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Abstract: Pepper species have been described as being highly sensitive to climate change. Here, we
discuss the variability of the agro-morphological and phytochemical responses of pepper cultivars in
the context of ongoing climate changes during seven stages of maturity, including heat stress. The
effects and interactions were calculated to determine the source of variation according to rising tem-
perature. Capsaicin content (CAP), total phenolic (TPC) and flavonoid (TFC) levels and antioxidant
activity (AA) were also determined at different harvest times (at 10, 25, 40, 55, 70, 85 and 100 days
after anthesis, DAA). Agro-morphological data showed that the highest variation was recorded for
fruit traits compared to flower and plant ones. In particular, calyx shape margin, calyx annular
constriction, fruit shape at blossom end and fruit size had a significant impact on the morphologic
diversity among accessions. Levels of bioactive compounds and antioxidant activity depended on the
genotype and the harvest time. TPC and AA increased at 100 DAA, while TFC were highly detected
at the early harvest. Principal component analysis (PCA) allowed us to separate three clusters with
well-defined biochemical traits. In particular, regardless of harvest time, Baklouti Chébika, Baklouti
Sbikha and Chaabani accessions presented higher levels of TPC, TFC and AA regardless of the
considered harvest time. In conclusion, high genetic variability was noted within the analyzed
pepper germplasm, thus suggesting the need for major consideration of both agro-morphological and
biochemical traits for pepper breeding programs. The current research was conducted to facilitate
better management under high-stress conditions due to global warming

Keywords: Capsicum annuum L.; accessions; agro-morphological parameters; polyphenolic compounds;

antioxidant activity; genetic discrimination

1. Introduction

The atmospheric CO; concentration has increased by approximately 50% since human
activities have increased the abundance of heat-trapping gases in the atmosphere, exceeding
400 ppm [1]. The average surface air temperature has risen by 1.8 degrees Fahrenheit. The
recent increase in the average temperature and the atmospheric CO, concentration is
already leading to global severe abiotic changes in climate. Therefore, plants such as
pepper are expected to face abiotic stresses [2,3].

The genus Capsicum comprises approximately 35 taxa, including only five cultivated
species identified [4,5]. Pepper fruits are widely appreciated for their high nutritional value,
as they are known as a source of alkaloids, holding various pharmacological properties,
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and for possessing polyphenols, especially phenolic acids and flavonoids, which reduce the
risk of some cancer types and cardiovascular diseases [6-8]. Tunisia is the largest producer
of chilies in the African continent [9], where the versatility of pedo-climatic conditions
favors the cultivation of a large number of specifically adapted pepper accessions that
differ in fruit characteristics. They have been partially investigated and data have revealed
that some of these landraces contain remarkable amounts of capsaicin and antioxidant
compounds, which are useful for the processing industries [10]. Specific consideration must
be given to the genotype and harvest time, which are important factors in determining
the antioxidant compounds present in fruits and vegetables [11-13]. With the target of
enhancing these bioresources, the present study aimed to characterize eleven Tunisian
chili pepper accessions for their agro-morphological and biochemical traits, evaluating the
variation in antioxidant compounds in relation to harvest time.

2. Materials and Methods
2.1. Plant Material

Eleven autochthonous chili pepper accessions, derived from four sites located in the
north and middle of Tunisia, were studied: ‘BakloutiChébika” (BaklC), ‘Beldi’ (Bel), ‘Chaa-
bani” (Chba), ‘SissebChébika’ (SisC), ‘Bkalti” (Bka), ‘Knaiss’ (Kna), ‘BakloutiSbikha” (BaklS),
‘SissebSbikha’ (SisS), ‘Fort Menzeltemim’ (FkbM), “Fort de korba’ (FkbK) and ‘Corne de
Gazelle’ (CGaz). Details on the native sites of such accessions were described in our
previous paper [10]. The present trial was carried out at the experimental field of the Uni-
versity of Tunis, Faculty of Sciences, located in Northern Tunisia (36°81'88" N, 10°16’6” E,
7.1 m a.s.l.), during the crop years 2016-2017. The experimental site is characterized by
a Mediterranean maritime climate (humidity: 73%; annual mean relative temperature:
20.1 °C; annual mean total rainfall: 415 mm) and exhibits agro-climatic differences among
the four sites of material collection (Figure 1).
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Figure 1. Geographical coordinates and annual climatic conditions in the four Tunisian sites where

chili pepper accessions were collected.

The seeds were sown under greenhouse conditions and the seedlings were trans-
planted in the experimental field (humidity: 73%; annual mean relative temperature:
20.1 °C; annual mean total rainfall: 415 mm), including a complete randomized block
with three replications, for a total of 55 plants per plot. Providing peppers with ade-
quate water is essential, with 1 inch of water per week, and it is necessary to adjust the
amount or frequency during hot, dry periods, after rainfall or if the soil is sandy and
drains fast. Drip irrigation is ideal for growing peppers, because it is economical and less
labor-intensive without wetting the foliage and possibly triggering diseases. In particular,
organic fertilizers completely fermented and decomposed, such as compost and manure,
were supplemented together with ammonium nitrate, at three time points: early season
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(2-30 days from planting; 2 kg ha~!), main season (31-70 days from planting; 132 kg ha™1)
and end season (71-130 days from planting; 145 kg ha~!). Pest control was undertaken
according to the recommendations authorized by the Department of Agriculture, Ministry
of Agriculture and Cooperatives. The applied rate of pesticide was determined according
to the relative pest, followed by a survey of the disease infestation on all the plant parts
and fruits.

2.2. Agro-Morphological Characterization

Agro-morphological data were collected from 10 plants and 20 fruits per replicate.
Sixteen descriptive traits associated with chili pepper plant, flower and fruit were evaluated
on the basis of the Capsicum descriptors developed by the International Plant Genetic
Resources Institute [14]. The plant traits included: growth habit (GH), leaf density (LD),
leaf pubescence (LP), nodal anthocyanin (NA). The flower traits consisted of corolla color
(CQ), flower position (FP), calyx shape margin (CSM), calyx annular constriction (CAC).
Fruit characters included: fruit color in mature stage (FCM), fruit color in immature stage
(FCI), fruit position (FrP), fruit shape at pedicel attachment (FSP), fruit shape at blossom
end (FSB), fruit cross-sectional corrugation (FCC). Biometric traits were fruit fresh weight
(FFW, expressed as g) measured with an FA-G series electromagnetic balance, fruit length
(FL, expressed as cm) and fruit diameter (FD, expressed as cm) determined with a digital
caliper. The harvest was performed from mid-July to mid-September and was recorded as
the number of fruits per plant (NF/PI).

2.3. Biochemical Analysis

Pepper fruits were harvested every 15 days (at 10, 25, 40, 55, 70, 85 and 100 days after
anthesis (DAA)) and the daily mean temperatures were calculated from measurements
taken before each harvest (Table 1). Physiological maturity has been defined by Watada et al.
(1984) as “the stage of development when a plant or plant part will continue ontogeny even
if detached” while horticultural maturity has been defined as “the stage of development
when a plant or plant part possesses the prerequisites for utilization by consumers for a
particular purpose”. In this study, we propose an integrative approach using days after
anthesis and post-harvest studies to define physiological and horticultural maturity, as
used by Neves et al. [15].

Table 1. Air temperature at harvest, fruit maturity and color of the eleven Tunisian chili pepper
accessions at each harvest time.

Harvest Time Air Temperature at Horticultural

(Days after Anthesis, DAA) Harvest (°C) Maturity Fruit Color
10 25.2 Unripe fully green
25 28.8 Half ripe fully green
40 314 Ripe fully green
55 34.1 Ripe orange
70 36.2 Ripe red
85 37.5 Over ripe red
100 38.4 Over ripe dark red

Samples were collected (Table 1) from all cultivars at different harvest times and
horticultural maturity: 10 DAA (unripe, fully green), 25 DAA (half ripe, fully green),
40 DAA (ripe, fully green), 55 DAA (ripe, orange), 70 DAA (ripe, red), 85 DAA (over ripe,
red) and 100 DAA (over ripe, dark red) and were dried at 30 °C until a constant weight
was reached and then were subjected to biochemical analyses.
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2.3.1. Nutraceutical Determination

The capsaicin (CAP) content was evaluated in the chili pepper fruits following the
procedure reported in previous works [10,16]. Briefly, two grams were crushed in 10 mL
of acetone using pestle and mortar. The obtained solution was then centrifuged, and
the supernatants were recuperated. The supernatants were evaporated to dryness and
re-suspended in 0.4 mL of NaOH and 3 mL of 3% phosphomolybdic acid. After shaking,
the resulting solution was allowed to stand for 1 h at room temperature, filtered and
centrifuged. A UV-Vis spectrophotometer (BioSpectrometer® Series, Hamburg, Germany)
was used to measure the absorbance of the clear blue solution obtained at 650 nm. The
CAP amount was expressed as mg of CAP equivalents g ! of dry weight (DW).

Extracts for the determination of total phenols (TPC), total flavonoids (TFC) and
antioxidant activity analysis were prepared according to Lahbib et al. [10]. The TPC
was determined by the method of Folin—Ciocalteu [17] and expressed as mg gallic acid
equivalents (GAE) g’1 DW. For the TFC, the method of Um and Kim [18] was adopted,
reading the absorbance at 430 nm with a UV-Vis spectrophotometer (BioSpectrometer®
Series, Hamburg, Germany). TFC content was expressed as mg naringin equivalent (NAE)
¢ 1 DW.

2.3.2. Antioxidant Activity

The DPPH (1,1-diphenyl-2-picrylhydrazyl) assay was used to measure the antioxidant
activity [19]. The results were expressed as DPPH percentage inhibition, as reported
previously [10].

The ferric reducing antioxidant power (FRAP) was evaluated with the UV-Vis spec-
trophotometer according to the procedure of Benzie and Strain [20]. The antioxidant
activity was expressed as Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
equivalents in mmol g~ ! DW.

2.4. Statistical Analysis

All traits were subjected to univariate and multivariate analysis. Biometric data were
examined by analysis of variance (ANOVA) using a 95% confidence interval, followed by
means comparison with Duncan’s test and correlation analysis to determine associations
among the studied traits. Descriptive characters were expressed as relative frequencies
for all and each accession. Principal component analysis (PCA) and hierarchical cluster
analysis (HCA) were used to obtain a general overview of the variation among the studied
chili pepper accessions. All the statistical analyses were performed by using XLSTAT for
Windows (Addinsoft, New York, NY, USA).

3. Results and Discussion
3.1. Agro-Morphological Characterization

Large phenotypic variation was observed, especially for nodal anthocyanin (NA),
calyx shape margin (SCM), fruit shape at pedicel attachment (FSP), fruit shape at the
blossom end (FSB) and fruit cross-sectional corrugation (FCC) (Table 2). The fruit shape at
blossom end was mainly blunt (FSBb), reaching 58.7% relative frequency, while the fruit
shape at pedicel attachment was more variable among the studied chili pepper accessions,
ranging from acute (38.9%) or obtuse (FSPo) (34.7%) to truncate (FSPt) (26.4%). All fruits
were slightly (FCCs) to intermediately (FCCi) corrugated (Table 2).

Bel, Kna and Bka accessions exhibited the highest NF/P1 (73.3, 44.9 and 44.9, respec-
tively). Contrastingly, it was observed that both the FFW and FL/FD ratio were lower in
Bel (8.6 g, 3.0), Bka (9.7 g, 2.4) and Kna (9.8 g, 2.8) than in FKbK (12.8 g, 8.6) and FKbM
(12.1 g, 8.5) (Table 3).
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Table 2. Frequency distribution of the 16 descriptive traits among the Tunisian chili pepper accessions under study.
Trait (Acronym) Description (Acronym) Frequency Distribution
. prostrate (GHp), compact (GHc), GHp GHc GHe
Growth habit (GH) erect (GHe) 856 42 10.2
. sparse (LDs), intermediate (LDi), LDs LDi LDd
Leaf density (LD) dense (LDd) 824 150 26
sparse (LPs), intermediate (LFi), LPs LPi LPd
Leaf pubescence (LP) dense (LFd) 100 0 0
. green (NAg), light purple (NAl),  NAg NAlp NAp NAdp
Nodal anthocyanin (NA) purple (NAp), dark purple (NAd) 17.0 21.0 30.0 32.0
white (CCw), green white (CCgw), CCw CCg CCl CCb CCv
Corolla color (CC) (CCl), blue (CCb), violet (CCv) 100 0 0 0 0
.. pendant (FPp), intermediate (FPi), FPe FPi FPs
Flower position (FP) shoot (FPs) 760 150 9.0
Filament color (FC) blue (FCb), white (FCw) F((:)w 1;33
. smooth (CSMs), intermediate CSMs CSMi CSMd
Calyx shape margin (CSM) (CSMi), dentate (CSMd) 209 569 222
Calyx annular constriction (CAC) absent (CACa), present (CACp) C3%(53a C(g(ép
. .\ declining n (FrPd), intermediate FrPd FrPi FrPe
Fruit position (FrP) (FrPi), erect (FrPe) 531 401 68
green (FCIg), yellow (FCly), orange
Fruit color in immature stage (FCI) (FClo), red (FClIr), purple (FCIp), FClIg FCly FClo FCIr FCIp FCIb
100 0 0 0 0 0
brown (FCIb)
green (FCMg), yellow (FCMy),
Fruit color in mature stage (FCM)  orange (FCMo), red (FCMr), purple FC(I]VI & FC(I)VI y FC(I)V[ © F%\(;[ ! FC(I)\/[ P FC(I)\/Ib
(FCMp), brown (FCMb)
Fruit shape at pedicel attachment acute ((FSPa), obtuse (FSPo), FSPa FSPo FSPt FSPc
peatp
(FSP) truncate (FSPt), cordate (FSPc), 389 347 26.4 0 FSP1
lobate (FSP1) ’ ’ ’
. pointed (FSBp), blunt (FSPb), FSBp  FSBb FSBs
Fruit shape at blossom end (FSB) sunken (FSPs) 245 58.7 16.8
Fruit cross sectional corrugation slight (FCCs), intermediate (FCCi), FCCs  FCCi  FCCh
(FCQC) high (FCCh) 21.0 40.7 38.3
Table 3. Biometric traits of the eleven Tunisian chili pepper accessions under study.
Accession Acronym FL/FD FFW (g) NF/P1
Corne de Gazelle CGaz 4.2 be 10.8 bd 35.0 <d
BakloutiChébika BakIC 2.69¢ 10.5<d 38.0 bc
SissebChébika SisC 5.0 be 11.22¢ 32,64
Beldi Bel 3.04 8.6° 73.32
SissebSbikha SisS 53P 12.0 27.1¢
BakloutiSbikha BaklS 294 10.04 33.0d
Knaiss Kna 2.84 9.84 449"
Bkalti Bka 2.4de 9.74 449°
Chaabani Chba 2.0¢ 11.6 % 33.1¢d
Fort de korba FKbK 8.62 12.82 158 f
Fort Menzeltemim FKbM 852 12.14 18.8f

FL: fruit length; FD: fruit diameter; FFW: fruit fresh weight; NF/Pl: number of fruits per plant. Different letters

(@f) within the same trait indicate significant differences among accessions (p < 0.05).
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From PCA analysis (Table 4), the agro-morphologic characteristics of the fruit were
the greatest contributors to genetic diversity and were associated with PC1. Similar trends
have also been reported for other Capsicum species and closely related horticultural crops,
including tomato [5,21,22]. Indeed, PC1 (41.7%) was associated with calyx shape margin
(CSM), calyx annular constriction (CAC), fruit shape at pedicel attachment (FSP), fruit
shape at blossom end (FSB), nodal anthocyanin (NAg), fruit weight (FW) and number
of fruits per plant (NF/PI). PC2 (21.2%) was correlated with flower position (FP), nodal
anthocyanin (NA), growth habit (GHp), leaf density (LD) and fruit length/fruit diameter
ratio (FL/FD) (Table 4).

Table 4. Variance estimates (eigenvalues) for the 25 evaluated traits in the eleven Tunisian chili pepper accessions.

Principal Component

Eigenvalue = Accumulated % Traits Correlated Accessions Correlated

PC1

15.8 41.7

CSM (calyx shape margin); CAC (calyx
annular constriction); FSP (fruit shape at
pedicel attachment); FSB (fruit shape at  FKbK, FKbM, Kna, Bka
blossom end); NAg (nodal anthocyanin); CGaz, SisS
FW (fruit weight); NF/P1 (number of
fruits per plant)

PC2

FP (flower position); NA (nodal
anthocyanin); GHp (growth habit); LD
(leaf density); FL/FD (fruit length /fruit
diameter ratio)

8.1 62.9 BaklC, BaklS, Chba,

PC3

FrP (fruit position); FCC (fruit

4.6 75.0 . .
cross-sectional corrugation)

Bel, SisC

A higher degree of dispersion was observed between and within the clusters formed
(Figure 2). Such distribution was attributed to the influence of the different morphotypes
of the different studied accessions, as observed by different authors [4,23,24]. From cluster
analysis (Figure 2), no relation was found between the origin of the cultivars and the
cluster pattern. This suggest that the Tunisian accessions could easily adapt in different
cultivation areas as the climatic conditions of the experimental field were different from the
original site. This indicates genetic variability within cultivars, and this would be helpful
in selecting desirable chili pepper phenotypes.

3.2. Biochemical Characterization
3.2.1. Capsaicin Content

The cultivars under study had CAP content varying from 0.20-0.26 mg CAP g~! DW
(at 10 DAA) to 0.32-0.63mg CAP g’l DW (at 100 DAA). The CAP content increased until
40 DAA, resulting in high values in Chba (0.83 mg CAP g_l DW), BakIC (0.82 mg CAP g !
DW) and BakIS (0.80 mg CAP g~! DW). It significantly decreased from 40 to 85 DAA
(Figure 3a), while at 100 DAA, the CAP content increased significantly. Fluctuation in
CAP content, which occurred during ripening and was registered in the tested accessions,
may have been due to variation in the levels of peroxidase (POD) enzymes, as a result of
some environmental factors, such as temperature and soil moisture. Similar trends were
observed by Anjum et al., Fayos et al., Barbero et al. and Ruiz-Lau et al. [25-28].



Agriculture 2021, 11, 1236 7 of 15

(a)

(b)

F2(21.2 %)

Q030e813

03:/ELE +

0345813 +
0a65Ela +
0385813 £

Qe0s813 +

Similarity
1
[

0aX|ElE +
0a4sEla +

- 0985813 —+
4 5 4 -5 2 4 060 1 2 3 4 5 4

F1(41.6%)

QugEsgls +

(k 1
FERIM —

Ea LT
Ea kEE
Chha
FEkF

Caa
SES
na
El=
Sk
Ee=

Figure 2. (a) Spatial distribution of the eleven Tunisian chili pepper accessions according to the first two PCA components
based on the agro-morphological traits. (b) Dendrogram obtained from cluster analysis of the eleven Tunisian chili
pepper accessions based on the analyzed quantitative and qualitative traits. ‘Baklouti Chébika’ (BaklC), ‘Beldi’ (Bel),
‘Chaabani’ (Chba), ‘Sisseb Chébika’ (SisC), ‘Bkalti’ (Bkaa), ‘Knaiss’ (Kna), ‘Baklouti Sbikha” (BaklS), ‘Sisseb Sbikha’ (SisS),
‘Fort Menzeltemim’ (FkbM), ‘Fort de korba” (FkbK), ‘Corne de Gazelle’ (CGaz).

3.2.2. Total Phenol Content

As observed in Figure 3b, TPC content varied with the harvest time. In relation
to each harvest time, TPC oscillated from 2.01-4.10 mg GAE g~! DW (at 10 DAA) to
2.60-5.80 mg GAE g~! DW (at 100 DAA). At 100 DAA, FKbM and BakIC had the high-
est levels (5.80 and 5.70 mg GAE g~! DW, respectively), while CGaz had the lowest
(2.60 mg GAE g~ ! DW) (Table 1). In particular, from 10 to 40 DAA, the TPC amount did
not vary significantly (Figure 3b), probably due to the vigorous growth of the pepper plants
at this time. By contrast, wide variation was observed from 55 to 100 DAA as a result of
the availability of precursors of polyphenols at higher temperatures and the establishment
of different antioxidant compounds with a different degree of antioxidant activity [29].

3.2.3. Total Flavonoid Content

The TFC significantly decreased from early to later harvest times (Table 4). In particular,
a significant decrease in the TFC concentration was observed from 55 (0.18-0.40 mg NAE g !
DW) to 100 DAA (0.11-0.33 mg NAE g~ ! DW). Both BakIC and BaklS showed the highest
concentration of TFC at 10 DAA (0.44 mg NAE g~! DW). Our results corroborate those
of previous studies by Ghasemnezhad et al. and Howard et al. [30,31]. Some environ-
mental factors, such as light condition, water status and temperature, influence flavonoid
amounts [32]. According to the present study, lower temperatures appeared favorable to
flavonoid accumulation, as reported also by Pandino et al. [33] for globe artichoke.
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Figure 3. Variation in phytochemical compounds and antioxidant activity (by DPPH and FRAP assays) in the eleven
Tunisian chili pepper accessions in relation to harvest time. CAP: capsaicin content (a). TPC: total phenol content (b).
AADPPH and AAFRAP: antioxidant activity by DPPH (c) and FRAP (d) assays, respectively.

3.2.4. Antioxidant Activity

The antioxidant activity through DPPH ranged from 12.1 (SisS, CGaz and SisC) to
22.4% (BaklC) at 10 DAA and from 15.6 (CGaz) to 44.0% (BaklS) at 100 DAA (Table 4,
Figure 3c). Using the FRAP assay, the antioxidant activity ranged from 42.2 (SisS, GCaz and
SisC) to 68.4 mmol g~ ! DW (BakIC) at 10 DAA and from 55.6 (CGaz) to 121.8 mmol g~! DW
(FkbM) at 100 DAA (Table 5, Figure 3d). Regardless of the assay adopted, the antioxidant
activity significantly increased throughout the harvest time, as especially observed for
FkbM, BakIC, Chba and BaklS (Figure 4c,d). This agrees with the previous findings of
Howard et al. and Mitic et al. [31,34]. Thus, it is strongly recommended to consume hot
pepper fruits at the latest stages of ripening.

3.3. Analysis of Variance and Interaction

All traits exhibited wide diversity among genotypes, even though the effect of the
harvest stages had a greater influence on bioactive compound variation. Harvest time
(H) and accession x harvest time (A x H) effects accounted for 16.4 to 79.9% and 0.6 to
1.6% of the total variance, respectively. Such results suggest the influence of the related
air temperature values evidenced for the seven stages (Table 5). Indeed, the temperature,
light intensity, plant nutrition and degree of maturation of the fruit are factors interfering
in the metabolic activities during the development of the plant, being able to influence the
concentration of phytochemical components [35]. Meckelmann et al. [36] concluded that
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the production of flavonoids depends strongly on the growing conditions, but the total
polyphenols and antioxidant capacity (TEAC) do not vary to a large extent.

Table 5. Two-way ANOVA results for the analyzed biochemical traits of Tunisian chili pepper.

Main Factor CAP TPC TFC AADPPH AAFRAP
(mgg'DW)  (mgGAEg 'DW) (mgNAEg 1 DW) (%) (mmol g~% DW)
Accession
CGaz 032f 2.28h 020f 14.18 47.3h
BakIC 0.49b 4762 0.412 28.82 9542
SisC 0.32f 25718 0.23¢ 14.6 8 50.6 8
Bel 0.38¢ 2.73¢f 0.29d 159f 56.5 f
SisS 0.48 be 281¢ 0.35¢ 169¢ 55.6 f
BaklS 0.48 be 446b 0412 26.8"P 86.0 €
Kna 0.38¢ 3.26 4 0.29 4 186°¢ 639°¢
Bka 031f 2.458h 0.29d 155f 51.7 8
Chba 0.552 458P 0.39 ab 265b 88.1P
FKbK 0424 3.96¢ 0.37 be 23.2¢ 79.3d
FKbM 0.46 € 3.86¢ 0.402 23.6¢ 79.8 4
Harvest time (DAA)
10 0.26f 2.82¢ 0.362 1621 53.2 f
25 0.59b 284¢ 0362 16.8 ¢f 53.8 f
40 0.632 2.90°¢ 0.34b 17.4¢ 59.3 ¢
55 0344 3.074 0.34b 18.74d 64.7 d
70 0.29°¢ 3.69¢ 0.32°¢ 22.1°¢ 75.2¢
85 0.26f 3.87P 0304 23.4P 77.6b
100 0.45 ¢ 4.802 0.28¢ 28.32 96.12
Source of variation ,

Accession (A) 0.15 (14.4) *** 17.90 (46.9) *** 0.12 (61.0) *** 629.79 (46.8) ***  6374.46 (43.7) ***
Harvest time (H) 0.82 (79.9) *** 18.12 (47.5) *** 0.03 (16.4) *** 642.56 (47.8) ***  7907.81 (54.2) ***
A x H interaction 0.02 (1.6) *** 0.42 (1.1) *** 0.001 (0.6) NS 12.18 (0.9) *** 190.98 (1.3) ***
Total mean square 1.03 38.16 0.19 1344.57 14,593.41

Different letters (*1) within the same trait and main factor indicate significant differences (Duncan’s multiple range test, p < 0.05). , For
each source of variation (i.e., A, Hand A x H) and within each biochemical trait, mean square as absolute value and percentage of total (in
brackets) of effects resulting from analysis of variance (ANOVA) were reported. *** indicates significance at p < 0.001 and NS indicates
non-significance. See caption to Figure 2 for the list of acronyms used for the studied accessions. CAP: capsaicin content. TPC: total phenol
content. TFC: total flavonoid content. AADPPH and AAFRAP: antioxidant activity by DPPH and FRAP assays, respectively.

Regarding capsaicin content, our results were not in agreement with those of Silva
et al.,, Gurung et al., Butcher et al., Tripodi et al. or Reddy et al. [35,37-41], reporting a
major role of genotype in capsicinoid variation in several Capsicum spp. plants cultivated
in different environments across different locations. Our observation for capsaicin content
was due probably to the extent of the trial period, allowing environmental fluctuations
that influenced the biosynthesis of capsaicin and other compounds. In previous studies by
other authors on pepper, nor-dihydrocapsaicin exhibited similar trends, suggesting a role
of the environmental conditions in its accumulation [40,42].

3.4. Chemometrics Analysis

According to the PCA representations (Figure 4a—c), TPC acted as the greatest con-
tributor to the antioxidant activity at all the harvest times. It was strengthened by the
CAP content contribution at 10, 25 and 40 DAA. PC1 was correlated with TP, FRAP and
DPPH antioxidant activity. BaklS, BaklC, Chba, FkbM and FkbK were associated with PC1.
CAP contributed moderately to the antioxidant activity in comparison with TPC as it was
situated far from all the parameters studied.
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Figure 4. Principal component analysis based on phytochemical compounds and antioxidant activity (by DPPH and FRAP
assays) analyzed at 10 (a), 25 (b), 40 (c), 55 (d), 70 (e), 85 (f) and 100 DAA (days after anthesis) (g) in the eleven Tunisian chili
pepper accessions. TP: total phenol content. TF: total flavonoid content. CAP: capsaicin content. See caption to Figure 2 for

the list of acronyms used for the studied accessions.
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A clear separation of three groups was also observed at 55 (Figure 4d), 70 (Figure 4e),
85 (Figure 4f) and 100 DAA (Figure 4g). PC1 was dominated by AAFRAP, AADPPH, TPC
and TFC, which were positively correlated with BaklS, BaklC, Chba and FkbM. In contrast,
FkbK and Kna were correlated essentially with CAP content. At 55,70, 85 and 100 DAA,
TPC was the greatest contributor to the total antioxidant activity, with TFC content at a
lesser extent, while CAP content seemed to be negligible as it was situated in the extreme
part of the biplot (Figure 4d—g). In addition, at 100 DAA, CGaz formed a separate group,
showing the lowest levels of bioactive components and antioxidant activity (Figure 4g).

Based on the seven PCAs (Figure 4) and HCA analysis (Figure 5) representations,
CGaz, SisS, SisC, BKa and Bel showed the lowest levels of bioactive components and
antioxidant activity, while BaklS, BaklC and Chba presented the highest values. FKbM,
FKbK and Kna showed intermediate levels at all the harvest times. TPC and antioxidant
activity by both DPPH and FRAP assays were strongly correlated at each harvest time,
and this correlation was enhanced as the temperature increased. Indeed, many authors
have reported a positive correlation between antioxidant activity and TPC accumulation
during temperature exposure, including Kishore et al. and Kumari et al. [43,44]. The type
of extraction solvent and the drying method, as well as the antioxidant assays used and the
interactions of the antioxidant components, similarly influence the biochemical compound
content [45].

3.5. Correlations

The correlations among the agronomic and biochemical traits are reported in Table 6.
The NF/Pl was negatively correlated with FFW, FL/FD and, particularly, with all the
biochemical traits. FFW and NF /Pl were the major traits that directly contributed to yield,
as observed by Bozokalfa and Kilic [46]. It also appeared that when pepper plants produced
less fruits, the biochemical levels increased, along with the FFW. This was probably related
to the source—sink balance in the plant, namely to the competition for assimilates that
occurred between fruit yielding and dimensions. Indeed, due to this competition, high
flower abortion occurs when fast fruit growth takes place, and fruits from the bottom of
the plants are also developed, rather than those from the upper, as observed by Wubs et al.
and Zewdie and Bosland [47,48]. Accordingly, plants with a greater fruit size and higher
biochemical amounts presented the lowest number of fruits per plant.
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Figure 5. Cluster analysis based on the phytochemical compounds and antioxidant activity (by DPPH and FRAP assays)
analyzed at 10 (a), 25 (b), 40 (c), 55 (d), 70 (e), 85 (f) and 100 DAA (days after anthesis) (g) in the eleven Tunisian chili pepper
accessions. TPC: total phenol content. TFC: total flavonoid content. CAP: capsaicin content. See caption to Figure 2 for the
list of acronyms used for the studied accessions.

Table 6. Bivariate correlations among the studied quantitative traits in the eleven Tunisian pepper accessions.

Variables FL/FD FFW NE/P1 CAP TPC TFC AADPPH AAFRAP
FL/FD -
FFW 0.79 *** -
NEF/Pl1 —0.71 ** —0.87 *** -
CAP —0.09 ns —0.12ns 0.04 ns -
TPC 0.24 ns 0.25ns —0.42* 0.73 ** -
TFC 0.13 ns 0.26 ns —0.32* 0.67 ** 0.81 *** -
AADPPH 0.23 ns 0.23 ns —042* 0.73 ** 0.95 *** 0.81 *** -
AAFRAP 0.19ns 0.15ns —0.33* 0.80 *** 0.94 *** 0.76 ** 0.94 *** -

*** ** and * indicate significance at p < 0.001, p < 0.01 and p < 0.05, and ns indicates non-significance. FL/FD: ratio fruit length (FL,
expressed as cm)/fruit diameter (FD, expressed as cm); FFW: fruit fresh weight; NF/Pl: number of fruits per plant; CAP: capsaicin content;
TPC: total phenol content; AAFRAP: antioxidant activity (AA) determined by FRAP assays; AADPPH antioxidant activity (AA) determined
by DPPH.



Agriculture 2021, 11, 1236 13 of 15

A weak and negative correlation between average fruit width, FFW and CAP content
indicated that selection in favor of larger fruit might result in reduced CAP content [49].
Moreover, the accessions tested could provide genes for larger fruits, which is an essential
market quality [46]. As expected, considering the phytochemical traits, a high correlation
of TPC was detected with antioxidant activity, measured using both the DPPH and FRAP
assays. This is in agreement with previous results for other crops [50,51].

4. Conclusions

Clear variability existed in terms of plant morphology, with fruit shape and size being
the highest contributors to this variation. The high degree of genotypic variability was
more pronounced for the biochemical parameters, such as total phenol content and DPPH
scavenging activity. Nodal anthocyanin, calyx shape margin, calyx annular constriction
and fruit shape at blossom end were discriminative for the tested accessions and were more
pronounced within cultivars Kna, Bka, CGaz and SisS. On the other hand, cultivars BaklS,
BaklC, Chba, FkbM and FkbK showed high levels of TP, FRAP and DPPH antioxidant
activity throughout the harvesting time. PCA and cluster analysis indicated that both agro-
morphologic and biochemical traits influenced diversity amongst the accessions. Biometric
and descriptive traits related to fruit were the most important and valuable traits, useful
for further breeding programs. A combination of molecular markers and phenotypic data
would be the best choice to further explore the exploitability of local genetic resources and
to predict methods to preserve chili pepper germplasm from genetic erosion.
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