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Abstract

Chlorophyll fluorescence, especially the optimum quantum yield Fv/Fm, is used to qu-
antify the physiological state of plants, because stress, infections or wilting may lower the
optimum quantum yield. The characteristics of chlorophyll fluorescence have attracted our
attention for its use to determine the quality of spinach, because the measurement of Fv/
Fm during storage can be performed quickly and non-destructively, delivering information
about spinach quality and its sale suitability.

Applicability of modern techniques for quick and non-invasive in vivo determination
of such parameters as quality and freshness of spinach under simulated sale conditions
was tested in our study. In this experiment, application of chlorophyll fluorescence for qu-
antification of quality as well as physical and physiological changes which occur in fresh
products was verified. The experiment was conducted on spinach, a product characterized
by rapid appearance of postharvest losses. Spinach was harvested as leafy vegetable for
direct consumption and stored for 5 days (16 h in a cooling room at 2-4°C, 96-98% relative
humidity, followed by 8 h at room temperature: ca 22°C, 65% relative humidity). Variants
were represented by different cultivation conditions (fertilizer, leaf application of Previcur,
CaCl, and Cerone). The investigations revealed that fresh mass losses in the postharvest
phase could be described by changes of Fv/Fm spinach leaves adapted to darkness by a li-
near relationship of parameters (r=0.77). The disadvantage of chlorophyll fluorescence me-
asurement was the less precise determination of the critical loss of fresh mass of 3%.
Instead, losses of 4 to 5% resulted in a the decrease of optimum quantum yield below the
critical value of 0.80, which indicates the occurrence of postharvest stress. Leaf application
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of pesticides negatively influenced Fv/Fm. This relationship may be used to detect the ap-
plication of plant protection products shortly before harvest, before the grace period is over.
Hence, the determination of freshness using chlorophyll fluorescence offers, to a limited
extent, protection of consumers.

Further investigations showed that optimum quantum yield was linearly and positive-
ly correlated with the calcium content in spinach leaves. This relationship may indicate
worse cell membrane integrity and reduced cell wall stability postharvest. Additionally, the
decrease of Fv/Fm during storage may indicate the occurrence of cold stress as well as
altering processes (senescence) and loss of quality of spinach, independent of its cultiva-
tion method. In these investigations, the relationship between chlorophyll fluorescence and
color changes of leaves, content of chlorophyll, total nitrogen and water soluble carbohy-
drates, as well as respiration intensity and ethylene emission could not be found.

Key words: chlorophyll fluorescence, quality, spinach, storage, fresh mass loss, calcium,
starch.

NIEINWAZYJNE OZNACZANIE JAKOSCI SZPINAKU PODCZAS SYMULOWANYCH
WARUNKOW SPRZEDAZY ORAZ PRZEWIDYWANIE MOZLIWYCH ZMIAN

Abstrakt

Fluorescencja chlorofilu, w szczegélno$ci optymalne wykorzystanie kwantéw Fv/Fm,
stosowana jest do oznaczania stanu fizjologicznego roslin, gdzie wystepowanie stresu, cho-
réb czy procesow wiedniecia moze spowodowaé zmniejszenie optymalnego wykorzystania
kwantow. W praktyce fluorescencja chlorofilu ma specjalne zastosowanie, poniewaz pomia-
ry podczas przechowywania mogg zostaé przeprowadzone szybko i bezdestrukcyjnie, na-
tychmiast informujgc o stanie jakoSci szpinaku oraz jego przydatnosci do sprzedazy.

Mozliwos¢é zastosowania nowoczesnych technik w celu szybkiego i nieinwazyjnego ozna-
czenia in vivo takich parametrow, jak jakos§¢ i Swiezo§¢ szpinaku podczas symulowanych
warunkow sprzedazy, stanowila tematyke badan. W badaniach zweryfikowano zastosowa-
nie fluorescencji chlorofilu do okreslenia zmian jakoSciowych, fizycznych i fizjologicznych,
zachodzacych w Swiezym produkcie odznaczajacym sie szybkim wystepowaniem strat po-
zbiorczych — szpinaku bedgacym warzywem liSciowym przeznaczonym do bezposredniego spo-
zycia, sktadowanym 5 dni (16 h w chlodni: 4°C, 96% wilg. wzgl.; 8 h w temperaturze poko-
jowej: 22-23°C, 70% wilg. wzgl.), z uwzglednieniem réznych warunkow uprawy (nawozenie,
stosowanie dolistne Previcuru, CaCl, oraz Cerone). Badania wykazaly, ze straty $wiezej
masy w fazie pozbiorczej mogly zostaé opisane za pomocg zmian Fv/Fm zmierzonych w przy-
stosowanych do ciemnos$ci liSciach szpinaku ze wzgledu na liniowa zalezno$¢ parametrow
(r2=0,77). Negatywny aspekt pomiaru fluorescencji chlorofilu stanowita mata dokladnosé
okreslenia krytycznej dla jakosci handlowej szpinaku granicy strat Swiezej masy wielkoSci
3%. Dopiero straty od 4 do 5% spowodowaly zmniejszenie optymalnego wykorzystania
kwantow ponizej krytycznej granicy 0,80, wskazujace] na wystapienie stresu pozbiorczego.
Ponadto dolistne zastosowanie pestycydow negatywnie wptyneto na pomiar
Fv/Fm, co jednak moze znalezié zastosowanie w wykrywaniu stosowania S$rodkow ochrony
ro§lin na krétko przed zbiorem, jeszcze przed uptywem okresu karencji. Dlatego tez ozna-
czenie stopnia $wiezoSci za pomocg fluorescencji chlorofilu umozliwia réwniez, w pewnym
stopniu, ochrone konsumenta. Dalsze badania wykazaly, ze optymalne wykorzystanie kwan-
tow Fv/Fm skorelowane byto liniowo pozytywnie z zawarto$cia wapnia w lisciach szpinaku.
Zaleznosé ta wskazywaltaby na zmniejszenie zaréwno integracji bton komoérkowych, jak
i zmniejszenie stabilizacji Scian komorkowych podczas okresu pozbiorczego. Ponadto zmniej-
szenie wartoSci Fv/Fm podczas przechowywania moze wskazywaé na wystgpienie stresu
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chlodu i procesow starzenia (senescencji) oraz utraty jakoSci badanego szpinaku, niezalez-
nie od sposobu jego uprawy. W badaniach nie stwierdzono zaleznoSci miedzy fluorescencjg
chlorofilu a zmianami barwy liSci szpinaku, zawartoscig chlorofilu, azotu ogétem i weglo-
wodanami rozpuszczalnymi w wodzie oraz intensywnoScig oddychania i emisjg etylenu.

Stowa kluczowe: fluorescencja chlorofilu, jako$é, szpinak, przechowywanie, straty $wiezej
masy, wapn, skrobia.

INTRODUCTION

Vegetables, especially their leaves, are highly perishable commodities.
Harvested plants or plant organs must still be regarded as living tissue that
is subjected to continuous changes with respect to its metabolism. They
require energy for maintenance of cell organisation, membrane permeabili-
ty, metabolism and metabolite transport within the tissue. Instead of photo-
synthetic assimilates, the required energy in harvested plants is supplied by
oxidative breakdown of certain organic substances stored in the tissue (KeuT-
GEN 2000). From the consumer’s point of view, most of the postharvest chang-
es are undesirable because they result in plant and tissue senescence as
well as tissue breakdown. They cause freshly harvested vegetables to dete-
riorate, shrivel, loose the green colour and to turn yellow due to chloro-
phyll degradation and lead to distinct shifting of sensory quality, especially
visual deterioration and loss of palatability. In consequence, quality and shelf-
life sustainability of leafy vegetables depends strongly on their vitality (FEr-
RANTE, MAGGIOREA 2007). Recently, new kinds of in vivo analyses have provid-
ed detailed information on intrinsic value and storage as well as processing
effects on fruits and vegetable (Ruiz-ALTISENTA et al. 2010, PAPAGEORGIOUA,
GovINDJEE 2011). These include the option of on-line control of quality char-
acteristics of vegetable products during cultivation, storage and manufac-
ture. Quality control as well as quality and shelf-life prediction are of prime
importance to guarantee an optimal product. In practice, quality analyses
should be fast, simple, robust, reproducible and reliable. Ideally, they should
simultaneously describe chemical and physical parameters and, of course,
should be non-destructive.

Recently, consumers focus not only on a good-looking product, but also
ask for an excellent quality with regard to the nutritive value. Quality eval-
uation is a tool to ensure that new and existing products meet the consum-
ers’ requirements. New kinds of analyses should provide detailed informa-
tion about ingredients and the effects of storage and processing. This includes
the option of using on-line instruments to control the quality characteristics
of vegetable products during cultivation, storage and manufacture. Quality
control as well as quality and shelf-life prediction are of prime importance
to guarantee an optimal product quality. In practice, quality analyses must
be fast, simple, robust, reproducible and reliable. Ideally, they should simul-
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taneously describe chemical and physical parameters and, of course, should
be non-destructive. Chlorophyll fluorescence is a technique with a great po-
tential to fulfill these requirements. It enables non-destructive measurements
to determine a plants’ physiological state, its vitality and its ‘stress history’.
It describes not only visible damages but also an eventual early stage of
deterioration a few days before visible damage symptoms occur. In addition,
chlorophyll fluorescence is able to identify effects of potentially toxic sub-
stances such as pesticides that have been applied to a plant a few days
before harvest. To summarize, the chlorophyll fluorescence technique can
be used to record the effect of biotic and abiotic stress factors (KEUTGEN
2000, Ruiz-ALT1sENTA et al. 2010, PapaGEORGIOUA, GOVINDJEE 2011), to predict
changes of nutritive characters, the maturity state of the harvested or stored
plant organ and thus shelf-life (DEELL et al. 1999, KeutcenN 2000). Chloro-
phyll fluorescence potentially allows studies that range from maturity as-
sessment to the prediction of quality attributes during the postharvest peri-
od and effects of postharvest stress on product quality.

Contemporary research into postharvest physiology is focusing on the
development of instrumental methods for non-destructive quality assessment.
This kind of research is empirical, correlating analytical parameters with
quality properties for single products under variable conditions. This ap-
proach is quite helpful in developing new methods to monitor and control
production and storage processes. However, in many cases a better under-
standing of the plant’s physiological and metabolic basis for quality degrada-
tion is needed to identify relationships that are determined by vegetable
quality but not by pre- or postharvest environmental conditions. It is the
aim of the proposed research project to develop objective quality criteria for
spinach and broccoli using non-destructive methods for vegetable quality as-
sessment.

MATERIAL AND METHODS

Spinach plants (Spinacia oleracea L. cv. San Felix F1) were grown on
experimental fields at Marhof Research Station near Bonn at two sowing
dates: 274 and 16th April of two consecutive years. Two different forms of
nitrogen were applied as fertiliser (220 kg N ha™!) with 27% of nitrogen,
where ammonium nitrate (KAS) consisted of 13.5% nitrate and 13.5% am-
monium, whereas basammon-nitrogen (BAS) consisted of 6.8% nitrate, 18.2%
ammonium and 2% nitrification blocker Dicyandiamid (DCD), respectively.
Plants were cultivated on brown soil (70-78 soil points), with a thickness of
0.75 to 1.20 m, situated on sand and gravel, of middle water permeability
and of middle to high water storage capacity, with the ground water level at
13 m depth. The soil (0-30 cm) was characterized by an pHy, — value of 6.6,
P,0; 0.43 g kg! soil, K,0 0.24 g kg! soil, and MgO 18 g kg~! soil. On



273

average the content of nitrate (V) and ammonia before fertilization were
39.36+12.87 and 17.4 9.0 kg N ha1, respectively. No additional fertilization
with phosphorus and potassium were applied. During the growing period
from April to June the mean temperatures of the air was 15.7°C and of the
soil in the depth of 10 cm of 13.8°C (depth of mean root mass of spinach).
The mean precipitation in the vegetation time was on average 221 mm.
Depending on spinach requirements, automatic watering from a computer
controlled pouring car at the tensiometer value of -120 mb was applied
(150 ml of water per plant). Spinach was harvested twice from each experi-
mental field (2274 and 27th May, 4th and 9tP June, respectively) and kept
under simulated sale conditions for 5 days. Prior to the experiments, har-
vested spinach was washed in cool tap water at about 12°C and drained
using a hand centrifuge. Clean spinach was placed in Euro-Pool-System-Box-
es D. Over night (16 h) plants were stored in darkness in closed 400 1 con-
tainers at 2-4°C and 96-98% relative humidity. To establish high humidity in
the containers, air was forced with a pump through distilled water. During
the day (8 h), spinach was kept in diffuse daylight at room temperature of
about 22°C and 65% relative humidity similar to conditions on the fresh
market. Beside the kind of fertilisers, other experimental factors were dif-
ferent leaf applications during the growth period: Previcur 0.2% (active sub-
stance: propamocarb-HCl 66.5%) against Peronospora sp., CaCl, water solu-
tion (15, 30, 45, 60 mmol dm™3) for quality improvement (PERUCKA et al.
2007), and Cerone as a precursor of ethylene (50, 100, 150, 200 mmol dm3)
in the amount of 2 dm=3 m=2 each. Samples of 80 spinach plants were used
for each combination (4 replicates with 20 plants each). Analyses were car-
ried out during storage to investigate quality changes continuously. Samples
for chlorophyll fluorescence measurement and for chemical analyses were
taken from the same plant (rosette). Water loss was determined for all plants
within a single Euro-Pool-System-Box.

Chlorophyll fluorescence measurements were conducted in a photosyn-
thesis laboratory at the temperature of 25°C and atmospheric CO, between
400-600 ppm, using a portable pulse-amplitude-modulation Fluorometer
PAM-2000 (Heinz Walz GmbH, Effeltrich, Germany). The plant tissues were
dark-adapted for 30 min prior to the analyses. Fo (minimal fluorescence),
Fm (maximal fluorescence), Fv (= Fm-Fo, variable fluorescence) and opti-
mum quantum yield (= Fv/Fm) were determined three times on each repre-
sentative of fully expanded and old leaves, with at least four replicates per
treatment. For setting of Fo, the leaf was illuminated with low modulated
light (650 nm, <0.1 ymol m2 s 1) and then for Fm after a light pulse
(665 nm, 3200 numol m2 s~1) (KeutGen 2000).

To detect colour changes and discoloration, the colour attributes were
determined daily, recorded in L*, a*, b* CIE co-ordinates of the spinach
leaves using a Chroma-Meter II Reflectance, Minolta, Japan. On each leaf
blade, three measurements were taken between the main veins of a leaf.
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The leaf samples for intrinsic compounds were freeze-dried and ground
for chlorophyll, total N and carbohydrate analyses. Chlorophyll content (Chl
a, Chl b and total Chl) was determined according to WELLBURN (1994) from
methanol extracts and measured at 649 nm and 665 nm using a spectropho-
tometer Lambda 5/15 (Perkin-Elmer). Residues of the methanol extractions
were used for starch analyses. Starch was enzymatically hydrolysed to glu-
cose, which was detected by HPLC (Knauer, Berlin, Germany). Starch con-
tent was calculated according to LorPEz-HERNANDEZ et al. (1994). Soluble carbo-
hydrate content was determined from water extracts using HPLC as
described by KeutceNn (2000). Total N was determined by a modified Kjeldahl
method through reduction of the organic and inorganic N into ammonium
by acid hydrolysis (CHEN et al. 1997). Content of total N was measured color-
imetrically in a SFAS - 5100 Skalar Auto-Analyser (Skalar GmbH, Erkelenz,
Germany).

The experimental design was a completely randomised one. The data
were analysed using correlation and multiple regression procedures of the
statistical program SPSS for Windows, release 9.01. standard version, Copy-
right SPSS Inc., 1989-1999. Significances of differences were defined at
P=0.05.

RESULTS AND DISCUSSION

The application of chlorophyll fluorescence for the estimation of concen-
tration of intrinsic parameters in vegetables is a less investigated issue.
Investigations on different plants indicate a correlation between chlorophyll
fluorescence and content of nitrogen, ascorbic acid, carotenoids or soluble
sugars and starch (PAPAGEORGIOUA, GovINDJEE 2011). In spinach, quality chang-
es during storage could at least partially be detected using chlorophyll fluo-
rescence of dark-adapted leaves. During the storage under simulated sale
conditions, a decrease of the optimum quantum yield Fv/Fm (Figure 1) was
detected. On the third day of the storage, a drop of Fv/Fm below the value
of 0.80 was observed. For comparison, values between 0.82 and 0.80 are
typical of healthy, fresh plants. A decrease of Fv/Fm may also indicate the
occurrence of cold stress during the storage time and/or the loss of mem-
brane integrity due to senescence processes. The optimum quantum yield
Fv/Fm was identified as a meaningful parameter, because the relationship
between Fv/Fm and fresh mass losses was significantly linear (Figure 2;
r=0.77). The fresh mass loss represents an important, if not the main pa-
rameter for the quantification of spinach freshness in practice. By defini-
tion, a fresh mass loss of 3% during the storage represents a critical value.
With higher losses, spinach is regarded as non-marketable. In the present
experiment, wilting symptoms and deterioration of spinach quality did not



275

(rel.units)
0.86

0.84

0.82 -

optimum quantum yield of PS II
Fv/Fm)

0.72 T T T T
0 1 2 3 4 5
storage duration (day)

Fig. 1. Changes of optimum quantum yield of PS II (Fv/Fm) in spinach under simulated sale
conditions (mean values of 4 experiments)
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Fig. 2. Linear relationship between the optimum quantum yield of PS II (Fv/Fm) and fresh
mass losses in spinach leaves during storage under simulated sale conditions (values are
means of 4 experimental replications)

become evident before the third day, when the fresh weight loss reached
5-6%. During the storage of spinach under simulated sale conditions (16 h
cool storage/8 h sale keeping), a loss of 4-5%, which is close to the critical
value of 3%, corresponded with values for the optimum quantum yield at or
below 0.80.
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The correlation between optimum quantum yield of PS II and calcium
content was positive and high as well as independent on used cultivation
technique (Figure 3). A low content of calcium coincided with a low value of
Fv/Fm. Spinach plants with the calcium content below 9 g kg1 of dry mat-
ter were already non-marketable during the storage under simulated sale
conditions. This relation may be explained by the significance of calcium in
cell walls and cell membranes, where it supports the anti-senescence reac-
tions. Ca2* is important for the selective permeability and membrane integ-
rity (PaLTA 1996). Furthermore, Ca2+ stabilizes the cell membranes by link-
ing the phosphate- and carboxylic groups of phospholipids present on the
membrane surface. The fact that the lower optimum quantum yield coin-
cides with a low content of calcium may indicate an impairment of mem-
brane integrity.
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Fig. 3. Correlation between optimum quantum yield of PS II (Fv/Fm) and content of calcium
in spinach leaves stored under simulated sale conditions (mean values of 4 experiments)

Considering all measurements of the investigated variants, the relation-
ship between Fv/Fm and starch content in leaves was best explained by
a non-linear function (Figure 4). In the case of a starch content up to 10 g
kgl of dry matter, the relationship showed linear character. Based on these
results it can be concluded that spinach leaves with a starch content higher
than 5 g kg™! of dry matter will exhibit good shelf-life behavior. However,
the content of starch in spinach is quite low compared to the other carbohy-
drates. Nevertheless, this parameter seems to be suitable for the prediction
of shelf-life.
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Fig. 4. Linear relationship between optimum quantum yield of PS II (Fv/Fm) and starch
content in spinach leaves stored under simulated sale conditions
(values are means of 4 experimental replications)

The investigations did not reveal any kind of relationship between chlo-
rophyll fluorescence parameters and respiration intensity, ethylene emission,
changes of leaf colour and intrinsic parameters such as total nitrogen, solu-
ble carbohydrate and chlorophyll content. Indeed, chlorophyll fluorescence
depends on the chlorophyll content. However, the optimum quantum yield
is not directly correlated with the latter. Primarily, a high chlorophyll loss
causes a decrease of Fv/Fm (KeutGen 2000). This can at least partly explain
why no correlation between the chlorophyll content and Fv/Fm was observed
in the presented investigations. In the present work, chlorophyll losses dur-
ing storage were quite low.

CONCLUSIONS

The investigations showed that the quality of spinach during the stor-
age under simulated sale conditions can be evaluated quickly and easily by
chlorophyll fluorescence. In commercial practice, freshness is quantified by
the water loss during storage. At a fresh mass losses of 3%, spinach is
classified as non-marketable. The chlorophyll fluorescence, especially the op-
timum quantum yield Fv/Fm, is a good tool for the determination of spin-
ach quality state independently from cultivation techniques. Fv/Fm < 0.80
corresponded to a loss of fresh mass of 4 to 5% and more under simulated
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sale conditions. The Fv/Fm value can be lowered by cold stress, pesticides
or infections, which can be used for the protection of interests of consumers
and retailers. However, it is important to mention that successful applica-
tion of chlorophyll fluorescence as an indicator of quality requires very good
and broad knowledge of postharvest physiology, especially of the quality pa-
rameter changes combined with the maturity and senescence of the investi-
gated plant.
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