iriried applied
L sciences

Article

Bacterial Diversity and Dominant Spoilage Microorganisms in
Fresh-Cut Broccoli

Siqi Cui !, Xiaolu Yu 2, Ya Chen !, Jianli Zhang !*{© and Guangmin Liu ?*

check for
updates

Citation: Cui, S.; Yu, X.; Chen, Y.;
Zhang, ].; Liu, G. Bacterial Diversity
and Dominant Spoilage
Microorganisms in Fresh-Cut
Broccoli. Appl. Sci. 2022, 12, 3370.
https://doi.org/10.3390/
app12073370

Academic Editor: Zhansheng Li

Received: 1 March 2022
Accepted: 21 March 2022
Published: 25 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Molecular Medicine and Biotherapy, School of Life Science, Beijing Institute of Technology,
Beijing 100081, China; 3220191209@bit.edu.cn (S.C.); 3120191353@bit.edu.cn (Y.C.)

Institute of Agri-Food Processing and Nutrition, Beijing Academy of Agriculture and Forestry Sciences,
Beijing 100097, China; yuxiaolu@iapn.org.cn

*  Correspondence: zhangjianli@bit.edu.cn (J.Z.); liuguangmin@iapn.org.cn (G.L.);

Tel.: +86-10-6891-4495 (ext. 802) (J.Z.); +86-10-5150-3060 (G.L.)

Abstract: Different cutting types not only affect the quality and bioactive substances of broccoli
but may produce wounding stress that influences the quantity and diversity of microorganisms
and finally leads to safety concerns. In this study, three different fresh-cutting types (floret (F),
quarterly cut floret (QF) and shredded floret (FS)) and four storage stages (0, 1, 2 and 3 day(s)) were
designed to detect the bacterial diversity in broccoli. Results showed that the quantity and growth
of microorganisms in fresh-cut broccoli were positively correlated with the intensity of fresh-cut
damage, and the 97 strains isolated using 165 rRNA gene sequences were mainly classified into
four phyla: Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes. The predominant phylum
was Proteobacteria, dominated by Pseudomonas spp. and Acinetobacter spp. Four representative
strains of different species were selected to analyze their spoilage potential on fresh-cut broccoli.
Pseudomonas spp. had great impacts on the corruption of broccoli, which affected fresh-cut broccoli
by metabolizing to produce nitrite and consuming nutrition. Moreover, Comamonas spp. and
Acinetobacter spp. also affected the quality of broccoli, but received little attention previously. This
study provides a reference for precise bacteriostasis and preservation of fresh-cut vegetables such
as broccoli.

Keywords: broccoli; bacterial diversity; cutting type; microbiology; food safety

1. Introduction

Broccoli is a health-promoting vegetable known for its rich content of bioactive com-
ponents, such as vitamins, antioxidant substances, and anticarcinogenic precursors. It is
cultivated worldwide due to high consumer popularity [1]. Studies show that glucosino-
lates have recently attracted great research interest because of their potential health benefits
in cardiovascular diseases such as hypertension, atherosclerosis and cholesterol reduc-
tion [2,3]. Fresh-cut vegetables refer to those processed by washing, sorting, peeling, and
slicing, and the most popular ones among them are cruciferous vegetables such as broccoli,
cauliflower and cabbage [4]. Fresh-cut fruits and vegetables, which originated in the United
States in the 1950s, have received much attention due to their nutrition, convenience and
flavor [5]. While fresh-cut vegetables are rich in essential nutrients, they are susceptible
to external biological, chemical, and physical processes, which may create a variety of
safety issues. During the process of fresh-cut produce, cutting is an essential procedure that
unavoidably produces wounding stress, which may cause fresh-cut broccoli to be infected
by microorganisms [6]. Moreover, the mechanical damage caused by primary processing,
such as peeling, cutting, and slicing, leads to the release of intracellular products in broken
cells and tissues, enhancing the risk of bacterial contamination compared with vegetables
without processing. Although fresh-cut fruits and vegetables will be contaminated by
a variety of microorganisms during the process of picking and transportation, it is not
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easy to determine the quality of vegetables solely on the total bacterial count at the end
of storage, because not all bacteria are capable of proliferating on vegetables behaving as
spoilage bacteria.

In addition to enzymolysis of nutrients, spoilage of fruits and vegetables can be
caused by the activity of a wide variety of microorganisms. Thus, a great number of
studies have focused on identifying the bacteria responsible for vegetable spoilage. Most of
the microorganisms causing fruits and vegetables to spoil are aerobic bacteria or molds,
while a few are anaerobic microorganisms [7]. Multiple bacteria have been identified as
spoilage microorganisms in fruits and vegetables, including Pseudomonas [8], Bacillus [9],
and Erwinia [10]. Because vegetables are easily infected by bacteria in soil, the number
of microbial colonies is high even in the primary stage and the common ones belonged
to Pseudomonas and Bacillus, as reported in [11]. The total number of colonies in some
vegetables can even reach up to a high level, which may be caused by mechanical damage
and environmental pollution in the process of picking and processing [12].

To investigate the microorganisms in the process of broccoli becoming putrid, the
culture-dependent method, relying on separation and identification methods, is considered
to be a wide and conventional isolation technique, which lays a solid foundation for the
study of microorganisms in foods. In addition, culture-independent molecular techniques
can also be used to fully estimate microbial communities [13-16].

The objective of this study was to evaluate the effect of cutting types and storage on
bacterial diversity of fresh-cut broccoli with culture-dependent methods and to conduct
the spoilage potential analyses of dominant spoilage microorganisms. Many studies have
investigated the contamination processes of specific bacteria, but the overall microbial
diversity of rotten vegetables is still unclear. In order to keep vegetables fresh and prolong
their shelf life, it is important to determine which kinds of microorganisms will actually
deteriorate vegetables. The findings could provide information to food scientists and food
industries in controlling microbial contamination and extending the shelf life of foods.

2. Materials and Methods
2.1. Sample Collection and Preparation

The raw material broccoli was harvested in April at Beijing National Vegetable Re-
search Center (Beijing, China). Healthy broccoli with the same maturity and size were
selected and transported to the lab with ice and stored at 20 °C for further analysis. The
experiments were performed with three randomly selected biological replicates.

2.2. Pretreatment of Sample

The selected samples were washed with distilled water and then placed in a ventilator
to dry naturally. The broccoli was subjected to three different cutting types using a sterile
scalpel: (1) the broccoli was cut into single floret (floret, marked as F); (2) the broccoli floret
was cut into four parts quarterly (quarterly cut floret, marked as QF); (3) the broccoli was
shredded into pieces (shredded floret, marked as FS). All broccoli samples were packaged in
a polyethylene plastic bag and then stored at 20 °C to study the change of microorganisms
on it. During storage, broccoli was subsequentially sampled for further analyses at 0, 1,
2, 3 day(s). Three biological replicates were used for each sample. The characteristics of
samples are shown in Figure 1.

2.3. Isolation of Bacteria

During 3 days of storage at 20 °C, the isolation and purification of bacteria were
performed as Li et al. [17]. The total number of bacteria were determined by the standard
plate count method using Plate Count Agar (PCA) medium. Briefly, 25 g broccoli samples
were mixed with 225 mL sterilized 0.85% NaCl solution, placed in a sterilized homogenous
bag, and homogenized at the speed of 10,000 r/min for 2 min to prepare a 1:10 sample
homogenate. The sample suspension was serially diluted with sterilized 0.85% NaCl
solution, 1 mL of which was spread, in triplicates, on PCA medium to enumerate bacteria.
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The PCA plates were incubated at 37 °C for 2 days and the bacterial counts were expressed
as lg CFU/g with 3 replicates. In addition, different single colonies were picked out
according to the morphology, color and size, and grown continuously on the plate until
pure single colonies were obtained.

: Whole Broccoli

[ \
Floret Quarterly cut floret Shredded floret
(F) (QF) (FS)

Day 0
Day 1

Day 2

Day 3

Figure 1. Plant materials and sampling design. Broccoli was harvested, prepared and cut with three
different types, floret, quarterly cut floret and shredded floret. Then they were stored at 20 °C and
subsequentially collected at 0, 1, 2, 3 days for further analyses.

2.4. DNA Extraction

Strains were harvested for DNA extraction at 37 °C. Genomic DNA was extracted
from cell suspension cultures using TIANamp Bacteria Genomic DNA kits (TTANGEN
BIOTECH) according to the manufacturer’s instructions. DNA concentration and quality
were determined spectrophotometrically at 260 and 280 nm.

2.5. PCR Amplification

After the extraction of genomic DNA, PCR amplification and sequencing of the
16S rRNA gene were performed according to Li et al. [18]. Amplification of the 16S
rRNA gene was conducted using a pair of universal primers, forward primer 27F (5'-
AGAGTTTGATCCTGGCTCAG-3') and reverse primer 1525R (5'-AGAAAGGAGGTGATC
CAGCC-3). The PCR amplification were carried out under the following conditions: initial
denaturation at 94 °C for 4 min followed by 35 cycles of denaturation at 94 °C for 1 min,
annealing at 55 °C for 1 min, extension at 72 °C for 2 min and final extension at 72 °C for
10 min. The products above were purified and sequenced by BGI (The Beijing Genomics
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Institute). The 165 rRNA gene sequences of the isolates were sequenced with the Sanger
sequencing method.

2.6. 16S rRNA Gene Phylogeny

After sequencing, the 165 rRNA gene sequences of different strains in broccoli were
obtained and similarity searches were performed using the EzBioCloud server (http://
www.ezbiocloud.net) [19]. The 165 rRNA sequencing data of all the isolates were aligned
using Molecular Evolutionary Genetics Analysis 11 (MEGA 11) software and analyzed by
Basic Local Alignment Search Tool (BLAST) with those of the closest strains retrieved from
the National Center for Biotechnology Information (NCBI) database. The phylogenetic
tree was constructed using the neighbor-joining method [20] in MEGA 11 software with
representative type strains to determine the evolutionary relationship among the strains.
Kimura’s two-parameter model was used to calculate the evolutionary distances [21].
Bootstrap values were determined based on 1000 replications [22].

Based on the results of identification, four representative strains of different species were
selected as dominant spoilage bacteria to study their impacts on the spoilage of broccoli.

2.7. Spoilage Characteristics of Representative Strains in Spoilage of Broccoli

The broccoli samples were washed with sterile water three times, soaked in 75%
alcohol for 10 s, then picked up and dried naturally. After sterilization, they were washed
with sterile water and dried. The total number of bacterial colonies of sterile broccoli should
be less than 2 logig (CFU/g).

The dominant spoilage bacteria were inoculated on broccoli again, and the effects of
different dominant spoilage bacteria on the physicochemical properties and nutritional
quality of fresh-cut broccoli were measured.

2.7.1. Chlorophyll Content Determination

The content of total chlorophyll was determined by spectrophotometry according
to Lichtenthaler [23], and the content of chlorophyll a, chlorophyll b was measured as
described by Fang et al. [24] with slight modifications. An amount of 0.1 g plant tissues
was homogenized in 80% acetone and extracted until the plant tissue completely became
white and then centrifuged at 8000 rpm for 15 min. The optical density of the supernatant
was recorded at 645 nm and 663 nm.

2.7.2. Nitrite Content Determination

The total content of nitrite was measured according to the naphthyl ethylenediamine
hydrochloric acid spectrophotometric method by Nerdy et al. [25] with minor modifications.
Approximately 5.0 g broccoli was crushed, deproteinated and defatted by precipitation
followed by filtration. 40 mL of the filtrate was transferred into a 50 mL colorimetric tube
with stopper, added 2 mL of p-Aminobenzenesulfonic Acid solution and 1 mL of N-(1-
Naphthyl) Ethylenediamine Dihydrochloride solution, shaken until homogeneously mixed,
diluted with distilled water to the marked line, shaken until well mixed. The mixtures were
then kept at room temperature for 15 min. OD of the colored mixtures was read at 538 nm
against the reagent blank as described by An et al. [26]. The experiments were carried out
in triplicates and the results were calculated as the average obtained from them.

2.7.3. MDA Content Assay

Malondialdehyde (MDA) content was measured by the thiobarbituric acid (TBA)
chromogenic method as described by Liu et al. [27]. Extraction was carried out by ho-
mogenizing 1.0 g of broccoli samples with 5 mL of 10% trichloroacetic acid (TCA), and
then the homogenate was centrifuged at 8000 rpm at 4 °C for 20 min. The supernatant
was collected and 2 mL of extract was mixed with 2 mL of 0.67% TBA solution to react
in a boiling water bath for 20 min. The solution was cooled and centrifuged again. The
extraction of supernatant was determined in absorbance at 450 nm, 532 nm, and 600 nm,
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respectively. The amount of MDA was expressed as nmol per gram (nmol/g fresh weight)
of broccoli.

2.7.4. Soluble Sugar Content Analysis

The total soluble sugar content in each broccoli sample was measured by the anthrone
colorimetric method [28] with slight modifications. Broccoli samples weighing 0.2 g were
taken in test tubes. Then, to each test tube was added 1 mL of distilled water to disperse
it and the samples were grinded into homogenate. After placing the test tubes in boil-
ing water for 10 min, the extracts were collected and the volumes of the extracts were
adjusted to 10 mL using distilled water. The absorbances of the extracts were determined
at 620 nm wavelength after adding sulfuric acid and anthrone. The results were presented
as milligram per gram (mg/g fresh weight) of broccoli, and the experiments were repeated
three times.

2.7.5. Statistical Analysis for Spoilage Characteristic of Microorganisms in Broccoli

All data were analyzed statistically using a one-way analysis of variance (ANOVA)
with SPSS software 23.0. Statistical differences between samples (* p < 0.05 was considered
to be significant; ** p < 0.01 was considered to be extremely significant) were determined
by Duncan’s multiple range test. All data were recorded as the mean =+ standard errors
(SE) of the three independent biological replicates.

3. Results
3.1. Changes in Bacterial Counts and Isolates Separated from Broccoli

Fresh-cut broccoli was easily infected by bacteria during storage. At the harvest
period, the bacterial counts of broccoli were up to 5.12 Ig (CFU/g), which might be contam-
inated with a large number of microorganisms during sample collection and transportation
(Figure 2). After 3 days, the bacterial counts in broccoli which was cut into a single floret
reached up to 8.54 1g (CFU/g), and different kinds of bacteria were observed. In addition,
the number of microorganisms in QF (quarterly cut floret) and FS (shredded floret) reached
up to 8.66 Ig (CFU/g) and 9.60 lg (CFU/g), respectively. It can be seen from Figure 2 that
mechanical damage had a great impact on the amounts of microbial colonies. The total
number and growth rate of microorganisms on severely damaged broccoli, referring to the
broccoli cut into shredded pieces, were much higher than that of lightly damaged broccoli,
referring to the broccoli floret cut quarterly into four parts. Therefore, in the postharvest
treatment, mechanical damage to broccoli should be lessened as much as possible, or
supplementary strategies (such as cold storage) should be applied to prolong its shelf life.
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Figure 2. Effects of different cutting types on the growth of total bacterial counts in fresh-cut broccoli

during storage.
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The microorganisms could be separated from the broccoli during storage (Table 1).
The analysis of the growth features and corruption characteristics of the spoilage microor-
ganisms were, therefore, of great significance in assisting the control of quality and safety
of fresh-cut broccoli.

Table 1. The descriptions of the sampled broccoli and the isolates.

. . Color of Peculiar Storage
Sample Strain Number Cutting Type Broccoli Smell Time (gd)
A BRO-A1~BRO-A20 Floret Green No 0
B BRO-B1~BRO-B21 Floret Green No 1
C BRO-C1~BRO-C12 Floret Light green Minor 2
D BRO-D1~BRO-D13 Floret Light yellow Minor 3
E BRO-E1~BRO-E9 Quarterly cut floret  Light yellow Minor 3
F BRO-F1~BRO-F6 Shredded floret Yellow Intense 3
G BRO-G1~BRO-G16 Shredded floret Yellow Intense 3

3.2. Identification of Bacterial Isolation

To identify key microbes that accounted for the observed microbiota separation, com-
munity composition was analyzed. According to the different colonial morphologies, a
total of ninety-seven bacterial colonies that appeared on culture medium were selected for
obtaining pure cultures to be used in characterization for further research. The screened
strains were sequenced, and the phylogenetic tree of the spoilage strains is shown in
Figure 3. According to the 165 rRNA gene sequencing, the bacterial isolates were grouped
into 21 different bacterial genera (Table 2). And the culturable bacterial composition of fresh-
cut broccoli at the phylum and genus levels is shown in Figure 4. A similarities research
based on near-complete 165 rRNA sequences of the isolates showed that there was a high
similarity (>97%) between the test isolates and the representative strains of Pseudomonas,
Stenotrophomonas, Acinetobacter, Alcaligenes, Enterobacter, Delftia, Comamonas, Agrobacterium,
Sphingobacterium, Brevundimonas, Lysinibacillus, Brevibacterium, Glutamicibacter, Lelliottia,
Muyroides, Pectobacterium, Proteus, Microbacterium, Leclercia, Escherichia and Rothia. The ma-
jority of bacteria belonged to three phyla: Proteobacteria, Actinobacteria and Bacteroidota,
accounting for more than 90% of the total. Furthermore, Proteobacteria was the predom-
inant phylum, and the majority were Pseudomonas spp. and Acinetobacter spp. A few
genera with the least number of isolates were also obtained, such as Lysinibacillus, a genus
of phylum Firmicutes. Isolates belonging to the phyla Actinobacteria and Bacteroidetes
were found in a low number. A diversity of microorganism distribution was observed in
bacterial isolates.

Table 2. Taxonomic identification and detailed information of culturable bacteria isolated from
fresh-cut broccoli based on 16S rRNA gene sequences.

Phylum Species Strain No. S‘mﬂaif,z Range Resf;eiﬁce Periiz)tage
BRO-B1
BRO-B7
BRO-B3
Pseudomonas BRO-D9 Pseudomonas
capeferrum BRO-CI 99.29-99.60 capeferrum 9.28
BRO-B18 WCs358T
BRO-C9
Proteobacteria BRO-C3
BRO-C11
BRO-A11
BRO-E2
Pseudomonas BRO-E3 P seudomgnas
alloputida BRO-G13 99.86-100.00 alloputida 722
BRO-F2 Kh7T
BRO-E1

BRO-G12
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Table 2. Cont.

i i Similarity Range Reference Percentage
Phylum Species Strain No. ) Stin o
Pseudomonas Pseudomonas
thizoryzae BRO-A19 99.47 thizoryzae 1.03
Y RY24T
Pseudomonas Pseudomonas
. . BRO-D11 100.00 qingdaonensis 1.03
qingdaonensis It
Pseudomonas Pseudomonas
baeti BRO-C4 99.58 baetica 1.03
aetica o
Pseudomonas Pseudomonas
rhodesiae BRO-C6 99.72 rhodesiae 1.03
CIP 1046647
Pseudomonas Pseudomonas
mosselii BRO-D8 100.00 mosselii 1.03
CIP 105259T
Pseudomonas Pseudomonas
juntendi BRO-B16 99.64 juntendi 1.03
BML3T
Pseudomonas Pseudomonas
. BRO-B19 99.83 entomophila 1.03
entomophila p
148
BRO-E Pseudomonas
Pseudomongs BRO-A1 99.84-100.00 P, 12
atacamensis BRO-A7 MIDIT
BRO-B2
Pseudomonas Pseudomonas
sichuanensis BRO-B8 100.00 sichuanensis 1.03
Proteobacteria WCHPs060039T
Pseudomonas Pseudomonas
oleovorans BRO-Bl4 oleovorans
subs BRO-G9 98.87-99.71 subsp. 3.09
oleovo 7‘;;.1’! s BRO-G10 oleovorans
DSM 10457
BRO-B5
Acinetobacter BRO-B10 Acinetobacter
johnsonii BRO-D10 98.67-99.30 johnsonii 5.15
] BRO-F3 CIP 64.67
BRO-B21
BRO-B11
BRO-D3
Acinetobacter BRO-B4 Acinetobacter
i BRO-G7 99.86-100.00 pittii 7.22
P BRO-A5 CIP 70.297
BRO-G6
BRO-G1
BRO-B12
BRO-B15
Acinetobacter BRO-D5 Acinetobacter
BRO-F1 98.98-99.36 oryzae 7.22
oy BRO-B20 B23T
BRO-C12
BRO-E6
j Acinetobacter
Acz;l;;‘gz?;éer gggg}g 98.75-98.86 guillouiae 2.06
§ CIP 63.46"
i Acinetobacter
Acinetobacter BRO-A17 etooe
junii BRO-D6 99.33 Jjunii 2.06

CIP 64.5T
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. . Similarity Range Reference Percentage
Phylum Species Strain No. (%) Strain )
Acinetobacter Acinetobacter
roteolyticus BRO-A13 100.00 proteolyticus 1.03
proveocy NIPH 8097
. Acinetobacter
AZZZZZ;;” ggg:gg 99.85-100.00 bereziniae 2.06
LMG 10037
Acinetobacter Acinetobacter
calcoaceticus BRO-G4 100.00 calcoaceticus 1.03
DSM 30006"
Comamonas BRO-B6 Comamonas
aouatica BRO-D12 99.85-100.00 aquatica 3.09
q BRO-G3 NBRC 149187
Comamonas Comamonas
koreensis BRO-A12 98.86 koreensis 1.03
KCTC 120057
BRO-AL4 Comamonas
Comaronas BRO-A16 99.85-100.00 testosteroni 412
testosteroni BRO-G8 ATCC 119967
BRO-C5
Stenotrophomonas
Stenotophomonas - BRO-A2 99.21-99.34 maltophilia 206
P MTCC 4347
Stenotrophomonas Stenotrophomonas
g BRO-F4 99.86 pavanii 1.03
p DSM 251357
Stenotrophomonas Stenotrophomonas
rhizop hila BRO-A9 99.86 rhizophila 1.03
P DSM 144057
Proteobacteria Stenotrophomonas
St‘mtof ::m(’”“s BRO-A10 99.59 terrae 1.03
DSM 189417
Stenotrophomonas Stenotrophomonas
b Ay BRO-C10 99.37 lactitubi 1.03
M15T
Stenotrophomonas Stenotrophomonas
. dic’;’ e BRO-F6 99.72 indicatrix 1.03
Wws40T
Brevundimonas Brevundimonas
vesicularis BRO-A8 100.00 vesicularis 1.03
NBRC 121657
Brevundimonas Brevundimonas
diminuta BRO-A18 99.35 diminuta 1.03
ATCC 11568"
. Agrobacterium
Agrobacterium— gro. A4 98.13 arsenijevicii 1.03
4 KFB 3307
. Alcaligenes
Alcaligenes .
. BRO-G2 faecalis subsp.
faezalzs ls'ubsp. BRO-G5 99.72-99.73 phenolicits 2.06
PHETOTICHS DSM 165037
Escherichia Escherichia
hermannii BRO-A3 99.87 hermannii 1.03
CIP 1031767
Leclercia Leclercia
BRO-B13 100.00 adecarboxylata 1.03
adecarboxylata

NBRC 1025957
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Table 2. Cont.
i i Similarity Range Reference Percentage
Phylum Species Strain No. ) St o
jotti Lelliottia
Ljeel;;zr;tllf BRO-C7 99.28 Jeotgali 1.03
PFLO1T
Enterobacter Enterobacter
chengduensis BRO-G14 99.85 chengduensis 1.03
g WCHECI-C4T
i i Delftia
Proteobacteria . Zf;ll];iletl%is BRO-G11 10000 i o8
NBRC 167417
Proteus Proteus
mirabilis BRO-E8 99.86 mirabilis 1.03
ATCC 299067
Pectobacterium Pectobacterium
carotovorum BRO-D2 99.72 carotovorum 1.03
NCPPB 3127
Glutamicibacter Glutamicibacter
arilaitensis BRO-D4 99.13 arilaitensis 1.03
Re1177
Glutamicibacter Glutamicibacter
nicotianae BRO-C2 99.55 nicotianae 1.03
NBRC 142347
i ; Microbacterium Microbacterium
Actinobacteria ¢ BRO-B9 99.47 algeriense Lo3
algeriense c
Gl
1 Rothia
ZZ%Z BRO-D1 99.75 marina 1.03
JSM 0781517
Brevibacterium Brevibacterium
iodinum BRO-A6 99.13 iodinum 1.03
NCDO 6137
i i Sphingobacterium
DSM 116907
Bacteroidetes BRO-E9 Myroides
Myroides BRO-E7 99.17-100.00 odoratus 412
odoratus BRO-B17 DM 2801
BRO-G15
Lysinibacillus Lysinibacillus
Firmicutes Y sformis BRO-A20 99.59 fusiformis 1.03
Jusit NBRC 157177
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Figure 3. The neighbor-joining phylogenetic tree of the representative 97 bacterial isolates and their

closest relatives based on 165 rRNA gene sequences.
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Phylum

Genus

® dcinetobacter

u Pseudomonas

u Comamonas
Stenotrophomonas

u Brevundimonas

W Agrobacterium

m Alcaligenes
W Escherichia
m Leclercia
u Lelliottia
. W Enterobacter
M Proteobacteria u Delfiia
B Actinobacteria  Proteus
. u Pectobacterium
¥ Bacteroidetes ' Glutamicibacter
Firmicutes Microbacterium
® Rothia
™ Brevibacterium
m Sphingobacterium
u Myroides
m Lysinibacillus
(A) (B)

Figure 4. The culturable bacterial composition of fresh-cut broccoli at the phylum (A) and genus
(B) levels.

3.3. Effects of Spoilage Microorganisms on the Quality of Broccoli

Regardless of the cutting types, the diversity of spoilage bacteria isolated from broccoli
was similar. In the present study, we collected more than ninety colonies of bacteria
from broccoli and selected four major isolates based on colony phenotype grown on PCA
medium. The phylogenetic trees of the four strains are shown in Figure 5 and their impacts
are shown in Table 3. The results showed that each of the strains had different effects on
the quality of the broccoli, Pseudomonas spp. particularly.

Table 3. The influence of spoilage microorganisms on the chlorophyll, nitrite, MDA and soluble
sugar content of fresh-cut broccoli during 72 h of storage at 20 °C. All data were recorded as the
mean =+ standard errors (SE). Values with different letters were significantly different at p < 0.05.
Lowercase letters represent significant differences among treatment factors; capital letters represent
significant differences among storage durations.

Storage Chlorophyll Nitrite MDA Soluble Sugar
Time (d) (mg/g(Fw)) (mg/kg) (nmol/g(Fw)) (mg/g(Fw))
0 039+£001A 031+003BCD 1.62+0.07CD 2.66+0.03BCD
1 0.33+£002aB  03520.02cA  465+£0.04aB 270 £ 0.04bB
control 2 029 +£0.00aC  0114£0.02cD  7394+022cA 283 +0.01dA
3 027 £001aC 016 +£001eC  479+0.07aB  2.86 4 0.06 bA
1 019+001dB  1.614+009aA  385+0.15bB  3.17+0.02aB
Pseudomonas sp. 2 0.184+0.01bB 077 +£0.02aB  11.67 £0.04aA  3.54 + 0.05aA
BRO-CI1 3 0134001dC  0.66+000aC  320+0.15bC  2.94 + 0.05bC
peoud 1 023+001cB  071+004bA  3254+003cB  3.16 +0.03aB
Se]’;;g‘g‘g Sp- 2 017 £0.01bC  023+004bC  872+0.03bA  3.17+0.02bB
- 3 016 £001cC  034+001cB  3.03+011bC  325+0.03aA
Acinetob 1 0324£001aB  036+002cA  359+£006bB  2.69+0.03bB
Cl”éig O“‘;i’ sp- 2 027 +002aC  0124+001cD  723+0.02cA  2.85+0.04dA
- 3 024£000bD  024+002dC  324+0.15bC  2.90 £ 0.05bA
c 1 027 £001bB  035£0.02cB  277+£0.11cB 273 +0.06bB
"’g‘;{”g’gs Sp- 2 017 £0.02bC  023+004bC  659+004dA  2.96+0.03cA
-C5 3 0144+001dD  038+001bA  2474+0.19cC  2.66 & 0.02cB
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Figure 5. Phylogenetic trees of the four selected spoilage microorganisms BRO-C11 (a), BRO-G12 (b),
BRO-F1 (c) and BRO-C5 (d).

Chlorophyll is an important indicator of plant vital signs in the photosynthesis of
plant cells, which can absorb light energy to synthesize carbohydrates, carbon dioxide, and
water. Thus, the change of chlorophyll content was considered to be an important factor
affecting the quality of broccoli during the preservation. As shown in Table 3, the content of
total chlorophyll in broccoli decreased during the storage. After 72 h, the total chlorophyll
content in fresh-cut broccoli inoculated with Pseudomonas sp. BRO-C11 and Comamonas sp.
BRO-C5 decreased by 51.9% and 48.1%, respectively, compared with the control. At the end
of storage, the total chlorophyll content was decreased by 30.8-66.7% compared with the
initial value, but Acinetobacter sp. BRO-F1 showed little effect on the change of chlorophyll
content compared with the control.

Furthermore, the accumulation of nitrite is another common problem in the process of
broccoli becoming putrid. Nitrite can react with amines or amides to form carcinogenic,
mutagenic, and teratogenic N-nitroso compounds. High nitrate dietary intake was found to
be associated with gastric cancer [29]. In addition, nitrosamine products, once accumulated
to a certain amount, likely cause teratogenicity, carcinogenesis and mutagenicity. Therefore,
it is of great importance to detect the content of nitrite in vegetables. It can be seen
from Table 3 that with the time of storage, the content of nitrite had the law that first it
increased, next decreased, then increased again to reach a relatively steady state in most
samples. The content of nitrite in newly harvested broccoli was relatively low. During
storage, the physiological activities of bacteria might be an important factor leading to
the change of nitrite content. Among them, the nitrite in the group inoculated with
Pseudomonas sp. BRO-C11 reached up to a maximum, 1.61 mg/kg fresh weight, indicating
that the Pseudomonas spp. could promote the accumulation of nitrite. After 24 h, the nitrite
content in broccoli inoculated with Pseudomonas sp. BRO-C11, Pseudomonas sp. BRO-G12
and Acinetobacter sp. BRO-F1 showed downward trends, which may be caused by the
activity of microorganisms. Under the metabolism of microorganisms in broccoli, nitrate
was greatly reduced to nitrite, and the content of nitrite increased. With the consumption
of oxygen, the growth of aerobic bacteria was inhibited, resulting in the activity of nitrate
reductase being inhibited, the effect of nitrate reduction to be reduced, and large amounts of
nitrite to be decomposed. The nitrite content in the group inoculated with Pseudomonas sp.
BRO-C11 increased at the end of storage, with significant differences among the other
groups (p < 0.05). In addition, Acinetobacter sp. BRO-F1 and Comamonas sp. BRO-C5 had
little effects on the content of nitrite.

The effects of spoilage bacteria on the content of MDA in fresh-cut broccoli is shown
in Table 3. In all samples, the content of MDA increased first then decreased, and with
storage, the content of MDA showed a downward trend, and the final contents were
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2.47-4.79 nmol/g fresh weight. The MDA content in all samples reached a maximum
at 48 h. In general, Pseudomonas spp. accelerated the accumulation of MDA in fresh-cut
broccoli, which might be due to that the bacteria gradually infected and destroyed the
membrane structure, resulting in the formation of malondialdehyde (MDA).

The effects of bacterial infection on the content of soluble sugar in fresh-cut broccoli
are shown in Table 3. The soluble sugar content in fresh-cut broccoli was 2.66 mg/g fresh
weight in the initial value. At 48 h of storage, the soluble sugar in broccoli inoculated
with Pseudomonas sp. BRO-C11 and Pseudomonas sp. BRO-G12 increased by 33.08% and
19.17% compared with the initial value. However, there was no significant difference in the
content of soluble sugar between the group inoculated with Acinetobacter sp. BRO-F1 and
the control group. The soluble sugar content in broccoli inoculated with Pseudomonas sp.
BRO-C11 was significantly increased under the bacterial infection for 48 h, and it displayed
an increase of 25.09% compared with control.

4. Discussion

The cutting types had great impacts on the amounts of microorganisms in broccoli
but had little impact on the species of microorganisms. The amounts of microorganisms
gradually increased and conformed to the S-shaped curve of microbial growth. During
storage, the total number of colonies of broccoli treated with different cutting types had
the same trend, but the average count of bacteria in broccoli subjected to different cutting
types showed a significant difference. The processed fruits and vegetables were more
perishable than the raw products from which they were prepared. Cutting of fruits and
vegetables might cause mechanical damage, outflow of nutrients, and provide favorable
living conditions for microorganisms to grow and multiply. In addition, it increased the
chance of contamination of fruits and vegetables and resulted in the microbial spoilage of
fruits through the transfer of microflora on the outer surfaces to the interior tissue, where
microorganisms had access to nutrient-laden juice. On the other hand, fresh-cut fruits and
vegetables lost the barrier and protection of the epidermis, and the surface exposed to the air
increased, resulting in the disorder of the original physiological function and the destruction
of the self-protection system, so that the resistance of the body decreased, resulting in more
microorganisms invading the internal tissues of fruits and vegetables from the wound. The
larger the specific surface area formed by cutting treatment, the more serious the microbial
infection was, and the worse the storage of fresh-cut products. The resistance of fresh-
cut fruits and vegetables to microbial infection in the environment gradually decreased.
However, even in the early storage, the amounts of microorganisms can also be large.
There were three main ways fresh-cut fruits and vegetables were shown to be infected
by microorganisms before and during storage. Firstly, fresh-cut fruits and vegetables
were easily infected by microorganisms living in manure, fertilizer, soil and irrigation
water sources during planting or harvest. The microorganisms contained were usually
bacteria, molds, yeasts, and actinomycetes [30]. Secondly, in the process of cutting, the main
pollution sources of fresh-cut fruits and vegetables were usually from cutting equipment
or the environment [31]. Moreover, the cross contamination of microbial communities
between fruits and vegetables could accelerate their decay and deterioration. Thirdly,
fresh-cut fruits and vegetables were easily infected by microorganisms during storage. The
resistance of harvested fruits and vegetables to microbial infection in the environment
gradually decreased, and the number of microorganisms on the surface of fruits and
vegetables increased.

From this study, the phylogenetic relationships of the 97 bacterial isolates were de-
termined in comparison to type strains with the neighbor-joining method. Among them,
Pseudomonas spp. were the most predominant and might have the greatest impact on
food quality. The physiological properties of Pseudomonas spp. were adapted to the en-
vironment of vegetables. At the end of storage, the relative abundance of other flora
decreased gradually. The main reason was that the growth of dominant bacteria was too
fast, which inhibited the growth of other microorganisms. Pseudomonas spp. are aerobic,
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Gram-negative bacteria, and are widely distributed in nature. Different from enzymatic
browning of vegetables, Pseudomonas spp. mainly cause the tissue of fresh-cut vegetables to
become rotten and proved to result in a rapid browning reaction on the surface of fresh-cut
vegetables [32]. Pseudomonas spp. can utilize organic compounds, oxidize glucose and mal-
tose to produce acid, resulting in the decline of food quality. In addition, Pseudomonas spp.
can also produce catalase and oxidase, and hydrolyze or lipolyze frozen food, so as to make
it corrupt. Moreover, they produced pectolytic enzymes to hydrolyze the cell walls of fruits
and vegetables, resulting in rot and deterioration of fruits and vegetables, such as pectolytic
enzymes produced in Pseudomonas viridiflava and Pseudomonas chlororaphis, which caused
organoleptic properties to decline as well as spoilage in fresh-cut vegetables [33].

The color of vegetables is considered to be an extremely crucial factor for consumer
acceptance, especially the unique green color in vegetables, and the dominant reason for
de-greening of broccoli was chlorophyll deterioration. Compared with the control group,
the chlorophyll of broccoli infected by bacteria decreased in varying degrees, especially
the group inoculated with Pseudomonas sp. BRO-C11, Pseudomonas sp. BRO-G12 and
Comamonas sp. BRO-C5, which also indicated that the infected group was more prone to
yellowing in the experiment, explaining that bacterial infection promoted the yellowing of
broccoli and destroyed the appearance of broccoli. This result may explain the yellowing of
fresh-cut broccoli after longer storage periods. In order to maintain the pleasant appear-
ance of broccoli, measures to avoid broccoli being polluted by bacteria, Pseudomonas spp.
particularly, should be taken.

Agricultural standards clearly stipulate the limit standards of nitrate and nitrite in
vegetables. Our research investigated potential correlations between bacterial infection and
the formation or depletion of nitrite during storage, and microorganisms in fresh-cut fruits
and vegetables were the main cause of nitrite accumulation. With storage, the concentration
of nitrite reached a maximum, the nitrite peak, and then began to decrease. Among the
microorganisms, Pseudomonas sp. BRO-C11 had the most important effects on the content
of nitrite in broccoli. In the harvest period, Pseudomonas sp. BRO-C11 with nitrate reductase
proliferated in large numbers, resulting in the nitrate in fresh-cut broccoli to be reduced
to nitrite. However, the growth of aerobic Pseudomonas sp. BRO-C11 was inhibited when
the oxygen was consumed, resulting in the activity of nitrate reductase to be inhibited,
promoting large amounts of nitrite to be decomposed. In general, controlling the content of
nitrite and nitrate in vegetables was the key to scientific production and edible vegetables.
In the follow-up study, the spoilage bacteria that had important impacts on nitrite content
should be strictly controlled.

Malondialdehyde (MDA), as the main product of membrane lipid peroxidation, indi-
cates the integrity of cell membranes. The content of malondialdehyde in plant is positively
correlated with the degree of cell membrane damage. In our study, the content of MDA in
all samples exhibited approximately the same first increased then decreased trend, and the
group inoculated with Pseudomonas sp. BRO-C11 and Pseudomonas sp. BRO-G12 increased
at a higher rate than the control group at 48 h of storage. The results showed that after
being infected by bacteria, the permeability of the cell membrane increased, which might
be due to the damage by bacteria to plant cells by secreting hydrolases and toxins, resulting
in the loss of contained logistics in plant cells. The substance in cells, which was conducive
for the growth and reproduction of microorganisms, flowed out due to the rupture of
the cell membrane, and further aggravated the damage to the cell membrane, leading to
the increase of MDA content. Overall, the content of MDA increased, and the senescence
process of broccoli was enhanced after being infected.

Soluble sugar has the function to maintain the turgidity of cells, and it is able to protect
the membranes of cells from damage caused by the abiotic stress. In this study, under
infection, the soluble sugar content of broccoli inoculated with Pseudomonas sp. BRO-C11,
Pseudomonas sp. BRO-G12 and Comamonas sp. BRO-C5 increased at 48 h, which meant that
the broccoli could adapt to bacterial infection in the short term. Moreover, the soluble sugar
had the function of acting as an osmotic agent, which was expressed directly by the content
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in plants. In a word, plants could adapt to the bacterial infection by regulating the content
of soluble sugar.

The chlorophyll of the experimental group inoculated with bacteria was decreased,
which affected the sensory quality of fresh-cut broccoli. In addition, the content of MDA in
broccoli infected by Pseudomonas sp. BRO-C11 and Pseudomonas sp. BRO-G12 increased
rapidly, and broccoli inoculated with Pseudomonas sp. BRO-C11 produced more nitrite,
indicating that the Pseudomonas had great impacts on the quality and safety of vegetables
and led to the production of harmful substances in fresh-cut broccoli, which should be paid
more attention for food safety.

5. Conclusions

The results showed that cutting types had significant effects on the quantity of microor-
ganisms in fresh-cut broccoli, and the number and growth rate of colonies of broccoli with
severe mechanical damage were much higher than those with mild mechanical damage.
The ninety-seven strains of spoilage microorganisms in broccoli samples were obtained by
isolation. Through 16S rRNA gene sequencing, the main microorganisms in the samples
were classified into four phyla: Proteobacteria, Actinobacteria, Bacteroidetes and Firmi-
cutes. Furthermore, Proteobacteria was the predominant phylum, and the majority were
the Pseudomonas spp. and Acinetobacter spp. Pseudomonas spp. was not only dominant
in quantity, but also had great impacts on the quality of broccoli. Comamonas spp. and
Acinetobacter spp. also affected the quality of broccoli to varying degrees, but received
little attention in previous studies. The corruption phenomena included the production of
harmful substances, such as nitrite, the consumption of nutrients and active components,
and inhibition of key enzyme activities, causing spoilage characteristics such as malodor,
softness, and browning. This study provided a foundation for targeted bacteriostasis,
delaying the corruption and deterioration of fresh-cut vegetables and prolonging the edible
period of broccoli. Therefore, necessary measures, such as ensuring a clean processing
environment and storage environment, the addition of antibacterial preservative, and less
mechanical damage need to be taken into account to reduce contamination from corrupt
microorganisms and ensure the safety and flavor of broccoli.
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