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Abstract

Acerola (Malpighia emarginata DC.) is one of the most important fruit produced in the Sdo Francisco Valley, a Semi-arid region in the
Northeast of Brazil. This study aimed to evaluate the physicochemical quality of thirty-five acerola genotypes produced during two
growing seasons in a Semi-arid region and to identify the best ones with potential for fresh consumption based on a multivariate
selection index. Fruit of each genotype were harvested during two growing seasons at the maturity stage red-ripe, characterized by full
red skin color. After harvest, the fruit were evaluated for diameter, mass, flesh firmness, soluble solids (SS), titratable acidity (TA),
SS/TA ratio, ascorbic acid content and skin color. A multivariate selection index (SI) was applied for scoring and ranking the
genotypes for fresh consumption based on red-ripe fruit physicochemical quality. According to the results, all physicochemical
attributes had high variability among genotypes. The Sl was a powerful tool for identifying genotypes with high potential for fresh
consumption, since it allowed selecting genotypes with multiple desirable traits. In the first and second growing seasons, the Sl
identified the genotypes PROG 052 (SI = 76.1 and 78.9), BRS Rubra (S| = 74.1 and 99.5), Cabocla (Sl = 72.3 and 70.7), Costa Rica (S| =
61.2 and 73.8) and PROG 069 (S| = 68.1 and 72.4) as the most promising ones for fresh consumption due to the presence of multiple
desirable traits such as high diameter, mass, flesh firmness, SS, and SS/AT ratio, as well as lower acidity.

1. Introduction

Acerola (Malpighia emarginata DC.) is a tropical super-fruit due to its high vitamin C content that exceeds 100 times the contents
observed in oranges and lemons (Prakash and Baskaran, 2018). The worldwide cultivation of acerola takes place from South Texas,
Mexico, Central America and Northern regions in the South America, as well as some regions of Southeast Asia, specially India (Assis
et al., 2008; Hanamura et al., 2008). Currently, Brazil is the largest producer of acerola, with several cultivation areas in the
Northeastern region, where the environmental conditions enable three to four harvests per year (Alves et al., 1999).

The production of acerolas in Brazil is intended for the fresh fruit market and/or processing industry. Genotypes intended for fresh
consumption are characterized by larger and firmer fruit, with higher soluble solids content and lower levels of organic acids, which
guarantees the sweetness desired by consumers (Hoehn et al., 2005). On the other hand, genotypes intended for the processing
industry must have higher levels of ascorbic acid, which is one of the main forms of processed products. Acerola can also be
marketed as frozen pulp, concentrate, juice, ice cream, gelatin, soft drinks, nectar, jelly, gum, preserve, yogurts and sodas (Delva and
Schneider, 2013; Mezadri et al., 2006).

The quality of each acerola genotype is highly dependent on environmental conditions such as temperature, precipitation and
sunlight, as well as on crop management practices such as irrigation, fertilization, pest and disease control, maturity stage at harvest
and storage conditions (Alves et al., 1999; Delva and Schneider, 2013). In addition, the species has high genetic variability that leads
to high diversity of fruit quality due to its wide distribution and cultivation (Assis et al., 2008; Hanamura et al., 2008; Ritzinger et al.,
2017). Although small scale cultivation has been carried out for over 50 years in Brazil, commercial cultivation of acerola is quite
recent and has been accomplished mainly with a few cultivars such as Junko, Flor Branca, Costa Rica, BRS Sertaneja, Okinawa, Nikki,
Coopama, and BRS Cabocla (Assis et al., 2008; Souza, 2015). The acerola germplasm bank (AGB) at the Tropical Semi-arid Embrapa,
Petrolina, PE, Brazil was established in 2012 and contains acerola genotypes from different regions in the States of Pernambuco,
Ceard, Bahia, Paraiba, Parana and Sao Paulo in Brazil. Fruit quality of these genotypes has to be evaluated in order to select the ones
with the highest potential for the fresh market and for breeding programs to obtain new genotypes with higher quality. These studies
will help improving acerola quality in the market, stimulating consumption, production and increasing the income for smallholder
farmers that are the main acerola growers in the country. In this context, the rank-summation index method has been shown to be an
efficient approach to select genotypes based on multiple desirable traits, which can be used to rank genotypes with combined quality
traits for fresh fruit consumption and breeding programs (Mulamba and Mock, 1978; Bertini et al., 2010; Poggetti et al., 2017; Barth et
al., 2020).

This study aimed to evaluate the physicochemical quality of thirty-five acerola genotypes produced during two growing seasons in a
Semi-arid region and to identify the best ones with potential for fresh consumption based on a multivariate selection index.

2. Material And Methods
2.1 Acerola genotypes and environmental conditions
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The study was carried out in the acerola germplasm bank (AGB) at the Tropical Semi-arid Embrapa, Petrolina, PE, Brazil (09°09'S,
40°22' W and 365 m above the sea level), during two growing seasons in 2019 and 2020. The region has a Semi-arid climate (Bswh
according to Koppen) with average annual temperature of 26°C, rainfall of 500 mm, and relative humidity of 66%. The acerola plants
were daily irrigated, and the amount of water applied was determined based on crop evapotranspiration. Fertilization and
phytosanitary treatment were carried out according to technical recommendations (Ritzinger et al., 2003).

Thirty-five acerola genotypes were harvested when the fruit reached the red-ripe maturity stage, characterized by the full red color of
the skin (Fig. 1). Parentage and origin of the genotypes are shown in Supplementary Table S1. The study followed a randomized
complete block design, where each genotype was represented by three blocks and each block by four plants. Harvest was
accomplished early in the morning and the fruit were immediately transported to the Postharvest Laboratory at Tropical Semi-Arid
Embrapa, Petrolina, PE, Brazil. The distance between the experimental field and the laboratory is about 10 km. A total of 10 healthy
fruit per block were subjected to physicochemical analysis as described below.

2.2 Physicochemical analyses

Fruit diameter was determined individually with a digital caliper Mitutoyo (model CD-6 CS, Mitutoyo Corp., Japan). Diameter results
were presented in centimeter. Fruit fresh mass was individually determined with a digital balance AD50 (Marte Cientifica, Brazil). Fresh
mass results were presented in gram. Fruit firmness was determined as the maximum force required to press 10% of the fruit diameter
using a TA.XT.Plus Texture Anlyzer (Extralab®, Brazil), adapted with a P/75 pressure plate. Flesh firmness results were expressed in
Newton (N).

Soluble solids (SS) were determined in juice samples using a digital refractometer PAL-1 (Atago, Brazil) with automatic temperature
compensation. The results were expressed in percentage. Titratable acidity (TA) was evaluated by titration of 1 mL of juice diluted in
50 mL of distilled water with a solution of 0.1 N NaOH until pH 8.1. Results were expressed as percentage of malic acid in acerola
juice.

Ascorbic acid (AA) content was quantified by titration with Tillman'’s solution (DFI - 2,6-dichlorophenol indophenol) at 0.02%. A total
of 1.0 mL of acerola juice was diluted in 100 ml of oxalic acid at 0.5%. Later, T mL of this solution was diluted in 50 mL of distilled
water and titrated with Tillman's solution until permanent light pink color development (Strohecker and Henning, 1967). Results were
expressed as percentage of AA in acerola juice.

Skin color was measured at the equatorial region of each fruit with a colorimeter CR-400 (Konica Minolta®, Japan), recoding color
measurements in the CIELab system, where L* represents the lightness, C represents the chroma, and h represents the hue angle.

2.3 Statistical analysis

The selection of superior acerola genotypes with combined quality traits desirable for fresh consumption was accomplished with
physicochemical data obtained from red-ripe fruit. The most important quality traits considered for genotype selection were fruit
diameter, mass, flesh firmness, SS, TA, SS/TA ratio and AA. Skin color parameters were not considered for genotype selection.

A multivariate selection index for scoring and ranking the genotypes was applied according to previous studies (Mulamba and Mock,
1978; Poggetti et al., 2017; Barth et al., 2020). The multivariate selection index was calculated based on the seven quality trait
variables (diameter, mass, flesh firmness, SS, TA, SS/TA, AA), which were standardized and multiplied by the weighting coefficient (Kx)
adopted for each variable (Table 1). These weighing coefficients were determined for each variable, following a previous study that
applied the same selection index for physicochemical traits of strawberry genotypes intended for fresh consumption (Barth et al.,
2020). Therefore, each variable was standardized to the unit, so that each variable had the same relative weight, and multiplied by the
weighting coefficient (Kx). The formula of the selection index (SI) was: Sl = K1 * ((diameter-min1)/R1) + K2 * ((mass-min2)/R2) + K3 *
((firmness-min3)/R3) + K4 * ((SS-min4)/R4) + K5 * ((TA-min5)/R5) + K6 * ((SS/TA-min6)/R6) + K7 * ((AA-min7)/R7), where: K1, K2, K3,
K4, K5, K6, K7 are the weighting coefficient assigned to the variables (Table 1); min1, min2, min3, min4, min5, min6, min7 are the
minimum values assumed by the variables (Table 2); R1, R2, R3, R4, R5, R6, R7 are the ranges of variation of the variables (Table 2).
For instance, the calculation of the selection index for the genotype PROG 052 in the first growing season is shown below.

S| for diameter = 20*[(2.79-1.51)/1.28] = 20.0
Sl for mass = 15*[(10.80-1.81)/8.99] = 15.0
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Sl for flesh firmness = 20*[(17.38-5.02)/15.00] = 16.5
Sl for SS = 15*[(8.00-6.03)/7.04] = 4.2

Sl for TA=15-15*[(1.49-0.87)/1.10]=6.5

Sl for SS/TA = 20*[(5.39-4.06)/6.75] = 3.9

Sl for AA=15-15*[(1.48-0.81)/1.99]=9.9

Final SI (Z Sls) =76.1

The genotype PROG 052 had the maximum ranks for diameter (20.0) and mass (15.0), because it had the highest values for these
traits among the genotypes. The ranks for TA and AA were inverted, so that the higher TA and AA, the lower the rank, because higher
quality for consumption requires lower acid taste of the fruit.

The physicochemical attributes were subjected to the Analysis of Variance (ANOVA). Mean values were compared between growing
seasons by the F-test. Mean values were compared among genotypes, in each growing season, by the Scott-Knott test (5%). Principal
component analysis (PCA) was applied to the variables to reduce the data structure and to investigate distribution of acerola
genotypes on factor plots (PC1 versus PC2 and PC1 vs PC3). Statistical analyses were performed using Minitab software version 19
(Minitab Inc., USA).

Table 1

Weighting coefficient (K) adopted for physicochemical attributes of acerola fruit used to select the most
promising acerola genotypes for fresh consumption.

Quality trait K

Diameter 20

Mass 15

Firmness 20

SS 15

TA* 15

SS/TA ratio 20

AA* 15

* For all traits, higher values are preferable, with the exception of TA and AA, whose lower values are desirable.
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Table 2
Physicochemical quality of 35 red-ripe acerola genotypes harvested in 2019 and 2020 in the S&o Francisco Valley, Petrolina, PE,

Brazil.
Quality Trait Harvest in 2019 Harvest in 2020 F CV (%)
Average® Range Average Range

Diameter (cm) 2.15 1.51-2.79 2.15 1.74-2.50 0,00 6.21
Mass (g) 5.23 1.81-10.80 512 2.86-8.00 1.38ns 13.23
Firmness (N) 10.11 5.02-20.02 11.32 6.95-18.75 31.08" 14.43
SS (%) 8.82 6.03-13.07 10.50 7.50-13.87 149 69* 8.05
TA (%) 1.39 0.87-1.97 1.40 0.79-1.89 0.00" 9.72
SS/TA 6.55 4.06-10.81 7.93 4.91-15.84 161.55" 10.82
AA (%) 1.56 0.81-2.80 1.56 0.81-2.72 0.03"s 16.86
Lightness 39.40 32.67-44.15 38.62 32.47-51.83 1.5618 7.50
Chroma 43.98 30.84-53.29 42.05 27.66—-52.59 12.40* 7.46
Hue angle 28.75 19.45-36.43 28.09 20.50-45.82 1.47ns 10.09

a Averages of production cycles were compared by the F test. "S: non-significant. *: significant at p < 0.0001. "S: non-significant. *:
significant at p<0.0001.

3. Results

Physicochemical quality of acerola genotypes harvested at the red-ripe maturity stage in 2019 and 2020 growing seasons is
presented in Tables 2, 3 and 4. According to the results, the growing season showed a significant effect only on flesh firmness, skin
chroma, SS, and SS/TA ratio of acerola fruit (Table 2). The genotypes showed statistical difference for all quality traits in both
growing seasons (Tables 3 and 4).
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Table 3

Physicochemical attributes of red-ripe fruit and ranks of acerola genotypes based on the multivariate selection index used to identify
the most promising genotypes for fresh fruit consumption. All genotypes were harvested in the 2019 growing season, in the Sao
Francisco Valley, Petrolina, PE, Brazil.

Genotype Diameter Mass FF SS TA SS/TA AA Lightness Chroma Hue Ranking
(cm) (@) (N) (%) (%) (%) angle
1st PROG 2.79 a* 10.80 17.38 8.00 149 5.39d 1.48 35.92b 4111 ¢ 36.43 76.11
052 a b d b d a
2nd BRS 224 c 495 8.48 9.33 0.93 10.08 0.97 43.65a 4707b 31.86 74.10
Rubra d d c d a e a
3rd Cabocla 242c 6.51 10.20 10.27 1.18 8.78b 1.52 42.49 a 52.53 a 30.35 72.37
c d c c d a
4th PROG 2.34c 5.54 20.02 7.87 132 6.04c 1.43 35.06b 36.23d 23.25 68.17
069 d a d b d c
5th CARP 01 251b 8.07 8.18 7.50 1.11 6.77 c 1.02 39.23a 4457 b 28.89 66.59
b e e c e a
6th Olivier 1.93d 4.08 7.48 8.93 092 973a 0.82 36.39b 39.28¢c 26.00 6585
e e d d e b
7th PROG 1.97d 4.06 5.14 11.27 1.06 10.81 1.33 40.52 a 46.67 b 31.09 65.76
233 e e b c a d a
8th UEL 03 231c 7.08 13.49 9.20 128 7.20c 1.87 38.48 a 4420b 30.36 65.06
c c c c c a
9th PROG 2.23¢c 5.90 9.39 7.47 097 769b 1.36 39.48 a 4224c 3046 62.22
123 c d e d d a
10th  Costa 2.30c 5.59 6.42 1143 143 8.08b 1.48 43.09 a 50.73a 3257 61.25
Rica d e b b d a
11th PROG 2.18¢c 5.43 7.60 6.63 087 766b 1.02 41.57 a 48.38b 30.72 60.31
215 d e e d e a
12th ACO 17 213¢c 5.07 1112 1070 148 7.29c 1.55 il il ** 58.88
d d b b d
13th PROG 2.59b 8.97 12.46 6.03 139 434d 1.45 ** ** *k 57.66
081 b c e b d
14th ACO 18 2.10d 5.49 1290 6.60 1.11 595¢ 1.20 42.45 a 39.00 ¢ 32.33 56.47
d c e c d a
15th  ACO 10 1.85d 3.69 16.16 1120 166 693c 1.60 39.33 a 4330c 29.36 56.09
f b b a d a
16th RECI 02 2.38¢c 6.83 9.45 8.80 146 6.03c 1.57 41.02a 4587 b 32.40 55.84
c d d b d a
17th PROG 2.09d 474 1421 1030 152 6.75¢c 1.97 33.44b 32.64d 19.45 5567
023 d c c b c c
18th PROG 2.16¢c 5.20 10.23 7.67 118 6.51¢ 1.42 38.41 a 4297 c 31.05 54.69
195 d d d c d a
19th PROG 227c 6.03 9.41 7.93 141 567d 1.32 32.67b 30.84d 2113 52.38
122 c d d b d c
20th  Okinawa 2.35¢c 7.07 10.66 1070 1.78 6.01c 220 39.87 a 4310c 28.56 52.26
c d b a b a
21st BV 07 2.03d 4.20 7.10 7.27 112 6.52¢ 0.81 4415a 53.29 a 32.50 51.41
e e e c e a

*Averages followed by the same letter in the column are statistically equal according to the Scott-Knott test (5%). ** Missing
values
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22nd

23rd

24th

25th

26th

27th

28th

29th

30th

31st

32nd

33rd

34th

35th

CV (%)

Genotype
ACO 35
ALHA 06
PROG
188

ACO 03
PROG
216
Valéria
PROG
102
Barbados
PROG

244

PROG
046

Dominga
PROG
135

PROG
142

Camta

Diameter
(cm)
1.80d
231c
231c
221c
1.86d
2.33c
216¢
1.96d
2.04d
1.93d
1.87d
1.98d
1.82d

1.57e

5.36

Mass
()]

2.60
g

6.68
Cc

6.17
Cc

4.40
e

3.72
f

6.28
Cc

2.16
g

3.37
f

419
e

3.93
e

3.45
f

4.53
e

4.51
e

1.81
g

10.38

FF
N)
8.03
e

9.67
d

10.71
d

7.16
e

11.63
c

6.06
e

10.16
d

6.46
e

13.37
[

9.27
d

7.82
e

13.57
c

7.58
e

5.02
e

13.02

SS
(%)
13.07
9.43
9.40

8.97

11.13

Y
w

DN ON oo oam oo o
N o EN o )
o N N N o

aN oo aN
N o
~ S

10.27
c

7.55

9.72

SS/TA

7.96 b

5.30d

5.51d

589c

6.65¢C

5.36d

6.14c

5.79d

4.52d

5.32d

5.64d

4.06d

5.39d

5.55d

10.44

AA
(%)

1.64
c

12.19

Lightness

3770 a

40.94 a

37.31b

42.84 a

37.39b

3466 b

3429 b

39.17 a

4190 a

43.83a

4112a

39.78 a

40.64 a

41.28 a

6.45

Chroma

4474 b

32.71d

38.25d

52.80 a

46.79b

4012c

39.76 ¢

42.50 c

49.92 a

51.49 a

48.51b

41.67 c

48.02b

49.99 a

7.71

Hue
angle

25.47
b

27.88
a

26.22
b

33.08
a

25.66
b

21.68
Cc

21.49
c

24.69
b

33.17
a

31.73
a

29.03
a

27.09
b

31.20
a

31.69
a

10.35

Ranking

49.39

48.32

48.19

47.48

46.60

46.46

45.22

41.29

39.12

38.73

36.81

30.72

27.64

21.94

*Averages followed by the same letter in the column are statistically equal according to the Scott-Knott test (5%). ** Missing

values
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Table 4

Physicochemical attributes of red-ripe fruit and ranks of acerola genotypes based on the multivariate selection index used to identify
the most promising genotypes for fresh fruit consumption. All genotypes were harvested in the 2020 growing season, in the Sao
Francisco Valley, Petrolina, PE, Brazil.

Genotype Diameter Mass FF SS TA SS/TA AA Lightness Chroma Hue Ranking
(cm) (s) (N) (%) (%) (%) angle
Tst BRS 2.35 b* 6.38 1431 1240 0.79 15.84 0.93 45.03 b 4828a 3570 99.54
Rubra b b b e a d b
2nd PROG 2.39a 7.34 1294 1217 138 8.87c 1.00 36.82¢c 41.08c 28.18 78.96
052 a b b c d d
3rd Costa 244 a 7.65 9.70 1200 139 8.71c 1.16 39.98b 4773 b 30.38 73.81
Rica a c b c d c
4th PROG 2.22b 6.18 1396 10.10 0.98 10.40 1.50 33.14d 38.47 c 2576 72.45
069 b b d e b c d
5th Olivier 2.36a 5.83 9.34 1210  1.16 10.47 1.20 36.26 C 35.50d 29.77 72.04
b c b d b d c
6th PROG 2.29b 5.81 17.55 9.67 129 7.62c 1.18 40.35b 49.67a 3498 7135
215 b a d c d b
7th Cabocla 240a 7.20 1498 1090 1.41 7.84c 1.80 33.23d 3493d 22.25 70.72
a b c c b e
8th UEL 03 1.79d 2.90 1046 1387 0.89 15.55 0.94 34.15d 40.20c  20.50 69.29
d c a e a d e

9th Okinawa 247 a 8.00 18.60 8.10 t1).65 491e 1.46 43.78b 46.54b 31.32 68.44
a a e c c

10th  ACO 17 210c 4.47 1273 1150 1.15 10.02 1.30 34.63d 38.02c 23.65 63.81

c b c d b d e
11th PROG 241 a 6.36 1028 1133 155 7.47c 1.41 32.60d 3795¢c 2189 62.19
188 b c c b c e
12th PROG 2.15b 5.42 18.75 7.50 114 6.61d 1.46 37.71c 43.45b 2761 61.48
102 b a e d c d
13th PROG 2.29b 5.92 1346 1123 151 7.45c 1.70 39.27 ¢ 4176c 31.03 61.18
195 b b c b c c
14th PROG 2.07c 4.50 11.47 1263 1.22 10.36 1.60 35.61c 3995¢c 27.63 61.09
123 c c b d b c d
15th PROG 2.24b 5.38 1451 8.00 117 6.83d 1.29 34.63d 38.02c 2365 58.88
023 b b e d d e
16th PROG 2.25b 5.73 10.38 8.73 115 7.56¢ 1.05 41.59b 46.47b 33.92 58.40
233 b c e d d b
17th  ACO 35 212c 471 11.23 10.13 0.97 10.41 1.92 40.56 b 46.70b  26.47 57.76
c c d e b b d
18th  Valéria 2.26b 5.08 1156 1023 133 7.84c 1.61 40.31b 4973a 2821 56.06
c c d c c d
19th BV 07 2.25b 5.91 8.47 7.77 111 6.99d 0.81 3731c 4278b 28.27 5494
b d e d d d
20th CARP 01 2.09¢c 499 3.39 g)1.90 128 9.53b 1.64 43.19b 50.20 a g3.43 53.33
c c c

21st  ACO 18 2.18b 5.25 11.10  7.90 119 6.65d 1.25 39.14c 4533b 29.37 50.71
c c e d d c

*Averages followed by the same letter in the column are statistically equal according to the Scott-Knott test (5%).
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Genotype Diameter Mass FF SS TA SS/TA AA Lightness Chroma Hue Ranking
(cm) () (N) (%) (%) (%) angle
22nd  ACO 10 1.84d 3.28 1456 12.00 1.63 735c 0.90 35.67 ¢ 36.77c 25.65 49.66
d b b b d d
23rd PROG 2.50a 7.55 10.77 9.33 1.69 550e 254 33.39d 31.45d 2356 49.66
081 a c d b a e
24th  ACO 03 1.90d 3.69 1154 1387 188 741c 172 4430b 5213 a 3464 41.80
d c a a c b
25th PROG 220b 5.18 12.56 9.37 181 517e 1.87 51.83 a 38.64c 2166 41.03
046 c b d a b e
26th Dominga 2.04c 4.02 7.54 10.60 1.38 7.70c 1.93 4579b 52.59a 36.73 37.83
d d c c b b
27th PROG 2.08¢c 4.27 10.41 9.27 166 559e 1.52 32.47d 27.66e 2207 36.90
122 c c d b c e

28th  ALHA 06 2.15b 5.05 7.49 9.23 142 6.52d 2.08 43.55b 38.85¢c 31.81 36.35
c d d c b

29th PROG 2.07¢c 4.58 10.15 9.07 179 508e 1.28 33.30d 35.62d 2192 3579
135 c c d a d e
30th RECI 02 2.00c 3.73 7.41 1223 165 7.63c 222 35.34c 39.10c 2438 3342
d d b b b e
31st PROG 1.89d 3.60 7.94 1293 178 727c 1.93 37.92c 4578b 2782 3254
216 d d b a b d
32nd PROG 1.96 ¢ 3.92 9.48 10.63 1.64 6.47d 272 35.69c¢c 38.33¢c 2517 26.78
142 d c c b a d
33rd PROG 1.83d 2.99 6.95 8.43 123 691d 1.65 38.15¢ 4493b 2422 26.04
244 d d e d c e
34th Barbados 1.81d 2.86 7.62 9.63 186 522e 1.55 35.27 ¢ 3777c 2368 18.09
d d d a c e
35th Camta 1.74d 3.39 7.49 10.70 189 569e 253 49.57 a 4925a 4582 12.87
d d c a a a
CV (%) 6.73 15,56 15,51 8.35 9.82 11.12 20.62 8.54 7.30 9.96 -

*Averages followed by the same letter in the column are statistically equal according to the Scott-Knott test (5%).

The growing season had no effect on the average acerola diameter and mass (Table 2). In the first growing season, the highest fruit
diameter and mass were observed in the genotype PROG 052, whereas the lowest diameter was observed in the genotype Camta and
the lowest mass in the genotypes ACO 35, PROG 102, and Camta (Table 3). In the second growing season, the highest fruit diameter
was observed in the genotypes PROG 052, Costa Rica, Oliver, Cabocla, Okinawa, PROG 188, and PROG 081, and lowest diameter was
observed in the genotypes UEL 03, ACO 10, PROG 216, PROG 244, Barbados, and Camta (Table 4). In 2020, the highest fruit mass was
observed in the genotypes PROG 052, Costa Rica, Cabocla, Okinawa, and PROG 081, whereas the lowest mass was observed in the
genotypes UEL 03, ACO 10, ACO 03, Dominga, RECI, PROG 216, PROG 142, PROG 244, Barbados, and Camta (Table 4).

The average flesh firmness was higher in fruit harvested in 2020, compared to fruit harvested in 2019 growing season (Table 2). In
2019, the highest acerola flesh firmness was observed in the genotype PROG 069, whereas the lowest flesh firmness was observed in
the genotypes CARP 01, Oliver, PROG 233, Costa Rica, PROG 215, BV 07, ACO 35, ACO 03, Valéria, Barbados, Dominga, PROG 142, and
Camta (Table 3). In 2020, the highest flesh firmness was observed in the genotypes PROG 215, Okinawa, and PROG 102, and the
lowest was observed in the genotypes BV 07, CARP 01, Dominga, ALHA 06, RECI 02, PROG 216, PROG 244, Barbados, and Camta
(Table 4).
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The average SS content was higher in 2020, compared to 2019 (Table 2). In the first growing season, the highest SS content was
observed in the genotype ACO 35, and the lowest in the genotypes CARP 01, PROG 123, PROG 215, PROG 081, ACO 18, BV 07,
Barbados, PROG 244, and PROG 046 (Table 3). In the second growing season, the highest SS content was observed in the genotype
UEL 03, and ACO 03, whereas the lowest SS content was observed in the genotypes Okinawa, PROG 102, PROG 023, PROG 233, BV
07, ACO 18, and PROG 244 (Table 4).

The average acerola TA was not affected by the growing season (Table 2). In 2019, the highest TA was observed in the genotypes
ACO 10, Okinawa, ACO 35, ALHA 06, PROG 188, PROG 216, PROG 244, PROG 135, and Camta, whereas the lowest TA was observed in
the genotypes BRS Rubra, Oliver, PROG 123, and PROG 215 (Table 3). In 2020, the highest TA was observed in the genotypes ACO 03,
PROG 046, PROG 135, PROG 216, Barbados, and Camta, and the lowest TA was observed in the genotypes BRS Rubra, PROG 069, UEL
03 and ACO 35 (Table 4).

The average SS/TA ratio was higher in acerolas harvested in 2020, compared to acerolas harvested in 2019 (Table 2). In the first
growing season, the highest SS/TA ratio was observed in the genotypes BRS Rubra, Oliver, PROG 233, whereas the lowest SS/TA ratio
was observed in the genotypes PROG 052, PROG 081, PROG 122, ALHA 06, PROG 188, Valéria, Barbados, PROG 244, PROG 046,
Dominga, PROG 135, PROG 142, and Camta (Table 3). In the second growing season, the highest SS/TA ratio was observed in the
genotypes BRS Rubra, and UEL 03, whereas the lowest SS/TA ratio was observed in the genotypes Okinawa, PROG 081, PROG 046,
PROG 122, PROG 135, Barbados, and Camta (Table 4).

The average AA content in acerola genotypes was not affected by the growing season (Table 2). In 2019, the highest AA content was
observed in the genotype PROG 142, and the lowest in the genotypes BRS Rubra, CARP 01, Oliver, PROG 215, and BV 07 (Table 3). In
2020, the highest AA content was observed in the genotypes PROG 081, PROG 142, and Camta, whereas the lowest AA content was
observed in the genotypes BRS Rubra, PROG 052, Costa Rica, Oliver, PROG 215, UEL 03, ACO 17, PROG 023, PROG 233, BV 07, ACO 18,
ACO 10, and PROG 135 (Table 4).

The average acerola skin lightness (L) was not affected by the growing season (Table 2). In 2029, the highest skin L was observed in
the genotypes BRS Rubra, Cabocla, CARP 01, PROG 233, UEL 03, PROG 123, Costa Rica, PROG 215, ACO 18, ACO 10, RECI 02, PROG
195, Okinawa, BV 07, ACO 35, ALHA 06, ACO 03, Barbados, PROG 244, PROG 046, Dominga, PROG 135, PROG 142, and Camta,
whereas all other genotypes showed the lowest skin L value (Table 3). In 2020, the highest skin L was observed in the genotypes
PROG 046, and Camta, whereas the lowest skin L was observed in the genotypes PROG 069, Cabocla, UEL 03, ACO 17, PROG 188,
PROG 023, PROG 081, PROG 122, and PROG 135 (Table 4).

The average acerola skin chroma (C) was higher in fruit harvested in 2019, compared to fruit harvested in 2020 (Table 2). In the first
growing season, the highest skin C was observed in the genotypes Cabocla, Costa Rica, BV 07, ACO 03, PROG 244, PROG 046, and
Camta, whereas the lowest skin C was observed in the genotypes PROG 069, PROG 023, PROG 122, ALHA 06, and PROG 188

(Table 3). In the second growing season, the highest skin C was observed in the genotypes BRS Rubra, PROG 215, Valéria, CARP 01,
ACO 03, Dominga, and Camta, whereas the lowest skin C was observed in the genotypes Oliver, Cabocla, PROG 081, and PROG 135
(Table 4).

The average acerola skin hue angle (°h) was not affected the growing season (Table 2). In 2019, the highest skin °h was observed in
the genotypes PROG 052, BRS Rubra, Cabocla, CARP 01, PROG 233, UEL 03, PROG 123, Costa Rica, PROG 215, ACO 18, ACO 10, RECI
02, PROG 195, Okinawa, BV 07, ALHA 06, ACO 03, PROG 244, PROG 046, Dominga, PROG 142, and Camta, whereas the lowest skin °h
was observed in the genotypes PROG 069, PROG 023, PROG 122, Valéria, and PROG 102 (Table 3). In 2020, the highest skin °h was
observed in the genotype Camta, whereas the lowest skin °h was observed in the genotypes Cabocla, UEL 03, ACO 17, PROG 188,
PROG 023, PROG 081, PROG 046, PROG 122, PROG 135, RECI 02, PROG 244, and Barbados (Table 4).

According to the selection index, in the first growing season the best genotype for fresh fruit consumption was PROG 052 (Table 3),
which stood out mainly for its combined values of high diameter (2.79 cm fruit™ 1), mass (10.80 g fruit™ ') and flesh firmness (17.38
N), as demonstrated by the PCA (Fig. 2). In the second growing season, the genotype PROG 052 was also between the best genotypes
for fresh consumption, being classified with the second highest selection index (Table 4).

The genotype BRS Rubra had the second and first selection indexes in 2019 and 2020, due to its high SS contents of 9.33% and
12.40%, low TA of 0.93% and 0.79%, and high SS/TA ratios of 10.08 and 15.84, respectively (Tables 3 and 4).
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The acerola genotypes Cabocla and Costa Rica had the third highest selection index in the first and second growing seasons,
respectively (Tables 3 and 4). The genotype Cabocla had a high SS/TA ratio of 8.78 in 2019, as pointed out by the PCA (Fig. 2). In the
second growing season, the high selection index of the genotype Costa Rica is mainly attributed to its high diameter, mass and SS
content (Tables 3 and 4).

The genotype PROG 069 had the fourth highest selection index in both growing seasons (Tables 3 and 4). In 2019, the genotype
PROG 069 had the highest flesh firmness among all genotypes, while in 2020 it stood out for its high flesh firmness and SS/TA ratio,
as well as low TA (Tables 3 and 4).

According to the principal component analysis (PCA), the data set of the first growing season was represented in the first three
principal components, which had eigenvalues higher than 1 and together represented 84.5% of the total data variability (Fig. 2). PC1
explained 34.05% of the variance in the dataset, whereas PC2 was responsible for 33.42% and PC3 for 17.06%. The main variables
correlated with the first principal component were ascorbic acid and titratable acidity that had PC1 >0, and diameter and mass that
had PC1 <0 (Fig. 2). The first genotypes raked by the multivariate selection index, PROG 052, BRS Rubra, Cabocla and PROG 069 had
PC1 <0 (Fig. 2). The second principal component was positively correlated with SS/TA ratio and negatively correlated with flesh
firmness (Fig. 2). Having high flesh firmness, the genotypes PROG 052 and PROG 069 were negatively correlated with PC2, while the
genotype BRS Rubra had a high positive correlation with PC2 due to the high SS/TA ratio (Fig. 2). Soluble solids content was better
explained by the third principal component, in a positive axis, where the first four ranked genotypes were also located.

The second growing season was significantly represented in the first two principal components, which explained 68.4% of the data
variability (Fig. 3). PC1 explained 39.26% of the data variance and PC2 was responsible for 29.18%. The physicochemical attributes
correlated with the PC1 were ascorbic acid and titratable acidity (PC1 > 0), as well as diameter, mass and flesh firmness (PC1 < 0) (Fig.
3). The genotypes BRS Rubra, PROG 052, Costa Rica and PROG 069 ranked in the first places in the second growing season had PC1
<0 (Fig. 3). In the PC2, the major contribution variables were SS and SS/TA ratio, both with positive values (Fig. 3). The first four
ranked genotypes in the second growing season showed PC2 >0 (Fig. 3).

4. Discussion

The average diameter and mass of acerola fruit were higher than those genotypes commonly cultivated in the Sdo Francisco Valley,
such as ‘Flor Branca', ‘Sertaneja’, ‘Okinawa’ and ‘Costa Rica’ (Batista et al., 2015). Fruit diameter and mass are important traits for
genotype selection due to the fact that larger fruit can yield greater amounts of pulp, which is more desirable for fresh consumption
(Carpentieri-Pipolo et al., 2000). Fresh market requirements have stablished that acerola destinated for fresh consumption must have
a minimum diameter of 1.5 cm and mass of 4 g (Brazilian Fruit Institute, 1995). In that case, all genotypes evaluated in our study
presented average diameter values above the minimum in both growing seasons, while the minimum fruit mass was observed in 27
(77.1%) and 25 (71.4%) genotypes in 2019 and 2020, respectively.

Acerola is a very fragile and perishable fruit mainly due to the accelerated loss of flesh firmness during ripening (Carrington and King,
2002; Quoc et al., 2015; Souza et al., 2017), which has been reported to be associated with increasing activity of cell wall degrading
enzymes and loss of cellular turgor pressure (Santos et al., 2019). Indeed, ripe acerolas have lower flesh firmness, compared to other
fruit species (Batista et al., 2015), making the fruit more susceptible to mechanical damage and losses. In that case, selection of
genotypes with higher flesh firmness is important to guarantee longer postharvest life and lower losses. In our study, red-ripe acerolas
had average flesh firmness of 10.11 N in 2019 and 11.32 N in 2020, which were higher than the flesh firmness range of 2.56-6.48 N,
observed in 45 acerola genotypes cultivated in another Semi-arid region in Brazil (Moura et al., 2007). These results suggest that the
genotypes evaluated in our study have high potential for selecting the ones more resistant to mechanical damage and with longer
postharvest life, which can be used for commercial cultivation, as well as in breeding programs to obtain new cultivars with better
quality traits for the fresh market.

In general, acerola is a very acidic fruit (Delva and Schneider, 2013). In that case, breeding programs for fresh fruit consumption must
select fruit with high SS content and low TA in order to improve acerola consumer quality (Matsuura et al., 2001). In our study, red-ripe
fruit had average SS content of 8.82% and 10.50%, and SS ranges of 6.03—-13.07% and 7.50-13.87% in the first and second growing
seasons, respectively. Other studies have also observed a wide variation in acerola SS content, ranging from 3.33-11.75%, under
Semi-arid conditions (Moura et al., 2007; Ribeiro and Freitas, 2020). Although fruit quality is mostly genetically controlled,
environmental conditions such as solar radiation and irrigation can also influence acerola SS content. Alves et al. (1999) reported that
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excessive irrigation may cause a dilution effect of fruit SS content. Therefore, adequate crop management practices can enhance
sugar accumulation in the fruit, guaranteeing high quality of acerolas intended for fresh consumption that have high sugar contents
such as the ACO 35 in the first growing season and UEL 03 and ACO 03 in the second growing season.

TA values observed in our study were slightly higher than those found by Moura et al. (2007) in 45 acerola genotypes (0.53-1.52% of
malic acid).

Although the SS and TA values have an important effect on consumer quality, the SS/TA ratio has an even more important role on
determining fruit quality because it takes into account the balance between the sweet/acid taste of the fruit. Therefore, the SS/TA
ratio is more important than each attribute separately, since these isolated parameters may represent a false indicative of fruit flavor
(Cavalcante et al., 2007). Ribeiro and Freitas (2020) found average SS/TA values of 5.06 and 4.57 in ‘Flor Branca’ and ‘Junko’
acerolas, which are among the main acerola cultivars grown in Brazil. In our study, a wider SS/TA ratio range was observed among
genotypes, which makes it possible to select the genotypes with higher ratios, such as BRS Rubra, Oliver, PROG 233 in the first
growing season and BRS Rubra, and UEL 03 in the second growing season, for fresh fruit consumption, as well as for breeding
programs aiming to develop new acerola genotypes with higher consumer quality.

Acerolas have a reduction in AA content during ripening due to the increasing activity of the ascorbate oxidase, which is the main
enzyme responsible for the degradation of ascorbic acid during acerola ripening (Butt, 1980). Other studies have also associated the
degradation of ascorbic acid with biochemical oxidation, after detecting the presence of 3-hydroxy-2-pyone, an oxidative breakdown
product of ascorbic acid, in ripe acerolas (Vendramini and Trugo, 2000). The red-ripe acerola AA content has been reported to be
determined by genetic factors and environmental factors such as orchard sunlight, temperature, relative humidity and water
availability, as well as postharvest handling and storage conditions (Delva and Schneider, 2013; Matsuura et al., 2001). In addition,
fruit from seed propagated plants usually have lower AA content than those from asexually propagated plants (Mohammed, 2011).

All over the world, medicinal use of acerola fruit is very common against flus and colds, pulmonary disturbance, liver ailments and
irregularities of the gall bladder (Assis et al., 2001). Ascorbic acid is the main bioactive compound found in acerolas, due to its high
antioxidant activity, besides its key role on the biosynthesis of collagen, carnitine and neurotransmitters (Prakash and Baskaran,
2018). Siqueira et al. (2020) found that vitamin C is the cheapest nutrient in the Brazilian diet, at a cost of 1 cent for 30% of the daily
recommendations of this nutrient, when consumed in the form of acerola juice. In addition, acerolas have also been used in the
pharmaceutical and food industries for the production of medicines or enrichment of industrialized foods (Benjamin et al., 2015).
Although high AA content is desirable for the industry, our results and previous studies have shown a high and positive correlation
between acerola AA content and TA, which can affect SS/TA ratio and fruit flavor (Matsuura et al., 2001; Cavalcante et al., 2007,
Moura et al., 2007; Magalhaes et al., 2018; Maranh&o Ribeiro et al., 2018). Therefore, acerola intended for fresh consumption must
have enough AA content to reach the low daily recommendations that will also guarantee a high SS/TA ratio required for good fruit
flavor (Cavalcante et al., 2007).

Ripening related color changes occur due to chlorophyll degradation, conversion of chloroplasts to chromoplasts and synthesis of
carotenoids and anthocyanins in acerola fruit (Alves et al., 1995; Rosso and Mercadante, 2005). Considering that all genotypes in our
study were cultivated in the same environment, the observed variation on skin hue angle could be attributed to different genetic
control of chlorophyll degradation and synthesis of carotenoids and anthocyanins in the fruit (Lima et al., 2005; Ribeiro and Freitas,
2020), resulting in genotypes with more intense yellow/red color than others. In general, the observed hue angle values were close to
that found in ‘Junko’ acerolas (red color, 24.9°) and lower than that found in ‘Flor Branca’ acerolas (yellow color, 60.8°), evaluated by
Ribeiro and Freitas (2020). The red color development takes place at the final stages of ripening due to increasing synthesis of
anthocyanins in the skin tissue, which makes skin color an important quality trait to determine acerola harvest maturity (Delva and
Schneider, 2013). In addition to their impact on the visual attraction to consumers, anthocyanins are also important in acerolas for
their health properties, since these pigments have high antioxidant, anti-inflammatory, antihypertensive, anti-atherosclerotic and anti-
cancer activities, reducing oxidative damage caused by free radicals to the human organism (Alvarez-Suarez et al., 2017; Souza et al.,
2014).

During ripening, acerola skin lightness decreases due to changes from light green to dark red color (Ribeiro and Freitas, 2020). The
average lightness value observed for all acerola genotypes in this study is higher than those found in the acerola cultivars Okinawa,
Sertaneja, Flor Branca and Costa Rica (20.48 to 23.68) (Batista et al., 2015). The same authors also found a lower hue angle in these
genotypes, which indicates that purple-colored acerola cultivars are darker. Chroma represents saturation or purity of color, indicating
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dull colors (low chroma) or vivid color (high chroma). The skin chroma values observed in our study suggest that all genotypes had a
vivid color due to the high chroma. In addition, fruit produced in the first growing season had higher chroma (more vivid color) than
fruit produced in the second growing season.

In our study, the selection index was applied to rank and identify red-ripe acerola genotypes with the highest potential for fresh
consumption. The multivariate selection index combines different quality trait variables (diameter, mass, flesh firmness, SS, TA,
SS/TA, AA) of acerola fruit into a single index that is used to rank genotypes based on their quality for fresh consumption (Barth et al.,
2020; Poggetti et al., 2017). The best genotype for fresh fruit consumption in the first production cycle was PROG 052, which stood
out mainly due to its combined values of high diameter, mass and flesh firmness. These have been suggested to be the most
important physical parameters to be considered when choosing acerola genotypes for fresh fruit consumption (Semensato and
Pereira, 2000). The genotype PROG 052 also had the second highest selection index in the second growing season, showing that
environmental changes had limited effect on fruit quality changes, maintaining this genotype among the best ones for fresh
consumption.

According to the selection index, the genotype BRS Rubra ranked second and first in 2019 and 2020, respectively, due to its
combination of high SS content and SS/TA ratio, as well as low TA and AA values. These findings corroborate with previously studies
accomplished by Godoy et al. (2008) and Mamede et al. (2009). In these studies, comparations among acerola genotypes have
shown that BRS Rubra had the highest SS content, as well as the lowest TA and the best consumer acceptance.

The genotypes Cabocla and Costa Rica had the third highest selection index in 2019 and 2020, respectively. Cabocla is a Brazilian
variety released in 2002 for fresh fruit consumption, as well as pulp and juice production (Ritzinger and Ritzinger, 2011; Ritzinger et al.,
2017). According to our results and previous studies, this genotype has high fruit SS/TA ratio, making it suitable for the fresh market
(Godoy et al., 2008). The genotype Costa Rica had a high selection index due to high fruit diameter, mass and SS content, which was
also observed in the study accomplished by Batista et al. (2015).

The genotype PROG 069 ranked fourth in both growing seasons, according to the selection index. One of the most important quality
traits observed in the genotype PROG 069 was the high fruit flesh firmness, which increases resistance to mechanical damage and
postharvest live of the fruit (Quoc et al., 2015; Souza et al., 2017).

5. Conclusions

A high variability of physicochemical quality was observed among the acerola genotypes produced under semi-arid conditions.

The multivariate selection index was a powerful tool for identifying genotypes with high potential for fresh consumption, since it
allowed selecting genotypes with multiple desirable traits.

The acerola genotypes PROG 052, BRS Rubra, Cabocla, Costa Rica and PROG 069 showed the highest potential for fresh
consumption due to the presence of multiple desirable traits such as high diameter, mass, flesh firmness, SS, and SS/AT ratio, as well
as lower acidity.
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Figures

Figure 1

Acerola fruit at the maturity stages small-green, big-green, turning and red-ripe.
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Figure 2

Principal component analysis for 35 acerola genotypes harvested at the maturity stage red-ripe in 2019, Sdo Francisco Valley,
Petrolina, PE, Brazil.
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