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Abstract

The storage of fruit at minimum oxygen condition is crucial for optimal fruit quality maintenance. However, the
optimal oxygen partial pressure of fruit varies according to several factors such as species, cultivar, harvest
maturity, temperature, growing season and storage period. Based on these factors, storage technologies were
developed that allow for the detection of the lower oxygen limit (LOL) and the storage of fruit under the lowest
optimal oxygen partial pressure. One emerging technology is known as dynamic controlled atmosphere (DCA).
Commercially, there are four DCA systems used: [1] DCA based on ethanol production and accumulation
(DCA-Eth); [2] DCA based on chlorophyll fluorescence (DCA-CF); DCA based on the respiratory quotient (DCA-
RQ) and [4] DCA based solely on CO, production (DCA-CD). This reviews highligths the recent developments
of these DCA systems and their effect on fruit quality. Generally, the storage of fruit under DCA has a positive
effect on the overall fruit quality, with regards to reduced physiological disorders and higher flesh firmness
maintenance, when compared to controlled atmosphere (CA). Evidence also shows that storing fruit under
DCA-RQ and DCA-CD allowed higher volatile compound emission and concentration, which can contribute
positively fo fruit flavor. The DCA systems are "“green storage technologies” because the system enables the
increase of storage temperature, thereby saving electrical energy. Storage of apples under DCA maintains an
overall fruit quality similar to CA combined with the ripening inhibitor 1-Methylcyclopropene (1-MCP), which is
an interesting option for organic fruit storage. Dynamic controlled atmosphere is a recently developed storage
technique and is in constant improvement. The latest developed DCA techniques (DCA-RQ and DCA-CD),
in contfrast to DCA-CF, allow the use of extremely low oxygen levels. In the future, new and multi-sensor DCA
systems are under development, which might not just control O, partial pressure but also temperature and other
parameters to allow for more energy efficient but high quality fruit storage systems.
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Intfroduction

Several fruit species have a harvest window
that is concentrated over a short period of the year. This
makes it necessary to store a portion of the production
to supply fruit over the production season. Storage is
generally performed under temperatures as low as
possible to reduce fruit metabolism to a minimum and to
extend postharvest life ( Steffens et al., 2007; Brackmann
et al., 2008).

A controlled atmosphere system (CA) for fruit
storage is associated with low temperatures, where the
oxygen partial pressure (pO,) is reduced and carbon
dioxide partial pressure (pCO,) is increased (Brackmann
et al., 2008; Weber et al., 2011Both et al., 2014; Kittemann
et al., 2015; Bekele et al., 2016). However, the oxygen
and carbon dioxide partial pressures defined for fruit
crops in previous studies (Thewes et al., 2015; Weber et
al., 2015; Both et al., 2017) the variation in fruit metabolism

as dependent on harvest maturity, fruit femperature,
growing season and storage period. Thewes et al. (2020b)
demonstrated that fruit metabolism is affected by such
factors, which can affect the optimal pO, conditions
during controlled atmosphere storage (Figure 1 and 7).
Over the past 25 years, several technologies
have been developed fo determine the optimum pO, by
monitoring fruit metabolism in real time during CA storage.
These technologies allow for the dynamic adjustment
of the pO, according to the fruit requirements (Figure
1), known as dynamic confrolled atmosphere, DCA
(Weber et al., 2015; Mditshwa et al., 2018; Prange, 2018).
Currently, there are four DCA systems used in commercial
fruit storage rooms: [1] monitoring fruit responses to low
oxygen based on anaerobic metabolism compounds
(Figure 1) such as ethanol (DCA-Eth) (Schouten et al.,
1998; Veltman et al., 2003); [2] monitoring chlorophyll
fluorescence (DCA-CF) (Prange, 2018; Wright et al., 2011);

www.comunicatascientiae.com.br
2021 | Comunicata Scientiae | e-ISSN: 2177-5133 | Bom Jesus

Received: 25 July 2021
Accepted: 18 September 2021


https://orcid.org/0000-0002-7951-0294
https://orcid.org/0000-0003-4858-6015
https://orcid.org/0000-0003-1056-6887
https://orcid.org/0000-0002-5924-2886
https://orcid.org/0000-0001-5185-4880
https://orcid.org/0000-0002-0789-5199
https://orcid.org/0000-0002-8443-621X
https://orcid.org/0000-0002-5382-9635
https://orcid.org/0000-0002-7666-4271

Thewes et al. (2021)

Dynamic controlled atmosphere: A review of...

[3] determining the respiratory quotient (DCA-RQ) (Gasser
et al., 2008; Weber et al., 2015; Bessemans et al., 2016), and
[4] monitoring fruit responses to low oxygen based on CO,
production (DCA-CD) (Thewes et al., 2020b). These four
DCA technologies allow fruit to be stored at the lowest
oxygen limit (LOL), without compromising the fruit quality
(Figure 1). The objective of this review was to compare
DCA technologies that are available commercially and
examine the effect of such systems on the overall quality
of fruit.

Monitoring the low oxygen limit for DCA
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Figure 1. Schematic representation of fruit metabolism and
fruit quality responses to oxygen partial pressure (pQO,) of
the storage atmosphere. The lowest oxygen limit (LOL) is
determined by monitoring one of four different DCA methods:
chlorophyll fluorescence (CF), respiration quotient (RQ), ethanol
(Eth) production and CO, (CD) production. ACP means the
anaerobic compensation point (Neuwald ef al., 2019 adapted
from Boersing et al., 1988 and Hoehn et al., 2009).

Dynamic confrolled atmosphere system based on
Chlorophyill fluorescence (DCA-CF)

The DCA-CF system uses chlorophyll fluorescence
as the fruit response to low oxygen and is the most studied
and commercially used DCA system worldwide (Figure
2). During DCA-CF storage, the oxygen partial pressure
is lowered in the storage room and the chlorophyll
fluorescence of the fruit is periodically monitored. The
oxygen partial pressure af which the sensor software
detects a spike in chlorophyll fluorescence is considered
the LOL ( Prange et al., 2003, 2015; Wright et al., 2015, 2011;
Zanella and Sturz, 2015; Prange, 2018). Generally, fruit are
stored at an oxygen partial pressure just above the LOL. The
recommended oxygen partial pressure for fruit is 0.2 kPa
above the partial pressure at which the spike in chlorophyll
fluorescence was detected but is never below 0.4 kPa O,,.

Chlorophyll fluorescence occurs as a response
to stress, which reduces the excitation energy transfer to
the reaction centers of the photosystems (Taiz and Zeiger,
2017). Several stresses can cause chlorophyll fluorescence

such as high temperature, excess of radiation, drought
(Taiz and Zeiger, 2017) and low oxygen during storage
(Prange et al., 2003; Wright et al., 2012, 2011; Prange,
2018;). However, it is not physiologically clear how the low
oxygen affects chlorophyll fluorescence.

In the literature, four main models attempt fo
explain how low oxygen during fruit storage induces
chlorophyll fluorescence:

1. Reducing oxygen fo exiremely low partial
pressures result in acetaldehyde, ethanol, and
ethyl acetate accumulation. The increase of
these compounds can alter cell membranes
and organelles such as the photosystem |
in the chloroplast, affecting energy fransfer
(quenching) and thus increasing chlorophyll
fluorescence (Maxwell and Johnson, 2000);

2. Low oxygen causes acidosis of cells and
organelles (Ke et al., 1994), which can modify
the photosystem Il and in turn increase
chlorophyll fluorescence (Prange et al., 2005);

3. Storage
increases the pool of reduced compounds

under extremely low oxygen
in the cytosol. These reduced compounds
are fransported to the chloroplast where they
are used to reduce the plastoquinone pool,
a process known as ‘chlorofermentation’.
Chlorofermentation reduces the quenching
in photosystem Il and increases chlorophyll
fluorescence (Wright et al., 2015, 2011);

4. Chlorophyll linked fo
xanthophylls, especially to zeaxanthin, which

fluorescence s

mediates the dissipation of an excess of
excitation energy in the antenna chlorophyll
of the photochemical While
zeaxanthin is converted to antheraxanthin

apparatus.

by the enzyme zeaxanthin epoxidase in
normal atmospheric conditions (Wright et
al., 2011), this conversion is reduced when
oxygen is lowered, allowing zeaxanthin fo
dissipate excess energy through chlorophyill
fluorescence.
In practical terms, to measure chlorophyll
fluorescence, fruit samples are put into plastic baskets with
a Fluorescence Interactive Response Monitor (FIRM) sensor
on its upper side (Figure 3). Together with the FIRM, a light
emitting diode (LED) is installed, which is the light source of
the system. The number of sensors installed in each storage
room depends on the room size and can be modified
according to the experience of the operator.

DCA-CF is used globally and is available in two
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commercial systems: HarvestWatch™ and FruitObserver®,
which are produced by the companies Isolcell and
Besseling, respectively (Prange, 2018). The company
Walz GmbH (Effeltrich, Germany) has developed a Pulse
Amplitude Modulation (PAM) system, known as Apple - PAM

3000

that is used to measure chlorophyll fluorescence of individual
fruit. Schlie et al. (2019) evaluated Apple-PAM on ‘Elstar PCP’
apples and found that both harvest date and fruit firmness
can influence the fermentation behavior of ‘Elstar PCP’.
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Figure 2. Number of rooms equipped with DCA-CF (HarvestWatch™) over ten years Worldwide (Adapted from
Isolcell, 2020).

Figure 3. Picture of the installation of chlorophyll fluorescence
sensors in a commercial room of ‘Galaxy’ apples. A: Shows the
sensors HarvestWatch™ with Light emitting diode (LED) and
Fluorescence Interactive Response Monitor (FIRM). B: sensors
after closing. C: shows the sensor from FruitObserver®.

The DCA-CF system allows fruit to be stored
a little above the LOL, reducing fruit metabolism and
maintaining higher overall quality compared to CA
(Prange et al., 2005; Zanella et al., 2005, 2008; Hennecke
et al., 2008; Képcke, 2015; Wright et al., 2011; Thewes et
al., 2015). With the DCA-CF system, the oxygen partial
pressures vary more at the beginning of the storage
period, where the chlorophyll fluorescence is detected

(Thewes et al., 2015).

Several studies have evaluated the effect of
DCA-CF on fruit quality maintenance and compared it to
fruit stored under CA and uliralow oxygen (ULO). Storage
under DCA-CF generally reduced the incidence of
physiological disorders such as superficial scald (Zanella et
al., 2005; Prange et al., 2015; Eren et al., 2015; Mditshwa et
al., 2017a, 2017b, 2018), flesh breakdown (Képcke, 2015;
Rizzolo et al., 2015; Thewes et al., 2015; Deuchande et al.,
2016; Both et al., 2017), skin spots (Hennecke et al., 2008;
Képcke, 2015; Rizzolo et al., 2015), and fruit maintained a
higher flesh firmness (Gabioud Rebeaud and Gasser, 2015;
K&pcke, 2015; Thewes et al., 2015; Tran et al., 2015; Both et
al., 2017; Weber et al., 2019, 2020) when compared to fruit
stored under CA. However, the storage of apples under
DCA-CF, with the recommendation to increase the pO, to
0.2 kPa above the LOL, resulted in fruit with lower volatile
compounds concentrations and emissions, especially
esters, when compared to CA (Aubert et al., 2015; Thewes
etal.,2017b,2017c; Both et al., 2017; Donadel et al., 2019).
A reduction in volatile emissions can have a negatfive
influence on fruit taste, causing off-flavor and reducing
aroma (Aubert et al., 2015; Tran et al., 2015). A recent
study demonstrated that apple fruit stored under DCA-
CF had a lower ester concentration when compared to
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CA because of a lower gene expression of lipoxygenase
MdLOXT1 and alcohol acyl-transferase MAAATI as well as
lower concentrations of precursors for the related enzyme
(Thewes et al., 2020a). The authors attributed their findings
to the reduction in aerobic metabolism fo a minimum
without inducing anaerobic metabolism.

In  fruit, chlorophyll is present in higher
concenftration in the skin cells. Thus, the LOL detection
by chlorophyll fluorescence will represent a stress
situation of the most outer cells of the fruit (Wright et al.,
2015). However, Ho et al. (2013) reported that oxygen
is less available at the core (inner flesh cells) due to the
diffusion resistance. Therefore, when the skin cells are
under low oxygen stress, the cells of the core likely stay

under anaerobic metabolism, which can damage the

inner fruit quality. Studies evaluating apples of the ‘Gala’
group have demonstrated that when chlorophyll spikes,
the respiratory quotient (rafio between CO, release and
O, uptake) is higher than 10, indicating a high anaerobic
metabolism rate (Figure 4). Another problem that can
occur when DCA-CF is used for determining the LOL
is that the magnitude of the chlorophyll fluorescence
signal reduces over the storage period, because the
photosystem Il, which is mainly responsible for chlorophyll
fluorescence, continuously adapts to new conditions
such as the fruit tolerating lower levels of oxygen.
Furthermore, chlorophyll degradation and corresponding
lower fluorescence emission occurs as normal process of
fruit ripening.
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Figure 4. Relationship between oxygenin the storage room, chlorophyll fluorescence
and respiratory quotient in ‘Galaxy’ apples at a temperature of 2.0 °C.

Dynamic confrolled atmosphere system based on
ethanol (DCA-Eth)

The principle of DCA is to store the fruit with an
oxygen partial pressure as low as possible, the so-called
LOL. Itis necessary to monitor fruit metabolism periodically
over the whole storage period fo store fruit at the LOL.
If fruit are stored below the LOL, anaerobic metabolism
can occur which can damage fruit due to the excessive
accumulation of anaerobic metabolism compounds
such as acetaldehyde, ethanol and ethyl acetate (Pesis,
2005; Wright et al., 2015; Saltveit, 2019). The increase in
ethanol concentration due to anaerobic metabolism is
the basis for the DCA-Eth system.

DCA-Eth was the first DCA system developed
and monitors the fruit response to the oxygen variation
in the storage room. DCA-Eth is performed by gradually
lowering the oxygen partial pressure and determining the
ethanol concentration periodically (Schouten et al., 1998;

Veltman et al., 2003). Oxygen is lowered until an increase
in ethanol concentration is detected. There are two main
locations and forms where ethanol can be determined;
in the room headspace or juice obtained from fruit.
DCS® confrolled system) is a
commercially DCA-Eth  system, which
determines the ethanol concentration in the chamber
headspace. DCS® was developed in the Netherlands
and is marketed by the company Storex (Figure 5).
Another DCA-Eth system, which determines the ethanol
concenfration in the fruit juice is ILOS-Plus® and is marked
by company Marvil, Italy. In Germany, a DCA-Eth system

(Dynamic
available

was developed where fruit are stored for 21 days af 1.4
kPa O, before the O, is decreased in intervals. Following
21 days, O, is decreased to 1.1kPa O, for seven days and
then decreased to 0.8 kPa for another seven days. A fruit
sample should be taken at each interval and evaluated
for anaerobic metabolism compounds. If the levels of
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anaerobic compounds exceed a limit, the fruit need to
be stored af the next higher O, interval before another
sample is taken (Hennecke et al., 2008; Képcke, 2014).
Koépcke (2014) reported an increased risk of low oxygen
damage when apple fruit were stored below 0.8 kPa O,

The storage of ‘Elstar’ apples under DCA-Eth
reduced the incidence of superficial scald, maintained
a higher flesh firmness and greener skin color compared
to fruit stored under confrolled atmosphere (Schouten et
al., 1998; Veltman et al., 2003). According to these same
authors, DCA-Eth allowed ‘Elstar’ apples to be stored in
oxygen partial pressures ranging between 0.1 and 0.7 kPa.
Another study applying DCA-Eth on ‘Rocha’ pears, found
high acetaldehyde and ethanol accumulation in fruit
pulp, resulting in a higher incidence of flesh breakdown
and thus damaged fruit (Deuchande et al., 2016). These
reports are the main studies evaluating the effect of
DCA-Eth on fruit quality and the results are inconclusive
(Schouten et al., 1998; Veltman et al., 2003; Deuchande
et al., 2016), as suggested by an earlier review of DCA
technologies (Mditshwa et al., 2018).

One problem that can occur when the LOL is
determined by DCA-Eth is that the accumulated ethanol
can metabolize into other compounds. As fruits are
living products, the ethanol produced during anaerobic
metabolism is rapidly converted info other compounds,
such as ethyl esters (Lee et al., 2012; Both et al., 2017;
Thewes et al., 2017b, 2020a, Donadel et al., 2019; Anese
et al., 2020). Therefore, if ethanol is monitored alone, a
sub-estimation of the LOL can occur, which can induce
damage to fruit flesh as observed in ‘Rocha’ pears
(Deuchande et al., 2016).

Figure 5. Picture of the installation of DCS sensors in a commercial
room of apples.

Dynamic confrolled atmosphere system based on
Respiratory quotient (DCA-RQ)

The storage of fruit under DCA-RQ is based on
the principle that the ratio between CO, release and O,

uptake during fruit respiration is near one. The CO, to O,
rafio is close to one under normoxic conditions, where
the oxygen supplementation to the fruit for respiration is
adequate. However, even under normoxic conditions,
the RQ value can vary a little above and below one,
and is exactly one when the substrate of respiration are
sugars (Goyette et al., 2012). Delele et al. (2019) reported
that RQ values lower than one could be a function of
CO, solubilization in the cellular juice, while Patel and
Bhardwaij (2019) stated it could also occur when lipids are
used as respiration substrates (Patel and Bhardwaj, 2019).
However, the factor that affects RQ variation most during
storage is the O, partial pressure of the storage room.

Based on RQ variation over the storage period it
is possible to estimate the LOL ( Gasser et al., 2008; Van
Schaik et al., 2015; Weber et al., 2015; Bessemans et al.,
2016). RQ levels above one indicate that anaerobic
metabolism s
produced during anaerobic metabolism can have a
positive effect on fruit maturity and ripening, such as
ethanol, while other compounds have no effect. At low
concentrations, ethanol can be beneficial to fruit quality
maintenance (Asoda et al., 2009; Liu et al., 2012; Jin et
al., 2013; Weber et al., 2016, 2020). In confrast, when the
concentration of anaerobic metabolism compounds are
foo high, the formation of off-flavors can occur (Wright
et al., 2015) and internal damages in the fruit may be
noficed (Weber et al., 2015; Deuchande et al., 2016).

Several studies have used DCA-RQ to detect the
LOL and have compared the fruit quality to CA and DCA-
CF. Promising results using DCA-RQ have been observed
in Brazil ( Brackmann et al., 2015; Weber et al., 2015, 2017;
Both ef al., 2017; Thewes et al., 2017c, 2017b; Donadel
et al., 2019) and Europe (Gasser et al., 2008; Van Schaik
et al., 2015; Bessemans et al., 2016, 2018; Delele et al.,
2019; Thewes et al., 2019; Weber et al., 2019, 2020). These
researches demonstrated that storage under DCA-RQ
resulted in apples with lower superficial scald (Bessemans
et al., 201¢), flesh breakdown and higher flesh firmness
when compared to CA (Weber et al,, 2015, 2019, 2020;
Both et al., 2017; Thewes et al., 2017q).

The optimal RQ level for apple storage is well
defined and ranges between 1.3 and 1.5 (Brackmann et
al., 2015; Bessemans et al., 2016; Both et al., 2017; Thewes
et al., 2017a,2017a; Weber et al., 2017, 2020; Anese et al.,
2020). In general, storing fruit with a RQ of 1.3 results in fruit
with better maintfenance of flesh firmness and reduced

occurring in fruit cells. Compounds

incidence of physiological disorders and decay (Weber
et al., 2015, 2020; Thewes et al., 2017a, 2019,2020b; Both
et al., 2017; de Oliveira Anese et al., 2019; Anese et al.,
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2020). In contrast, storing fruit with a RQ of 1.5 results in
fruit with higher volatile compound emissions, especially
esters and alcohols (Both et al., 2017; Thewes et al., 2017c,
2017b, 2020a; Donadel et al., 2019; Schmidt et al., 2020),
which can improve fruit flavor. According to Thewes et al.
(20200), the higher ester accumulation in fruit stored with
DCA-RQ 1.5is due to the higher precursor availability and
a higher level of MAAATI] enzyme expression.

DCA-RQ dllows for the
initiation of anaerobic metabolism in fruit to occur at safe
levels (Weber et al., 2017, 2017). Anaerobic metabolism
induces the accumulation of ethanol in fruit flesh, a
metabolite that helps fruit metabolism inhibition (Asoda
et al., 2009; Jin et al., 2013; Weber et al., 2016, 2020).
Based on the strong metabolism reduction by DCA-RQ,

The storage under

several studies have demonstrated that it is possible to
increase the storage femperature in a range between
1° and 3 °C above the standard storage temperature
(Both et al., 2018; de Oliveira Anese et al., 2019; Weber
et al., 2019, 2020). Increasing the storage temperature
above the standard will save energy and reduce storage
costs. Additionally, storage under DCA-RQ maintains a
fruit quality similar to CA + 1-MCP (Thewes et al., 2017q,
2020a,; Weber et al., 2017; de Oliveira Anese et al., 2019;
Anese et al., 2020). However, volatile compounds related
to aroma are drastically increased when compared to
CA + 1-MCP ( Thewes et al., 2017c, 2020a; Anese et al.,
2020; Schmidt et al., 2020).

In DCA - RQ storage, the pO, may be reduced to
extremely low levels (<0.3 kPa), depending on the apple
cultivar and storage time (Both et al., 2018; Donadel et
al., 2019; Thewes et al., 2019; Schmidt et al., 2020; Thewes
et al., 2020b). However, this can only occur if the pCO,
is adjusted correctly in the storage room. A general
recommendation for DCA is to keep the same O, and
CO, ratio that is used in CA storage (Zanella et al., 2008),
which could result in very low levels of CO,in DCA - RQ
storage rooms. In experimental evaluations, the pCO,
is typically adjusted to 1.2 kPa or below, depending on
the apple cultivar (Thewes et al., 2020b). It is accepted
that as the pCO, is lowered in the storage room, the CO,
adsorber efficiency is also lowered. Currently, there is a
research gap for the appropriate CO, partial pressure,
which improves the CO, adsorber use without causing
high CO, damage in fruit. In *Galaxy’ apples, fruit quality
was better maintained at 2.0 kPa CO, in CA storage,
compared fo 1.2 and 1.6 kPa CO,. However, the higher
pPCO, in DCA-RQ 1.5 conditions resulted in a lower
percentage of healthy fruit after 9 months of storage
plus 7 d shelf life (Brackmann et al., 2015). The authors

concluded that pCO, should not be above 1.6 kPa for
‘Galaxy’ apple storage under DCA-RQ. Beyond the need
of elucidating the best pCO, for each apple cultivar
in DCA storage, different CO, concentratfion inside
the storage room may also influence the LOL for DCA.
Different CO, levels inside the room may influence fruit
respiration and, consequently, the rate of CO, production
and accumulation in the room. Therefore, CO, should
also receive higher attention in future investigations in
DCA storage.

One advantage of DCA-RQ
determination of LOL based on the rafio between CO,
release and O, uptake, while the DCA-Eth and DCA-
CF have a mechanism to detect the LOL based on a
secondary event and not directly from the respiration.
Figure 4 shows that the RQ level increased above one
at an pO, of 0.3 to 0.4 kPa, which was much higher than
the pO, that caused the spike in chlorophyll fluorescence
(0.1 kPa). The earlier detection of oxygen stress by DCA
- RQ compared to DCA-CF is that it monitors respiration
rate directly. At < 0.1 kPa O,, when the chlorophyll
fluorescence spiked, the RQ is very high (=10). However,
in practical terms, it is very difficult to determine the
oxygen uptake of fruit in commercial rooms because of
room leakage (Bessemans et al., 2018).

Currently, there are three main systems fo
defermine the RQ that are commercially available. The
DCA-RQ system named Advanced Control Respiration
(ACR) - My Fruit Dynamic, from the company Van
Amerongen CATechnology,isbased onRQ determination
of the whole storage room. With ACR, all machinery is
furned off during the RQ determination to avoid errors,
and the internal room pressure is maintained by nitfrogen
injection (Veltmann, 2013). Creating a small overpressure
in the storage room reduces the influx of oxygen from the
external atmosphere to the room atmosphere, reducing
the error of O, uptake measurement. Studies performed
using this DCA - RQ system found satisfactory results for
the LOL estimation for ‘Elstar’ apples (Van Schaik et al.,
2015).

The other two main DCA-RQ systems use a
small chamber that is placed inside commercial rooms
for determination of the RQ. Inside this small chamber
is a fruit sample that is representative of the entire
commercial room. These two DCA-RQ systems are
commercially available as Safepod® and RQ - StoreFresh
by Storage Control System Inc. (Sparta, MI, USA) and
Isolcell (Italy), respectively. The Safepod® system is based
on the RQ measurement in a small chamber allocated in
the storage room (Schaefer and Bishop, 2012). The RQ-

is the direct
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StoreFresh system, developed by the Federal University
of Santa Maria, Brazil, is based on the installation of two
RQ measurement chambers with one fruit chamber and
one gas reservoir chamber (Brackmann, 2015). The main
advantages of these two systems is a more precise RQ
determination because there is no influx of oxygen from
the external atmosphere into the small chamber placed
inside the commercial room. Another advantage is that
no machinery is turned off during RQ determination,
thus temperature and pressure inside the room are
maintained.

Recently, a DCA-RQ system for commercial
purposes was developed, which allows for the estimate of
the correct O, uptake based on mathematical modeling,
using inputs from the chamber leakage and atmosphere
pressure variation (Bessemans et al., 2018, 2016). This
system was tested for apples (Bessemans et al., 2018,
2016) and pears (Delele et al., 2019), showing promising
results on fruit quality maintenance. However, the room
leakage can vary over the storage period, which can
influence the mathematical model and consequently,
the RQ estimation.

More recently, a modular sensor system in
combinatfion with a respirometer for in-situ real-fime
measurement of respiration rate and RQ was developed
by Keshri et al. (2019) (Figure 6). The Respiration Measuring
Sphere (RMS88) is a compact spherical shaped (D- 88
mm) sensor system that houses a fluorescence based
O, sensor (measuring range 0 kPa to 25 kPa) and a non-
dispersive infrared CO, sensor (measuring range 0 ppm
to 200000 ppm). Additionally, the CO, sensor measures
relative humidity and temperature. This compact system
was tested at lab scale as well in a commercial CA
storage facility for the measurement of in-situ real-time
respiration rate and RQ of sfrawberries and ‘Pinova’
apples, respectively (Keshri, Truppel et al. 2020). The
mobile, leak-proof, and modular design of the system
allows wireless monitoring of the start of anaerobic activity
in real-time. The modular respirometer showed potential
for its adoption and integration into existing CA facilities
as well as in an advanced DCA monitoring and control
system.

Dynamic controlled atmosphere system based on carbon
dioxide production (DCA-CD)

It is necessary to monitor fruit metabolism in real
time over the whole storage period to determine the
LOL. One of the main methods to determine the overall
fruit metabolism is by measuring the CO, production rate
(Steffens et al., 2007; Saltveit, 2019). The CO, production
rate reduces as the oxygen partial pressure is lowered in

the storage room until a particular oxygen partial pressure,
where the CO, production then begins to increase
because of anaerobic metabolism (Figure 7). Figure 7
demonstrates that fruit at the start of the storage have a
relatively low tolerance to low pO, and have a higher LOL
(blue line). With storage fime the fruit adapt (yellow line)
and atthe end of the storage, before the senescence, fruit
have the highest tolerance to the low oxygen condifions
(red line). Based on the response of CO, production to
oxygen variation, it is possible to monitor the LOL of fruit
based solely on the CO, measurement (Thewes, 2019).

A DCA- CD system was also developed recently
in the Postharvest Center of the Federal University of
Santa Maria, Brazil (Thewes, 2019; Thewes et al., 2020b).
This system was able to estimate the LOL accurately for
several apple cultivars (Thewes et al., 2020b). According
fo this study, fruit sfored under DCA-CD resulted in an
apple quality maintenance comparative to fruit stored
under DCA-RQ and had a better quality than fruit stored
under CA-ULO. Anotherstudy that evaluated the DCA-CD
system in commercial storage rooms verified an accurate
LOL estimation, allowing the storage of ‘Shalimar’ apples
under pO,, ranging between 0.2 and 0.8 kPa (Neuwald et
al., 2020). This study also showed that fruit freated with or
without 1-MCP maintained a similar flesh firmness after é
months of storage plus 7 days af 20 °C when stored under
DCA-CD (Neuwald et al., 2020).

Figure 6. Modular sensor system RMS88 and respirometer installed
in a commercial storage facility of apples to measure in-situ real-
time respiration rate and RQ.
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Figure 7. Relationship between oxygen in the storage room
and relative CO, production of fruits over the storage period.
Different colors represent variation as a function of the variety
and/or storage duration.

The main advantage of the DCA-CD systemis that
the LOL estimation does not require the measurement of
oxygen uptake (Thewes et al., 2020b). The measurement
of oxygen uptake is the main challenge in commercial
rooms because of room leakage (Bessemans et al,
2016, 2018). Thus, the DCA-CD system is easier to apply
in commercial rooms because only the CO, production
is used as an input for the LOL estimation. According
to Bessemans et al. (2018), the measurement of CO,
production in storage rooms is less influenced by the
external ambient atmosphere than O, uptake.

Thewes et al. (2020b) reported that the DCA-CD
system allows for the induction of anaerobic metabolism
at safe levels, which can help fruit to maintain quality. The
apple cultivar ‘Elstar’ stored under DCA-CD maintained
higher concentrations of volatile compounds, especially
esters, when compared to CA and DCA-CF, had similar
concenfrations to fruit stored under DCA-RQ (Thewes,
2019). This study also suggests that apples stored under
DCA-CD maintain a similar overall fruit quality with higher
concenfrations of volatile compounds when compared
to CA + 1-MCP. Commercially, the DCA-CD system is
named FruitAtmo® by company Frigotec, Germany.

LOL variation over different seasons

Fruit metabolism is affected by several factors
such as storage temperature, harvest maturity, cultivar
and growing season (Steffens et al., 2007; Thewes et al.,
2017a; Saltveit, 2019). Figure 8 shows the LOL variation for
‘Gala’ and ‘Fuji’ apples over five consecutive seasons. It
is clearly presented that there are significant differences
among years. Therefore, it is necessary to monitor the LOL

every year, as it is not possible to use the estimated value
from past seasons and apply the previous LOL to the
current season. This suggests that, regardless of the DCA
system, the LOL should be determined in each season
and each individual sforage room fo avoid losses due to
inadequate oxygen partial pressure during storage.
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Figure 8. Lower oxygen limit (LOL) variation for ‘Gala’ and ‘Fuji’

apples based on DCA-RQ 1.3 over a period of 5 consecutive

years (Thewes et al., 2019).

Future prospects of DCA systems

The storage
atmosphere is constantly changing. Thus, in the near
future, there will be a need to develop DCA systems

under dynamic controlled

that allow for more atmosphere changes to be made
than just the O, partial pressure. One important factor
that can be varied according to fruit metabolism is the
storage temperature. DCA storage significantly reduces
fruit respiration, which allows fruit to be stored at higher
temperatures, thus saving energy. Recent results show
that DCA with temperature control significantly reduced
energy consumption, between 15 % and up to 50 %. With
the increasing demand for more sustainable food, DCA
systems show the potential of being the future of more
sustainable fruit storage.

Another factor that can be varied according to
fruit metabolism is the storage rooms CO,, partial pressure.
Altering the pCO, according to fruit metabolism can
increase the efficiency of CO, scrubbers and help with
fruit quality maintenance. There is also a system being
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developed to monitor eight fruit volatile compounds in
real time (periodically) over the storage period using
a low-cost portable and a fully infegrated gas sensor.
According to the Newsletter of the Interreg North-West
Europe, with this system, it will be possible to control
the room atmosphere according fo fruit metabolism.
The system will also be able to detect in advance the
occurrence of problems with fruit quality such as decay
incidence and some physiological
consequently avoiding fruit losses, by scaling the storage
room opening.

disorders, and

Dynamic storage facilities are always computer
controlled. Future innovations of DCA systems may include
automatic decision support systems that sense and
respond to variations in gas concentrations. Furthermore,
automatic decision support could also respond to
temperature variations based on the fresh produce
species being stored, the variety, pre-harvest conditions
and maturity. Additionally, such systems could support
the warehouse operator in making the correct decision in
real-fime. Research is being conducted on upgrading the
existing DCA systems to incorporate new technologies for
collecting data on additional quality parameters such as
color and firmness of stored produce. The use of multi-
sensor technology could also be incorporated into DCA
sforage rooms for befter monitoring of quality during
storage. Data from different imaging fechnologies and
other systems such as an electronic nose (E-nose) are
processed using sensor fusion (soft sensors). Soft sensors
process multiple sensor information for identified quality
classifiers and the development of warning systems, for
instance, the decline in quality (Onwude et al., 2020).
Such information will assist growers in decision making at
the right time before the stored produce is spoiled. The
more information on the stored produce physiology will
lead to better fruit quality maintfenance and thereby
reduce fruit losses. Application of DCA systems to other
pome fruit varieties and other fresh produce such as
kiwifruit is an area that needs to be explored. The biggest
challenge for the post-harvest storage industry is that
each year several new varieties and species of fresh
fruit come into the market. More research is needed
to understand the dynamic physiological responses of
fresh produce to CA in order to defermine the optimal
conditions for each cultivar and scenario. Recent trends
in sensor and electronics miniaturization and new material
development suggest a bright future for smarter, more
versatile food storage systems.

Conclusions
This review has shown that there are four main

DCA technologies available for commercial storage
rooms. This review also detailed new concepts of DCA
that are in development, especially withregards fo a DCA
system that allows more than one factor variation and
monitors several fruit volatile compounds. It is highlighted
that the storage of fruit under DCA reduces the quality
losses when compared to CA, especially the incidence
of physiological disorders like superficial scald and flesh
breakdown. Also, DCA can maintains fruit with a higher
flesh firmness. Furthermore, it was shown that the storage
of fruit under DCA-RQ and DCA-CD allowed for higher
volatile compound emissions and concentrations, which
can contribute positively to fruit flavor. It is also suggested
that the DCA-CD system is easier to apply in commercial
rooms because the CO, measurement is used solely to
determine the LOL.

The DCA systems are clean and green storage
technologies, which can enable the increase of storage
temperature, saving electrical energy, and reducing fruit
damage from low temperatures. Storage of apples under
DCA maintains an overall fruit quality similar to CA +
1-MCP. Since 1-MCP is not allowed to be used for organic
fruit production, DCA is the only highly efficient storage
alternative for long stored organic apples.
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