteins. ISC-4 exposure increased
the level of total p53 protein (Figures 2A and 4A) and Ser®>-p-p53 at 5
and 10 uM (Figure 4A; Supplementary Figures S1A and S1D). On the
other hand, the level of Ser'®?-p-H2A.X was only detected at the
apoptotic concentration of 10 uM ISC-4 (Figure 4A) (Supplementary
Figure S1A). Temporally, ISC-4 induced Ser*>-p-p53 occurred within
0.5 h of exposure (the earliest sampled time point), several hours ahead
of detectable p-H2A.X (Figure 4B, Supplementary Figure S1A) and
c-PARP (Figure 2C). Therefore, the observed increased p-H2A.X in
ISC-4-exposed LNCaP cells most probably signified nucleosomal DNA
fragmentation in apoptotic cells rather than early DNA double strand
break damages to activate p53 signaling. Alternatively, the increased
p-H2A.X might have resulted from G,/M arrest and increased mitotic
phosphorylation without DNA damage.>3>*

To interrogate the contribution of p53 to ISC-4 induction of
apoptosis and the suppression of AR and PSA, we knocked down p53
protein abundance in LNCaP cells by transfection of siRNA targeting
p53 (Figure 4C). The diminished p53 expression in the LNCaP cells, as
confirmed by decreased basal levels of p53 protein and p21Cip1 (lane
3 vs lane 1), attenuated the apoptosis metrics such as c-PARP and
p-H2A X (Figure 4C, lane 4 vs lane 2) and Annexin V binding to
apoptotic cells (Figure 4D). Knocking down p53 in LNCaP cells did
not affect the suppressing action of ISC-4 on AR and PSA (Figure 4C).
As expected of a hierarchal relationship of ROS generation with p53
activation, depleting p53 by siRNA did not alter the ROS production
in the ISC-4-exposed cells (M2 fraction in Figure 4E). The data

therefore supported a crucial role of p53 in mediating the apoptosis
effect of ISC-4 independently of the AR axis.

3.6 | PUMA and Bax-mitochondrial intrinsic caspase
cascade as p53 downstream target in ISC-4-induced
apoptosis

In spite of the observed moderately increased protein abundance of
p21Cip1 in ISC-4-exposed cells (Figures 3D and 4A, Supplementary
Figure S1A), temporally, the ISC-4-induced p21Cip1l abundance
changes fluctuated and lagged much behind the p53 changes
(Figure 4B; Supplementary Figure S1B). As expected of the most
studied downstream transcriptional target of p53, depleting p21Cip1
level by siRNA did not change Ser'®-p-p53 level or its induction by
ISC-4 (Figure 5A). However, the efficient depletion of p21Cip1 only
modestly attenuated the apoptotic readouts (c-PARP and p-H2A.X)
and caused a proportionally minor rebound of AR and PSA abundance
in the ISC-4-exposed cells (Figure 5A, lane 4 vs lane 2).

Since PUMA and Bax were other well-known p53 downstream
target proteins to mediate apoptosis signaling in various DNA damage
and non-genotoxic contexts,”®> we tested the impact of down-
regulating each individually by siRNA transfection on the ISC-4-
induced apoptosis outcomes. As shown in Figure 5B for PUMA, ISC-4
treatment increased its protein level, and the death execution in the
ISC-4-exposed cells was abolished by the siRNA knockdown approach.
However, in contrast to PUMA or p21Cip1, total Bax protein level
was not induced by ISC-4 (Figure 5C), yet siRNA knocking down of
Bax still afforded a partial attenuation of apoptotic cleavage of PARP
(Figure 5C). The data supported a crucial involvement of PUMA as a
downstream target of p53-apoptosis signaling from ISC-4 in the

LNCaP cells with an indirect contribution from Bax.

4 | DISCUSSION

Our data presented above established several attractive cellular and
molecular action features of ISC-4 that would be relevant to the
chemoprevention and/or therapy of PCa and revealed aspects of
mechanisms distinct from MSeA as a reference bioactive Se compound
of documented PCa inhibitory efficacy in animal models.>? ! These
included the approximately fourfold improvement in growth suppres-
sion potency of ISC-4 versus its sulfur counterpart PBITC (Figure 1)
and the induction of caspase-mediated apoptosis (Figures 1 and 2D),
both compounds being superior in in vitro potency than MSeA.
Although not unexpected, comparison of the impacts of I1SC-4 or
PBITC with MSeA in terms of p-AKT status, AR, PSA and p53
abundance (Figure 2A) suggested closer similarities in mechanisms of
actions between ISC-4 and PBITC than with the structurally distinct
MSeA. In particular, MSeA exerted a more rapid suppression of PSA
than AR, whereas ISC-4 and PBITC decreased AR temporally ahead of
PSA reduction. Whereas MSeA induced a rapid post-transcriptional
PSA protein degradation followed by down-regulation of AR
abundance and transcription,*? 1SC-4 suppressed AR and PSA
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experiment. LNCaP cells were treated with the indicated concentrations of ISC-4 for 12 h. B, Western blot assessment of ISC-4 impact on
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blot assessment of ISC-4 impact on p53, Ser*>-p-p53, p21Cip1 and pH2A.X and AR, PSA in LNCaP cells without or with siRNA targeting p53.
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abundances without initially decreasing their steady state mRNA level
(Figure 2E). Future work will address the post-transcriptional
mechanism(s) related to increased degradation and/or decreased
synthesis of AR and PSA by ISC-4.

As we had shown that MSeA exposure of LNCaP cells did not

trigger ROS* 343744

nor p5 our findings in the current study
revealed a crucial role of NAC-quenchable ROS to trigger and
discharge these molecular (AR axis) and cellular (apoptosis) actions of

ISC-4 (Figure 3) and the activation of p53 as a critical downstream

nexus for ROS-initiated apoptosis signaling (Figure 4) through PUMA
and Bax (Figure 5). Presumably, PUMA might displace Bax from its
complexes with anti-apoptotic Bcl-2 family proteins to allow Bax to
translocate to the mitochondria and dimerize or oligomerize to
activate the cytochrome C-intrinsic caspase activation cascade
downstream of p53.%¢ This might explain why depleting Bax would
diminish the death execution efficiency of ISC-4 treatment. The
finding of crucial p53 mediator role for apoptosis induction in LNCaP
cells was consistent with and corroborated by the much reduced
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FIGURE 5 Western blot detection proteins of interest to assess
the role of select p53 downstream genes in ISC-4-induced
apoptosis. A, Depleting p21Cip1 by siRNA. LNCaP cells were
transfected with either scrambled or p21Cip1 siRNA (100 nM) for
36 h. Cells were treated with 10 uM of ISC-4 for 12 h. B,
Knocking down PUMA by siRNA. C, Knocking down Bax by
siRNA. LNCaP cells were transfected with either scrambled or
PUMA siRNA or Bax siRNA (100 nM) for 48 h and were treated
with 10 uM of I1SC-4 for 12 h

apoptosis in p53-null PC-3 cells (Figure 1E). The mechanistic
distinctions between ISC-4 and MSeA suggest potential combinato-
rial benefits of using both types of Se agents for PCa chemopreven-
tion or therapy by targeting crucial molecules and signaling networks
through their distinctive and complementary actions.

With respect to ISC-4 mechanisms of action, the combination of
dose-response and time course studies along with pharmacological
and siRNA approaches enabled us to construct the likely temporal
sequence of signaling events and probable cause-effect relationship
among a number of molecules interrogated in the LNCaP cells. We
graphically summarized these signaling events in Figure 6. However,
many questions remain to be investigated over mechanistic details, for
instance, what is the subcellular origin(s) of the ROS generation? How
does ROS suppress AR and its signaling axis? How does ROS activate
p53 axis? What are the protein kinases responsible for phosphorylative
activation of p53 or H2A . X?

Given organ site specificity of oncogenesis and driver mutations, it
is noteworthy of the significant molecular signaling differences among
ISC-4-exposed LNCaP cells and the previously studied melanoma?®
and colorectal cancer cells® in spite of the ISC-4-induced anti-
proliferative and apoptosis cellular responses in all these cell lines. Our
study of the LNCaP cells did not detect an anticipated inhibitory impact
of ISC-4 on AKT phosphorylation (Figure 2A) per inference from the
reported potent decrease by ISC-4 in the melanoma cells of pAKT3%®
and in colorectal cancer cells of pAKT1/2.3° The LNCaP cells are
known not to express AKT3 protein,*® therefore unlikely to involve
any contribution of AKT3 inhibition by ISC-4 toward its induction of
the observed cellular and molecular responses. The efficacy of ISC-4 as
a potential chemopreventive agent or therapeutic drug candidate in
PCa and its relevant “molecular targets” could not be reliably predicted
from the available literature and require empirical experimental
approaches for critical hypothesis testing and validation.

In summary, our findings suggest multi-targeting cancer-intrinsic
potential of ISC-4 for PCa chemoprevention and therapy through
intracellular ROS to discharge the AR signaling inhibition activity and
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FIGURE 6 Scheme of ISC-4-induced signaling cascades in LNCaP
cells. Treatment with ISC-4 rapidly induced intracellular ROS, which
then suppressed AR signaling axis, and induced p21Cip1 through
p53-dependent pathway to jointly contribute to anti-proliferation
(cell cycle arrest, to be studied in future). The intracellular ROS also
triggered p53-PUMA/Bax mitochondrial intrinsic death axis to
execute caspase-mediated apoptosis, leading to DNA nucleosomal
fragments marked by p-H2A.X
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activation of p53-PUMA/Bax apoptosis. The data provide strong

scientific rationale to justify testing the in vivo efficacy of ISC-4 to

prevent or treat PCa in clinically relevant animal models involving AR

and p53 signaling to assess its merit for future translation studies.

The distinct modes of action of ISC-4 versus MSeA suggest potential

combinatorial use of the two Se agents to achieve synergistic anti-

cancer efficacy outcome for translation to human PCa patients.
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Recent Advances of Affinity Ultrafiltration Mass Spectrometry

in Screening Active Components of Traditional Chinese Medicine
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Abstract: Affinity ultrafiltration mass spectrometry (AUF-MS) technology is a rapid,
simple and effective method for the discovery and development of small active molecule
in traditional Chinese medicine (TCM). This technology was initially developed in the
middle of 1990s, which was introduced to target-oriented drug discovery. Through the
ligand-receptor specific binding characteristics, the affinity ultrafiltration device can

facilitate the rapid screening of small-molecule ligands from the complex extracts, and
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high performance liquid chromatography-mass spectrometry ( HPLC-MS) assists in the
structural identification of potentially active small drug molecules. Thus, AUF-MS has
become a powerful tool for identifying bioactive molecules from complex chemical matri-
xes. The general workflow of AUF-MS is not complicated: depending on the molecular
weight cut-off of the semi-permeable membrane, the ligand-bound protein complexes are
retained by the membrane under centrifugal force to separate the bound and unbound
components of the analyte. Bound ligands are eluted from the ultrafiltration membrane
by destabilizing the target-ligand complex with an organic solvent or pH change, and
then the ligands are consequently subjected to analysis by LLC-MS to identify and charac-
terize the low molecular weight compounds that interact with target molecules. The
classic strategies of screening active ingredients from natural product, such as the high-
throughput screening methods based on ultraviolet fluorimetric or radioactive detection,
the traditional phytochemical screening procedure (i. e. isolation, structure elucidation
and bioactivity test), are not able to meet the urgent need of contemporary pharmacolo-
gy research due to its time consumption and a high rate of false positive or negative
results. In comparison with those methods, AUF-MS is easier to be operated without
unnecessary isolation or purification of inactive compounds and directly screen bioactive
ingredients from the Chinese herb. Also, only modest amounts of target proteins are
required, which are no labeling or immobilization. We have employed AUF-LC-MS to
identify inhibitors of enzymes such as a-glucosidase, xanthine oxidase, neuraminidase
from Chinese herb medicine. The results showed that AUF-MS performs better repro-
ducibility and more tolerance of interferences than classic strategies for certain targets.
In this review, Firstly, a brief introduction was exhibited about the general procedures
of AUF-MS, and the key factors affecting the result of AUF-MS, including the selec-
tion of ultrafiltration membrane and dissociation, the dose of receptors. Secondly, the
recent applications of AUF-MS to screen potential bioactivity small molecules from the
natural product in the past ten years were summarized. These results based on AUF-MS
to screen active compounds were expected to be valuable for discovering drug molecules
candidates from TCM and efficiently designing drugs for prevention and the treatment of
diseases. Finally, the future prospects of AUF-MS were also presented. AUF-MS tech-
nology is expected to provide new research ideas for the screening of active components
from TCM.

Key words: affinity ultrafiltration mass spectrometry (AUF-MS); Chinese herbal medi-

cine; active components screening
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