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Abstract: This study was carried out in order to gain a better understanding of the effects of 1-methylcyclopropene (1-MCP) and
controlled atmosphere (CA) storage on the quality of ‘Ankara’ pears after 210 days of cold storage at 0 °C plus 14 days of shelflife at 20 °C.
Fruits were harvested at commercial harvest time (flesh firmness of 75-80 N, soluble solids content of 14%-16%) and stored in regular
air (RA) or CA storage (3% O, + 1.5% CO,) after treatment with or without 1-MCP (300 nL L™). Ripening was delayed by 1-MCP
treatment and CA storage as evidenced by lower ethylene production, respiration rate, fermentative products, and sensory evaluation
scores and slower softening compared to fruits stored in RA. 1-MCP and CA also affected the amounts of sucrose and glucose, but
not the fructose contents of the fruits. The results show that the positive effects of 1-MCP and CA storage for ‘Ankara’ pear fruits
are individual, especially regarding quality parameters. This could be taken into account with the commercial use of these promising

postharvest technologies for ‘Ankara’ pears.
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1. Introduction

Winter pears need postharvest chilling to ripen properly
(Villalobos-Acufia and Mitcham, 2008). However, there
are difficulties in the storage of winter pears due to the in-
crease in pear production and insufficient cold storage ca-
pacity around the world. In order to preserve the quality of
winter pear fruits during long-term storage successfully, it
is crucial that postharvest techniques focus on the require-
ments of winter pears and the factors that affect storability
(Sugar, 2007).

Controlled atmosphere (CA) storage is an eco-friendly
postharvest technology. It allows European pears to be
stored at low temperatures with limited quality loss (Saquet
et al., 2017) by delaying fruit ripening (Guo et al., 2020).
However, since it is a high-capital technique, it cannot be
used in many parts of the world. Therefore, in recent years,
1-methylcyclopropene (1-MCP) has become widespread
as an alternative to CA storage technology (Rizzolo et
al., 2015). 1-MCP is an organic compound that can block
and prevent the negative effects of ethylene during storage
and shelf life (Watkins, 2015). The action of 1-MCP is a
result of its binding to ethylene receptors and the block-
ing of ethylene connections in that region, thereby slow-
ing down the physiological response and respiration rate.
It retards acidity loss, softening, skin yellowing, scald, and
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flesh browning in many European pear cultivars (Vanoli
et al,, 2016; Guo et al., 2020). Moreover, it has positive ef-
fects in terms of maintaining quality during the posthar-
vest period in Turkish pear cultivars (Bakoglu and Tuna
Gunes, 2018; Kurubas and Erkan, 2018). On the other
hand, 1-MCP sometimes blocks the regaining of the rip-
ening ability of fruits after long-term cold storage in Euro-
pean pear cultivars such as ‘Alexander Lucas’ and ‘dAnjou’
(Hewitt et al., 2020; Dias et al., 2021). The effectiveness of
1-MCP for pear fruits varies depending on the cultivar,
growing conditions, maturity stage, 1-MCP dose, storage
type, and storage conditions (Watkins, 2015; Vanoli et al.,
2016). Today in the fruit industry, 1-MCP may be used in
combination with CA storage technology in order to ex-
tend the keeping quality of pear fruit (Ribeiro et al., 2008).
However, pears treated with 1-MCP may demonstrate
different postharvest characteristics during their periods
after regular air (RA) and CA storage depending on the
cultivar. Some cultivars react positively to 1-MCP treat-
ment, with increases in their storability periods, while oth-
ers either cannot regain their ripening ability or become
sensitive to certain physiological disorders after different
types of storage conditions (Saquet, 2019).

The ‘Ankara’ pear cultivar is one of the winter-type
European pear (Pyrus communis L.) cultivars of Tiirkiye.
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It is very sweet and juicy and has a buttery texture at the
ripening stage. The harvest window of this cultivar occurs
in September and October (Dumanoglu et al., 2021). As is
seen for other European pears (Saquet and Almeida, 2017;
Dias et al.,, 2022), the Ankara’ cultivar shows climacteric
characteristics with increases in respiration rate and ethyl-
ene production during ripening. Consequently, the inhibi-
tion of ethylene biosynthesis slows its ripening and allows
for alonger storage period (Tuna Giines et al., 2007). How-
ever, there is no research to date focusing on the combined
effects of 1-MCP treatment and CA storage on Ankara
pear fruits. In the present study, we investigated the ef-
fects of 1-MCP treatment and CA storage technology on
the storability of ‘Ankara’ pears during their shelf life after
certain durations of cold storage.

2. Materials and methods

2.1. Fruit material, 1-MCP treatment, and storage
conditions

‘Ankara’ pear fruits were harvested from a commercial
orchard in Yenikent-Sincan in Ankara Province, Tiirkiye
(Central Anatolian Region; 40°00'19.0"N, 32°31'29.0"E),
at commercial maturity (firmness of 75-80 N, soluble sol-
ids content of 14%-16%) and were immediately transport-
ed to the Postharvest Laboratory. A group of fruits were
then treated with 300 nL L' 1-MCP (SmartFresh™, Agro-
Fresh Solutions, Inc., Philadelphia, PA, USA) at 20 + 1 °C
under gas-tight conditions for 24 h as suggested by the dis-
tributor company of 1-MCP. A similar quantity of fruit not
exposed to 1-MCP was held under the same conditions.
Fruits treated and not treated with 1-MCP were stored in
RA and CA (3% O, + 1.5% CO,) storage conditions at 0 +
1 °C and 85%-90% relative humidity for 210 days. The gas
composition inside the gas-tight CA cabinets (Fruit Con-
trol C.A. Technologies, Milan, Italy) were digitally moni-
tored. Fruit were transported to room conditions (20 + 1
°C) for 7 to 14 days after a certain duration of cold storage
in order to observe changes during shelf life.

2.2. Respiration rate and ethylene production

Previously weighed fruits were sealed in a jar for 1 h and
the headspace gas composition was measured with an
infrared CO, analyzer (PA 404, Servomex, East Sussex,
UK). The respiration rate was calculated using CO,, time,
and the weight and volume of the fruit as mL CO, kg™
h™! (Klein and Lurie, 1990).For ethylene production, a gas
sample of 1 mL from the same headspace was injected into
a gas chromatography device (ThermoQuest 2000, Ther-
mo Fisher Scientific, Waltham, MA, USA) equipped with
a flame ionization detector. An activated alumina stainless
steel column (1 m, 80/100 mesh, Supelco 120-99, Sigma-
Aldrich, St. Louis, MO, USA) and nitrogen (99.9%) at a
flow rate of 40 mL min™ as a carrier gas were used dur-
ing analysis. The oven, injection, and detector tempera-
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tures were 100, 100, and 120 °C, respectively. Results were
calculated by comparisons to an external ethylene stan-
dard (Alltech, Nicholasville, KY, USA) as uL. C H, kg h™*
(Bangerth, 1978; Dong et al., 2018).

2.3. Flesh firmness

Flesh firmness was evaluated at three different points of
the equatorial region of the fruit using a hand penetrom-
eter (FT 327, Effegi, Milan, Italy) equipped with a plunger
of 7.9 mm in diameter after removing the skin of the fruit
with a peeler (Larrigaudiére et al., 2004).

2.4. Soluble solids and titratable acidity content

Soluble solids content was determined with a digital Abbe
refractometer (Leica 10480, Leica Camera, Wetzlar, Ger-
many) using fruit juices obtained by squeezing and filter-
ing.

Fruit juice (5 mL) with the addition of 50 mL of double
deionized water (DDW) was titrated with 0.1 N NaOH so-
lution (Merck 106462, Merck, Darmstadt, Germany) until
pH 8.1 using an automatic titrator (DL 50 Graphix, Mettler
Toledo, Columbus, OH, USA) and the titratable acidity re-
sults were expressed as malic acid %.

2.5. Sugar content

Pear samples of about 10 g were homogenized (Janke &
Kunkel, Ultraturrax 725, IKA, Istanbul, Tiirkiye) in 20 mL
of DDW for 1 min at 24,000 rpm and were then centri-
fuged (Sigma 3K30, Sigma-Aldrich) at 15,000 rpm at 1
°C for 30 min. The supernatant was filtered (Millex*-HYV,
SLHVO013NK, Millipore, Merck) and then taken up into
screw vials (SV-15B, AIM , Prospect, SA, Australia). Sepa-
ration of individual sugars was achieved with an Aminex
column (Phenomenex Rezex RCM-Monosaccharide,
Bio-Rad, Hercules, CA, USA) with a high-pressure liquid
chromatography device (LC10-ATVPi, Shimadzu, Kyoto,
Japan) equipped with a refractive index detector (RID
10A, Shimadzu). During analysis, the automatic sampler
and oven temperatures were set to 4 and 80 °C, respec-
tively. DDW was used as the carrier phase at a flow rate
of 0.6 mL min™. Sucrose (Sigma, $7903), glucose (Sigma,
G7528), and fructose (Sigma, F2543) standards were used
for the identification and quantification of sugar peaks
(Tuna Gunes and Poyrazoglu, 2022).

2.6. Fermentative products

Fermentative products were determined in the fruit juic-
es of ‘Ankara’ pears according to the method of Ke et al.
(1994) with slight modifications. Briefly, 5 mL of fruit juice
in a sealed vacuum test tube (16 x 100 mm, Hema Tube,
Hemalab, Ankara, Tiirkiye) was incubated at 45 °C for 15
min in a water bath (BM 402, Niive, Ankara, Tiirkiye). Gas
samples taken from the headspace of the tubes were ana-
lyzed by gas chromatography (ThermoQuest 2000, Ther-
mo Fisher Scientific) equipped with a flame ionization
detector and a Carbopack column (Carbowax 5%, 60/80
mesh, Supelco, Sigma-Aldrich). The temperatures of the
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oven, injection, and detector were set to 80, 100, and 150
°C, respectively. Nitrogen (99.9%) was used as the carrier
gas at a flow rate of 40 mL min". Identification and quanti-
fication of the peaks were performed using regression lines
plotted for different concentrations of acetaldehyde (Pub-
Chem CID: 177, Merck 800004), ethanol (PubChem CID:
702, Merck 100983), and methanol (PubChem CID: 887,
Merck 106007) standards.

2.7. Cuticular wax content

Fruits were completely immersed in a solution of chloro-
form (PubChem CID: 6212, Merck 102445) and methanol
(PubChem CID: 887, Merck 106007) (v/v, 3/1) at room
temperature for 2 min under a fume hood, and then the
solution including the cuticular waxes was transferred to
a preweighed round-bottomed flask and all of the solution
was evaporated at 40 °C on a rotary evaporator (Laborota
4000, Heidolph, Schwabach, Germany). The cuticular wax
quantity was then recorded by weighing the flask after the
evaporation procedure (Lurie et al., 1996).

2.8. Sensory evaluations

Sensory evaluations were performed according to the
method of Predieri and Gatti (2009) with some modifica-
tions. Slices of 5 mm in thickness from each fruit were put
into previously numbered separate plates for 10 trained as-
sessors. These slices were served with water and unsalted
bread. The juiciness, sweetness, bitterness, and alcohol fla-
vor of the fruits were determined as sensory parameters.
These properties were scored on a range from 1 point (very
bad, not marketable) to 10 points (very good, marketable).
2.9. Data analysis

This study was based on completely randomized experi-
mental design with 3 replications and 10 randomly select-
ed fruits were used in each replication. Analysis of vari-
ance (ANOVA) was performed on the data at an error level
of p < 0.05 using MINITAB 17 software (trial version).
Storage period, shelf life, storage type, and 1-MCP treat-
ment were taken into consideration as independent vari-
ables or factors in this experiment. Means were compared
with Tukey’s test using MSTAT-C software (Michigan State
University, East Lansing, MI, USA) and significant differ-
ences among means were marked with letters in tables.

3. Results

3.1. Respiration rate and ethylene production

The respiration rate (RR) of ‘Ankara’ pear fruits increased
according to the cold storage period (Table 1). It was lower
in fruits treated with 1-MCP than in nontreated fruits and
RA storage conditions caused higher RR values (Figure 1).
Climacteric conditions in RR occurred on the 150 + 7th
day in RA-stored fruit without 1-MCP treatment, but in
CA-stored fruit without 1-MCP treatment, this was de-
layed by 1 week during the shelf life period (Figure 1). In
the CA + 1-MCP and RA + 1-MCP treatments, a sharp in-

crease in RR was observed after the 180th day of cold stor-
age. During the storage period, differences in the average
RR values became significant after 90 days and the highest
average RR was observed on the 210th day as 10.70 mL
CO, kg'h™'. Based on these average values, CA conditions
and 1-MCP treatment prevented an increase in RR. In the
fruits treated with 1-MCP, a statistical difference in RR was
not observed between the fruit stored in RA (5.21 mL CO,
kg'h™) and CA (5.30 mL CO, kg'h™") conditions, while
in both storage conditions, 1-MCP treatments resulted in
lower RR values. Our results showed that 1-MCP and CA
storage were effective independently of each other in slow-
ing the RR of the fruits (Table 1).

The ethylene production (EP) of ‘Ankara’ pear fruits in-
creased in parallel with the progression of the cold storage
period and shelf life (Table 1; Figure 1). The highest ethyl-
ene production was observed on the 150 + 14th day. Based
on the average values, CA storage (23.15 uL. C,H, kg™'h™")
and 1-MCP treatment (18.85 uL C,H, kg"'h™") individually
delayed an increase and slowed the EP by at least twofold
in the pears during the storage and shelf life periods (Table
1). When we considered the effect of 1-MCP for each stor-
age method, it was seen that fruits treated with 1-MCP had
lower EP values. In fruits treated with 1-MCP, CA storage
caused an EP value of 19.25 uL. C_H, kg™'h™', while this was
18.45 uL. CH, kg™ h! for fruit stored in RA conditions,
representing a statistically insignificant difference (Table
1). This demonstrated that CA technology and 1-MCP
treatment could each be used alone to inhibit EP during
the shelf life of ‘Ankara’ pears.

3.2. Flesh firmness

The firmness of the fruit significantly decreased through-
out the storage and shelf life periods. At the beginning of
storage, this value was recorded as 79.78 N, and at the end,
it reached 29.98 N (Table 1). During the shelf life period,
the firmness value for the 14th day (49.26 N) was signifi-
cantly lower than the value for the 7th day (49.26). It is also
possible to discuss the protective effect of CA conditions as
fruit stored under CA conditions showed higher firmness
(50.21 N). A similar situation was valid for fruits treated
with 1-MCP (54.30 N). 1-MCP treatment was effective in
maintaining fruit firmness in both RA (54.40 N) and CA
(54.19 N) storage conditions and the differences were not
significant between these two storage technologies. Thus,
the effect of 1-MCP is more pronounced than that of CA
storage (Table 2).

3.3. Soluble solids content and titratable acidity

Soluble solids content (SSC) and titratable acidity (TA)
values of ‘Ankara’ pear fruits were recorded as 15.20% and
0.40% malic acid at the beginning of the cold storage pe-
riod and as 13.77% and 0.22% malic acid at the end of the
storage period, continuously decreasing (Table 2). The de-
cline in these parameters continued with the extension of
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Table 1. Effects of different variables on respiration rate and ethylene production of ‘Ankara’ pear fruits.

Significant effects! ?Ii?)ggizoﬁlgia }tﬁ]) it}liyli:’l‘eh}?‘r)o duction
SP (days)

0 3.64+0.05C? 0.45+0.03 F?

90 4.66+0.32C 16.67 + 490 E
120 6.34+£0.55B 21.60 £6.17 D
150 6.74+0.57 B 36.54+948 C
180 6.99 £ 0.56 B 52.60 £ 5.51 B
210 10.70 £ 0.61 A 66.47 +2.40 A
SL (days)

7 6.31 £ 0.39 ns? 29.40 £ 3.77 B?
14 6.72 £ 0.37 ns 3538 +445A
ST

RA 7.24 +£0.44 A? 41.63 +4.65 A?
CA 579+0.29B 23.15+3.19B

T

-1-MCP 7.77 £ 0.42 A? 4593 + 4,53 A?
+1-MCP 525+0.27B 18.85+2.93 B
STxT

RA x -1-MCP 9.26 +0.64 A, a° 64.81 £ 6.29 A, a°
CA x -1-MCP 6.28 £0.40 B, a 27.06 +4.83 B, a
RA x +1-MCP 521+0.37A,b 1845+ 4.19A,b
CA x +1-MCP 530+0.39A,b 19.25+4.15A,b

! SP: Storage period; SL: shelf life; ST: storage type; RA: regular air storage; CA: controlled atmosphere storage; T: treatment.
2 Data are presented as mean + standard error of mean (SEM); different letters in the same column are significantly different; ns:

nonsignificant at p < 0.05 error level.

? Capital letters of the same color show differences among storage types for each treatment and lowercase letters of the same color show
differences between treatments for each storage type at p < 0.05 error level according to Tukey’s test.

the shelf life periods. CA storage conditions maintained
the SSC (14.61%) and TA (0.30% malic acid) values bet-
ter than RA storage. However, RA storage + 1-MCP treat-
ment (14.69% and 0.31% malic acid, respectively) was
more effective for maintaining these parameters than RA
without 1-MCP (14.235% and 0.27% malic acid, respec-
tively). Moreover, 1-MCP treatment largely prevented the
decrease in SSC (14.71%) and TA (0.3% malic acid) in
both storage conditions. However, under CA conditions,
there was no clear distinction between fruits treated with
1-MCP (0.31% malic acid) and nontreated fruits (0.30%
malic acid) (Table 2).

3.4. Sugar content

During the storage period, sucrose contents gradually
decreased, while glucose and fructose contents increased
within 90 days and showed lower values in the last two
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analysis periods (Table 3). The highest glucose values were
recorded on the 90th and 120th days as 5.36 g 100 g' FW
and 5.16 g 100 g™' FW, respectively. The highest fructose
amounts were attained on the 90th (6.76 g 100 g' FW),
120th (6.81 g 100 g FW), and 150th (6.59 g 100 g' FW)
days of the cold storage period. In general, all individual
sugars had the lowest values at the end of the entire storage
period. Fructose was the dominant sugar in ‘Ankara’ pear
fruits, followed by glucose and sucrose. The shelf life peri-
od significantly affected only sucrose contents; after a shelf
life period of 7 days, the fruits had higher sucrose contents
(1.75 g 100 g! FW). Storage type and 1-MCP treatment
were effective on only sucrose and glucose contents. CA
storage conditions caused higher sucrose (1.76 g 100 g!
FW) and glucose (4.78 g 100 g”! FW) contents in the fruits
than RA storage (1.70 g 100 g FW and 4.54 g 100 g! FW,
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Figure 1. Changes in respiration rate and ethylene production in Ankara’ pears
during storage and shelf life periods. RA: Regular air storage; CA: controlled
atmosphere storage. Vertical lines are the standard errors of mean values.

Table 2. Effects of different variables on flesh firmness, soluble solid contents, and titratable acidity of ‘Ankara’ pear fruits.

Significant effects! Flesh firmness (N) Soluble solid contents (%) Titratable acidity (% malic acid)
SP (days)

0 79.78 £ 0.32 A? 15.20 £ 0.03 A? 0.40 £ 0.01 A?
90 54.51 £231B 1522 £0.02 A 0.33+£0.01 B
120 46.16 +2.38 C 14.53+0.04 B 0.32+0.01C
150 39.16 £2.22D 14.27 £ 0.05C 0.26 £0.02 D
180 3457+ 1.72E 14.25+0.03C 0.23+0.01E
210 2998+ 1.70 F 13.77+0.11 D 0.22+0.01 F
SL (days)

7 49.26 +2.20 A? 14.63 +0.07 A? 0.31£0.01 A?
14 4547 +2.26 B 14.45 +0.07 B 0.29+£0.01 B
ST

RA 44,51 £ 2.45B? 14.47 £ 0.08 B? 0.29 £ 0.01 B?
CA 50.21 +1.95 A 14.61 £ 0.06 A 0.31+0.01 A
T

-1-MCP 40.42 +2.36 B? 14.38 £ 0.08 B? 0.29 £ 0.01 B?
+1-MCP 5430+ 1.77 A 14.71 £ 0.05 A 0.31+£0.01 A
STxT

RA x -1-MCP 34.63 + 3.53 B, b’ 14.25 £ 0.13 B, b* 0.27 +0.01 B, b?
CA x -1-MCP 46.22 +2.86 A, b 14.50 £ 0.08 A, b 0.30£0.01 A,a
RA x +1-MCP 5440+ 252A,a 14.69 £ 0.07 A, a 0.31£0.01 A,a
CA x +1-MCP 54.19+253A,a 14.72 £ 0.07 A, a 0.31+£0.01 A,a

! SP: Storage period; SL: shelf life; ST: storage type; RA: regular air storage; CA: controlled atmosphere storage; T: treatment.

2 Data are presented as mean =+ standard error of mean (SEM); different letters in the same column are significantly different.

? Capital letters of the same color show differences among storage types for each treatment and lowercase letters of the same color show
differences between treatments for each storage type at p < 0.05 error level according to Tukey’s test.
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Table 3. Effects of different variables on sugar contents of ‘Ankara’ pear fruits.

Significant effects! Sucrosei Glucoseﬁ Fructos?

(g 100 g FW) (g 100 g FW) (g 100 g FW)
SP (days)
0 2.20 £0.02 A? 4.66 = 0.05 B? 6.17 +£0.11 B
90 1.82+0.01 B 536 £0.07 A 6.76 £ 0.08 A
120 1.71+£0.02C 516+ 0.07 A 6.81 +0.09 A
150 1.64 £0.02D 4.69+0.11B 6.59 £0.14 A
180 1.61 £0.02 E 429+0.12C 594+0.13B
210 1.43+0.03 F 3.82£0.09D 5.81+0.09B
SL (days)
7 1.75 £ 0.02 A? 4.66 + 0.07 ns? 6.37 + 0.07 ns?
14 1.71+£0.03B 4.67 £0.08 ns 6.32+0.08 ns
ST
RA 1.70 +£0.03 B 4.54 +0.09 B 6.27 £ 0.08 ns’
CA 1.76 £ 0.02 A 4.78 £0.06 A 6.41 £0.07 ns
T
-1-MCP 1.68 +0.03 B 4.59 £ 0.09 B 6.32 + 0.08 ns?
+1-MCP 1.79 £ 0.02 A 4.74+£0.06 A 6.37 +0.07 ns
STxT
RA x -1-MCP 1.63 +0.50 B, b* 4.33+1.59B,b’ 6.20 * 1.35 ns?
CA x -1-MCP 1.74+0.38 A, b 485+0.83A,a 6.43 +0.10 ns
RA x +1-MCP 1.79+0.39A,a 476 +0.79 A, a 6.34+0.10 ns
CA x +1-MCP 1.79+£0.37 A, a 472+090 A, b 6.40 + 0.09 ns

! SP: Storage period; SL: shelf life; ST: storage type; RA: regular air storage; CA: controlled atmosphere storage; T: treatment.
? Data are presented as mean + standard error of mean (SEM); different letters in the same column are significantly different; ns:

nonsignificant at p < 0.05 error level.

? Capital letters of the same color show differences among storage types for each treatment and lowercase letters of the same color show
differences between treatments for each storage type at p < 0.05 error level according to Tukey’s test.

respectively). The effects of shelf life, storage type, and
1-MCP treatment on fructose contents were insignificant.
The interactive effect of storage type and 1-MCP treatment
was significant for only sucrose and glucose contents.
Without 1-MCP treatment, CA conditions resulted in the
fruits having higher sucrose (1.74 g 100 g' FW) and glu-
cose (4.85 g 100 g”! FW) contents compared to fruits under
RA conditions (1.63 g 100 gt FW and 4.32 g 100 g™' FW).
However, after 1-MCP treatment, neither RA nor CA con-
ditions created significant differences in sucrose or glucose
contents. A similar effect was not observed for the fructose
contents of ‘Ankara’ pear fruits (Table 3).

3.5. Fermentative products

In this study, we determined acetaldehyde, methanol, and
ethanol concentrations as fermentative products (Table 4).
Among these products, the levels of ethanol were the high-
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est, followed by methanol and acetaldehyde. During the
storage period, these products tended to increase up the
180th day and then decreased significantly. The highest
acetaldehyde, methanol, and ethanol concentrations were
respectively recorded as 24.41 uL L™, 67.70 uL L™, and 136
uL Lt In general, the levels of fermentative products de-
termined on the 7th day of the shelf life period were lower
than those on the 14th day. 1-MCP treatment inhibited the
production of all fermentative products determined in the
current study. Methanol concentration was not affected by
the interaction of storage technology and 1-MCP, while
acetaldehyde and ethanol production levels were highest
under RA conditions without 1-MCP treatment at 18.36
puL L' and 134.70 uL L7, respectively. RA storage with
1-MCP treatment caused higher levels of acetaldehyde
production (17.87 pL L™) than CA storage (16.28 uL L).



Table 4. Effects of different variables on fermentative products of ‘Ankara’ pear fruits.
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Significant effects' Aceta}dehyde Meth'imol Ethar{ol

(WLL) (WLL) (WLL)
SP (days)
0 13.48 £ 0.04 C* 4.51 £0.37 D* 17.53 £ 0.36 C*
90 18.23 £0.90 B 36.34 +4.48 C 57.61 £6.84 B
120 17.79 £ 0.89 B 37.78 £5.25C 5350+ 532 B
150 2410+ 194 A 53.15+895B 116.50 £ 18.00 A
180 2441180 A 67.70 £ 12.70 A 136.90 £22.40 A
210 19.09+1.46 B 25.68 £5.60 C 69.10 +13.40 B
SL (days)
7 18.18 £ 0.74 B? 27.28 +2.63 B? 63.74 +7.33 B?
14 20.86 £ 0.98 A 47.76 £5.99 A 86.60 £10.20 A
ST
RA 19.46 + 0.73 ns* 39.85 + 5.53 ns? 84.70 + 10.70 A?
CA 19.58 £ 1.01 ns 35.20 £ 3.87 ns 65.66 £ 6.66 B
T
-1-MCP 23.73 £0.99 A? 56.03 £ 5.77 A* 115.90 + 10.60 A?
+1-MCP 1531+£0.30 B 19.02 £ 1.67 B 3453 +1.99B
STxT
RA x -1-MCP 23.04+1.09 A, a° 58.47 + 9.87 ns? 134.70 £ 17.80 A, a°
CA x -1-MCP 2442 +1.66B,a 53.59+6.12 ns 97.00 £ 10.70 B, a
RA x +1-MCP 15.89+0.55A,b 21.22 +2.64 ns 34.73 £2.67 A, b
CA x +1-MCP 1472 £0.17 B,b 16.81 +2.02 ns 34.33+3.00A,b

! SP: Storage period; SL: shelf life; ST: storage type; RA: regular air storage; CA: controlled atmosphere storage; T: treatment.

2 Data are presented as mean + standard error of mean (SEM); different letters in the same column are significantly different; ns:

nonsignificant at p < 0.05 error level.

* Capital letters of the same color show differences among storage types for each treatment and lowercase letters of the same color show

differences between treatments for each storage type at p < 0.05 error level according to Tukey’s test.

The same effect was not observed for ethanol production,
while the level of ethanol production in the RA + 1-MCP
group (97.00 uL L") was higher than that obtained for CA
+1-MCP (34.33 uL L), the difference was not statistically
significant (Table 4).

3.6. Cuticular wax quantity

We observed the highest wax content values on the 150th
(1.60 mg g™*) and 180th (1.62 mg g™*) days and it decreased
after the 180th day (Figure 2A). CA storage and 1-MCP
treatment led to lower wax contents (1.10 mg g™*) on the
skins of the pears. However, 1-MCP treatment under both
RA and CA conditions helped the fruit in terms of lower
wax contents (1.11 mg g™'). The shelf life periods alone did
not cause significant changes in this parameter. Neverthe-
less, it had an interactive effect with other variables (Figure
2B). It seems that 1-MCP treatment and CA conditions

alone can both help to reduce the wax production on the
skins of ‘Ankara’ pears.

3.7. Sensory evaluation

In this study, we considered juiciness, sweetness, bitter-
ness, and alcohol flavor as sensory evaluation parameters
for ‘Ankara’ pear fruits (Table 5). All of these parameters
increased linearly during cold storage and the shelf life pe-
riods. Pears stored under CA conditions were found to be
less juicy (5.81 points) than those stored under RA (6.13
points). In addition, 1-MCP treatment caused the fruits to
be less juicy (5.79 points). However, the effect of CA and
1-MCP treatment subsequently disappeared, especially in
the later storage periods. Sweetness increased with the cold
storage period for all shelf life durations. Without 1-MCP
treatment, RA (6.29 points) and CA (5.71 points) storage
conditions alone caused sweeter fruit. Differences between
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Figure 2. Changes in skin wax contents in ‘Ankara” pears: A) during cold storage period, B)
effect of storage types and 1-MCP treatments. Vertical lines are the standard errors of mean

values.

'Letters show differences among cold storage periods.

*Capital letters of the same color show differences among storage types in each treatment and lowercase
letters of the same color show differences between treatments in each storage type.
3Letters of the same color show differences between storage types and treatments at p < 0.05 error level; RA:

regular air; CA: controlled atmosphere storage.

RA + 1-MCP and CA + 1-MCP with respect to sweetness,
bitterness, and alcohol flavor were not significant, but they
greatly inhibited the formation of a bitter taste (1.04 and
1.07 points, respectively). CA storage and 1-MCP treat-
ment resulted in lower average sweetness scores. However,
this effect disappeared along with the storage and shelf
life periods and all pears had similar sweetness scores.
Remarkable increases were observed in the alcohol flavor
of ‘Ankara’ pear fruits and the fruits treated with 1-MCP
had the lowest values (1.06 points). 1-MCP treatment
strongly inhibited the occurrence of alcohol flavor dur-
ing the shelf life periods after both RA (1.06 points) and
CA (1.05 points) storage. CA storage alone (1.20 points)
caused fruits to have lower levels of alcohol flavor than RA
storage (1.61 point).

4. Discussion

The RR values of ‘Ankara’ pear fruits followed fluctuations
during the cold storage and shelf life. In fruits stored un-
der RA and CA conditions without 1-MCP treatment, RR
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increased up to the 150 + 7th day (10.87 mL CO, kg™ h™")
and up to the 150 + 14th day (7.10 mL CO, kg™'h™"), re-
spectively. Both RA and CA conditions with 1-MCP treat-
ment generally inhibited RR (Figure 1; Table 1). It was
previously reported that the RR values of pear fruits were
lower with 1-MCP treatments (Watkins, 2015) and proper
CA storage techniques helped to reduce RR (Thompson et
al., 2019). Despite studies claiming that 1-MCP treatments
strengthen the effects of CA storage (Rizzolo et al., 2015),
we found independent effects of 1-MCP treatment and CA
storage in slowing the RR of ‘Ankara’ pears, as noted in
some previous reports (Zhi et al., 2019). The observations
of Bakoglu (2014) and Kurubas and Erkan (2018) working
with ‘Ankara’ pear and those of Escribano et al. (2016) and
Villalobos-Acufa et al. (2011) for ‘Bartlett’ pear support
our findings about the effect of 1-MCP in slowing the RR
of the fruits. On the other hand, comparing the effects of
different storage technologies such as RA and CA storage
used in the current study, it is possible to note the stronger
effect of CA storage on slowing down the RR of ‘Ankara’
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Table 5. Effects of different variables on sensory evaluation scores of ‘Ankara’ pear fruits.

Significant effects' Sweetnes§ Bitternegs Alcohol ﬂavor ]uicinessA
(1-10 points) (1-10 points) (1-10 points) (1-10 points)
SP (days)
0 4.16 + 0.06 F* 1.00 + 0.00 E? 1.00 + 0.00 D? 4.00 £ 0.03 F?
90 5.19+0.05E 1.00 £ 0.00 E 1.00 £ 0.00 D 518+ 0.09E
120 5.75+0.12D 1.15+0.05D 1.00 £ 0.00 D 591+£0.11D
150 6.07+0.15C 1.66 £ 0.14 C 1.22+0.05C 6.54+0.14 C
180 6.58 £0.07B 2.23+0.26 B 145+0.12B 6.97 £0.06 B
210 6.70 £ 0.05 A 248031 A 1.75+0.12 A 7.18 £ 0.06 A
SL (days)
7 5.63+0.11 B2 1.55+0.12 B? 1.21 £ 0.05 B? 5.83+0.13 B?
14 585+0.12 A 1.63+£0.13 A 1.27 £0.06 A 6.11+0.15A
ST
RA 5.89 +0.12 A? 1.70 £ 0.14 A? 1.34 £ 0.07 A? 6.13 £ 0.14 A?
CA 5.60+0.11B 1.48 £0.09B 1.14+0.03 B 581+0.13B
T
-1-MCP 6.00 £ 0.12 A? 2.12+0.15 A? 1.41 £ 0.07 A? 6.14 +0.13 A?
+1-MCP 549+0.11B 1.06 £ 0.02 B 1.06 £ 0.02 B 579+0.14B
STxT
RA x -1-MCP 6.29+0.17 A, a° 236+0.24 A, a° 1.61 £0.11 A, a° 6.37 £0.19 A, a°
CA x -1-MCP 571+£0.14B,a 1.87+£0.16 B, a 1.20£0.03 B, a 591+£0.19B,a
RA x +1-MCP 548 +0.15A,b 1.04 £ 0.01 A, b 1.06 £ 0.02 A, b 588 +0.20 A, b
CA x +1-MCP 549+ 0.16 A,b 1.07£0.02 A, b 1.05+£0.02 A, b 570+ 0.19 B, b

! SP: Storage period; SL: shelf life; ST storage type; RA: regular air storage; CA: controlled atmosphere storage; T: treatment.

2 Data are presented as mean + standard error of mean (SEM); different letters in the same column are significantly different.

? Capital letters of the same color show differences among storage types for each treatment and lowercase letters of the same color show
differences between treatments for each storage type at p < 0.05 error level according to Tukey’s test.

pears. Similarly, Mattheis et al. (2013) observed that the
RR of CA-stored ‘dAnjou’ pear fruits was lower than that
of fruits kept with air storage. 1-MCP in combination with
CA was found to be effective for the RR of climacteric fruit
because it can abate fruit metabolic activity and 1-MCP can
support the effects of CA on RR (Watkins, 2015). However,
in the current study, very similar RR values measured in
the RA + 1-MCP (5.21 mL CO, kg"'h™") and CA + 1-MCP
(5.30 mL CO, kg™ h™') groups suggested that 1-MCP can-
not support CA storage for the Ankara’ pear cultivar. With
a similar approach, Guo et al. (2020) noted that the unified
effect of 1-MCP and CA was not always considerable for
RR in all climacteric fruit species and the outcomes can
vary across different cultivars.

All variables in the current study significantly affected
the EP of Ankara’ pear fruits. It has been argued that the
regulation of ripening, especially in climacteric fruit spe-

cies such as pears, is linked to ethylene-related patterns
(Wang S et al., 2018). Thus, the importance of ethylene
inhibitors and different storage methods comes to the fore
in this respect. In our study, 1-MCP and CA delayed eth-
ylene production. Under RA conditions, EP was measured
as 64.81 uL C,H, kg h™' and 18.45 uL. C,H, kg"'h™" in the
groups without and with 1-MCP treatment, respectively.
This shows that, under RA conditions, 1-MCP can be
successful in obstructing EP. Likewise, 1-MCP treatment
alone inhibited EP in ‘Passe Crassane’ pears during their
shelf life (Cocetta et al., 2016). On the other hand, Guo et
al. (2020) stated that the combination of 1-MCP and CA
storage was more effective in inhibiting EP in ‘dAnjou’
pears. According to the same researchers, this unified ef-
fect might be due to lower levels of interaction of O, and
ethylene. It can be said that the combined effect of these
postharvest technologies on EP, which are effective when
examined individually, varies among pear cultivars. In the
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current study, we could not determine a superior effect
of CA + 1-MCP treatment (19.25 uL. C,H, kg"'h™") on EP
(Table 1).

1-MCP and CA storage technologies can be used to de-
lay the loss of firmness that occurs during the ripening of
‘Ankara’ pear fruits. Mattheis et al. (2013) noted that fruit
softening in ‘dAnjou’ pears was reduced by CA storage,
and according to Escribano et al. (2016), 1-MCP main-
tained the flesh firmness of ‘Bartlett’ pears. However, the
effect of 1-MCP was more pronounced than CA storage in
the current study. In many studies, greater firmness loss in
pear fruits was associated with higher ethylene biosynthe-
sis (Lindo-Garcia et al., 2020; He et al., 2023). In our study,
firmness loss was notable in the RA group without 1-MCP
(34.63 N), which had the highest EP, and fruits in the RA
+ 1-MCP group (54.40 N) remained firmer with lower EP
values (Tables 1 and 2). Our results are similar to previous
findings suggesting that 1-MCP treatment (Li et al., 2013;
Bakoglu, 2014; Kurubag and Erkan, 2018) and CA storage
(Horak et al., 2015) are effective in preserving flesh firm-
ness in pears. On the contrary, however, ‘Blanquilla’ pears
treated with 1-MCP softened faster than control fruits
during their shelf life (Cucchi and Regiroli, 2011).

In the current study, SSC values decreased in all groups
during the storage and shelf life. The decrease of SSC with
the progression of the storage and shelf life periods may
be due to the breakdown of sugars, which make up a very
large part of the SSC, in relation to the RR and fruit me-
tabolism. Lysiak et al. (2021) and Hic et al. (2023) reported
similar situations for the ‘Conference’ and ‘Yali’ pear cul-
tivars. In our study, it was clearly seen that 1-MCP pre-
vented decreases in SSC with both storage technologies
and SSC was measured as 14.69% and 14.72% under RA
and CA conditions, respectively. A similar protective ef-
fect was also achieved with CA storage (14.50%) regardless
of the use of 1-MCP. Supporting our findings, Rizzollo et
al. (2015) determined that CA-stored and 1-MCP-treated
‘Abbe Fetel’ pears had higher SSC contents than control
fruits after 20 weeks + 7 days of shelf life. Moreover, Lysiak
etal. (2021) obtained similar results for ‘Conference’ pears.
However, Cucchi and Regiroli (2011) obtained conflicting
findings as they could not determine any differences be-
tween 1-MCP-treated and control fruits with respect to the
SSC values of ‘Conference’ and ‘Abbé Fétel’ pears.

The TA values of the fruits in all groups in the current study
decreased during the storage and shelf life. Flaherty et al.
(2018) noted that TA in pears was mainly due to malic acid
and tended to decrease during the postharvest storage and
shelf life. This decrease may be because of the oxidation of
organic acids to meet energy requirements in respiration
during ripening (Hic et al., 2023). In the CA + 1-MCP and
RA + 1-MCP groups (0.31% malic acid), losses of TA were
mostly prevented (Table 2). Gago et al. (2015) determined
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that the overall decrease in malic acid and thus TA levels
could be delayed and reduced by 1-MCP and CA storage.
Rizzolo et al. (2015) found higher TA in ‘Abbe Fetel’ pears
treated with 1-MCP with and without CA storage, stored
for 20 weeks + 7 days of shelf life. Likewise, Vanoli et al.
(2008) reported that 1-MCP-treated ‘Abbé Fétel’ pears had
higher TA values than control fruits when stored in both
air and CA conditions. These previous studies support our
results.

Sugar content have prominent effects on pear fruit
quality and an important role in pear ripening (Wang L et
al., 2018). While fructose and glucose levels increased at
first and then decreased in our study, Itai and Tanahashi
(2008) determined a continuous increase in the glucose
contents of pears during the storage period. Similarly to
our study, the fructose and glucose contents of pears stored
at 0 °C increased from the 1st month of the storage period
to the 3rd month, and then decreased to the end of stor-
age. Nevertheless, there was a general decline in sucrose
content for 5 months of cold storage. This situation was
explained by the disintegration of sucrose to fructose and
glucose during storage (Chen et al., 2006). These differ-
ences are thought to have originated from the differences
between the ripening metabolisms of European and Japa-
nese pears. Itai and Tanahashi (2008) noted that 1-MCP
regulated the genes controlling the sucrose metabolism of
‘Gold Nijisseiki’ and ‘Hosui’ cultivars and, in parallel with
our study, it was argued that the effect of 1-MCP was evi-
dent in RA storage conditions. Similarly, we determined
significantly higher sucrose contents in fruits stored un-
der RA + 1-MCP (1.78 g 100 g! FW) conditions (Table
3). However, the determination of similar sucrose values
in the CA + 1-MCP group shows that the unified effect
of CA storage and 1-MCP treatment on carbohydrate me-
tabolism is still not clear and should be explored using mo-
lecular techniques in further studies. A similar situation is
valid for the interactive effects of storage technologies and
1-MCP treatments on glucose metabolism.

Acetaldehyde and ethanol production with small
amounts of methanol are the natural biochemical stages in
pear ripening. These fermentative products possibly con-
tribute to the flavor and aroma at low concentrations. How-
ever, at high concentrations these products cause fermen-
tative aroma and off-flavor in pear fruits (Ke et al., 1994).
In our previous studies, we determined that long storage
periods of more than 4 months were responsible for a bit-
ter and alcoholic taste during the shelf life in ‘Ankara’ pear
fruits (Bakoglu, 2014). Kreuzwieser et al. (1999) demon-
strated that poplar plant tissues could recover carbon from
ethanol produced under hypoxic conditions with the me-
tabolization of ethanol to acetaldehyde and then acetate.
Additionally, this could be a reason for the higher ethanol
values than acetaldehyde found in the current study. Na-
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nos et al. (1992) demonstrated that during the ripening pe-
riod, pear fruits produced acetaldehyde and ethanol. These
compounds are normal metabolic products and their con-
centrations increased with the storage and shelf life peri-
ods in our study. Nevertheless, 1-MCP and storage type
can have positive or negative effects on the biosynthesis
of these substances during storage and shelf life. For ex-
ample, in ‘Spadona’ pears 1-MCP treatment (Feygenberg
et al,, 2015) and in ‘Conference’ pears 1-MCP treatment +
CA storage (Rizzollo et al., 2015) prevented acetaldehyde
production during storage. Similarly, Lara et al. (2003) re-
ported that RA-stored ‘Doyenne du Comice’ pears showed
higher levels of acetaldehyde production than CA-stored
fruits after 5 months of cold storage and 4 days of shelf
life. In our study, 1-MCP treatment generally caused lower
acetaldehyde (15.31 pL L), methanol (19.02 uL L), and
ethanol (34.53 uL L) levels and CA storage resulted in
lower ethanol accumulation (65.66 uL L) (Table 4). Like-
wise, Horak et al. (2015) found that CA storage conditions
slowed the ethanol and methanol production of “Zaosuli’
pears during shelf life. In contrast to our results, Rizzollo et
al. (2015) noted that the 1-MCP treatment of ‘Conference’
pears did not inhibit ethanol production under RA stor-
age conditions but did inhibit ethanol production under
CA conditions. This finding is in contrast to our results
because we determined significantly lower levels of etha-
nol production in the RA + 1-MCP group (34.73 uL L)
(Table 4). These contrasting results could be the result of
differences in the genetic structures of the cultivars. Shu
et al. (2020) studying the ‘Laiyang’ cultivar and Ahmad
et al. (2023) studying the ‘Shughri’ cultivar reported that
1-MCP treatment effectively controlled alcohol dehydro-
genase activities and prevented the production of ethanol
and acetaldehyde, which are the main causes of off-flavor
in pear fruits. Thus, 1-MCP treatments might significant-
ly prevent increases in fermentative products in ‘Ankara’
pear fruits during the shelf life period. On the other hand,
similar to the findings of Rizzollo et al. (2015), CA condi-
tions alone (97.00 uL L") and in combination with 1-MCP
treatment (34.33 uL L) decreased ethanol production in
our study.

Similarly to our study, significant increases in wax con-
tents during storage and shelf life were reported by Wang
et al. (2021) for ‘Korla’ and Mao et al. (2022) for ‘Fragrant’
pear cultivars under different storage conditions. How-
ever, for some Asian pear cultivars such as ‘Kuerle, Xue-
hua; and ‘Yuluxiang, Wu et al. (2017) observed a steady
decline in epicuticular waxes during a cold storage period
of 7 months. In the current study, CA-stored and 1-MCP-
treated ‘Ankara’ pears had significantly lower wax contents
on their skins (Figure 2). Mao et al. (2022) noted the pre-
ventive effect of 1-MCP treatment on wax biosynthesis in
‘Fragrant’ pears during storage, and this result is in line

with our findings. Moreover, Curry (2008) reported a sim-
ilar effect of 1-MCP treatment during the progression of
maturity in apples. In the current study, CA storage alone
without 1-MCP treatment also reduced the wax biosyn-
thesis of ‘Ankara’ pears (Figure 2). However, 1-MCP treat-
ment under both RA and CA conditions helped the fruits
in terms of lower wax content. Li et al. (2023) explained
that with ethylene production, the wax contents in pear
peels are increased, whereas 1-MCP inhibits these chang-
es. In our study, the inhibiting effect of 1-MCP treatment
and CA storage on cuticular wax formation in ‘Ankara’
pear skins could have been due to the suppression of ethyl-
ene production. Therefore, it can be suggested that 1-MCP
and CA storage may play an active role in the regulation of
wax biosynthesis in the skins of ‘Ankara’ pears.

1-MCP treatment and CA storage significantly influ-
enced the sensory characteristics of ‘Ankara’ pears during
shelf life (Table 5). Our results highlight the effects of stor-
age and shelf life periods, storage technology, and 1-MCP
treatment on the sensory properties of Ankara’ pears.
While the pears that were not treated with 1-MCP and
stored in RA conditions had higher juiciness and sweet-
ness levels in the initial storage and shelf life periods, the
fruits of the CA + 1-MCP group showed values similar to
those of control fruits during the later storage and shelf
life periods. This is in agreement with the results of Vanoli
et al. (2015), who reported less juicy ‘Abbé Fetél’ fruits in
the 1-MCP + CA storage group compared to control fruits.
On the other hand, Kurubas and Erkan (2018) reported
that ‘Ankara’ pear fruits treated with 1-MCP were sweeter
than untreated fruits during all considered shelf life peri-
ods, while Vanoli et al. (2015) described 1-MCP-treated
‘Conference’ and ‘Abbé Fétel” pears as firmer and less juicy,
sweet, and aromatic than untreated fruits. The difference
in our study may have resulted from the initial low oxy-
gen stress applied after 1-MCP treatment by Vanoli et al.
(2015), which could cause some irregularities in the ripen-
ing processes of these cultivars.

5. Conclusions

This is the first study to evaluate the effects of important
postharvest factors such as 1-MCP treatment (300 nL L)
and RA and CA (3% O2 + 1.5% CO?2) storage on the qual-
ity parameters of an important European pear cultivar,
‘Ankara; in Tirkiye. In this research, the individual and
combined effects of these factors on certain physiologi-
cal characteristics and quality parameters were evaluated.
RA storage was the most ineffective technology in terms
of maintaining quality parameters and inhibiting fruit
metabolism based on RR and EP values. RA and CA stor-
age with 1-MCP treatment had similar inhibiting effects
on RR, EP, loss of firmness, SSC, TA, sucrose and glucose
contents, skin wax contents, and ethanol formation. CA +
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1-MCP significantly inhibited only acetaldehyde produc-
tion and caused less juicy fruits. There was no significant
difference between the RA + 1-MCP and CA + 1-MCP
groups in terms of sweetness, bitterness, and alcohol fla-
vor. CA storage alone was more successful in maintaining
quality parameters than RA storage.

Overall, Ankara’ pear fruits can be successfully stored
for a cold storage period of 210 days + 14 days of shelf life
with treatment by only 1-MCP at a concentration of 300
nL L' when CA storage is not possible. In the case of CA
storage, 1-MCP treatment did not have a greater effect on
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