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A B S T R A C T

Visible light irradiance may be a useful technology to delay postharvest senescence of green vegetables. In this
work, we studied the effects of low-intensity white, red and far red light pulses on postharvest senescence of
broccoli stored in the dark at 20 °C. Daily exposure for 2 h to 20–25 μmol m−2 s−1 of white light delayed yel-
lowing and retained chloroplast components (chlorophyll and soluble proteins). The utilized light intensity was
insufficient to re-initiated photosynthesis since total sugar content was lower than initials in irradiated florets.
Light treatment resulted in a slower loss of sugars in comparison with the untreated samples, but was not
affected by light quality. The effects of red light treatment on chlorophyll a and soluble protein degradation were
similar to white light, and opposite to far red light. However, these treatments did not delay chlorophyll b
degradation, suggesting that phytochromes could be involved in molecular mechanism of chlorophyll a and
soluble protein degradation, but not of chlorophyll b.

1. Introduction

Broccoli (Brassica oleracea L. var. italica Plenck) consumption has
increased markedly in the last few decades, in part due to its high
concentrations of vitamins, antioxidants and anticarcinogenic com-
pounds as glucosinolates (Yuan et al., 2010). For commercial purpose,
broccoli inflorescences are harvested when they are still immature, and
are highly perishable products with a high senescence rate. The main
symptoms of plant tissue senescence are photosynthetic apparatus dis-
mantling which leads to massive chlorophyll and protein degradation
and the loss of chloroplast functioning (Buchanan-Wollaston et al.,
2003; Page et al., 2001; Costa et al., 2013a). The typical visual change
detected during postharvest senescence of broccoli is yellowing, but it is
accompanied by other changes in several metabolic pathways that also
affect its organoleptic and nutritional qualities (Page et al., 2001;
Nishikawa et al., 2005; Costa et al., 2006).

The rate of postharvest senescence of broccoli heads can be modu-
lated by storage conditions. Refrigeration at 0 °C with 98 to 100% re-
lative humidity is recommended conditions for broccoli storage, under
which its shelf life can reach 20 d (Toivonen and Forney, 2016).
However, cooling and refrigeration facilities are not easily available in
many countries, and frequently postharvest storage, handling,

transportation and spending phases take place at ambient temperature
(Jones et al., 2006; Yuan et al., 2010). At 20–25 °C, the shelf life of
broccoli decreases to 3 d, and it is necessary to develop strategies to
delay senescence at these high temperatures. Different treatments have
been widely investigated as technologies to delay broccoli senescence,
including heat treatments, UV-C radiation, controlled atmosphere and
1- MCP (Costa et al., 2005, 2006; Jones et al., 2006; Jia et al., 2009;
Yuan et al., 2010; Perini et al., 2017). None of these technologies are
still being applied in the productive sector of Argentina.

More recently, visible light irradiance, which is an environmental
friendly treatment, has been investigated as a means of delaying post-
harvest senescence of green vegetables. Darkness induces senescence in
detached leaves of green vegetables, and therefore, light exposure
during storage could delay senescence development. The effectiveness
of light treatment on postharvest quality of vegetables depends of light
intensity and photoperiod used. Lester et al. (2010) showed that
treatment with low intensity light preserves nutritional qualities of
spinach. Moreover, when leaves of spinach were treated with light
pulses and were transferred to a chamber at 4 °C under continuous dark,
senescence was delayed and ascorbic acid and glutathione contents
were kept higher (Gergoff Grozeff et al., 2013). Combinations of con-
tinuous low intensity light exposure with refrigeration during storage
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preserved nutritional quality and prolonged shelf-life of fresh-cut
broccoli (Zhan et al., 2012). Light quality can also influence the se-
nescence process; Ma et al. (2014) found that continuous irradiation
with 50 μmol m−2 s−1 from red LED light was effective in delaying
senescence, but in contrast, a similar blue LED light treatment had little
effect. Most studies about postharvest light treatment have been fo-
cused on senescence symptoms of vegetables, but less is known about
the physiological mechanism mediated by light. Postharvest senescence
of fresh basil was delayed by low light pulses (Costa et al., 2013b). The
intensity used as postharvest treatment during storage of basil was
lower than the photosynthesis light compensation point of basil leaves
and the same effect was observed with white or red light. From these
results, it seems that the light effect on delaying senescence would be
mediated by phytochromes (photoreceptors sensitive to red light) signal
rather than by photosynthesis.

The aim of this work was to found a suitable low intensity white
light pulses treatment to delay broccoli postharvest senescence at room
temperature. The possible role of photosynthesis or phytochromes in
the control of this process is also discussed.

2. Materials and methods

2.1. Plant material and experimental design

Broccoli heads (Brassica oleracea L. var. italica Plenck “Legacy”)
were harvested early in the morning from local producer Los Hornos, La
Plata, Argentina, (34°54′45.69″S, 57°55′50.39″O) and immediately
transported to the laboratory. Heads were placed in PVC trays with
perforated cover to decrease water loss (one head per tray). In the first
experiment, different times of light treatment were used to select the
most appropriate duration to delay senescence. Four treatments were
performed with seven trays for each and other seven trays were used as
initial samples. Treatments consisted of control (without light treat-
ment), 30 min, 1 h or 2 h of irradiation at 20–25 μmol m−2 s−1 (dif-
ferent times of white light provided by fluorescent lamps) for each day
of storage. In a second experiment, the effect of different light qualities
was analyzed. Again, four treatments were performed; control (without
light treatment), white light, red light and far red light. To irradiate
broccoli heads with red and far red light, the respective LEE filters were
placed between lamps and florets so that irradiance reached
20–25 μmol m−2 s−1 as described in Costa et al. (2013b). The irra-
diance was measured with a photosynthetically active radiation
quantum sensor (RADIAPAR, Cavadevices, Argentina) and the spectral
qualities were analyzed with a spectrometer (USB650, Red Tide, Ocean
Optics, USA). After treatment all trays were stored at 20 °C in darkness.
Each broccoli head was weighed every day and the percentage of
weight loss was determined. Florets were taken at the beginning of the
experiment and after 3 d or 4 d of storage (D0, D3 and D4 in figures and
tables). Florets of five heads per treatment were frozen at −80 °C and
stored at −20 °C until analysis. To measure dry weight, some florets (2
or 3) of five heads per each treatment were dried at 60 °C. Each ex-
periment was repeated two times, and the same trend was found.

2.2. Color measurement

External color was determined by measuring L*, a*, and b* with a
chromameter (Minolta CR300, Osaka, Japan). The hue angle (H°) was
calculated as:

H° = tan−1 (b/a), when a > 0 and b > 0, or as
H° = 180°− tan−1 (b/a) when a < 0 and b > 0. Five positions on
each of 5 heads were measured for each treatment and storage time.

2.3. Chlorophyll content

Pigment content was determined spectrophotometrically according
to Lichtenthaler (1987). Approximately 20 g of frozen broccoli florets

were crushed in a mill and samples of 0.250 g were homogenized twice
with 1.5 mL of 80% acetone (v/v), and then centrifuged at 6,000 × g
for 10 min at 4 °C. The supernatant was used to determine the absor-
bance at 663.2 and 646.8 nm for chlorophylls and 470 nm for total
carotenoid content. Total chlorophyll and chlorophyll a and b contents
are expressed as mg of pigment per kg on a dry weight basis. Five re-
plicates per treatment were analyzed.

2.4. Total phenolics

Total phenolic concentrations were determined spectro-
photometrically according to Costa et al. (2006) with slight modifica-
tions. Approximately 20 g of frozen broccoli florets were crushed in a
mill and samples of 0.50 g were homogenized twice with 1.5 mL of 96%
ethanol (v/v). The mixture was centrifuged at 9000 × g for 10 min at
4 °C. The extracts were used to determine total phenolics; 150 μL of
extract was added to 500 μL water and 200 μL of Folin–Ciocalteau re-
agent. After 3 min at 25 °C, 500 μL of saturated solution of Na2CO3 was
added, and the reaction mixture was incubated for 30 min at 25 °C. The
absorbance was measured at 760 nm and total phenolics were calcu-
lated by using phenol as standard. Results were expressed as mg of
phenol per kg on a dry weight basis. Five replicates per treatment were
analyzed.

2.5. Sugar content

Insoluble and soluble reducing sugar content was determined using
Somogy Nelson (Southgate, 1976; Hasperué et al., 2011). Approxi-
mately 20 g of frozen broccoli florets were crushed in a mill and sam-
ples of 0.15 g were homogenized twice with 1 mL of 96% ethanol (v/v).
The extract was centrifuged at 9,000 × g for 5 min at 4 °C. The super-
natant was used for analysis of soluble reducing sugars. The pellet ob-
tained after centrifugation was hydrolyzed with 1.5 mL of 1.1% HCl at
100 °C during 30 min. After cooling the suspension obtained was cen-
trifuged at 9000 × g for 5 min at 4 °C and the supernatant was used to
analyze insoluble sugars. After Somogy Nelson reaction the absorbance
was measured at 520 nm. Glucose was used as standard, and total sugar
content was calculated by adding up the soluble sugar and ethanol-
insoluble (starch) fractions. Results were expressed as g of sugars per kg
on a dry weight basis. Five replicates per treatment were performed.

2.6. Soluble protein content

Approximately 20 g of frozen broccoli florets were crushed in a mill
and samples of 0.50 g were homogenized with 1.5 mL of buffer (50 mM
Tris hydroxy-methylaminomethane–HCl, pH 7, with 1 mM EDTA and
1 mM PMSF) and centrifuged at 10,000 × g for 10 min at 4 °C. For SDS-
PAGE analysis, one volume of the supernatant from protein extraction
was mixed with one volume of 2× solubilization buffer (125 mM Tris
pH 6.8; 4% w/v SDS; 10% v/v glycerol; 10% v/v β-mercaptoethanol),
boiled for 5 min and separated in 1.5 mm thick, 12% acrylamide con-
centration minigels as in Laemmli (1970). Proteins were visualized by
staining with Coomassie Brilliant BlueR-250. Gels were photographed
with a digital camera, and the protein content was calculated by using
the SIGMA gel analysis software. Different concentrations of bovine
serum albumin (BSA) or molecular weight (Sigma) were included in
each gel to serve as standard. Results were expressed as percentage of
initial level of proteins on a dry weight basis. Five replicates per
treatment were analyzed. Molecular markers (BIORAD, low range)
were used as standard weight and large subunit of RUBISCO (LSU) and
small subunit of RUBISCO (SSU) were estimated on molecular weight
bases: 56 and 15 kDa respectively (Parry et al., 1987).

2.7. Statistical analysis

Each experiment was repeated two times. Data were analyzed by
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ANOVA, and the means were compared with Tukey’s Test at a sig-
nificance level of 0.05.

3. Results

3.1. Effect of low intensity white light treatment on postharvest senescence
of broccoli

To select the most suitable time of white light treatment we ana-
lyzed the effect of different time pulses of irradiation on postharvest
senescence of broccoli. Broccoli has a very short shelf life at room
temperature due to the yellowing of its florets. Initial H° values were
approximately 140 and decreased in all florets during storage at 20 °C
(Fig. 1A). After 4 d, H° decreased less in all light treatments than in
control, indicating that light treatment delayed the broccoli yellowing
(Fig. 1B, Supplementary Fig. 1). The lowest change in H° was found in
heads exposed to 2 h of low intensity light every day.

Control florets had a weight loss around 6% after 4 d at 20 °C, while
weight loss increased with duration of treatment with the pulse of low
intensity white light (Fig. 2). The highest weight loss, around 11%, was
found in 2 h treatment. Since there were considerable differences in
weight loss among treatments, analytical determinations data were
expressed based on dry mass.

A significant decrease of total chlorophyll was observed during
postharvest storage of broccoli heads. Approximately 40% of the initial
chlorophyll content was lost after 4 d in control florets (Fig. 3A). The
effect of low intensity white light treatment on chlorophyll degradation
depended on the pulse duration time. While the chlorophyll content
was similar in florets treated 30 min and in controls, only 22% of
chlorophyll was lost in florets irradiated 1 h after 4 d. Finally, florets
treated for 2 h did not lose chlorophyll contents after 4 d. Although
total chlorophyll degradation was lower in 1 h treatment, there were no
differences in chlorophyll a (Chla) degradation among control, 30 min
and 1 h treatments (Fig. 3B). Chlorophyll b (Chlb) degradation was
higher in control and 30 min treatment while both 1 and 2 h treatments
retained high percentage of Chlb and this effect affected the chlorophyll

a/b ratio (Fig. 3C and D).
Total phenolics increased during storage at 20 °C (Fig. 4). After 4 d,

total phenolics increased in both control and treated broccoli, but the
increase was higher in the case of the 1 and 2 h treatments.

Another typical senescence symptom associated with disorganiza-
tion of chloroplasts is protein degradation. After 4 d of storage at 20 °C,
control and 30 min treated florets retained only 50% of initial proteins.
However, florets treated with 1 h and 2 h retained 65 and 75% of
proteins, respectively (Fig. 5), indicating that some light treatments can
also delay protein degradation during postharvest senescence of broc-
coli.

Finally, taking into account that light treatments could maintain
active photosynthesis, we also analyzed sugar content in broccoli
samples. During storage at 20 °C the level of total sugars decreased
around 50% in all florets except in 2 h treatment which caused reten-
tion of about 80% of total sugar (Table 1). However, differences among
treatments in the content of total sugars are explained by differences in
reducing sugars rather than in insoluble ones (Table 1).

Taken together, these results indicate that 2 h pulses of low intensity
white light applied daily were effective to delay postharvest senescence
of broccoli.

3.2. Effect of low intensity red and far red light treatment on postharvest
senescence of broccoli

To analyze the mechanism of action of low intensity light treatment,
in a second experiment we investigated if pulses of red light have the
same effect as white light on postharvest senescence of broccoli and if
pulses of far red light could revert this effect. Broccoli florets were ir-
radiated each day with 2 h of low intensity red light using a LEE red
filter positioned between the light source and broccoli trays.

Red light had similar effect on yellowing and total chlorophyll re-
tention to white light treatment, while far red light was similar to that
of control florets(Fig. 6A and B; Supplemental Fig. 2). The effect of red
light treatment on Chla and Chlb degradation was different (Fig. 7). In
the florets stored in darkness, Chla decreased and was significantly
lower than florets exposed to white or red light. After 3 d, florets treated
with white or red light retained 16% more Chla compared with that of
florets in darkness or treated with far red light (Fig. 7A). Regarding
Chlb, while white treatment caused retention of 75% in relation to
initial levels, florets treated with red and far red light showed the same
decrement of Chlb as controls (Fig. 7B). Therefore, the chlorophyll a/b
ratio of heads treated with white and red light was different (Fig. 7C).

Protein degradation during postharvest senescence was delayed by
red light treatment similar to that caused by white light treatment, and
this effect was reversed with far red light treatment (Fig. 8). White light
treatment resulted in higher total phenolic concentrations after 3d,

Fig. 1. A) External color parameter (Hue) of broccoli heads after 0 (D0), 2 (D2) and 4
(D4) d of storage. Florets either had no light treatment (Control) or were treated with low
intensity white light pulses (20–25 μmol m−2 s−1) for 30 min, 1 h or 2 h every day and
then stored in darkness at 20 °C. The results are expressed as the mean (n = 7) ± the
standard deviation. Different letters indicate significant differences (p < 0.05) among
treatments. B) Yellowing of broccoli calculated as the difference of Hue between D4 and
D0 for each treatment. Different letters indicate significant differences (p < 0.05) among
treatments.

Fig. 2. Effects of treatments on weight loss of broccoli heads. Florets either had no light
treatment (control) or were treated with low intensity white light pulses
(20–25 μmol m−2 s−1) for 30 min, 1 h or 2 h every day and then stored for 4 d in dark-
ness at 20 °C. The results are expressed as the mean (n = 5) ± the standard deviation.
Different letters indicate significant differences (p < 0.05) among treatments.
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while red light and far red light treatments were similar to those of
untreated florets (Fig. 9). Total sugar concentrations decreased ap-
proximately 60% in florets without treatment after 3d of storage while
but by only 30% in all light treated florets (Table 2).

4. Discussion

The main goal of broccoli postharvest technology is to extend its
shelf life and improve its visual and nutritional qualities. To achieve,-
this, it is necessary delay senescence development of florets. In the last
years, light treatments were successfully utilized as methodologies to
delay postharvest senescence of green vegetables (Zhan et al., 2012;
Costa et al., 2013b; Gergoff Grozeff et al., 2013; Ma et al., 2014; Jin
et al., 2015). In the case of broccoli, particularly, continuous irradiation

Fig. 3. Content of total chlorophylls (A); chlorophyll
a (B) and chlorophyll b (C) at initials (D0) and after 4
d (D4) in broccoli florets without light treatment
(control) or treated with low intensity light pulses
(20–25 μmol m−2 s−1) for 30 min, 1 h or 2 h every
day and stored at 20 °C in darkness. Chorophyll a/b
was calculated for each sample (D). The results are
expressed as the mean (n = 5) ± the standard de-
viation (A-C). Different letters indicate significant
differences (p < 0.05) among treatments.

Fig. 4. Content of total phenolics at initials (D0) and after 4 d (D4) in broccoli florets
either had no light treatment (Control) or were treated with low intensity white light
pulses (20–25 μmol m−2 s−1) for 30 min, 1 h or 2 h every day and then stored in darkness
at 20 °C. The results are expressed as the mean (n = 5) ± the standard deviation.
Different letters indicate significant differences (p < 0.05) between treatments.

Fig. 5. Coomassie blue-stained gel of soluble proteins from broccoli
florets. A quantitation of proteins in each gel line was done using known
quantities of BSA as reference.% Protein was calculated for each gel line.
Five data for each treatment was measurement. Different letters indicates
significant differences (p < 0.05) among treatments. Additionally, mo-
lecular weight markers (MW) are showed and large subunit of RUBISCO
(LSU) and small subunit of RUBISCO (SSU) were estimated on molecular
weight bases: 56 and 15–16 kDa respectively.

Table 1
Reducing soluble, insoluble and total sugar concentrations of broccoli florets at the start
of the experiment (D0) and after 4 d in darkness (D4). Florets either had no light treat-
ment (Control) or were treated with low intensity white light pulses
(20–25 μmol m−2 s−1) for 30 min, 1 h or 2 h every day and then stored in darkness at
20 °C. The results are expressed as the mean (n = 5) ± the standard deviation. Different
letters indicate significant differences (p < 0.05) between treatments.

Reducing sugars (g
Kg−1)

Insoluble sugars (g
Kg−1)

Total sugars (g
Kg−1)

D0 30.30 ± 2.0 a 3.70 ± 0.2 a 34.00 ± 2.2 a
D4 Control 10.20 ± 5.4 c 2.79 ± 0.7 b 12.99 ± 6.1 c
D4 30 min 8.55 ± 2.5 c 3.00 ± 0.2 b 11.55 ± 2.7 c
D4 1h 12.15 ± 5.5 c 2.96 ± 0.5 b 15.11 ± 6.0 c
D4 2h 20.45 ± 2.3 b 2.83 ± 0.2 b 23.28 ± 2.5 b
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during storage can delay postharvest yellowing (Büchert et al., 2011;
Zhan et al., 2012). In the present study we analyzed the possibility of
using pulses of low intensity white light during storage of broccoli to
delay postharvest senescence. Yellowing of green tissues, a consequence
of chlorophyll degradation is the most evident symptom of senescence.
We applied pulses of white light with different duration and found that
the pulse duration was inversely proportional to the extent of yellowing
of broccoli stored at 20 °C (Fig. 1B), and this was also consistent with
chlorophyll degradation results (Fig. 3). Treatment with pulse of 30 min
every day resulted insufficient to delay broccoli senescence since con-
tents of chlorophylls, proteins, phenolics and sugars were similar to the
control after 4 d of storage (Figs. 3–5; Table 1). On the other hand,
treatments with pulses of 1 and 2 h daily were efficient to delay se-
nescence (Supplemental Fig. 1 and Figs. 1–5 and Table 1); but it is
noteworthy that 2 h treatment resulted the most suitable time to retain
chlorophylls, proteins and sugars (Figs. 3 and 5; Table 1). Similar re-
sults were described by Costa et al. (2013b) in basil leaves stored in
darkness and subjected to light pulses. Although light treatments were
efficient to delay senescence, irradiation causes a slightly higher weight
loss in treated broccoli and this fact must be taken into account. In
plants, transpiration occurs through the stomata pores of leaves. Sto-
mata opening are modulated by light, and it is well known that white
and blue light are the main signals that affect the guard cells, which in
turn are the responsible of regulation of stomata aperture (Eckert and
Kaldenhoff, 2000). The percentage of weight loss resulted directly
proportional to the duration of the pulse. Thus, it is possible to consider
that stomata maintained opened during light treatment, so that the
longer the treatment, the greater the weight loss (Fig. 2).

A possible biological mechanism associated to the delay of

senescence due to light pulses could be related to the role of light in
photosynthesis. As a consequence of re-initiated photosynthesis sugars
concentrations increase; therefore greater photoassimilate availability
could delay senescence. The effect of sugars on delaying senescence of
broccoli has been previously shown (Hasperué et al., 2011). In our case,
utilized irradiations (20–25 μmol m−2 s−1) are probably below com-
pensation point of most of vegetables, and therefore would not have
induced photosynthesis (Costa et al., 2013b). Moreover, total sugars
decreased after 4 d of storage in florets of all light treatments (Table 1),
which confirmed the idea that the intensity light was insufficient to
maintain photosynthetic activity. We analyzed only reduced sugar (and
not total sugars) in the soluble fraction since hexoses represent the
higher percentage of soluble sugars in broccoli (Rosa et al., 2001) and
sucrose content declines by 50% during the first hour of harvest in
broccoli (Downs et al., 1997; King and Morris, 1994). After 4 d of
storage, the light treatments only had effect on soluble sugar, but there
were no differences among treatments on insoluble sugar level, which
include starch and cell walls components (Table 1). Starch degradation
is rapid at the beginning of senescence because this process provides
sugar for the high respiration activity of florets during senescence (King
and Morris, 1994). It is probable that the decrease observed on in-
soluble sugars after 4 d could be due mainly to starch degradation,
regardless of treatment. Higher level of reducing sugar on 2 h light
treatment may be due to a lower respiration activity during storage. In

Fig. 6. External color (A) and content of total chlorophyll (B) in broccoli florets at initials
(D0) and after 3 d (D3) without light treatment (control) or treated with low intensity
white, red or far red light pulses (20–25 μmol m−2 s−1) for 2 h every day and stored in
darkness at 20 °C. For superficial color, each data represents the mean of 7 measurements.
For chlorophyll determination, five independent extracts were made for each sampling
date and treatment. Bars indicate the standard deviation and different letters indicate
significant differences (p < 0.05) among treatments.

Fig. 7. Content of chlorophyll a (A) and b (B) in broccoli florets at initials (D0) and after
3 days (D3) without light treatment (control) or treated with low intensity
(20–25 μmol m−2 s−1) white, red or far red light for 2 h every day and stored in darkness
at 20 °C. Chorophyll a/b was calculated for each sample (C). The results are expressed as
the mean (n = 5) ± the standard deviation. Different letters indicate significant differ-
ences (p < 0.05) among treatments.
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this sense, the high sugar levels may represent one of the signals of
delayed postharvest senescence, (Hasperué et al., 2011). The effect of
soluble sugar levels on leaf senescence is complex; at the beginning of
Arabidopsis thaliana senescence, endogenous sugar concentrations in-
crease and can change the expression of some senescence associated
genes, which could delay symptoms of later senescence (Gibson 2005;

Wingler and Roitsch, 2008). Light treated florets had higher sugar level
than not irradiated heads after 4 d storage (Table 1) and this higher
hexose availability could help to delay senescence. Our results agree
with Hasperué et al. (2011) and Irving and Joyce (1995) who demon-
strated that hexoses delayed senescence of broccoli.

Higher plants contain two types of chlorophyll, Chla and Chlb, as-
sociated with proteins as chlorophyll-protein complexes localized in
thylakoid membranes and involved in light harvesting. Chlorophyll
degradation was delayed by light treatments and this effect depended
on the pulse time (Fig. 3). In addition, Chlb declined more than Chla in
darkness control samples, which agrees with the fact that the first step
of Chlb degradation is conversion to chlorophyll a (Hörtensteiner,
2006). Low intensity white light treatment delayed degradation of both
types of chlorophyll but the effect was markedly higher on Chlb level
and therefore the treatments also modified chlorophyll a/b ratio in
relation to controls (Figs. 3C and D). The lower degradation of chlor-
ophyll b in the treated florets could indicate an effect of light on the
expression of coding genes for chlorophyll b reductase. Our results are
similar to those shown by Zhan et al. (2012) for chlorophyll a and b
degradation in fresh-cut broccoli.

Chlorophyll degradation was accompanied by soluble protein de-
gradation in broccoli florets stored 4 d at room temperature (Fig. 5).
Light treatment of 1 and 2 h had a positive effect on delay of protein
degradation since these treatments retained 65 and 73% of initial level
respectively; while darkness florets retained only approximately 50%.
The most abundant soluble proteins of green tissues is Rubisco; a
stromal chloroplast protein that is a key enzyme of photosynthetic
carbon assimilation (Lodish et al., 2000). During senescence stromal
chloroplast proteins are degraded early leading to the decline of pho-
tosynthetic capacity (Costa et al., 2013a). Despite its physiological
importance, the mechanism of Rubisco degradation is not completely
elucidated (Carrión et al., 2013) but senescence associated proteases
are involved (Hörtensteiner and Feller, 2002). Moreover, it is highly
probable that light could be a regulating factor of many senescence
associated genes (SAGs) (Liebsch and Keech, 2016). We found that low
intensity light treatment delayed Rubisco degradation. However, al-
though Rubisco is necessary to maintain photosynthetic activity, the
integrity of photosynthetic apparatus involves the presence of other
components. Based on our results of decrease in the content of sugars in
all treated florets (Table 1), it is unlikely that photosynthesis remains
active even with high levels of Rubisco.

Fig. 8. Coomassie blue-stained gel of soluble protein from broccoli florets
after 3 d of storage. A quantitation of proteins in each gel line was done
using known quantities of molecular weight (MW).% Proteins was calcu-
lated for each gel line. C3, WL3, FR3 and R3 mean control, white light, red
light and far red light treatments. Five data for each treatment was mea-
surement. Different letters indicates significant differences (p < 0.05)
among treatments.

Fig. 9. Content of total phenolics at initials (D0) and after 3 d in broccoli florets (D3)
without light treatment (control) or treated with low intensity white, red or far red light
pulses (20–25 μmol m−2 s−1) for 2 h every day and stored in darkness at 20 °C. The re-
sults are expressed as the mean (n = 5) ± the standard deviation. Different letters in-
dicate significant differences (p < 0.05) among treatments.

Table 2
Reducing soluble, insoluble and total sugar concentrations of broccoli florets at the start
of the experiment (D0) and after 3 d in darkness (D3). Florets either had no light treat-
ment (Control) or were treated with low intensity White light or Red light or Far red light
(FRL) pulses (20–25 μmol m−2 s−1) for 2 h every day and then stored in darkness at
20 °C. The results are expressed as the mean (n = 5) ± the standard deviation. Different
letters indicate significant differences (p < 0.05) between treatments.

Reducing sugars (g
Kg−1)

Insoluble sugars (g
Kg−1)

Total sugars (g
Kg−1)

D0 16.50 ± 1.7 a 4.37 ± 1.3 a 20.87 ± 3.0 a
D3 Control 6.00 ± 1.4 c 1.90 ± 0.5 b 7.90 ± 6.1 c
D3 White

light
13.61 ± 0.9 b 2.40 ± 0.7 b 16.01 ± 1.6 b

D3 Red light 12.70 ± 1.3 b 1.70 ± 0.4 b,c 14.40 ± 1.7 b
D3 Far red

light
12.90 ± 2.0 b 1.48 ± 0.2 c 16.38 ± 2.2 b
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Our results suggest that the light intensity used in the light pulse
treatments was not sufficient for net synthesis of sugars in florets;
therefore the light retarding effect on senescence might occur via ac-
tivation of phytochromes. Similar results were described previously for
basil leaves (Costa et al., 2013b). Phytochromes exist in two different
conformations, the inactive Pr one localized in the cytosol and the ac-
tive Pf form able to reach to nucleus. Pr can absorb red light and be-
come Pf, which, in turn, can absorb far red light and convert to Pr
again. Thus, phytochrome responses are classically defined by their
red/far red reversibility (Quail, 2002). Interaction phytochromes-light
can act as a signal to activate transcription factors which modulate
SAGs (senescence associated genes) expression (Piao et al., 2015); many
of which are involved in chloroplast degradation (Page et al., 2001).
Indeed, the last reports about leaf senescence showed that phyto-
chromes and phytochromes interacting factors proteins (PIF) are in-
volved in regulation of: genes involved in chloroplast maintenance and
chlorophyll catabolism, genes involved in ethylene biosynthesis and
ethylene and ABA signaling (Piao et al., 2015; Liebsch and Keech,
2016).

We analyzed whether or not the effects of light were mediated by
phytochromes by investigating the red/far-red responses of broccoli
florets during senescence. Responses obtained were different for each
parameter measured. Apparently the effect of light treatment involves
different mechanisms and only some of them were mediated by phy-
tochromes. Red and far red light have the opposite effect on chlorophyll
and protein degradation, which suggest that phytochromes are im-
plicated in the degradation of these components (Figs. 6–8). This result
was similar to that found in Costa et al. (2013b) in basil leaves. How-
ever, it must be noted that Chla and Chlb degradation had different
patterns (Fig. 7). Chlorophyll a had the typical behavior of phyto-
chrome mediated response; the level after 3 d was similar to white light
treatment and the chlorophyll a retention was reverted by far red light
(Fig. 7). The opposite happened with chlorophyll b degradation; there
were no retention in red treatment and the effect was similar in red and
far red light treatments. These results suggest that if there is some kind
of regulation of chlorophyll b reductase mediated by light, as outlined
above, it is not mediated by phytochromes.

Treatments performed with red light, far red light and darkness
(controls) affected phenolic concentrations similarly, while they were
higher in florets treated with white light. These results suggest that
phytochromes are not involved in regulation of phenolics, and there are
other signals induced by light treatments involved in increased phenolic
concentrations.

The differences between white and red light treatments suggest that
there are other photoreceptors involved. Cryptochromes are blue light
receptors that mediate diverse light-induced responses in plants, such as
flowering induction and stomata opening (Li and Yang, 2007). Re-
cently, Hasperué et al. (2016) used the combination of low intensity
continuous illumination with white and blue light-emitting diodes
(LEDs) during increased the storage life of broccoli heads stored at 5 °C
or at 22 °C.

Finally, sugars were retained and sugar level was similar in all light
treatment after 3 d respect to the control (Table 2). Therefore the re-
tention of sugars was independent of quality of light used in light
treatment. In Arabidopsis thaliana, it has been shown that later senes-
cence associated genes as SAG12 are repressed by high level of sugars
(Wingler et al., 2006). Possibly, the effect of light treatment is related
with delay sugar consumption by a lower respiration rate during sto-
rage. Phytochromes are involved in regulation of genes of ethylene
biosynthesis and signaling which could impact on delaying respiration.
Anyway, more investigations are needed to understand the mechanism
of low intensity light treatment on postharvest senescence.

5. Conclusion

Daily irradiation with pulses of 2 h of white light of low intensity

(20–25 μmol m−2 s−1) could be a promising technology to delay post-
harvest senescence of broccoli stored at room temperature. All florets
showed reduced total sugars, but concentrations were higher in treated
than in untreated florets, independent of the light quality utilized.
Treatment with white and red light had similar effect on chlorophyll a
and proteins degradation during postharvest senescence of broccoli but
red light was insufficient to retained chlorophyll b and phenolics
compared with white light treatment. The light intensity used was in-
sufficient to maintain photosynthesis and the effects detected were at
least partly mediated by phytochromes, although there are some effects
that could depend of other light signals.
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