DOI 10.32615/ps.2021.033 PHOTOSYNTHETICA 59 (SI): 422-437, 2021

Special issue in honor of Prof. H.K. Lichtenthaler

REVIEW

Chlorophyll fluorescence imaging for process optimisation in horticulture
and fresh food production

W.B. HERPPICH

Department of Horticultural Engineering, Leibniz-Institute for Agricultural Engineering and Bioeconomy,
Max-Eyth-Allee 100, 14469 Potsdam, Germany

Abstract

Chlorophyll a fluorescence analysis (CFA) has been accepted to study postharvest activity and stability of
photosynthesis of vegetables and salad greens, and some fruits. Commercial chlorophyll fluorescence imaging (CFI)
systems may provide additional insight into spatial and temporal dynamics of photosynthesis. This yields valuable
information on the effects of postharvest handling and processing (sorting, cutting, packaging, efc.) on physiological
activity and ‘internal quality’ of green produce, and its changes. Here, meaning and physiological basics of relevant
fluorescence parameters is briefly summarised, while major focus is on recent applications of CFI to evaluate quality
and quality maintenance during postharvest handling and minimal processing of fresh fruits and vegetables. CFI is
given surprisingly little attention in the monitoring of postharvest quality, although it is suitable for adjusting and/or
optimising innovative postharvest techniques. Knowledge of the physiological base and the limit of interpretation is
indispensable for meaningful interpretations of results to draw correct consequences.
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CHLOROPHYLL FLUORESCENCE IMAGING IN THE MONITORING OF POSTHARVEST

Introduction

Efficient, rapid, objective and nondestructive monitoring of
the quality and the safety status of horticultural produce is
indispensable during production, storage, and postharvest
handling of fresh produce (Abbott 1999, Butz et al
2005, Zhang et al. 2014), especially of fresh, minimally
processed convenience food (Rico et al. 2007, Hégele
et al. 2016, Erkan and Yildirim 2017). In this context,
a great variety of newly developed and well-established
techniques are meanwhile available and in practical use.
Among these, particularly those related to the imaging-
based evaluation of optical produce properties have
been rapidly advanced during recent years. This includes
conventional RGB (red, green, blue) image analysis, but
also UV/VIS (ultraviolet—visible)-, NIR (near-infrared)-,
hyperspectral-, and fluorescence spectroscopy, X-ray- and
NMR (nuclear magnetic resonance)-tomography (MRI;
magnetic resonance imaging), biospeckle and chlorophyll a
fluorescence imaging (Abbott 1999, Nicolai et al. 2007,
Herppich et al. 2012, Zdunek and Herppich 2012, Donis-
Gonzalez et al. 2014, Abasi et al. 2018). In terms of
quality and safety, the analytical approach of each of these
techniques bases on the evaluation of the actual metabolic
activity of the investigated product. This follows the basic
premise that a high physiological capability of the fresh
product under investigation also reflects high ‘internal’
quality (Geyer et al. 1999, Butz et al. 2005). This is valid in
both fruit and vegetable production (Baker and Rosenqvist
2004, Gorbe and Calatayud 2012), but is particularly
relevant in postharvest horticultural research on fruits and
vegetables (DeEll ef al. 1999, Rico et al. 2007, Hégele
et al. 2016, Erkan and Yildirim 2017).

In postharvest research on fruits and vegetables,
scientific focus is mostly placed on the analysis of respira-
tion (loss of stored carbohydrates; Kader 1987, Caleb
et al. 2016) and transpiration (loss of stored water) as
indicators of the variation of physiological competence
(Geyer et al. 1999, Bovi et al. 2018). In chlorophyll-
containing produce, such as unripe or green-ripe fruit
(e.g., tomato, apples, pears, etc.) or greens (lettuce,
spinach, broccoli, etc.), photosynthesis remains active
after harvest. Monitoring the photosynthetic activity and
its potential variation thus provides a helpful means to
sensitively quantify ‘produce quality’. On the other hand,
the entire metabolic pathway is extremely susceptible to
various internal (maturation, aging, senescence, efc.) and
external (salinity, drought, heat, cold, frost, etc.) stimuli and
their changes. Consequently, analyses of photosynthetic
performance facilitate the comprehensive evaluation of
biotic and abiotic stress effects (Lichtenthaler ef al. 1983,
von Willert et al. 1995, Nedbal et al. 2000a, Schliiter et al.
2009, Bauriegel et al. 2010, Bauriegel and Herppich 2014;
Baier et al. 2015, Dong et al. 2019) both during production
(Baker and Rosenqvist 2004, Brabandt et al. 2014, BuBller
et al. 2015, Sandmann ef al. 2018) and postharvest
handling and processing of fruit and vegetables (Schliiter
et al. 2009, Baier et al. 2013, 2014, 2015; Kurenda et al.
2014, Herppich et al. 2020).

Besides the common determination of CO, and O, gas
exchange (Matyssek and Herppich 2020), chlorophyll a
fluorescence analysis (CFA) has meanwhile been widely
accepted as an elegant, rapid, noninvasive, and compre-
hensive method to remotely monitor photosynthetic
activity (Lichtenthaler 1988, Maxwell and Johnson 2000,
Baker et al. 2007, Porcar-Castell et al. 2014, Matyssek
and Herppich 2020). In addition, CFA has been frequently
used in horticultural research to study postharvest activity
of vegetables and salad greens, and some fruit (DeEll
et al. 1999, Herppich and Zude 2002, Herppich 2003,
DeEll and Toivonen 2012, Gorbe and Calatayud 2012,
Hagele et al. 2016, Lu and Lu 2020). In this context, recent
commercially available chlorophyll a fluorescence image
(CFI) systems are advantageous over spot measurements
with other fluorometers (Matyssek and Herppich 2020),
potentially revealing both spatial and temporal dynamics
of photosynthesis (Nedbal er al. 2000b, Schliiter et al.
2009, Herppich et al. 2012, Sanchez-Moreiras et al. 2020).
If no spatial variations are expected or relevant, these
images present the means of the respective fluorescence
parameters over the entire produce (Schliiter et al. 2009,
Herppich et al. 2012, Matyssek and Herppich 2020).

Thus, it is not surprising that CFI is being increasingly
applied for process optimisation in horticulture and in
fresh food production. According to a recent literature
search in the Web of Science (ISI, Clarivate Analytics),
using the title keywords, chlorophyll fluorescence and
imaging, 52 articles and reviews could be found for the
last five years (2016-2020). Five of the articles dealt with
topics related to postharvest handling of fruit, vegetables
or ornamentals. The half-decade before, there was only
one such paper out of 37 papers. Although the use of this
technique seems to be relatively limited in postharvest
research compared to other horticultural or agricultural
fields (e.g., plant production, breeding, disease detection),
application of CFI nevertheless now covers a number of
interesting topics in postharvest handling and minimal
processing of fresh fruits and vegetables.

Processing in fresh horticultural convenience food
production

Except for some climacteric fruit, the quality of most
produce can only decline after harvest. Thus, postharvest
handling of fresh horticultural food mainly aims to control
and reduce deterioration. This includes careful, gentle, and
safe transporting, cooling, cleaning, sorting, and packing
of fruit and vegetables, preventing mechanical damage
and reducing physiological activity and mass losses. It
also covers various means to directly reduce or at least
prevent the growth of decay-related pathogens. At all steps
of the diverse postharvest handling chains, automation
became indispensable in recent years, to reduce workload
and production costs. This is even more important for the
production of minimally processed convenient ready-to-
eat fresh food, such as fresh-cut salads and fruit salads.
Many new techniques and methods have been developed
or adapted at all the above steps. All these technologies
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needed to be carefully evaluated before they could be
introduced in practice. They must be effective in reaching
the basic purposes but need to be gentle enough not to
negatively impact the perishable fresh produce.

Various steps of the entire complex physiological
process of photosynthesis are major initial target of many
stresses, making it a suitable and sensitive marker for
evaluating the efficacy and, especially, the harmlessness
of the processing approaches. In particular, rapid non-
invasive CFI is of great value in this context, at least for
green chlorophyll-containing fruit and vegetables. For
the comprehensive characterisation of the stability and
efficiency of the photosynthetic apparatus, and the degree
of activation, protection and/or damage, many different
fluorescence parameters are available (Maxwell and
Johnson 2000, Baker et al. 2007, Matyssek and Herppich
2020). In this paper, a short recapitulation of chlorophyll
fluorescence basics and chlorophyll fluorescence para-
meters will be then followed by a focus on recent
applications of CFI in various fields of respective fresh
food processing, which will be introduced and discussed
in detail.

Chlorophyll fluorescence imaging

The basics: In chloroplasts of green plant tissues, chloro-
phyll @ molecules are incorporated at fixed positions in
specialized protein complexes, the photosystems (PSI
and PSII), and in several antenna and light-harvesting
complexes (LHC). Only outer antenna complexes and
LHC also contain chlorophyll . Chlorophylls are the most
important light-harvesting pigments, absorbing photons
particularly in the wavelength range of 400—480 nm (blue)
and 630—700 nm (red). They are accompanied by smaller
amounts of carotenoids, functioning in photosynthetic
energy absorption, as structural or as photoprotective
molecules. The photosystems, along with other protein
complexes are located within the thylakoids, the inner
chloroplastic membrane network. PSII and PSI, some
other proteins and electron transport metabolites form the
photosynthetic electron transport chain, which primarily
converts the absorbed light into metabolically usable energy
(ATP) and reduction equivalents (NADPH/H"). These
equivalents are predominantly used in the biochemical
reactions of photosynthesis for the assimilation of CO,
into sugars.

On the other hand, at room temperature, chlorophyll a
molecules of mainly but not exclusively PSII (Pfiindel
1998, Henriques 2009) may also radiatively emit part of the
absorbed energy as red fluorescence photons of somewhat
longer wavelength (mainly between approx. 660 and
760 nm) and, hence, lower energy, in photosynthetically
active plants. Overall fluorescence can make up 30 to
50% of the total absorbed light energy. However, due to
effective reabsorption by other chlorophyll molecules,
net fluorescence is only 2 to 3% under normal conditions
(Krause and Weis 1991, Agati et al. 1993, Buschmann
2007). Furthermore, only the energy equivalent to red
wavelengths band is used photochemically. In contrast, the
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energy of ‘blue’ photons in excess of the ‘red portion’ is
dissipated as heat by chlorophyll molecules. In concerted
action with some xanthophylls, the energy absorbed in
excess to what can be used photochemically may be
safely dissipated as heat as part of complex photosynthetic
protection mechanisms.

If in a stress situation (e.g., heat, cold, frost, drought,
anoxia, salinity, light, efc.) light energy supply exceeds its
demand in biochemistry, the above-mentioned series of
protective mechanisms are further activated and energy
flow into heat and, to a smaller extent, into fluorescence
increases. Because fluorescence light is relatively simple
to measure, it may be used as an indicator of many
disturbances in photosynthesis.

Modern pulse amplitude-modulated (PAM) fluoro-
meters do not only record the continuous steady-state
fluorescence. Basedontheso-called Kautskyeffect(Kautsky
and Hirsch 1931) and in combination with the saturation-
pulse technique (Schreiber ef al. 1986), information on the
maximum and the actual activity, and the integrity of PSII
as well as on the relative contribution of photochemical
and thermal (nonphotochemical) energy dissipation can
be obtained. For a comprehensive analysis, green tissues
must be dark-adapted for a certain time to completely
deactivate nonphotochemical energy dissipation and
photochemical reactions of CO, assimilation. The latter
guarantees the full oxidation of the plastoquinone (PQ)
pool. Illumination with short, photosynthetically inactive
light pulses [approx. 2 pmol(photon) m=2 s™'] induces
the initial fluorescence (Fo) arising from chlorophyll a
molecules of PSII antenna complexes (Krause and Weis
1991, Matyssek and Herppich 2020). Then, a short (mostly
<1 s) saturating light pulse rapidly excites all chlorophyll
molecules and, thus, elicits a maximum fluorescence signal
(Fm). Because any photochemical or nonphotochemical
energy dissipation is prevented, fluorescence is the only
pathway of de-excitation (Fig. 1).

If the object is afterwards irradiated with a continuous
actinic, photosynthesis-driving light, the fluorescence
signal changes in a characteristic pattern, the so-called
Kautsky curve (Krause and Weis 1991, von Willert et al.
1995, Matyssek and Herppich 2018). The rise from F,
to the peak fluorescence (F,) reflects a complex series of
reactions including primary charge separation and electron
flow in PSII and in the entire photosynthetic electron
chain. The decline of the fluorescence signal from F, to
the terminal steady-state fluorescence (F,) is partially
governed by the initial induction and the final fine tuning
of all photochemical processes, e.g., the assimilation of
CO,. Furthermore, the activation of the nonphotochemical
mechanisms further leads to the quenching of fluorescence.
If, in the steady state with fully functional photosynthesis,
a saturation pulse is given, an intermittent maximum
fluorescence (F.') signal will be recorded. This F.' is
smallerthan F,, because of the consisting nonphotochemical
energy dissipation. On the other hand, the fluorescence rise
from F, to F,,' indicates the part of potential fluorescence
that is currently quenched by photochemistry. Finally,
the fluorescence measured directly after switching off the
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Fig. 1. Example of a typical chlorophyll a fluorescence transient as recorded on a dark-adapted (15 min) leaf of Delosperma
tradescantioides with a PAM fluorometer [modified after von Willert ez al. (1995)] after switching on the measuring light (a). The fast
fluorescence kinetics (left side), induced by a short (1 s) saturating light pulse [b; PFR > 2,500 umol(photon) m~ s™'] after recording the
dark fluorescence signal (Fo = O) also illustrates the cardinal points (O, J, I, P) used in the OJIP-test. Here, the maximal fluorescence
signal (F,,) is identical to P. After 5 min of dark relaxation (not explicitly shown), the slow kinetics was induced by actinic light (c) of
approx. 650 pmol(photon) m= s~!. When the terminal fluorescence signal (F,) was reached, a further saturation light pulse was given and
the maximal fluorescence of the illuminated leaf (F,') measured. Then, the actinic light was switched off again and the dark fluorescence
signal (Fy') of the previous illuminated leaf recorded. From the above parameters, the respective variable fluorescence values,
F,=F,—Fo, F,'=F,'— F¢, and AF = F,,' — F,, could be calculated. In the slow kinetics, the contribution of nonphotochemical quenching

on the reduction of F,, to F,,' is also indicated.

actinic irradiation or after rapidly darkening the object
yields (Fy"), reflecting the dark fluorescence emitted from
antenna chlorophylls in the ‘light-adapted’ state (Fig. 1).

Despite different approaches available to measure and
to analyse chlorophyll fluorescence data [e.g., multicolour
fluorescence (Lichtenthaler 2021) or the ‘OJIP-test’ of the
rapid polyphasic F, to F,, rise as measured with simple
‘continuous light’ fluorometers (Strasser et al. 1995,
Lazar 2006, Matyssek and Herppich 2018)], mainly the
‘conventional’ fluorescence analysis using the pulse-
amplitude modulated ‘PAM-fluorometry’ (Schreiber et al.
1986) will be dealt with in the following for the sake of
simplicity and due to its high flexibility.

Chlorophyll fluorescence parameters and their mean-
ing: From the above fluorescence signals, a still increasing
number of other useful parameters have been proposed
and can be derived by simple calculations. Very easy
to measure is the ratio of the variable fluorescence F,
(Fy = Fu — Fo) and F,, of dark-adapted samples. F./F,, is
an indicator of the potential maximum photochemical
quantum efficiency of PSII and is thus a valuable tool to
determine both capacity and stability of photosynthesis
(Krause and Weis 1991, von Willert ef al. 1995, Matyssek
and Herppich 2018) and its direct response to internal and
external constraints.

When a saturation pulse is applied to irradiated samples,
the measured fluorescence signals, F, and F,,', can be used
to estimate the fraction of the maximum photochemical
quantum efficiency of PSII that is still operating. This
actual photochemical quantum efficiency, calculated as
(Fn' — Fo)/ Fu', is often termed AF/F,,', but also a wealth of
other designations can be found (Y, ¢ps, Fo'/Fy'...). It has

been shown that, as the ratio of used to absorbed energy,
AF/F,, is directly proportional to the linear electron flow
through PSII. Hence, it can be used to estimate the electron
transport rate (ETR) by multiplying it with the number of
absorbed photons, I (the product of the rate of incident
photons, PPFR) and the absorption coefficient, o, and the
relative distribution of photons between PSII and PSI as
ETR = AF/F,' x Ly x 0.5. Here, the (over)simplifications
are generally accepted that the absorption coefficient
is 0.84 (often correct, e.g., for many herbs) and that the
photon distribution between PSII and PSI is equal. Under
some precautions, ETR is a valuable indicator of gross
photosynthesis.

The comparison of the variable fluorescence measured
on irradiated and on dark-adapted samples reflects the
activity of nonphotochemical mechanisms, i.e., the reason
for the reduction of F. to F.'. Accordingly, the non-
photochemical quenching coefficient (qu; Schreiber et al.
1986) is defined as qv =1 — F,'/Fy = 1 — (F' — Fo')/(Fm — Fo).
Likewise, the activity of photochemical quenching
may be estimated from the rise of the fluorescence signal
from F, to F,', which reflects the transient closure of
all (still open) PSII reaction centres, i.e., the transient
inhibition of photochemistry. Hence, the photochemical
quenching coefficient (qp) is defined as gqp = AF/F, =
(Fn' — F)/(Fs — Fo). Very similar, the lake model-based
qu [= (Fu' — F) x F'/(Fu' — Fo') X F{] indicates the fraction
of open PSII centres (Klughammer and Schreiber 2008).
In a different approach, based on the Stern-Volmer
equation, nonphotochemical quenching (NPQ) is cal-
culated as NPQ = (F. — Fu')/Fu' (¢f Klughammer and
Schreiber 2008). NPQ is directly related to the total
amount of quenchers involved in the nonphotochemical
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protection mechanisms, while qn closely reflects their
actual functioning.

Besides many other more or less meaningful fluores-
cence parameters, calculation of complementary PSII
quantum yields has become very popular in recent years
(Klughammer and Schreiber 2008). Similar to the terms for
dissipation of absorbed energy as heat [D = 1 — (F' — Fy')/
Fa'], photochemistry (P = AF/F,), and the unexplained
excess (E = 1 — D — P) proposed by Demmig-Adams
et al. (1996), more recently quantum yields of photo-
chemical energy conversion (Y, = AF/F,) and regulated
(Yneo=F/Fu' — F/F1) and nonregulated nonphotochemical
energy loss in PSII (Yno = F/F.) were developed
(Klughammer and Schreiber 2008). Here, F denotes
fluorescence signals obtained immediately before the
saturation pulse. The latter approach may simplify the
measurements because it does not include the assessment
of Fy and, most important, Fy'. Of course, it still demands
the determination of F,,, which can be complicated in the
field and under conditions of long-term stress effects, e.g.,
due to long-lasting NPQ components (Herppich 2000).

Evaluation of CF images: Certainly, the major advantages
of the application of modulated light chlorophyll fluores-
cence imaging for the evaluation of pre- and postharvest
performance of crops are clear and convincing (Nedbal
et al. 2000a,b,c; Oxborough 2004, Herppich et al. 2012,
Dong et al. 2019, Sanchez-Moreiras et al. 2020). Current
CFI systems enable users to obtain dynamic high-
resolution images in daylight or darkness even under
field conditions, therefore, largely facilitating the analysis
of the potential heterogeneity of photosynthetic patterns
across a produce or the rapid and simultaneous screening
or phenotyping of multiple plants. At the very beginning
of this development, the studies focussed on the exact
evaluation of the ‘topography of photosynthetic activity’
(Omasa et al. 1987, Daley et al. 1989). In-depth analysis
of the spatial-temporal evolution of photosynthesis of CF
images, occasionally by advanced statistical approaches,
is still of great importance for the investigation of, e.g.,
pre- and postharvest disease development (Scholes and
Rolfe 1996, Nedbal et al. 2000c, Chaerle et al. 2007,
Bauriegel et al. 2010, 2011; Bauriegel and Herppich 2014)
or for phenotyping, e.g., during plant breeding (Baker and
Rosenqvist 2004, Bauriegel et al. 2014, Brabandt et al.
2014), for pesticide testing (Weber et al. 2017, Sanchez-
Moreiras et al. 2020), and others (Forstreuter et al. 2006,
Kuckenberg et al. 2008, Gorbe and Calatayud 2012,
Sandmann et al. 2018, Dong et al. 2019, Lu and Lu 2020).
On the other hand, CFI provides a simple means to obtain,
with a single measurement, the true means of distinct
relevant CF parameters over the entire fruit or vegetable
if no specific spatial patterns are relevant (Schliiter et al.
2009, Herppich et al. 2012, Baier et al. 2014, 2015;
Kurenda et al. 2014, Zsom et al. 2020).

What kind of parameters to be analysed, depends
on the specific needs and the focus of the study. If the
latter is on the evaluation of the distinct photosynthetic
responses to a particular biotic or abiotic stressor, then a
comprehensive analysis of dark- and light-adapted CF is
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appropriate. In this context, Dong et al. (2019) determined
the full spectrum of CFA parameters, including maximum
and actual photochemical efficiency and all different
relevant quenching coefficients to closer characterise the
spatial heterogeneity of leaves of tomato seedlings to
chilling stress. Such an approach provided in-depth insight
into physiological mechanisms. It is, however, much more
complex and relatively time consuming. This may be the
reason why most other studies concentrate on the rapid
measurement of dark-adapted fluorescence parameters (F,
Fu, Fy, Fo/Fi).

Application of CFI for postharvest handling

Postharvest decay: Storage diseases of fresh or minimally
processed produce may affect postharvest quality, lead to
considerable losses, and consequently largely reduces eco-
nomic success. Decay often starts shortly after postharvest
handling, and this is difficult to detect by visual inspection.
The timely evaluation of developing diseases gives
the possibility to early separate infected produce, thus,
minimising negative effects and decay. Particularly novel
chlorophyll fluorescence- or hyperspectral-based imaging
systems proved to be effective for the rapid detection of
the gradual evaluation of postharvest decay at the multiple
stages of postharvest handling.

Nedbal et al. (2000b) were among the first to apply
a commercial PSII chlorophyll fluorescence imaging
system to evaluate postharvest development and decay
on lemon [Citrus limon (L.) Osbeck] fruit. The analyses
of CF images revealed that photosynthesis remains active
during fruit ripening. Moreover, with this technique, the
authors monitored the temporal and the spatial dynamics
of infection with green mould (Penicillium digitatum)
spreading over the fruit within four days, indicated by the
increase in Fy and a decrease in F,. The authors found that
analysing the F(/F, ratio provided the best differentiation
between healthy and infected fruit surface areas. They also
pointed out the great potential of CFI to identify infected
and poor-quality fruit in automated sorting lines, even long
before visible damage became obvious.

A unique imaging technique was developed by Ariana
et al. (2006) to classify various disorders on fruit of three
apple cultivars. As the base for pixel-wise differentiation
between healthy and defected fruit, the authors acquired
18 different images with a combination of filter sets and
three imaging modes (reflectance, visible light-induced
fluorescence, and UV-induced fluorescence) for each apple.
Two classification models were developed and tested; a
two-class model to categorise into normal or disordered
tissue, and a six-class model to separate healthy, bitter
pit, black rot, soft scald, superficial scald, and decayed
tissues. Both approaches yielded high accuracy, ranging
between 93 and 100%, indicating the high potential of this
specific complex imaging technique to recognise and to
differentiate between various types of apple disorders.

With the help of CFI, Zabka et al. (2006) proved that
the host-selective fungal toxin roseotoxin B (produced
by Trichothecium roseum) at various concentrations may
penetrate apple peels, damage the tissue by destroying cells
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and, finally, produce chlorotic lesions. These damaged
surface areas could easily be quantified by CFI. Similarity
of results indicated that the mechanisms of roseo-
toxin B function are very similar to those of destruxins,
i.e., mycotoxins produced by another fungal pathogen,
Alternaria brassicae, active on canola.

Looking for a fast and reliable system for the early
detection of apple infection with Neofabraea malicorticis
(bull's-eye rot), Pieczywek et al. (2018) comparatively
tested biospeckle (Zdunek and Herppich 2012, Kurenda
et al. 2014), hyperspectral and CF imaging. All three
imaging techniques identified infected areas within only
two days after inoculation and, thus, two to three days
faster than visual inspection. However, from the presented
results, the authors believed that the complex ‘spatial
visualisation of biospeckle activity” provided more
detailed ‘information than hyperspectral imaging’ on and
somewhat ‘earlier detection of the infection’ than CFI.

In strawberries, the actual fruit are the indehiscent
achenes, visible on the surface of the receptacle-derived
fleshy part of the accessory fruit. During development,
colour of this ‘fruit’ body changes from green to red with
the degradation of chlorophylls and the accumulation of
anthocyanins. Strawberry achenes, however, often retain
their green colour, which suggests incomplete chlorophyll
decomposition and the presence of some photosynthetic
capacity. With CFI, Meyerhoff and Pfiindel (2008)
demonstrated that PSII are still functioning in strawberry
achenes. Although photosynthesis is assumed to contribute
to the carbon balance in ‘green-ripe’ fruits, it is unclear,
if it is capable to support seed development in achenes.
Nevertheless, the onset of decline in their photosynthetic
activity and that of the sepals, may help to objectively
identify the loss of freshness.

As evaluated by CFI in peduncles of stored sweet
cherries (Linke ef al. 2010), F,/F,, rapidly started to decline
in parallel with rapid water loss-induced degradation
of photosynthetic activity (Fig. 2). As revealed by time-
temperature analyses and deduced from multiple linear

Fig. 2. Means (+ SD, n = 7) of fresh mass-based water contents
of attached (closed symbols) and detached peduncles (open
symbols) and potential maximum photochemical efficiency
(F\/F) of ‘staccato’ sweet cherry fruit stored at 21°C for 6 d
(circles) and at 1°C for 28 d [triangles; after Linke et al. (2010)].

correlation and regression analysis, senescence, and other
slow temperature-dependent metabolic processes had
much less effects (23 vs. 77% for water content) on these
changes. Thus, variations in photosynthetic capacity of
sweet cherry fruit peduncles rapidly and noninvasively
indicate losses of freshness, similarly to that of strawberry
achenes and sepals, indicating that CFI is very helpful
in the evaluation of this important postharvest quality
parameter.

Two specific indices based on either hyperspectral
(three bands) or on chlorophyll fluorescence imaging
showed to be able to detect both decay and freeze damage
on fresh-cut lettuce (Simko ez al. 2015). On red, dark
green, green, light green, and yellow leaves, accuracy of
classifying into fresh or decayed was almost 97%, but,
of course, decreased, when used on tissue with a low
chlorophyll content. Very positively, both above indices
can be obtained without opening the MA (modified
atmosphere) bags (Herppich ef al. 2012).

Nevertheless, from the above examples, it is obvious
that CFI, in contrast to CFA, is given surprisingly little
attention in the monitoring of postharvest quality of
horticultural products. The reason for this is not clear and
its evaluation is beyond the scope of this review.

Continuous weak illumination for fruit and vegetable
storage: Besides advanced storage conditions, optimised
packaging may effectively preserve the quality of highly
perishable fresh fruit and vegetables, reduce the risk of
mechanical damage, largely prevent water losses and
lower respiration. In particular, modified atmosphere
packaging (MAP), which establishes low O, and high
CO, concentrations within the package by using films
with specific permeabilities for these gases, may also
inhibit tissue browning and microbial decay. Minimally
processed fresh-cut salads and fruit may better retain their
physiological activity and, therefore, their internal quality
in such a specific environment.

During storage, but most of all in the display cabinets in
shops, quality of fruit and vegetables is further interactively
affected by temperature and by the illumination system
used (Prange and Lidster 1991, Herppich 2003, Kong ef al.
2021). The positive effects of low-light treatment have
become increasingly obvious since LED facilitated the
controlled postharvest application of low photosynthetic
photon fluxes during recent years (Nassarawa ef al.
2021). CFI analyses easily and noninvasively verified
that optimised low illumination indeed improved quality
maintenance of packed photosynthetic active corn salad,
arugula, and spinach leaves (Herppich 2003, Herppich
et al. 2012, Gergoff Grozeff et al. 2013) by reducing
microbial decay and leaf senescence during 10 d-storage
at 18°C. In particular, the latter is indicated by the much
higher mean F,/F,, of leaves stored under weak illumination
(Fig. 3). Low photosynthetic active photon fluxes [approx.
15 pmol(photon) m™ s7'] controlled the gas composition
within the packaging by inducing low photosynthetic
activity in these leafy greens, without excessive heat
input. It, thus, reduced mitochondrial respiration, effec-
tively preserving value-adding substances and retaining
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Fig. 3. False colour images indicating the differential effects of continous illumination [PPFR approx. 15 pmol(photon) m s'] compared
to darkness on the potential photosynthetic efficiency of PSII as an indicator of the mean quality of packed arugula (package labels are
seen by squares covering part of the produce) during a 10-d storage at 18°C. The colour scale below the images indicates the relative
photosynthetic activity. Given are also RGB images to illustrate the fungal infection as visible (as greyish surface cover) on some cut
ends of petioles of dark stored (right hand) samples [after Herppich ez al. (2012)].

the quality of fresh and fresh packed products (Prange and
Lidster 1991, Herppich 2003, Hasperué et al. 2016, Kong
et al. 2021). In contrast, higher photon fluxes may increase
temperatures inside the packaging and, thus, might even
reduce product quality (Ferrante et al. 2004, 2008). But
this response seems to be species-specific (Zhan et al.
2012).

Fruit development during storage: For the optimisation
of postharvest quality maintenance, e.g., during or after
storage, and for the parametrisation of shelf-life prediction
models, produce development in response to the respective
relevant environmental conditions needs to be exactly
evaluated.

In this context, the spatial and temporal dynamics
of colour changes from green to red due to chlorophyll
degradation and carotenoid (capsanthin) synthesis and
their variation by various storage conditions were non-
destructively studied on green-ripe to full-ripe fruit of
the sweet pepper cultivar ‘Karpia’ F1 (Zsom et al. 2010,
Herppich et al. 2012). The changes of whole fruit F./F,,
(and also Fo, Fn, Fy) characterised the dynamics of the
decline in photosynthesis (average F./F. declined from
approx. 0.55 to 0.05) and chlorophyll content in the fruit
body and indicated that this was completely independent
of the accumulation of capsanthin, as evaluated by RGB-
imaging. On the other hand, the stalks retained their high
photosynthetic activity. At 18°C, capsanthin synthesis
proceeds very fast and may completed within one day
as indirectly indicated by the changes in the red-to-green
colour ratio (Fig. 4). Chlorophyll, however, degrades only
slowly within 4 to 5 d after the fruit had become fully
red. As this is valid for packed and unpacked fruit, low
storage temperature but much less so modified atmosphere
packaging (i.e., low O, and high CO, concentrations within
a package) can affect ripening and hence, changes in both
pigments (Zsom et al. 2010).
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In red-pigmented cultivars of, e.g., apples and peaches,
chlorophyll content and its degradation are not easily
assessable, but can be completely masked by anthocyanins
in the epidermis of such fruit. Bodria ef al. (2004) deve-

Fig. 4. Dynamic changes of sweet pepper chlorophyll as indirectly
indicated by the means of the potential maximum photochemical
quantum efficiency of PSII (F./F,) and carotenoid contents as
indicated by the R/G ratio (obtained by pixelwise analyses of
the relative contribution of the respective colour band of RGB
images) during fruit development in dark-storage at approx.
18°C and 90% relative humidity, as shown by a time-series of
images (examples of F./F, and of RGB images taken on days
one, four and eight are given) of a representative sample [after
Herppich et al. (2012)].
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loped a UV-blue light-equipped fluorescence imaging
system to evaluate the development of ‘Red Delicious’
apples as means for the optimisation of harvest and
postharvest management. The authors also used this
technique to nondestructively estimate changes in fruit
firmness and sugar content during storage. Similar results
were obtained in peach and nectarine cultivars with chloro-
phyll fluorescence excited by red actinic light though the
fluorescence had a lower intensity.

With standard CFA and CFI technique, Zdunek and
Herppich (2012) evaluated the potential interactions
between biospeckle activity studied with lasers of various
wavelengths, and photosynthetic activity and chlorophyll
content in apples. Normally, red lasers are used for
biospeckle, a wavelength range that is absorbed by chloro-
phyll, which may affect light propagation and biospeckle
activity. For apples, the biospeckle activity indeed largely
depended on chlorophyll contents. Light absorption by
chlorophyll masks the movement of particles, which is
reflected by biospeckle, thus, resolution of this techniques
could increase with chlorophyll degradation during fruit
ripening.

Noh and Lu (2007) assumed that fluorescence kinetic
analysis is not satisfactory for fruit quality evaluation.
Thus, they applied hyperspectral imaging of continuous
wave blue (408 nm) laser-induced fluorescence scattering
images to predict multiple quality parameters of ‘Golden
Delicious’ apples. A multitude of statistical pre-processing
and analytical techniques (PCA, neural network model-
ling) were used to develop models for the prediction of
fruit quality parameters. Although prediction quality of
the distinct parameters was high, the authors assumed
that hyperspectral laser-induced fluorescence imaging
may potentially be useful for assessing selected quality
parameters of apples.

In a study on chlorophyll fluorescence imaging in
bunches of ‘Sangiovese’ grapes (Vitis vinifera L.), Agati
et al. (2008) measured the distribution of anthocyanins
using two bands (550 and 650 nm) of excitation light in
sequence. In images of logarithms of fluorescence signal
ratios, pixel intensities could be exponentially related to
the anthocyanin concentrations, as determined in berry
extracts. From this, the heterogeneity of anthocyanin
concentrations in the different berries of the bunches could
be analysed. Thus, this technique may potentially be helpful
to evaluate the effects of physiological and environmental
factors on pre- and postharvest development of grapes.

Chilling injury: Fruits and vegetables are still living and
physiologically active after harvest. Continuing respiration,
transpiration, heat production, efc. significantly affect
their shelf-life and renders them extremely sensitive and
perishable. Since long, cool storage is known to efficiently
retard life processes and maintain quality, however, in
a very produce-dependent manner. Mostly fruits and
vegetables of tropical or subtropical origin are sensitive
to low (< 10°C), nonfreezing temperatures. In sensitive
produce, these practical cold temperatures during storage,
sorting, transportation or shipping may induce serious
chilling injuries (CI).

Chilling injury denotes a physiological disorder, at all
metabolic levels, including membranes, reactive oxygen
species or transcription (Parkin ef al. 1989, Sevillano ef al.
2009, Lukatkin ef al. 2012). The expression of CI depends
on the severeness and the duration of cold treatment,
and on the physiological status and the maturity stage
of the produce. Several postharvest treatments (produce-
dependent time-temperature management, short-time heat
treatments) may reduce and/or alleviate symptoms of
chilling injuries. Typically, CI symptoms become severely
visible only in retail after removal from chilled conditions
and negatively affects produce quality and marketability
(Sevillano et al. 2009, Aghdam and Bodbodak 2014).
The major mechanisms of CI make photosynthesis a
primary target in photosynthetically active produce
and, consequently, CFA a very useful rapid noninvasive
indicator (Tijskens ef al. 1994). Chlorophyll fluorescence
analysis and less so CFI have indeed widely been used for
the evaluation of CI effects (Tijskens et al. 1994, Purvis
2002, Kosson 2003, Zsom et al. 2018, Oseko et al. 2020).

In sweet peppers or paprika (Capsicum annuum L.), for
example, improper storage at temperature below 8°C may
occasionally induce chilling injury, especially in unripe
and semi-matured fruits (Lim et al 2007, Zsom et al.
2020). In addition, in such fruits, postharvest ripening may
be delayed and partly retarded in shelf-life after chilling,
however, without any characteristic visible symptoms of
chilling injury. Applying CFI and other nondestructive
monitoring techniques, Zsom et al. (2020) evaluated the
temporal and spatial dynamics of chilling development
in green, semi-ripe fruit of a ‘képia’ type sweet pepper
cultivar (Kapitany F1) stored at low temperatures (2.5,
5, and 10°C for 7 d) and during shelf-life. Without any
clear patchy response, monitored CF parameters (Fo, Fa,
and F./F,,) slightly but significantly declined only during
storage at 2.5°C, and rapidly and pronouncedly but with
similar dynamics in all samples during subsequent shelf-
life at room temperature. Interestingly, no direct visible
symptoms (e.g., surface pitting, sunken areas) became
obvious on the presumedly chilling-stressed fruit. Changes
of CF parameters during shelf-life, thus, reflected normal
and undisturbed maturation-related degradation of the
photosynthetic apparatus and of chlorophyll, as also
detected by spectral analyses.

In contrast to sweet pepper, green-ripe banana fruit are
much more chilling-sensitive and develop all associated
CI symptoms when stored below a threshold temperature
of approx. 10°C (Zsom et al. 2018). The results of Zsom
et al. (2018) revealed that storage (for 8 d) at temperatures
below this threshold reduced mass loss, respiration, and
ethylene biosynthesis of fruit but also induced unique
visible symptoms (smoky peel surface discoloration,
dark-brown streaked subepidermal tissue discoloration).
After three days of cold storage, Fo, Fi, and F, started to
decline temperature-dependently, at 2.5 and 5°C, but not
at 10 or 15°C. This effect further accelerated during shelf-
life and F., and F, obtained nearly the same low values in
all samples after 8 d of shelf-life. In contrast, the average
initial F./F, (approx. 0.65), typical for mature green
intact bananas, was less sensible and only insignificantly
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changed during storage at chilling temperatures but did so
during fruit maturation in shelf-life.

Using a self-assembled CFI system with sinusoidally-
modulated structured UV-blue excitation light (400 =
35 nm), Lu and Lu (2020) examined the chilling responses
of cucumber fruit. That way, they obtained CF images
at both 675 and 750 nm. An automated vignetting
correction, which applies a bidimensional empirical mode
decomposition technique improves sharpness and contrast
of those images. This approach enhanced differentiation
between healthy and chilling-injured subsurface tissue,
thus facilitating detection of e.g., chilling-induced surface
lesions. In practice, such a system may advance the
discrimination between healthy and pronouncedly chilling
injured fruit on sorting lines before their further processing
after cold storage.

From the examples of CFI analyses and also from the
CFA studies cited above, it is obvious that this technique
is helpful in the evaluation of the spatial and temporal
dynamics and the degree of CI symptom development in
all photosynthetically active produce, provided they are
actually CI sensitive. This fact itself, however, can also
easily be analysed especially with CFI, if such a device is
available to researchers.

Evaluation of new gentle sanitation techniques

The outbreaks of serious and occasionally lethal infections
due to the consumption of fresh produce contaminated
with pathogenic microorganisms (RKI 2011, CDC 2012),
but also the increasing need to reduce phytopathogen-
induced food waste, highlighted the importance to develop
new and/or to optimise yet existing sanitation techniques
for effective control and elimination of microbial loads
of fresh and minimally processed fruit and vegetables.
Currently, quite often chemicals such as chlorine are
applied for sanitation, which include the risk of forming
carcinogenic by-products (Brungs 1973, Wei et al. 1985).
Consequently, new, advanced and effective approaches,
based on physical methods, are needed that safely reduce
microbial loads without negatively affecting product
quality (Baier ef al. 2015, Deng et al. 2020).
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Cold atmospheric plasma treatment: Nonthermal non-
equilibrium plasma (or cold atmospheric plasma, CAP)
is one promising physical technique. CAP is usually
generated by exposing process gas to a strong electric field
at, or above or below atmospheric pressure, which partially
ionises the gas molecules and concomitantly induces the
formation of ions and radicals, heat (gas temperature less
than 500 K), and UV radiation. This all together might
affect microbes, adherent to the food surfaces (Schliiter
et al. 2013, Ehlbeck ef al. 2015). Many studies proved the
broad antimicrobial effects of CAP under both laboratory
(Frohling et al. 2012, Schnabel et al. 2012) and under
practical conditions on the surfaces of fresh food (Critzer
et al. 2007, Hertwig et al. 2015a,b; Bovi et al. 2019).
However, very little is still known about the potential
interactions between CAP and physiology and quality
of treated fresh products. The considerable differences
between the types of plasma sources used and their mode
of application (direct treatment, remote exposure) also
impeded the comparability of previous results. To provide
basic information for the optimisation of process settings,
Baier et al. (2013, 2014, 2015) comprehensively studied
the impacts of plasma treatments of different energy and
various durations on the photosynthetic activity of several
horticultural products, using chlorophyll fluorescence
image analysis.

As shown by Baier ef al. (2013), even highly perish-
able lamb's lettuce (Valerianella olitoria Poll.) leaves
used as model produce tolerate direct exposure to plasma,
generated at 10 W power, for up to 5 min without any
measurable or visible damage. Although mean F./F,
slightly declined immediately after the treatment, it
fully recovered within one day of storage. Furthermore,
application of CAP generated at 20 W diminished the
photosynthetic activity of leaves only when treatments
were extended to more than 1 min (Fig. 5). Under these
processing conditions, the leaf surface, within 1 min,
obtained a potentially stressing temperature of 44°C
(Havaux 1992, Pastenses and Horton 1999, Schliiter et al.
2008, 2009). This temperature, however, slightly declined
during the prolonged treatment (i.e., > 1 min), while
losses of photosynthetic competence became permanent.

Fig. 5. (4) False-colour images and (B) means
(= SD, n = 9) of the maximum photochemical
efficiency of PSII (F./Fn) of lamb's lettuce
(Valerianella olitoria Poll.) leaves before (t = 0)
and during 24 h after plasma jet treatment at
1-cm distance, 20 W generator power, and a gas
flow rate of 20 L min' [after Baier ez al. (2013)].
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In addition, 10 W-CAP treatments longer than 5 min
started to inhibit F,/F,, while leaf temperatures clearly
remained below 40°C. This suggests that photosynthesis
was mainly or even exclusively affected by the action of
plasma components other than heat. In the context of CAP
treatments, UV radiation, ozone, reactive oxygen species
(ROS) or various nitrogen oxides are strong oxidants and
prominent candidates for the above-mentioned active
plasma components (Brandenburg et al. 2007, 2009;
Weltmann et al. 2008).

Particularly UV radiation is widely applied as an
effective (Brandenburg et al. 2007) alternative bacteria-
targeted surficial sanitation technique in food processing
(Allende and Artés 2003). Although UV inhibits photo-
synthesis in leaves of unadapted plants (Allen et al. 1998,
Krause et al. 2003), even long-term exposure to UV-B
did obviously not affect photosynthetic competence and
productivity of crops or natural vegetation (Allen et al.
1998). Reactive oxygen species largely contribute to
the overall bactericidal effects of plasma by their well-
characterised impacts on bacterial membrane components
(Mendis et al. 2000, Kong et al. 2009). Plasma treatments
also degrade the layers of epicuticular waxes of lamb's
lettuce leaves (Grzegorzewski et al. 2010), which exposes
the unprotected epidermis to prolonged plasma application.

At generator powers of 30 W and higher, the com-
bination of thermal stress and more intensive plasma
became harsh and irreversibly impaired the photosynthetic
activity of the treated leaves within the shortest times.
Thus, the CFI analysis clearly indicated that direct
CAP application is limited for fresh produce sanitation
treatments at generator powers of 10 and 20 W for 5 and
1 min, respectively, which seems to be below the limit for
antimicrobial efficacy (Deng et al. 2005, Frohling et al.
2012).

In addition, CFI was applied to analyse the effects
of different source gases (air, with or without addition
of oxygen, noble gases) and of distinct spatial operation
parameters (diameter of the plasma torch; distance between
jet and object) of direct treatments with plasma jet systems
(Baier et al. 2014). The significantly lower F,/F,, verified
that a highly focused plasma stream (diameters of 1 mm)
more pronouncedly inhibited the photochemical efficiency
of treated lamb's lettuce leaves than a broader plasma-jet
(diameter of 7 mm). As expected, enhancing the distance
between the filament and the leaf surface from 10 to
12 mm similarly reduced the negative effects of the plasma
treatment on the photosynthetic activity.

Furthermore, the potential impacts of several other
plasma techniques on the photosynthetic activity of perish-
able products were evaluated with the help of chlorophyll
fluorescence imaging (Baier ef al. 2014, 2015). Treatment
of lamb's lettuce leaves with either pulsed surface dielectric
barrier discharge (SDBD) plasma and also with indirect
microwave-induced air plasma within a remote exposure
reactor led to severe losses of maximum photochemical
efficiency. Additional visual inspections showed that
SDBD-treated lamb's lettuce leaves maintained their
green colour and tissue elasticity but had a pronounced
altered appearance, resembling a superficial mechanical

injury. Interestingly, also bulky fruit (apples, cucumbers,
tomatoes, and carrots) with lower surface to volume ratio
providing smaller plasma contact area could not better
tolerate respective applications (Baier et al. 2015).

In general, CFI analyses highlighted that the plasma-
jet treatments significantly better retained physiological
activity and, thus, produce quality than SDBD or indirect
plasma treatments. From the practical view, CFI analyses
deepen the knowledge on the mechanisms of action
and, thus, facilitate the optimisation of relevant process
parameters (generator energy, exposure distance and
systems, process gas composition and thus concentration
of plasma species) to improve the capabilities of innova-
tive plasma techniques for nondestructive sanitation of
perishable produce.

High hydrostatic pressure treatments: As summarised
by Rux ef al. (2017, 2019, 2020), the food industry
increasingly applies high hydrostatic pressure (HHP)
as efficient but gentle nonthermal sanitation technique
for various preservation and processing purposes. HHP
treatments effectively inactivate microorganisms, while
retaining vitamins, pigments, and flavour of the produce.
Due to the pronounced diversity in form, function, and
sensitivity of fruits and vegetables, HHP, on the other hand,
could highly specifically and differentially affect their
membrane, protein, and enzyme functionality, i.e., their
overall metabolic activity and their structures (Indrawati
et al. 2000, Marigheto et al. 2004, Knorr et al. 2006, Trejo
Araya et al. 2007, Schliiter et al. 2009, Vargas-Ortiz et al.
2013, Rux et al. 2017, 2019, 2020).

In this context, by CFI analyses, Schliiter ez al. (2009)
evaluated the effects of HHP on the photosynthetic activity
of lamb's lettuce leaves as a model produce. Combining a
large number of complex and highly regulated biophysical
and biochemical reactions, photosynthesis serves as an
ideal sensitive indicator of the overall metabolic activity.
The temporal dynamic of changes in F,/F,, after treatments
at a large range of HHP at various pressure holding-times
indicated 100 MPa and 10 min as critical parameters.
In plants exposed to HHP beyond these critical values,
photosynthetic activity continued to slowly decline irre-
versibly after an initial drop. This immediate effect on
F./F. increased with HHP and pressure holding-time,
while the ability to recover from the stress decreased.
A treatment pressure of 200 MPa for only 2.5 min
completely damaged the photosynthetic apparatus.

From the close similarity of these results to the
irreversible loss of membrane integrity effects after heat
treatments, the authors concluded that the integrity of the
photosynthetic membranes was the primary high-pressure
target. In this context, Yu ef al. (2001) also reported the
release of the extrinsic proteins of the photosynthetic
oxygen-evolving complex from PSII membranes as an
initial high-pressure response of photosynthesis. Later,
by evaluation of impacts on tissue turgor and elasticity,
reflecting sensorial firmness and general texture, integrity,
and function of biomembranes have been confirmed as
the initial targets of HHP treatments, partially reversibly
affecting their permeability (Schliiter ez al. 2009, Rux et al.
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2017, 2019). Only if the function of relevant membrane-
associated proteins is disturbed at HHP higher than
150 MPa, the pressure-induced changes become irrevers-
ible (Rux et al. 2019) and produce appearance and texture
negatively affected.

It seems reasonable to assume that thin and soft lamb's
lettuce leaves as used by Schliiter et al. (2009) for their
experiments are particularly sensitive to HHP treatments.
Large fruit such as apples are much more compact and
might probably withstand higher pressures or longer
pressure-holding times. However, Kurenda et al. (2014)
reported that HHP treatments at 100 MPa applied for
10 min resulted in both a significant immediate and a
long-lasting decline of mean F,/F,, over the entire fruit
surface. The decline in F,/F,, further continued during
seven days of dark storage at room temperature. These
changes in the photosynthetic competence were closely
accompanied by the reduction of light absorption at both
635 and 690 nm, indicating the HHP induced degradation
of chlorophylls. This may indicate that the irreversible
damage of membranes and of the entire photosynthetic
apparatus ends up in the complete disintegration of the
tissue functionality. These effects were, again, more
pronounced the higher the applied pressure.

All the above findings and the fact that the efficient
decontamination of bacteria, fungi or viruses requires
pressures beyond 300 MPa certainly questioned the
meaningful application of HHP for sanitation of fresh
perishable produce (Schliiter et al. 2009, Kurenda et al.
2014, Rux et al. 2017, 2019, 2020).

Heat treatments: Recent practical preservation techniques
applied to guaranty safety, high quality, and long shelf life
of fresh and minimally processed fruits and vegetables
also include various types of postharvest heat treatments.
Exposure of produce to either hot air, steam, or hot water
(usually at T < 60°C) for few seconds to hours may
result in superficial disinfection. However, it may also
induce complex physiological protection responses, e.g.,
changes in protein expression, membrane composition and
fluidity, hormone homeostasis, cytoskeleton stability, and
chromatin modifications, and may elicit the expression of
heat shock and pathogenesis-related proteins (Lurie 1998,
Bokszczanin et al. 2013, Kabelitz et al. 2019). Since many
years, heat treatments have been successfully applied on
various fruits (e.g., apples, peaches, grapefruits, bananas,
and mangos) and few vegetables for both effective control
of fungal and insect infestations but also for improvement
of storability and maintenance of quality (Lurie 1998,
Trierweiler et al. 2003, Shao et al. 2007, Kabelitz and
Hassenberg 2018).

In this context, hot water treatment (HWT) is a
promising rapid and relatively inexpensive easy-to-use
technique. This gentle, safe, and chemical-free sanitation
technique is, furthermore, suitable for both conventionally
and organically produced fruits and vegetables (Kabelitz
and Hassenberg 2018, Kabelitz er al. 2019). The
temperature and time window between optimal positive
and damaging effects of the application is, however, often
small for HWT. Because photosynthesis is very sensitive to

432

heat and the relevant effects are well-explored since many
years (Krause and Weis 1991, Hiive et al. 2011, Matyssek
and Herppich 2018), CFI rapidly and comprehensively
characterises the respective temperature effects on green
fruit and vegetables (Schliiter ef al. 2009, Kurenda et al.
2014, Herppich et al. 2020).

Although HWT is preferably applied to fruit, it has
been also used for few leafy greens such as wild rocket,
spinach, lettuce, and lamb's lettuce (Koseki and Isobe
2006, Glowacz et al. 2013, Szwejda-Grzybowska et al.
2019). A detailed analysis of the photosynthetic responses
of fresh harvested leaves of the latter species to heat in
hot water (Schliiter et al. 2009) showed that even short
(> 30 s) applications of moderately high temperatures
(e.g., 45°C) reversibly and, to a minor extent (< 15%),
inhibited F./F... Although the ability of these lamb's
lettuce leaves to recover during a 24-h dark relaxation
period declined the longer the duration of the treatment,
it was still partially (39%) reversible even after 10 s at the
lethal (e.g., Bilger et al. 1984) temperature of 50°C, but
not beyond. This points out the very narrow gap between
inhibition and damage of the photosynthetic machinery.
Very similar to the effects of high hydrostatic pressure (Yu
et al. 2001, Schliiter et al. 2009), excessive heat affects the
ultrastructure of cellular systems (Maheswari et al. 1999),
damages membrane bound and solved proteins (Haltia and
Freire 1995) and causes phase transition of biomembrane
lipid double layer (Naus et al. 1992). Thus, also heat stress
acts on both proteins and on membranes. This renders PSII
particularly heat sensitive, in contrast to other components
of photosynthetic energy generation and photosynthetic
carbon reduction cycle (Havaux 1992) and makes CFA and
CFI a sensitive monitor of short and long-term heat effects
(Krause and Weis 1991, Matyssek and Herppich 2020).

Kabelitz and Hassenberg (2018) recommended short-
term (few seconds to minutes) hot-water treatments (SHTW)
as very effective and chemical-free sanitation technique
for fresh-cut fruit salad production. However, these
authors also stressed that, for this specific purpose, sSHWT
needs optimisation in terms of treatment temperature and
duration for efficient sustainable inactivation of spoilage
organisms and human pathogens without any adverse
effects on produce. Applying CFI and spectral analyses,
Herppich et al. (2020) cultivar-specifically (Shao ez al.
2007) evaluated the effects of sHWT in the range of 44 to
70°C for 30 to 300 s on the photosynthetic activity of fruit
of two coloured (‘Braeburn’ and ‘Fuji’) and two green-
ripe (‘Greenstar’ and ‘Granny Smith’) apple cultivars,
practically relevant for fruit salad production.

Because sHWT in the range of up to 65°C for up to 60 s
only heats the outer epidermal and subepidermal tissues
(Kabelitz et al. 2019), this treatment did not influence
taste, texture, and appearance of any treated apple. On the
other hand, epidermal and some subepidermal tissue cells
few millimetres into the fruit body indeed experienced
some heat stress and inhibited photosynthetic performance
beyond respective thresholds of treatment temperature and
duration, although without any effect on the contents of
relevant photosynthetic pigments. As expected (Shao et al.
2007), this threshold temperature range indeed varied
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between apples of the different cultivars and ‘Braeburn’
apples were more sensitive to SHWT than fruit of the other
cultivars.

Responses of photosynthetic activity of apples to
sHWT at various temperatures and durations suggest
that serious damage at the cellular level may become
relevant when a distinct critical heat dose was exceeded.
Although heat-pulse treatments obviously yield higher
temperature thresholds (Hiive er al. 2011), steady-state
heating above 40°C for prolonged time induces more
serious heat-stress symptoms even in massive apple fruit
(Hengari et al. 2016). The final degree of inhibition and/or
damage depends on both temperature and exposure time
of the fruit (Bilger et al. 1984). This effect, however, is
valid only below an effective critical temperature (Te.) at
which F./F,, started to decline pronouncedly but less so
beyond it. In the experiment presented by Herppich et al.
(2020), sHWT at 55°C for 120 s reduced F./F,, less than
exposing the fruit to 70°C for only 30 s, which yielded a
lower temperature dose. At the latter temperature, which is
certainly well beyond T.., the damaging effect of the heat
treatment became fully irreversible.

This Tei was found to be 55°C in ‘Braeburn’ apples
(Fig. 6) and 60°C in fruit of the other three cultivars
(Herppich et al. 2020). Thus, CFI rapidly and sensitively
proved optimal to evaluate the cultivar- or batch-specificity
of process parameters for sHWT of apples.

Fig. 6. Pixel-averaged means (£ SD, n = 3) of the potential
maximum photochemical efficiency of PSII (F./F,), for each of
the two separately analysed sides (mostly red: filled triangles;
mostly greenish: open squares) of ‘Braeburn’ apples, hot water-
treated in the range of 46 up to 63°C for 30 s, fruit treated at
approx. 20°C were used as controls. The asterisks denote
significant (»p<0.05) differences between means [after Herppich
et al. (2020)], the horizontal bar highlights the range of initial
F./F., of the fresh fruit.

Conclusions: Chlorophyll fluorescence analysis and parti-
cularly CF imaging are powerful rapid tools to determine
the preharvest and postharvest external and internal quality
of green produce. CFI effectively detects the heterogeneity
in photosynthetic responses and monitors the local and
temporal dynamics of photosynthetic activity. Thus, CFI
is especially suitable to noninvasively analyse and test
the produce responses to multiple postharvest conditions,

treatments, and techniques. However, despite the relative
ease of measurements, knowledge of the physiological
base, and of the actual limits of interpretation of the
results is indispensable for a meaningful interpretation of
the results to draw the correct consequences, e.g., for the
adjustment and/or optimisation of postharvest handling
and new techniques.
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