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Abstract: Broccoli is a short-term fresh storage vegetable; it most often goes to the processing plant
where it is frozen or cold-stored. 1-methylcyclopropene gas (1-MCP) can be used to extend broccoli’s
shelf life. The aim of the study was to investigate the effect of the genetic cultivar determinants,
the use of 1-MCP and the storage time on the weight loss as well as the content of nutrients and
harmful compounds in cultivars: ‘Bay Meadows’, ‘Monaco’, ‘Naxos’ and “Vicario’. The cultivars
selected for the study differed significantly in terms of the traits after harvest and storage, and the
differences were also conditioned by the interaction of the genetic factor and 1-MCP used, especially
within 30 days after harvest. Of the broccoli cultivars, ‘Monaco” demonstrated the lowest weight
loss during storage, the highest content of dry weight, total sugars, vitamin C, both after harvest
and after storage, in the samples treated with 1-methylcycloprepene after harvest. In turn, “Vicario’
lost most weight after storage and broccoli florets treated with 1-MCP have lost less weight. The
highest amounts of nitrates and nitrites, both after harvest and after storage, were found in ‘Monaco’;
however, the differences, as compared with the other cultivars, were significant, yet relatively low.
The lowest compactness of the florets was recorded, and hence the lowest commercial value (basically
unmarketable), for ‘Naxos’, ‘Monaco” and ‘Vicario’ cultivars after 30 days of storage without the use
of 1-MCP. However, due to the use of 1-MCP and low temperature (4 °C), the commercial value of
those broccoli cultivars was satisfactory.

Keywords: 1-methylcyclopropen; cultivar; weight loss; dry weight; total and reducing sugars;
protein; ascorbic acid; nitrates; nitrites; sensory analysis

1. Introduction

The set of traits of the vegetables intended for storage determines their storage value.
Most important of all is the storage durability, i.e., a set of genetically-fixed traits in
the breeding process, determining the differences in the morphological, anatomical and
chemical composition of individual species or even cultivars of vegetables. The maturity
and quality of vegetables at the start of storage also affects the shelf life of the vegetables [1].
Broccoli (Brassica oleracea L.) is a vegetable that is particularly unstable when stored due to
its high respiration rates and high water loss [1]. Broccoli can be classified as climacteric
since florets became yellow as respiration and ethylene production increase [2]. As claimed
by Costa et al. [3], as it is the case in many other products, broccoli floret aging is due to
ethylene production.
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Broccoli florets, when adequately harvested, must be chilled to a low temperature
immediately after harvesting in order to inhibit vital processes and to maintain good firm-
ness and freshness during further storage. The concentration of ethylene in the atmosphere
of stored vegetables, in the order of a 0.5 ppm, accelerates aging and thus shortens the
storage period [2]. The development of technologies facilitating longer-term preservation
of the freshness, attractiveness and nutritional value of products at the base of the food
pyramid, i.e., in seasonal vegetables, is the subject of interest of many scientific and research
centers. In addition, shelf life should allow a safe distribution, sale and storage of food by
the consumer.

Poland comes fourth in terms of broccoli production in Europe, behind Spain, Italy
and Great Britain. The vegetable is produced for the domestic market and to be exported,
mainly to Germany, England, the Czech Republic, Slovakia and Hungary [4]. Broccoli is
a relatively unstable vegetable when fresh. It is harvested when unripe, however, unfor-
tunately, its florets deteriorate quickly after harvesting at ambient temperature. Typically,
broccoli arrives at the store 7-14 days after harvest and it is refrigerated until purchased or
discarded. One of the visible signs of aging in broccoli is florets yellowing, accompanied
by a degradation of chlorophyll, protein and many other compounds affecting the sensory
and nutritional quality. Additionally, there can be a significant loss of nutrients during this
period, including important bioactive compounds such as ascorbic acid, glucosinolates,
folic acid and sulforaphane (a molecule with a high biological activity against prostate
cancer) [5-9]. Sugars are one of the basic nutrients of broccoli. They are a good source
of energy: from 40% to 80% of the daily requirement. The sugar content depends on
the cultivar, climate conditions, cultivation and storage [10]. Feng X. et al. [10] indicate
that 1-MCP may delay the aging of broccoli florets, which in this study could be due to
maintaining a higher sugar content by regulating sugar metabolism. Moreover, senescence
is also connected to fast degradation of proteins. Proteins are catabolized early and lead to
a decrease in photosynthetic activity [11]. In broccoli, the expression of several protease
genes has been observed to increase in the course of aging [12]. Broccoli florets have a high
concentration of ascorbic acid, although rapid degradation of this compound has been
noted in the florets stored at ambient temperature after harvesting [13]. Procedures and
the technologies for preserving the commercial and nutritional quality of broccoli have
been studied, such as refrigeration [14], heat treatment [15], modified atmospheres [16],
UV [17] and 1-MCP [18,19]. Acute toxicity, mutagenicity and product chemistry investi-
gated for SmartFresh formulation indicate a favorable toxicology profile [20]. In addition,
1-MCP has a non-toxic mode of action, is applied at extremely low ppb dose levels and
has no measurable residue in food commodities [20]. The compound concentration re-
quired to promote inhibition of the ethylene action varies according to the species, cultivar,
maturation stage, temperature and exposure time, and the production of new ethylene
receptors on the cell membranes [21]. In the European Union countries, 1-MCP is included
in Directive 91/414/EEC (2005) [22] as an ingredient that could be used for fruits and
vegetables. 1-MCP is thought to interact with ethylene receptors and, thereby, it prevents
ethylene-dependent responses [20,21,23-25]. The use of cyclopropenes to inhibit ethylene
action was patented by Sisler and Blankenship [23]. A commercial breakthrough in 1-MCP
application technology resulted from the formulation of 1-MCP as a stable powder in
which it is complexed with y-cyclodextrin, so that 1-MCP is easily released as a gas when
the powder is dissolved in water. The powder is mixed with distilled water and using the
so-called SmartFresh generator, the active substance is released properly and spreads in
the chamber. The procedure takes 24 h in a tightly closed chamber. Broccoli should be
treated immediately after harvesting the florets. Since February 2008, SmartFresh has been
registered in Poland for use in the apple storage process. Since June 2014, this registration
has been extended to include plums, pears, broccoli, and Chinese and white cabbage. The
most effective activity of 1-MCP is demonstrated at a concentration of 0.1 to 12 ppm [1].
The influence of SmartFresh on selected vegetables and fruits has also been presented
by others, including [26], where, in broccoli, 1-MCP reduced the intensity of respiration,
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yellowing and rotting. Climacteric and non-climacteric fruits and vegetables for which
responses to 1-MCP were tested are presented in the sources available in Watkins and
Miller [27].

Broccoli is very sensitive to ethylene and, as such, it should not be stored with fruits
and vegetables releasing it in large amounts. In addition, ethylene causes a degradation of
chlorophyll and accelerates vegetable maturing [28]. However, the durability of 1-MCP
is influenced by, e.g., the species, the cultivar and the ethylene biosynthesis inducing
method [29]. The knowledge about the reaction of cultivars to the use of technology with
1-MCP will enhance the selection of storage conditions depending on the destination and
further distribution of the raw materials, e.g., export.

There are few publications on the effect of 1-MCP on nutrients of broccoli cultivars
chosen for research. Therefore, the aim of the study has been to investigate the interactive
effect of 1-MCP and the genetic determinants of the cultivar on the nutritional value, as
well as on the content of harmful compounds in broccoli.

2. Materials and Methods
2.1. The Broccoli Production

The research material was broccoli from a local producer from field crops located in the
Kuyavian-Pomeranian Province (53°00'34” N 17°44/23” E), which has applied the standard
recommended production practices, in accordance with the methodology of integrated
broccoli production, approved under Art. 57 s. 2 point 2 of the Act of 8 March 2013 on
plant protection products (Journal of Laws of 2015, item 547, as amended) by the Chief
Inspector of Plant Health and Seed Inspection in Poland.

2.2. The Broccoli Cultivars

‘Bay Meadows’ is a cultivar with high tolerance to high temperatures. The ideal
growing conditions are a continental climate with high temperatures and low soil moisture.
The growing season for this cultivar is approximately 60-70 days. It has a strong root
system and compact regularly-shaped florets. It shows high resistance to the formation
of voids in the stems and to overgrowth of florets with leaves and discoloration. The
advantages of this cultivar are a domed shape, a thick stem, leaves easy to remove from
the stem. ‘Bay Meadows’ are mainly intended for the fresh market.

‘Monaco’ is especially recommended for cultivation for processing but also for the
fresh market. Its characteristic features are compact, high-set florets and very short floret
heads. It has small dark green buds. It is characterized by high vigor and considerable
mass. The ‘Monaco’ cultivar does not show the ability to create side suckers. The growing
season for this cultivar is 80-90 days.

‘Naxos’ is a cultivar characterized by strong growth and root system. It demonstrates
a compact and upright habit, which means that this cultivar can be cultivated in high
density. It has no tendency to side shoots, and the wreath-forming leaves surrounding
the florets protect against wind and direct contact with sunlight. The growing season for
this cultivar is 65-75 days. It is intended for late spring and summer cultivation, and the
appropriate harvest date is July and August. This cultivar is ideal for industry and the fresh
market. ‘Naxos’ shows an apical meristem necrosis if the seedlings are not grown properly.

‘Vicario’—this cultivar is characterized by a very high uniformity of the florets. The
broccoli plants do not tend to overgrow, and no hollow chambers are formed in the stalks.
The growing season for this cultivar is approximately 65 days. The weight of the roses
varies from 300 to 500 g. The cultivar is mainly intended for the fresh market.

2.3. Harvest and Storage

Four broccoli cultivars: ‘Bay Meadows’, ‘Monaco’, ‘Naxos’, ‘Vicario” were harvested
when their head diameter was 10 to 15 cm. The harvest took about two hours per cultivar,
and the transport time was about 45 min to the cold store from the field. Immediately after
harvesting, the broccoli florets were chilled at 2 °C using forced cool air for 50 min, and
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then placed in a refrigerator at 4 °C and 95% relative air humidity. The collected broccoli of
similar weight was divided into two groups. In one of them, the broccoli was treated with
the air (control), in the other, 1-MCP was applied in a concentration of 1 uL-L71 for20 h
in sealed containers. The research involved the use of SmartFresh by AgroFresh, Poland.
There were 24 boxes in total (4 variants, 2 groups: treated and untreated in 3 replications).

Broccoli was sampled for analysis after 10, 20 and 30 days of storage in a chamber
with temperature of 4 °C and relative air humidity of 98-99%.

2.4. Weight Loss

Weight loss was calculated as the difference between the initial weight (after harvest)
of 10 broccoli florets and after 10, 20, 30 days of storage and expressed as a percentage.

2.5. Laboratory Analysis

Laboratory analyses included the content of nutrients and health-promoting com-
pounds: total sugars, reducing sugars, vitamin C, protein, dry matter, and harmful nitrates
and nitrites.

2.6. Determination of Dry Matter

The dry matter content was determined according to the European Association for
Potato Research (EAPR) [30]. Five broccoli florets were washed, dried and cut into cubes.
Then they were homogenized in a laboratory mixer until homogenous pulp was obtained.
About ten grams of the pulp was poured into a Petri dish and then heated at 60 °C for 15
h; afterwards, the oven temperature was raised to 105 °C for 3 h and then Petri dish with
dry matter of broccoli florets was cooled down to room temperature in desiccators and
weighed. The total dry matter was calculated according to the following formula:

DM =D/M x 100,
where DM—dry matter (%), D—weight of dry sample (g), W—weight of fresh sample (g).

2.7. Determination of Sugars

Carbohydrate analyses were made according to procedures in [31]. For a reducing
sugar content assessment, ten grams of fresh material sample was placed in 250 mL bottle,
150 mL of distilled water was added and vigorously shaken. One milliliter of the filtrate
was mixed with 3 mL of DNP (2,4-dinitrophenol) (Sigma-Aldrich, Darmstadt, Germany)
reagent in a test tube and then heated in a water bath at 95 °C for 6 min. Absorbance of the
mixture was measured using the spectrophotometer at a wavelength of 600 nm using a
Shimadzu UV-spectrophotometer, (Shimadzu, Kyoto, Japan). The reducing sugar content
was estimated using the standard curve of glucose. The total soluble carbohydrate was
determined after hydrolysis of sugars. After filtration, 40 mL of the filtrate was taken, a
few drops of concentrated HCl (POCH Gliwice) were added. The samples were warmed
up for 30 min in a water bath. After cooling, the mixture was neutralized using a few drops
of concentrated NaOH (POCH Gliwice). Next, 1 mL of the filtrate was mixed with 3 mL of
DNP (Sigma-Aldrich, Darmstadt, Germany) reagent and the procedure for determining
the content of reducing sugars was followed.

2.8. Determination of Ascorbic Acid

The ascorbic acid content was assessed according to Kapur et al. [32]. Ten grams of
fresh sample of broccoli were homogenized with 25 mL of metaphosphoric acid solution
(Sigma-Aldrich) and quantitatively transferred into a 50 mL volumetric flask and gently
shaken to homogenize the solution. Then it was diluted up to the mark with the metaphos-
phoric acid solution. The solution was filtered and centrifuged at 4000 rpm for 15 min,
the supernatant solution was used for spectrophotometric determination (UV-1800, UV
Spectrophotometer System, Japan) of ascorbic acid content in samples of different broccoli.
Ascorbic acid is oxidized to dehydroascorbic acid by adding bromine water. After that,
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L-dehydroascorbic acid reacts with 2,4-DNPH (Sigma-Aldrich, Darmstadt, Germany) and
produces an osazone, which, treated with 85% H;SOy, forms a red-colored solution. A
typical calibration plot was made and used to determine the concentration of ascorbic acid
in the samples.

2.9. Determination of Crude Protein

The content of crude protein was determined by multiplication of total nitrogen by
factor 6.25, with the Kjeldahl method using Biichi Labortechnik B-324 apparatus, after
mineralization in concentrated sulphuric acid (VI). Total nitrogen was analysed according
to the Dumas combustion method by LECO CN-2000 [33].

2.10. Determination of Nitrates (V) and Nitrates (III)

The contents of nitrates were determined directly after harvest and after 10, 20 and
30 days of storage using the ion-selective method [34]. A multi-purpose Elmetron CX-721
computer was used; it was equipped with a nitrate electrode, double junction reference
electrode (the outer chamber was filled with 0.02 M (NH,4)2SOy solution (Merck, Darmstadt,
Germany) and provided with a specific ion meter and a pH/millivolt (mV) meter with
a 0.1 mV readability. Nitrates were extracted using a KAI(SO4), (Merck, Darmstadt,
Germany) solution and potentiometrically assayed with an ion-selective electrode. Ten
grams of fresh broccoli samples and 50 cm?® 1% of KAI(SOy), extracting solution were then
mixed and shaken (IKA KS 130 BASIC, Aachen, Germany) for one hour. Subsequently,
10 cm3 Aly(SO4)3 was added (Acros Organics, USA) to it and shaken immediately before the
analysis. The standard solutions were all conducted in the 0.025 M Al,(504)3; background
solution and de-ionized water was also used in the analytical research at each stage of the
analysis. The total content of NO, was determined after oxidation to NOj in a previously
prepared sample of the extract according to the method described above. An amount of
1 ecm? of 30% H,0, (Merck, Darmstadt, Germany) was added and the ion-metric potential
was carefully measured after five minutes in order to facilitate the oxidation of NO, to NOs.

2.11. Organoleptic Assessment

An organoleptic evaluation according to UNECE STANDARD FFV-48 [35] and own
discriminants of sensory quality (color, compactness, rotting, taste and commercial value)
was performed by a team of 10 persons trained in the basic methods of sensory analysis who
checked for individual sensory sensitivity [36]. The classification of broccoli is presented in
Table 1.

Table 1. Classification of broccoli [35].

Broccoli in Class I Broccoli in Class II

class II includes broccoli that does not
qualify for inclusion in class I but
satisfy the minimum requirements
specified above;

broccoli may be: slightly loose and
less compact, less tightly-grained;
buds must be practically closed;

the floral stem must be reasonably
tender, and may have a trace of
woodiness;

e  must be of good quality and have the
characteristics of the cultivar;

must be firm and compact;

tightly-grained;

free of defects such as stains or traces of frost;
buds must be fully closed;

the floral stem must be sufficiently tender and free
of woodiness;

The following slight defects, however, may be
allowed, provided these do not affect the general The following defects may be

appearance of the prc?duc.e, quality, maintaining the allowed, provided broccoli retains its
quality and presentation in the package: essential characteristics as regards the

e  aslight defect in shape, a slight defect in coloring; | quality, maintaining the quality and
e leaves extending above the florets may be allowed | presentation in the package:

provided these are green, sound, fresh and tender. defects in shape defects in coloring
slight bruising and injury.
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2.12. Statistical Analysis

The results were statistically analyzed by means of one factor analysis of variance
after harvest where the factor was cultivar, and also a two-factor analysis of variance
after storage, treating as variables the cultivar model and storage technology (use or not
of 1-MCP). The results were statistically analyzed, an analysis of variance (ANOVA) of
data from each experiment and the synthesis from three repetitions were made. The
significance of differences was evaluated using the Tukey multiple confidence intervals for
the significance level of « = 0.05. Calculations were made independently for each storage
time using Statistica® 13.1.

3. Results
Weight Loss

The broccoli cultivars selected for the study differed significantly in terms of weight
loss. Significantly, the lowest loss of fresh weight was reported for ‘Monaco’, both after
10, 20 and 30 days of storage, the biggest losses were for “Vicario’, especially after 20 and
30 days of storage, and ‘Bay Meadows’ after 20 days of storage (Table 2).

Table 2. Weight loss (%) after 10, 20, 30 days of storage depending on the cultivar and storage
technology (mean for cultivars and storage technology).

Factors After 10 Days After 20 Days After 30 Days
Naxos 1.86 4 0.001 a 3.22 +0.003b 3.70 + 0.001 ¢
Culti Monaco 0.71 + 0.002 d 2.56 + 0.001 ¢ 3.12 +0.002 d
ultivars Vicario 1.46 4 0.001 ¢ 3.41 +0.004 a 4.02 +0.002 a
Bay Meadows 1.61 4 0.001 b 3.40 + 0.002 a 3.88 + 0.001 b
Storage NSF 1.80 & 0.002 A 3.77 +0.001 A 436 +0.003 A
technology SF 1.02 4 0.001 B 253 + 0.001 B 3.01 + 0.001 B
Mean 1.41 3.15 3.68
LSD p < 0.05 Interaction 0.007 0.008 0.103

Cultivar/storage technology

a, b, c,d, A, B. Means noted with the same letter in column are not significantly different (p < 0.05). NSF—without
SmartFresh, SF—SmartFresh applied, LSD—least significant difference.

A significantly higher (p < 0.05) fresh weight loss was recorded in broccoli not treated
with 1-MCP, on average 43.3 percentage points higher after 10 days, 32.9 percentage points
after 20 days of storage and 30.9 percentage points after 30 days of storage (Table 2). Signif-
icant interactions (p < 0.05) between the cultivars and the use of 1-methylcyclopropene
were also reported. The best results after the application of 1-MCP were recorded for the
‘Monaco’ cultivar, where the losses after 30 days of storage accounted only for 2.63% of the
broccoli weight (Table 2).

The storage technology significantly modified the dry weight content in broccoli,
after 10, 20 and 30 days of storage (Figure 1, Table 3). The application of the SmartFresh
treatment significantly reduced the dry weight losses after storage. The greatest losses
were recorded in ‘Vicario’, which was not treated with 1-MCP after harvest (Table 3). The
smallest changes in terms of dry weight content during storage were noted in ‘Naxos” and
‘Bay Meadows'.

‘Monaco’ demonstrated the highest number of total sugars (37.5 g-kg ™! of fresh
weight), and “Vicario” had the least significantly: 30.7 g-kg™! of fresh weight (Figure
2), while the content of reducing sugars was significantly the highest in ‘Bay Meadows’,
33.3 g-'kg !, and was significantly the lowest in ‘Vicario’, 25.5 g-kg ~! (Figure 3). Both the
storage technology and genetic conditions contributed to the reduction in total sugars in
broccoli, on average by 25% after 30 days of storage, and to a lesser extent with the use
of 1-methylcyclopropene (21.8%) (Table 4). On the other hand, the content of reducing
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sugars increased on average by 18.0% (Table 5), and to a lesser extent in broccoli treated
with 1-MCP.

Dry weight content[%]

20
15 _ - = -
10 -
5
0
NSF SF NSF SF NSF SF NSF SF
Naxos Monaco Vicario Bay Meadows
After harvest O After 10 days of storage

After 20 days of storage B After 30 days of storage

After  After 10 Days After 20 Days After 30 Days of
Factors
Harvest of Storage  of Storage Storage
Cultivar * * * *
Storage technology NSF/SF - * * *
* * *

Cultivar/storage technology -
*—significant difference p < 0.05. NFS—without SmartFresh, SF—SmartFresh applied, mean for
3 replications.

Figure 1. Dry weight content (g-kg ™! of fresh weight) in broccoli as an effect of the interaction between 1-MCP treatment
and the cultivar after harvest, after 10, 20 and 30 days of storage.

Table 3. Difference in the dry weight content after harvest and after 10, 20, 30 days of storage
depending on the cultivar and storage technology.

Difference (Score %) **

Cultivar  After 10 Days of Storage = After 20 Days of Storage  After 30 Days of Storage
NSF SF NSF SF NSF SF
Naxos -19 —0.4 -15 -1.6 —7.6 —23
Monaco —5.6 -1.7 —11.3 —7.6 —13.9 -9.0
Vicario -5.9 —3.2 —12.4 —6.8 —19.1 —11.5
Bay

Meadows -71 -1.2 -9.1 -0.3 —14.3 -3.4
Means =51 -1.6 —8.6 —4.1 —13.7 —6.5

** Averaged across cultivars after harvest = 100% and the difference after storage are more (+) or less (—)
comparable to the post-harvest value.

In our own research, both the genetic factor and the storage technology significantly
modified the content of vitamin C in broccoli (Figure 4, Table 6). The significantly highest
content immediately after harvest was found in “Monaco’, 127.8 mg-kg~! of fresh weight,
and the lowest content in ‘Bay Meadows’, 100.66 mg-kg~! of fresh weight. The greatest
loss, over 48%, was recorded in ‘Vicario’, which was not treated with 1-MCP after harvest,
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on average 48.2%. On the other hand, in the trials with SmartFresh technology, the losses
were reduced by half.

Total sugars content [g-kg™ fresh weight]

50
40
30 =
20
10
0
NSF SF
Naxos Vicario Bay Meadows
i After harvest O After 10 days of storage
After 20 days of storage M After 30 days of storage
After  After 10 Days After 20 Days After 30 Days
Factors
Harvest  of Storage of Storage of Storage
Cultivar * * * *
Storage technology NSF/SF - * * *
* * *

Cultivar/storage technology -
*—significant difference p < 0.05. NFS—without SmartFresh, SF—SmartFresh applied, mean for 3
replications.

Figure 2. Total sugars (g-kg ™! of fresh weight) in broccoli as an effect of the interaction between 1-MCP treatment and the
cultivar after harvest, after 10, 20 and 30 days of storage.

Table 4. Difference of total sugars content after harvest and after 10, 20, 30 days of storage depending
on the cultivar and storage technology.

Difference (Score %)

Cultivar  After 10 Days of Storage  After 20 Days of Storage  After 30 Days of Storage

NSF SF NSF SF NSF SF

Naxos 95 ~12.6 ~255 ~12.0 ~30.8 218

Monaco 112 485 ~18.1 ~152 21 320

Vicario 2238 241 248 ~188 ~29.0 23

Bay 144 76 217 205 ~30.8 287
Meadows

Means 145 9.0 225 216 ~282 218

The content of total protein in the samples of broccoli after harvest was 24.0-32.8 g-kg !

in terms of fresh weight; it was significantly the highest in “Vicario” and significantly the
lowest in ‘Monaco’ (Figure 5). After storage, the losses were small, especially in the sam-
ples treated with 1-MCP after harvest, (3.7%), while in the untreated samples, the losses
accounted for 10.6% (Table 7).
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Reducing sugars content [g-kg! of fresh weight]

50
40 T
-
30 T = -
20 ’ !
10 ﬂ
0
NSF SF NSF SF NSF SF NSF SF
Naxos Monaco Vicario Bay Meadows
# After harvest O After 10 days of storage
After 20 days of storage W After 30 days of storage
After  After 10 Days After 20 Days After 30 Days
Factors
Harvest  of Storage of Storage  of Storage
Cultivar NS * * *
Storage technology NSF/SF - * * *
* * *

Cultivar/storage technology -
*—significant difference p < 0.05; NS—non-significant. NFS—without SmartFresh, SF —Smart-
Fresh applied, mean for 3 replications.

Figure 3. Reducing sugars (g-kg ™! of fresh weight) of broccoli as an effect of the interaction between 1-MCP treatment and
cultivar after harvest, after 10, 20 and 30 days of storage.

Table 5. Difference of reducing sugars content after harvest and after 10, 20, 30 days of storage
depending on the cultivar and storage technology.

Difference (Score %)

Cultivar  After 10 Days of Storage  After 20 Days of Storage  After 30 Days of Storage

NSF SF NSF SF NSF SF
Naxos +9.3 +4.1 +10.4 +12.4 +21.0 +16.5
Monaco +9.3 +3.9 +14.8 +6.7 +19.1 +12.2
Vicario +12.6 +2.8 +16.8 +9.2 +21.9 +15.2
Bay +5.2 +2.1 +14.8 +8.9 +24.0 +13.6
Meadows
Means +9.1 +3.2 +14.2 +9.3 +21.5 +14.4

Table 6. Difference of vitamin C content after harvest and after 10, 20, 30 days of storage depending

on the cultivar and storage technology.

Difference (Score %)

Cultivar  After 10 Days of Storage  After 20 Days of Storage  After 30 Days of Storage

NSF SF NSF SF NSF SF

Naxos ~30.4 ~19.2 ~36.9 219 419 242

Monaco 173 ~12.8 ~30.2 ~19.9 411 —207

Vicario ~30.8 ~83 ~39.2 ~105 482 254

Bay 230 127 247 ~16.0 425 213
Meadows

Means —25.4 —13.3 —32.8 —-17.1 —43.4 —21.2
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Vitamin C content [mg- 100g™! of fresh weight]

200
150
100 - T N - =
50 I
0
NSF SF NSF SF NSF SF NSF SF
Naxos Monaco Vicario Bay Meadows
After harvest O After 10 days of storage
After 20 days of storage M After 30 days of storage
After  After 10 Days After 20 Days After 30 Days
Factors
Harvest of Storage of Storage  of Storage
Cultivar * * * *
Storage technology NSF/SF - * * *
* * *

Cultivar/storage technology -
* —significant difference p < 0.05; NS—non-significant. NFS—without SmartFresh, SF—Smart-
Fresh applied, mean for 3 replications.

Figure 4. Vitamin C content (mg-kg ! of fresh weight) in broccoli as an effect of the interaction between 1-MCP treatment
and the cultivar after harvest, after 10, 20 and 30 days of storage.

Table 7. Difference in crude protein content after harvest and after 10, 20, 30 days of storage
depending on the cultivar and storage technology.

Difference (Score %)

Cultivar  After 10 Days of Storage  After 20 Days of Storage  After 30 Days of Storage

NSF SF NSF SF NSF SF
Naxos —6.5 —0.8 —8.5 —-1.2 —10.1 —2.9
Monaco -1.1 —-1.0 —4.9 -3.5 —-10.4 —4.8
Vicario —6.8 —-1.1 —12.6 -29 —14.7 —4.1
Bay
Meadows —4.5 —-1.8 —5.4 -2.2 -7.0 —2.8
Means —4.7 —-1.2 -7.9 —-2.5 —10.6 —-3.7

In the research, the content of nitrates (V) in broccoli after harvest differed significantly
across the cultivars and ranged from 144.3 in “Naxos’ to 214.3 g-kg ! of fresh weight in
‘Monaco’ (Figure 6). The storage time reduced the content of nitrates (V) in broccoli, most
in “Naxos’, by 16.2% (Table 8). This was due to an increase in the content of nitrites in that
cultivar (Figure 7): in untreated samples by as much as 36.8% (Table 9).

The results of the organoleptic evaluation of broccoli florets: color, compactness,
rotting, taste and commercial value are presented in Figure 8. The 1-MCP used enhanced
the tested features of the organoleptic value, while it did not differentiate the taste of
broccoli florets. In our own research, the lowest compactness of the florets was recorded,
and, thus, the lowest commercial value (basically unmarketable) for ‘Naxos’, ‘Monaco’ and
“Vicario’ cultivars after 30 days of storage without the use of 1-MCP. However, thanks to the
use of 1-MCP and low temperature (4 °C), the commercial value of those broccoli cultivars
was satisfactory.
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Crude protein content [g-kg™! of fresh weight]

40
30 = = i
20
10
0
NSF SF NSF SF NSF SF NSF SF
Naxos Monaco Vicario Bay Meadows
# After harvest O After 10 days of storage
After 20 days of storage M After 30 days of storage
Factors After  After 10 Days After 20 Days After 30 Days
Harvest  of Storage of Storage of Storage
Cultivar * * * *
Storage technology NSF/SF - * * *
Cultivar/storage technology - * * *

* —significant difference p < 0.05; NS—non-significant. NFS—without SmartFresh, SF —Smart-
Fresh applied, mean for 3 replications.

Figure 5. Crude protein (g-kg ™! of fresh weight) in broccoli as an effect of the interaction between 1-MCP treatment and the
cultivar after harvest, after 10, 20 and 30 days of storage.

Nitrates (V) content [mg-kg™ of fresh weight]

250
200
150
100

50

NSF SF NSF SF NSF SF NSF SF
Naxos Monaco Vicario Bay Meadows

# After harvest (J After 10 days of storage O After 20 days of storage M After 30 days of storage

After 10 Days After 20 Days After 30 Days of

Factors After Harvest of Storage of Storage Storage
Cultivar * * * *
Storage technology NSF/SF - * * *
Cultivar/storage technology - * NS *
*—significant difference p < 0.05; NS—non-significant. NFS—without SmartFresh, SF—SmartFresh applied, mean for 3

replications.

Figure 6. Nitrates (V) content (g«kg_1 of fresh weight) in broccoli as an effect of the interaction between 1-MCP treatment
and the cultivar after harvest, after 10, 20 and 30 days of storage.
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Table 8. Difference of nitrates (V) content after harvest and after 10, 20, 30 days of storage depending
on the cultivar and storage technology.

Difference (Score %)

Cultivar  After 10 Days of Storage  After 20 Days of Storage  After 30 Days of Storage

NSF SF NSF SF NSF SF
Naxos -2.1 -3.7 —4.1 —5.6 —-15.9 —16.2
Monaco —4.7 —6.1 —6.8 —74 —11.6 —13.4
Vicario —6.9 —-9.2 —7.8 —11.0 —-11.7 —12.6
Bay
Meadows —2.2 —-1.5 3.0 —3.6 —-5.9 —6.1
Means —4.0 —5.1 —5.4 —6.9 —-11.3 —12.1

Nitrates (III) content [mg-kg™ of fresh weight]

1
0
NSF NSF SF
Monaco Vicario Bay Meadows
# After harvest O After 10 days of storage
After 20 days of storage M After 30 days of storage
After 10 Days After 20 Days After 30 Days
Factors After Harvest y y y
of Storage of Storage of Storage
Cultivar * * * *
Storage technology NSF/SF - * * *
Cultivar/storage technology - NS NS *
* —significant difference p < 0.05; NS—non-significant. NFS—without SmartFresh, SF—SmartFresh applied, mean for 3
replications.

Figure 7. Nitrates (III) content (g-kg*1 of fresh weight) in broccoli as an effect of the interaction between 1-MCP treatment
and the cultivar after harvest, after 10, 20 and 30 days of storage.

Table 9. Difference of nitrates (V) content after harvest and after 10, 20, 30 days of storage depending
on the cultivar and storage technology.

Difference (Score %)

Cultivar  After 10 Days of Storage  After 20 Days of Storage  After 30 Days of Storage

NSF SF NSF SF NSF SF
Naxos +14.4 +14.2 +16.7 +14.9 +36.8 +19.4
Monaco +5.5 +4.9 +7.8 +6.4 +17.6 +13.3
Vicario +4.5 +0.7 +5.5 +2.7 +17.6 +13.1
Bay +3.1 424 +4.0 +4.7 +13.0 +6.2
Meadows

Means +6.9 +5.6 +8.5 +7.2 +21.3 +13.0
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NSF SF NSF SF NSF SE NSF SF

Naxos Monaco Vicario Bay Meadows

S = N W ke O

W After 10 days ~ ® After 20 days After 30 days

(a) Color: 5-dark green, 4-green with a slight lightening, 3-green-yellow, 2-medium yel-
low, 1-strongly pale with yellowing and browning.

5
4
3
2
1 LI A
0
NSF SF NSF SF NSF SF NSF SF

Naxos Monaco Vicario Bay Meadows

B After 10 days M After 20 days  ® After 30 days

(b) Compactness: 5-very compact florets, 4-slight loss of compactness, 3-visible loss of
compactness, 2-medium loose, 1-very loose.

NSF SF NSF SF NSF SF NSF SF

Naxos Monaco Vicario Bay Meadows

O = N W ke O

B After 10 days  m After 20 days  m After 30 days

(c) Rotting: 5-4-no rotting, 3-small rot spots, 2-quite strong rotting, 1-heavy rotting.

NSF SF NSF SF NSF SF NSF

Naxos Monaco Vicario  Bay Meadows

=N W

B After 10 days  m After 20 days  m After 30 days

(d) Taste: 5-excellent, unchanged, 4-good, 3-satisfactory, 2-poor, 1-bad, foreign taste.

Figure 8. Cont.
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N

N W

NSF SE NSF  SF  NSF  SF  NSF

Naxos Monaco Vicario  Bay Meadows

m After 10 days After 20 days After 30 days

(e) Commercial value Commercial value: 5-excellent, florets like freshly harvested, 4-
good, 3-satisfactory, 2-poor, 1-bad

Attribute

After 10 Days of After 20 Days of After 30 Days of
Factors

Storage Storage Storage
Colour Cultivar * * *
Storage technology NSF/SF * > *
Cultivar/storage technology * * *
Compactness Cultivar * * *
Storage technology NSF/SF * * i
Cultivar/storage technology * ** *
Rotting Cultivar * * *
Storage technology NSF/SF * * *
Cultivar/storage technology > ** **
Taste Cultivar * * *
Storage technology NSF/SF NS NS *
Cultivar/storage technology * * *
Commercial value Cultivar * * *
Storage technology NSF/SF * * *
Cultivar/storage technology * * *

Explanation: * significant differences (p < 0.05); ** significant differences (p < 0.01); NS—non-significant.

Figure 8. Organoleptic assessment according to the UNECE STANDARD FFV-48 [35] and own scoring (explanation

as above).

4. Discussion

Broccoli is a very valuable vegetable due to its taste and being rich in precious nutrients,
especially when consumed fresh and, thus, showing a number of health properties [27].

In the broccoli cultivars selected for the study, stored in conditions of reduced temper-
ature to 4 °C and 95% relative air humidity, regardless of the treatment applied with the use
of 1-MCP and the cultivars, weight loss was noted, on average, accounting for 1.41% after
10 days, 3.15% after 20 days and 3.68% after 30 days. Therefore, it is recommended to store
the broccoli florets at a temperature of 0-1 °C and a relative air humidity of 90-95% [37].
Although such conditions do not stop unfavorable quality changes, they significantly slow
them down and extend the shelf life of broccoli [38]. The weight losses presented in this
study are relatively small as compared to the losses at room temperature, which coincides
with the results of the studies by Zsom P. et al. [39], demonstrating a positive effect of
low temperature (5 °C), as compared to the weight loss results of broccoli stored at room
temperature (21 °C). The causes of such changes are natural physicochemical processes
that occur during storage, such as respiration, transpiration, water loss and changes in
chemical composition, as well as pathogens.
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The results of our own research confirm the reports by Blankenship and Dole [40] and
Watkins [26], proving the influence of 1-MCP on the inhibition of the physiological reactions
of stored vegetables. After 10 days of storage, no signs of wilting, yellow discoloration or
rotting were seen, especially in the ‘Monaco’ cultivar, after using 1-MCP. The differences
in the loss scores, however, were significant in the trials treated with and without 1-MCP.
After 20 days, the broccoli showed mild but visible signs of yellowing of the broccoli florets
in which 1-MCP was not used, and the losses were greatest with the ‘Vicario” and ‘Bay
Meadows’ cultivars. On the other hand, in the further storage period, the symptoms of
yellowing and loosening of the florets increased, and after 30 days they occurred with
greater intensity in all the samples of broccoli cultivars not treated with 1-MCP. The best
results with the use of 1-MCP were recorded for the ‘Monaco’ cultivar after 10, 20 and
30 days of storage, respectively, 0.71, 2.56, 3.12%, and the greatest losses of fresh weight,
especially after 20 and 30 days of storage, 3.41 and 4.02%, respectively, and for ‘Bay
Meadows’ after 20 days of storage (3.40%). The research reported by those authors showed
the positive effects of 1-MCP treatment in combination with a cold store to reduce the
loss of natural broccoli mass. Moreover, these studies clearly show the positive effect on
maintaining the quality after the combined use of 1-MCP and cold storage. Such conditions
prevent or at least minimize the highly damaging effects of the gas ethylene (increased
mass loss, chlorophyll breakdown caused yellowing, leaf and florets abscission). Even a
24 h long 2 ppm ethylene treatment was not able to eliminate the effect of 1-MCP treatment
(24 h, 625 ppb) due to the complete and effective blockage of ethylene receptors during
the 9 day period of cold storage at 5 °C. It revealed an extremely positive effect of 1-MCP
due to its much greater binding affinity and binding to the active ethylene receptor than
ethylene, resulting in a lower possibility of ethylene causing leaf cutting and increased
respiration-related weight loss and deterioration.

The chemical composition of vegetables is genetically determined and also modified
by factors affecting the plant during growth and storage [41]. In the authors” own research,
the dry weight content was also cultivar-specific and it accounted for 11.52-15.59% after
harvest. A similar content was reported by Grabowska et al. [42], and slightly lower results
by Kosterna E. [43]. After harvest, the highest content was found in ‘Monaco” and ‘Bay
Meadows’ broccoli, while in “Vicario’ the content was lowest.

The weight loss was also related to the loss of dry mass after storage, which in our
own research accounted for as much as 13.7 percentage points. The greatest losses were
recorded in “Vicario’, which was not treated with 1-MCP after harvest.

The broccoli cultivars selected for the study differed significantly in terms of the
nutrient content; it was similar to the values reported in other studies [44,45]. In our own
research, changes during storage also occurred in the sugar content. The highest total sugar
losses were recorded after 30 days of storage of broccoli not treated with 1-MCP in the ‘Bay
Meadows’ and ‘Naxos’ cultivars (30.8%). In turn, the content of reducing sugars increased
by up to 24%. The increase can be caused by a conversion of complex sugars during storage
into simple sugars [29]. Sucrose is the main form of sugar transported to the sink tissues
in sugar metabolism [46]. The accumulation of sucrose depends on the balance between
its synthesis and degradation. In the study by Feng X. et al. [10], 1-MCP resulted in an
induced higher activity of sucrose synthesis, the enzymes involved in sucrose biosynthesis
and maintained a lower activity of sucrose synthase cleavage, the sucrose catabolizing
enzyme, which may account for higher sucrose levels in 1-MCP-treated florets. Soluble
acid invertase activity increased gradually in both the control and 1-MCP-treated broccoli
florets during storage.

Broccoli is a product with high antioxidant content, especially ascorbic acid, carotenoids,
phenols and flavonoids [45,46]. The vitamin C content in fresh broccoli ranges from 54 to
119.8 mg/100 g of DM. [47]. In the studies by Kwasniewska-Karolak I. and Mostowski
R. [48], the loss of vitamin C was related to the natural processes that occur during the
refrigerated storage of broccoli, i.e., respiration and transpiration, accounting for 24-26%,
which, according to Ma, G et al. [49], is, to a large extent, related to the genetic cultivar
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makeup. In our own research, both the genetic factor and the storage technology signif-
icantly modified the content of vitamin C in broccoli. Significantly, the highest content
immediately after harvest was found in ‘Monaco’, 127.8 mg-kg~! of fresh weight, and the
lowest content in ‘Bay Meadows’, 100.66 mg-kg ! of fresh weight. The greatest loss, on
average 48.2%, was recorded in ‘Vicario’, which was not treated with 1-MCP after harvest.
On the other hand, in the trials with SmartFresh technology, the losses were reduced by
half. In any case, the content of vitamin C decreased in the same way in all samples
during storage as aging progressed, as described in other studies [48,49]. The aging process
involves the accumulation of active oxygen species and, consequently, a reduction in the
content of antioxidants, especially ascorbic acid [50,51].

Broccoli is also a source of protein. In the studies reported by Mansour A. A. et al. [52],
the protein content of fresh broccoli was higher than that of cauliflower: it was 33.03% of
crude protein, as compared to cauliflower (27.03%). In our own research, the content of
total protein in the samples of broccoli after harvest was 24.0-32.8 g-kg ! in terms of fresh
weight; it was significantly highest in “Vicario” and significantly lowest in ‘Monaco’. After
storage, the losses were small, especially in the samples treated with 1-MCP after harvest,
(3.7%), while in the untreated samples, the losses accounted for 10.6%.

The main source of nitrates (V) in a daily food ration are vegetables and their products,
which provide over 90% of the total amount of these compounds. The results on the
harmfulness of nitrates and nitrites in the human diet are inconclusive. Older reports by
many authors report that they are harmful when transformed into toxic nitrites, which,
in turn, can transform into nitrosamines, being precancerous compounds [53]. However,
the potential relationship between nitrate intake and cancer in humans has not been sub-
stantiated [54]. Research from the last few years indicates that the consumption of green
vegetables, especially those containing large amounts of nitrates and nitrites, may have
positive effects as they translate into a reduction in the long-term risk of cardiovascular
disease [55]. Emerging data suggest that the benefits of dietary nitrate on the cardiovas-
cular system are partially exerted through the modulation of immune and inflammatory
aspects [55]. The content of nitrates in vegetables highly depends on the genetic cultivar
determinants and storage [56]. In the studies presented, the cultivar also had a significant
effect on the accumulation of nitrates and nitrites in broccoli florets (from 144.3 in ‘Naxos’ to
214.3 g-kg ! of fresh weight in ‘Monaco’).The storage time reduced the content of nitrates
in broccoli, the most in “Naxos’, by 16.2%. This was due to an increase in the content of
nitrites in that cultivar: in untreated samples by as much as 36.8%.

The scores above 4.00 may classify broccoli in quality Class I. The best results in terms
of color, compactness and non-rotting were noted in the ‘Monaco’ cultivar, while ‘Bay
Meadows” demonstrated the best taste and commercial value; also, the “Naxos’ cultivar
showed the best commercial value, especially after 10 and 20 days of storage. The green
color of broccoli is an important commercial quality index. Degreening of broccoli after
harvest occurs rapidly during storage, however, the treatment of broccoli with 1-MCP
resulted in a delayed loss of green color and delayed onset of yellowing [57]. Our study
supported the evidence that the treatment of broccoli florets with 1-MCP inhibited yel-
lowing and sensory quality similar to the research by Fernandez-Ledn et al. [28]. In the
studies reported by these authors, the use of 1-MCP reduced the loss of green color and
chlorophyll pigments, however, only during cold storage, not during storage at 20 °C. The
presence of yellow florets ends the commercial marketability of broccoli. Ideal maturity
is based on head diameter, compactness and tightly closed florets. Overmature heads are
characterized by open florets or enlarged florets on the verge of opening, resulting in a
loose head.

According to Cefola et al. [58], treatment with 1-MCP significantly extended the shelf
life, reducing post-harvest deterioration, delaying chlorophyll degradation and delaying
visuaL-Loss and flowering, as was also the case with samples stored in the presence of
exogenous ethylene. Untreated broccoli florets stored in the air or the air + ethylene showed
a significant increase in ammonia content during storage, suggesting stressful storage
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conditions. The results indicate that treatment with 1-MCP can be a good candidate to
extend the shelf life, to maintain visual quality and to reduce quality loss in broccoli flowers.

5. Conclusions

Based on the data presented, it can be concluded that broccoli is a valuable source
of basic nutrients such as raw protein, carbohydrates and vitamin C. Of all the broccoli
cultivars, ‘Monaco’ demonstrated the lowest weight loss during storage, and the highest
content of dry weight, total sugars and vitamin C both after harvest and after storage. The
cultivar contained the highest contents of nitrates and nitrites, both after harvest and after
storage; however, the differences, as compared with the other cultivars, were significant, yet
relatively low. The treatment of vegetables with 1-MCP significantly reduced the loss of all
the nutrients tested, as compared with the broccoli stored without the use of 1-MCP, as well
as decreased the content of harmful nitrates and toxic nitrites. The ethylene released during
storage accelerates the aging processes that causes the decomposition of nutrients and
the growth of nitrates and nitrites, and the use of an ethylene release blocker significantly
slows down this process. The use of 1-MCP, especially in the ‘Monaco’ cultivar, allowed
the color and compactness to be retained and lowered the tendency to rotting even after
a 30-day storage period. It is possible to extend broccoli’s shelf life up to 2 weeks longer
than under the conditions without 1-MCP. However, not all of the cultivars are suitable
for longer storage and they react differently to 1-MCP. With that in mind, it is essential to
check the cultivar-specific reaction to the treatments extending their shelf life.
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