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Abstract: The Amazon is a center of diversity for Capsicum chinense Jacq., with wide genetic and mor-
phological variability, but little exploration has been performed there to facilitate their improvement.
This study aimed to characterize and evaluate C. chinense genotypes for the development of cultivars
by determining the optimal size of the experimental plot and the minimum sample size to ensure
a precise estimation of yield. A total of 23 genotypes were evaluated, and in multivariate analyses,
the plants were characterized by 21 morphological descriptors and eight quantitative traits related
to biometry and yield. The recommended sample size for fruit evaluation was defined based on
simulations with subsample resampling and evaluation of the semi-amplitudes of the confidence
interval of the mean estimate. The optimal plot size was estimated by the modified maximum curva-
ture method. The similarity coefficients among the genotypes ranged from 0.54 to 0.93, indicating
that the established clusters contained important information for future crosses. According to the
sample size methodologies, 25 to 40 fruits should be sampled for valid evaluations of biometric traits.
Experiments with five to eight plants per plot are recommended to test progenies of the species,
ensuring good experimental precision combined with high selection accuracy for yield traits.

Keywords: “pimenta-de-cheiro” Capsicum chinense; experimental precision; plant breeding

1. Introduction

The market for cultivated peppers is a segment with great growth potential, both
for fresh consumption as well as for processing. Capsicum is a pepper genus native to
tropical and temperate Central and South America and Mexico [1-4]. Of the domesticated
South American peppers, Capsicum chinense Jacq., primarily found in Brazil, is commonly
known as “pimenta-de-cheiro” and is sweet and aromatic. It is a species widely appreciated
and consumed by the local population [5,6]. The Amazon basin is a center of diversity,
where wide genetic variability is observed, mainly regarding the fruit traits [5,6].

The pepper fruits have high levels of phytochemical compounds, high antioxidant
capacity [7-11], and characteristic aromas that contribute to their flavor, which is why
they are used in the production of condiments [12] for food, nutrition, and other purposes.
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Germplasm screening in diversity centers shows that distinct local environmental condi-
tions and culture and market opportunities have led to different outcomes in the selection
process [13]. A specific variety called “pimenta-de-cheiro” in Brazilian Portuguese belongs
to C. chinense [6]. It is usually cultivated on small local farms; as such, it is socially and
economically relevant.

Despite the importance of “pimenta-de-cheiro” C. chinense, there is a lack of improved
varieties with traits that meet the requirements of both the agro-industrial sector and small
producers in Brazil. Most producers of “pimenta-de-cheiro” in the states of northern Brazil
plant seeds from the fruits of plants without a defined genetic origin or seeds from fruits
purchased in shops or markets. On plantations, great segregation for commercial traits,
fruit size, shape, and color is observed, resulting in a lower market value.

For an effective use of genetic resources, genes of interest for genetic breeding, their
adequate characterization, evaluation, and documentation are essential, as are studies that
elucidate the genetic basis of the selection target trait directed towards the establishment of
efficient strategies in breeding programs [14-17]. The characterization of genotypes with
recommended descriptors can provide studies of sampling, selection, and hybridization to
define adequate strategies for the conservation and genetic breeding of C. chinense.

In view of the great morphological variability observed in “pimenta-de-cheiro” C.
chinense fruits, expressed in multiple shapes, sizes, and colors, an important step is to
define the sample sizes recommended to ensure an accurate evaluation of the morpho-
biometric fruit traits. The market price of “pimenta-de-cheiro” fruits is defined by certain
classifications, which must be applied in the characterization and evaluation of germplasm
and requires reliable sampling procedures. Sample size is important because if the sample
size is too small, estimates will be inaccurate, thereby affecting the quality of the results
and experimental conclusions [18-20]. Alternatively, an excessive number of samples may
cause the unnecessary expenditure of resources [21,22].

Aside from studying the sample size for analyses of “pimenta-de-cheiro” C. chinense,
the defined plot size should allow the experiments to have a good cost/benefit ratio, al-
lowing for the species to improve. Well-designed breeding programs are fundamental, in
which the size of the experimental plot is highly relevant when choosing a set of appro-
priate statistical and experimental techniques for the selection and estimation of genetic
parameters [22].

To form a base population for the development of sweet and aromatic “pimenta-de-
cheiro”, Embrapa Amazonia Ocidental (Amazonas, Brazil) collected C. chinense accessions
from several locations in the northern region of the country. The genotypes were subjected
to preliminary selection for the elimination of those with pungency. The next stage con-
sisted of the characterization and evaluation of these genotypes according to established
methodologies for the genus Capsicum.

The objectives of this study were to characterize and evaluate “pimenta-de-cheiro”
C. chinense genotypes to determine the optimal size of the experimental plot and the mini-
mum sample size necessary to accurately estimate the yield and fruit traits of the species.

2. Materials and Methods
2.1. Plant Material

Twenty-three “pimenta-de-cheiro” (C. chinense) from local farms that supply the local
market in northern Brazil were selected. The fruits that provided the seeds were purchased
in shops and markets, representing the result of a preliminary selection for elimination of
those with medium to high pungency. The fruits from “pimenta-de-cheiro” are consecrated
and recognized by the local population for the aroma and are essential for the preparation
of regional cuisine. In the first stage of establishing the collection, each fruit obtained
spawned a family. When considering the morphological descriptors which presented
segregation in the evaluation of families, plants that produced pungent fruits, those with
low aroma, and those that presented some phenotypic variations were discarded. One
plant from each family was selected based on the vegetative aspects and fruit production.
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The multiplication of the selected plants was carried out by through self-pollination. To
ensure the self-pollination of the seeds produced, the branches of the selected plants were
covered with paper bags before the opening of the flowers in order to maintain coverage
until the initial phase of fruit formation. The fruits of plants from families that did not
show segregation were used in the study of morpho-agronomic characterization. The
majority of them were from the state of Amazonas and from the municipalities of Rio
Preto da Eva (RPE-V), Sao Gabriel da Cachoeira (SGC-XI, SGC-XVIII), Tabatinga (TAB-I,
TAB-1I, TAB-1II, TAB-V), Benjamin Constant (BEN-III, BEN-IV), Manacapuru (MPR-III,
MPR-V), and Manaus (MAN-I, MAN-II, MAO-III, MAO-VII, MAO-IX, and DBI-I). We
also evaluated “pimenta-de-cheiro” genotypes from the municipalities of Para, Oriximina
(ORX-2, ORX-I, ORX-1I, ORX-IV, and ORX-V) and Rondénia, Guajara Mirim (GUA-I).
It is noteworthy that each genotype is considered to be an inbred line because C. chi-
nense is an autogamous species (Baba et al., 2016). The “pimenta-de-cheiro” C. chinense
is registered in the Manuel de Arruda Camara herbarium of the Paraiba University State
(Campina Grande-Brazil), under the numbers CEN: 21053/ ACAM, CEN: 14640/ ACAM,
CEN: 107259/ACAM, CEN: 26315/ACAM, CEN: 26318/ACAM, CEN:73810/ACAM,
CEN: 73817/ACAM, CEN: 73822/ACAM, CEN: 73829/ACAM, CEN: 73832/ACAM,
CEN: 73834/ACAM, CEN: 73839/ACAM, CEN: 73840/ ACAM, CEN: 73842/ACAM,
CEN: 73845/ACAM, CEN: 73851/ACAM, CEN: 73871/ACAM, CEN: 73872/ACAM,
CEN:73875/ACAM, CEN: 73877/ ACAM, CEN: 73880/ ACAM, CEN: 73881/ ACAM, and
CEN: 73882/ ACAM. Each genotype was validated as a “pimenta-de-cheiro” by the herbar-
ium and three traditional local farmers in Manaus (Brazil) with an aroma test on one fruit
of each genotype. All farmers attested that 100% of the fruits were “pimenta-de-cheiro”
and promising for consumption as they had a strong aroma and were sweet.

2.2. Soil Analysis and Cultural Treatments

The experiment was conducted at the headquarters of the Embrapa Western Amazon,
located at km 29 on the highway AM 010, in the rural area of Manaus on an experimental
field, in the coordinates of 2°51’ S latitude and 59°52’ W longitude. The soil of the cultivation
area is a dystrophic yellow ferrosoil with a clayey texture. The local climate is classified
as “Afi” according to Koppen’s system, with an average precipitation of 2450 mm rain
year~! and a dry season from July to September. The soil acidity was corrected to pH
6.0 and based on the results of soil chemical analyses, 2.38 tons ha~! dolomitic limestone
(relative efficiency 80%) were applied 60 days before planting. Planting was performed in
20 cm X 20 cm planting holes with a spacing of 1.0 m between rows and 0.8 m between
plants. In the planting pits, 2.0 g urea, 24.0 g triple superphosphate, 6.0 g potassium
chloride, and 1.5 kg stored chicken manure were applied. Side dressing was reapplied
every 30 days, consisting of 150 g NPK plant~! (formulation 10-10-10) and biweekly foliar
fertilizations of 3 g L~! of the Yogen 2 fertilizer (Yoorin Fertilizantes). Necessary cultural
practices were used, such as manual weeding, irrigation, and pest control according to
Filgueira [23].

2.3. Experimental Design

The experiment was arranged in randomized blocks, with 23 treatments (“pimenta-
de-cheiro” C. chinense), three replications, and six plants per plot. The crop was harvested
weekly for 25 consecutive weeks, with the first harvest 62 days after planting.

To characterize the genotypes, 21 morphological descriptors of the flower, fruit and
seed traits were selected, as recommended by IPGRI (the International Plant Genetic
Resources Institute) for the genus Capsicum [24]. Some descriptors of the genus proposed
by the International Plant Genetic Resources Institute (IPGRI) were excluded as they were
unsuitable due to the difficulty of analysis and little specific importance on the species.
In doing so, we were able to avoid excessive and meticulous measurements, prolonged
evaluation periods and non-discriminative information of the genotypes.
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2.4. Morpho-Agronomic Descriptors

The flowers were evaluated by the following descriptors in the first flowering when
the flowers were completely open: calyx margin—(1) entire, (2) intermediate, (3) dented;
and calyx annular constriction, observed at the junction of the calyx and pedicel at complete
fruit maturity—(0) absent, (1) present.

Fruit descriptors measured at the first or second harvest. Fruit color at intermediate
maturity—measured shortly before maturation: (1) white, (2) yellow, (3) green, (4) orange,
(5) violet, (6) dark violet (purple), (7) greenish yellow, (8) yellowish green, (9) yellowish
white, (10) brown, (11) three colors; fruit color at maturity: (1) white, (2) lemon yellow,
(3) pale yellow-orange, (4) yellow-orange, (5) pale orange, (6) orange, (7) light red, (8) red,
(9) dark red, (10) violet, (11) brown, (12) black, (13) yellow, (14) pale yellow, (15) salmon;
fruit shape: (1) elongated, (2) rounded, (3) triangular, (4) campanulate, (5) rectangular
(block-shaped), (6) other shape; fruit length (cm)—average length of 10 mature fruits in
the second harvest: (1) upto1, (2) >1to 2, (3) >2to 4, (4) >4to 8, (5) >8a 1, (6) >12; fruit
diameter (cm)—measured at the widest part of 10 mature fruits in the second harvest:
(I)upto1l, (2) >1to 25, (3) >2.5to 5, (4) >5 to §, (5) above 8; fruit weight (g)—average
weight of 10 mature fruits in the second harvest: (1) to 1, (2) >1 to 2, (3) >2 to 4, (4) >4
to 8, (5) >8 to 12, (6) above 12; peduncle length (cm)—average length of 10 peduncles at
the second harvest: (1) up to 2, (2) >2 to 4, (3) >4 to 6, (4) above 6; fruit wall thickness
(mm)—average of 10 mature fruits in the second harvest, measured at the point of greatest
width: (1) upto 1, (2) >1to 2, (3) >2 to 3, (4) >3 to 4, (5) >4 to 5, (6) above 5; fruit shoulder
at pedicle insertion: (1) acute, (2) obtuse, (3) blunt, (4) cordate, (5) lobed; neck at fruit
base: (0) absent, (1) present; fruit tip shape: (1) pointed, (2) truncated (blunt), (3) sunken,
(4) sunken with tip; appendix at fruit tip: (0) absent, (1) present; corrugation in the fruit
cross section: (3) slightly corrugated, (5) intermediate, (7) corrugated; number of locules—
taken from 10 fruits: (1), (2), (3), (4), (5); fruit surface: (1) smooth, (2) semi-rough, (3) rough,
(4) smooth with stripes, (5) semi-rough with stripes; pungency: (1) sweet, (2) low pungency,
(3) medium pungency, (4) high pungency; aroma: (1) low, (2) medium, (3) high.

Seed descriptors: seed size—average of 10 randomly chosen seeds: small (3), interme-
diate (5), large (7); number of seeds per fruit—average of 10 fruits of 10 randomly selected
plants per genotype: (1) <20, (2) 21-50, (3) >51.

The yield parameters were evaluated in 25 weekly harvests and recorded: total fruit
weight per plant (TFW), by weighing the fruits on a precision scale (0.01 g); number of
fruits per plant (NF) and mean fruit weight (MFW) in grams, calculated as the ratio of
TFW/NF. The fruit traits fruit length (FL), fruit diameter (FD), and fruit wall thickness
(FWTh) were measured in millimeters with a digital caliper (0.01 mm); length /diameter
ratio (LDR) was calculated as the FL/FD ratio and seed size (SS) was measured with a
digital caliper in 10 seeds per fruit.

2.5. Phenotypic and Statistical Analyzes

The phenotypic variability was analyzed using the 21 descriptors for the character-
ization of the 23 genotypes as well as techniques of multivariate analyses unifying the
dichotomous (e.g., with or without pungency), multicategory qualitative (e.g., fruit color
and shape) and quantitative descriptors (e.g., fruit weight). The similarity between the
accessions was calculated by Gower’s general coefficient of similarity [25].

The genotypes were grouped by the unweighted pair-group method based on arith-
metic averages (UGPMA) and the graphic of similarity dispersion between them was
performed with principal coordinates analysis (PCO) and principal component analysis
(PCA), using software Multi-Variate Statistical Package (MVSP) for both analyses [26].

Sample sizing was analyzed based on a 40-fruit sample with subsequent calculation
of the statistics: minimum and maximum values, arithmetic mean, standard deviation,
coefficient of variation, kurtosis, and weight asymmetry for fruit weight (FW), length (FL),
diameter (FD) and length to diameter ratio (DLR) of fruits of three genotypes with different
fruit shapes. Data normality was also tested utilizing the Lilliefors test to characterize the
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database and check its suitability for the sample sizing study for each measured trait, based
on the Student’s t-distribution.

The recommended sample size for the evaluation of “pimenta-de-cheiro” C. chinense
was determined by two methodologies: simulation, based on resampling of subsamples, and
algebraically, evaluating the semi-amplitudes of the confidence interval of the mean estimate.

A simulation method was used, consisting of sub-sample resampling, for which the
estimated arithmetic averages of the fruit traits of three genotypes (with different fruit
shapes) were analyzed. Reduced sample sizes ranging from 2 to 39 fruits with 100 samplings
for each simulated size were analyzed in a sampling with data replacement. The small-size
sample (11) was considered as a reference sample when there was no simulated value
outside the 95% confidence interval (CI 95%) for this sample at a probability of 95%.

The sample size (1) was also calculated based on the semi-amplitudes of the con-

fidence interval of the estimated mean (m) by the expression: np = (Sz. 2 /2) / (e2.m?),

where S is the standard deviation estimate, t, /, is the critical value of Student’s t-distribution
whose right-hand area is equal to «/2, with n —1 degrees of freedom, and & = 5% error
probability; e is the error in the mean estimate, which was assumed to be 5%; and m is the
arithmetic mean of the sample. Afterwards, the estimation error was calculated assuming
the use of n = 40 fruits to obtain the estimated mean of each of the traits, by means of the
expression: Error of estimation (%) = 100(S.t,/2)/ (m.\/n).

The sample sizing analyses were performed with Genes [27] and Microsoft Office
Excel software.

To obtain the experimental variation coefficient from different plot sizes, 100 samplings
were performed with data replacement for each analyzed scenario, by taking from 2 to
6 plants within the plots.

The modified maximum curvature method consisted of representing the relation-
ship between the coefficient of variation (CVe) and plot size using a regression equa-
tion of type Y = aX ! (where Y represents the coefficient of experimental variation
and X corresponds to plot size). From the curvature function given by this model, the
value of the abscissa at the point of maximum curvature was determined, given by

Xime = [a?b?(2b+1)/(2b + 2)] V/@H2) \ohich corresponds to the estimate of the optimal
size of the experimental plot [28], where a is the regression constant and b the regression
coefficient. Analogously, the statistic used for CVe, the modified maximum curvature
method was also used to represent the relationship between the selection accuracy and
plot size.

Statistical analyses were performed with the program R (R DEVELOPMENT CORE
TEAM, 2018) and Microsoft Office Excel.

3. Results and Discussion
3.1. Morpho-Agronomic Characterization Data

Of the 21 descriptors evaluated, only one (seed size) did not vary, indicating that al-
though the genotypes belong to the same morphotype, there is great phenotypic variability
among the peppers sold in the regions represented by the study (Table 1, Figure 1).
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Figure 1. Samples of fruits from a plot the cultivated Capsicum chinense of Northern Brazil varieties:
1—BEN-III, 2—BEN-1V, 3—DBI-I, 4—GUA-I, 5—MAN-I, 6—MAN-II, 7—MAO-III, 8—MAO-VII,
9—MAO-IX, 10—MPR-III, 11—MPR-V, 12—ORX-2, 13—ORX-I, 14—ORX-II, 15—ORX-1V, 16—ORX-V,
17—RPE-V, 18—SGC-XI, 19—SGC-XVIII, 20—TAB-I, 21—TAB-II, 22—TAB-III, and 23—TAB-V.

Table 1. Values of 21 morphological descriptors evaluated in 23 genotypes of Capasicum chinense Jacq.
from shops and markets in Amazonas, Pard and Rondoénia.

Trait !
O O = E B2 m £ = 0 o S
o g gy EgeezefiEEElze$fus
BEN-III 3 1 8 5 4 4 2 4 2 2 3 0 1 0 5 3 3 1 3 5 2
BEN-IV 2 1 7 4 4 4 2 4 2 2 4 0 2 0 7 3 3 2 2 5 2
DBI-I 3 1 8 8 4 4 2 4 2 2 4 0 1 0 7 3 3 1 2 5 2
GUA-I 3 1 9 5 1 4 2 4 2 2 4 0 1 0 5 3 4 1 1 5 2
MAN-I 3 0 4 7 5 3 3 4 2 2 3 0 1 0 5 3 2 1 2 5 2
MAN-II 3 0 8 5 6 4 3 4 2 2 3 0 2 1 5 4 4 1 2 5 3
MAO-III 2 1 8 5 4 4 2 5 2 3 3 0 3 0 5 3 2 1 3 5 3
MAO-VII 2 1 8 8 4 4 2 4 2 2 3 0 1 0 5 3 2 1 3 5 3
MAO-IX 3 1 2 13 5 4 2 4 2 3 3 0 2 0 3 3 2 2 2 5 2
MPR-IIT 3 1 4 9 3 4 2 4 2 2 3 0 2 0 7 3 2 2 3 5 3
MPR-V 2 0 4 8 4 4 2 4 2 2 3 0 3 1 7 3 3 2 3 5 2
ORX-2 3 1 4 6 1 4 2 4 2 2 2 0 3 1 5 3 2 1 3 5 3
ORX-I 2 1 4 8 1 4 2 4 2 2 1 0 1 0 5 3 3 1 3 5 3
ORX-II 3 1 4 8 1 4 2 5 2 2 3 1 3 1 7 3 3 1 2 5 2
ORX-1V 3 1 4 8 1 4 2 4 2 2 2 0 1 0 5 2 3 1 2 5 2
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Table 1. Cont.

Trait !
@) U o E & m £ = 0 v =
e g g E s Ee8 R ;EEEEQE R B EL
ORX-V 3 1 7 5 4 4 2 3 1 2 3 0 3 1 3 3 1 1 2 5 2
RPE-V 3 1 9 3 4 4 2 4 2 2 3 0 3 1 7 3 3 2 2 5 2
SGC-XI 2 1 4 8 4 4 3 5 1 3 3 0 3 0 5 3 3 2 3 5 3
SGC-XVIIL 2 1 4 8 4 4 2 4 2 2 1 0 3 o 7 3 2 2 1 5 3
TAB-I 3 1 9 5 4 4 2 4 3 2 3 0 3 o 7 3 2 1 2 5 2
TAB-II 2 1 9 3 3 4 2 4 1 2 1 0 1 0 5 3 2 1 2 5 2
TAB-III 3 1 8 5 4 4 2 4 2 2 3 0 3 1 7 3 2 1 3 5 2
TAB-V 2 1 8 5 4 4 2 4 1 2 3 0 3 0 5 3 2 1 3 5 2

1 CM—calyx margin, CAC—calyx annular constriction, IFC—fruit color at intermediate maturity, MFC—fruit
color at maturity, FSh—fruit shape; FL—fruit length; FD—fruit diameter; FW—fruit weight; PL—peduncle length;
FWTh—fruit wall thickness; OFIP—fruit shoulder at pedicel insertion; NFB—neck at fruit base; FTSh—fruit
tip shape; AFT—appendage at the fruit tip; CCS—corrugated cross section of the fruit; NL—number of locules;
FS—fruit surface; PUG—pungency; ARM—aroma; SS—seed size; and NS—number of seeds per fruit.

With regard to the fruit traits generally used to discriminate pepper morphotypes
within the same species, the specific classes or values were ripe red fruit (39.1% of the
genotypes) or pale orange (34.8% of the genotypes), campanulate (bell-shaped) fruits
(60.9%), fruit length between 4.0 and 8.0 cm (95.6%), fruit diameter between 1.0 and 2.5 cm
(87.0%), fruit weight between 4 and 8 g (82.6%), surface of the semi-rough (47.8%) or
rough fruit (39.1%), fruit wall thickness 1-2 mm (87.0%), and intermediate seed size for all
genotypes. As these genotypes had already undergone a pre-selection eliminating very
pungent fruits, all genotypes produced sweet fruits (69.6%) or fruits with low pungency
(30.4%). In addition, the aroma of more than 90% of these was medium to strong.

The proper variety of colors and shapes observed in fruits of C. chinense plants culti-
vated in Amazonia illustrates the high phenotypic variability of the species available for
exploitation in breeding programs. Studies, records, and dissemination of the phenotypic
variability of C. chinense contribute to the valorization and conservation of the species, as
well as to define strategies for breeding and the development of sweet pepper cultivars
adapted to tropical and subtropical regions [5,11,29]. Although “pimenta-de-cheiro” C. chi-
nense is part of the regional culinary tradition and the scale of production and consumption
in the north of the country is significant, the phenotypic variability of the development
of cultivars of this morphotype with defined traits is still has been little explored. Many
opportunities exist to further screen and evaluate genetic resources. Yet, there is limited
information and understanding in all breeding programs, potentially obscuring useful
traits and gene pools present in the C. chinense center of diversity [13].

The similarity values among the 23 genotypes ranged from 0.54 to 0.93, indicating that
no redundant genotypes were identified by the 21 descriptors. Additionally, the highest
similarity (93%) was observed between genotypes DBI-I and BEN-III and the lowest (54%)
among genotypes SGC-XI and ORX-V and SGC-XVIII and MAN-II.

The clustering analysis of the genotypes by the UPGMA method is shown in Figure 2
as the formation of three clusters: group 1—genotypes MAN-I and MAN-II; group 2—
genotypes MAO-III, SGC-XI, MAO-IX, MPR-III, MPR-V and SGC-XVIIL; and group 3,
consisting of three other subgroups (subgroup 3A—genotypes ORX-2, ORX-II, ORX-V,
RPE-V, TAB-III and TAB-I; subgroup 3B—GUA-I, DBI-I, BEN-III, ORX-IV and BEN-IV; and
subgroup 3C—genotypes ORX-I, MAO-VIII, TAB-V and TAB-II. No genotype appeared
separately in the dendrogram (Figure 2).



Horticulturae 2022, 8, 785

8 of 15

SGC- XMl

< <=1
v

w

e

\

FEEREEE

=~ Group 3

L=
BEN-IIl - 3B

T | T 1 |

0t 0.82 0.38 094 ,
Figure 2. Hierarchical clustering by the UPGMA method and Gower general similarity coefficient of
23 C. chinense genotypes, evaluated by 21 morphological descriptors. Cophenetic correlation = 0.6623.
The dashed vertical line represents the estimated cut by the Mojema method.

The graphical dispersion analysis using principal coordinate analysis (PCO) (Figure 3)
showed good agreement with the hierarchical cluster analysis (UGPMA). However, by
plotting the PCO method with projection of distances on two Cartesian axes, the genetic
diversity among the evaluated genotypes was visualized in a more direct and simpler
way. The two-dimensional dispersion showed a large dispersion area in the space of
the genotypes from the state of Para, evidencing more genetic variability within these
genotypes than in the others. However, one must bear in mind that these genotypes were
the best represented of the evaluated (five genotypes).

The PCA results showed that among the variables analyzed those with the most
significance greater than 5% were FTSh (6.32%), MFC (7.41%), FSH (10.51%), CCS (11.56%)
and IFC (49.49%). For Capsicum breeding, crosses between genetically divergent genotypes
are recommended and it is desirable that both parents are high yielding and complementary
in terms of fruit quality traits [15,30]. In this case, the characterization of “pimenta-de-
cheiro” C. chinense genotypes and their allocation in different clusters, based on multivariate
analyses will be important to guide future crosses.

The mean test (Table 2) showed that among the 23 genotypes, ORX-II, MPR-V, MPR-III,
GUA-I, SGC-XI and SGC-XVIII had the highest means for TFW and NF, also evidencing
a direct positive relation between number of fruits and yield (r = 0.99). These genotypes
produced over 600 fruits and 5.3 kg fruits per plant during the 25 weeks of evaluating
weekly harvests. Genotype MAO III also stood out in terms of TFW, being in the most
productive group and having a statistically lower NF (469) than the other genotypes.
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Figure 3. Graphical dispersion obtained by principal coordinate analysis (PCA) on the first two axes
of 23 genotypes of Capsicum chinense, characterized by 21 morphological descriptors. The colors that
delimit the genotypes correspond to groups identified in Figure 2: orange, group 1; green, group 2;
purple, group 3A; blue, group 3B; and red, group 3C.

Table 2. Means of the traits total fruit weight per plant (TFW), number of fruits per plant (NF) and
mean fruit weight (FW), evaluated in 25 weekly harvests, fruit length (FL), fruit diameter (FD), fruit
length to diameter ratio (DLR), fruit wall thickness (FWTh) and seed size (SS) were evaluated in a
sample of 15 fruits per plot of 23 “pimenta-de-cheiro” C. chinense genotypes.

Genotypes TFW (g) NF (n) FW (g) FL (mm) FD (mm) DLR lzglgl SS (mm)
BEN-III 1504.7 ¢ 208.5d 72D 495c¢ 20.1c 25b 13c¢ 34a
BEN-IV 1850.7 ¢ 275.7d 6.7Db 494 c 20.7 c 24b 15¢ 34a

DBI-I 1760.1 ¢ 242.0d 74D 589Db 223 ¢ 26b 15¢ 35a
GUA-I 60774 a 1123.0a 54b 57.6b 19.6 ¢ 29a 1.8b 35a
MAN-I 3893.0 b 5472 c 72D 32.1e 324a 10e 1.8b 35a

MAN-II 37904 b 530.3 c 73Db 423d 26.5b l1.6d 1.8b 35a
MAO-III 5244.0 a 469.2 c 112 a 58.5b 241c 24b 21a 3.7a
MAO-VIL 4351.8b 450.7 c 9.6a 528 ¢ 238 ¢ 22c 1.8b 3.7a
MAO-IX 4795.3b 467.7 c 104 a 513 ¢ 23.0c 22c 21a 3.7a
MPR-IIT 64049 a 679.6 b 94 a 56.0 b 249b 22c 1.7b 38a
MPR-V 67174 a 779.0b 8.6a 58.2b 228¢ 2.6b 1.8b 35a
ORX-2 39959 b 488.8 c 82a 68.7 a 225¢ 30a l6¢c 3.6a

ORX-1 4338.8 b 508.0 c 8.6a 68.5a 21.7c 32a 1l4c 34a
ORX-1I 70299 a 750.7b 93a 75.1a 23.1c 32a 1.7b 38a
ORX-IV 2306.9 c 284.1d 8.0b 62.2b 20.6 ¢ 31a l6¢c 3.8a
ORX-V 1284.1 c 190.0d 74D 492 ¢ 199 ¢ 25b 13c¢ 37a
RPE-V 1933.0c 342.1d 6.3b 46.0 c 21.3c 22c l4c 3.1la
SGC-XI 5530.6 a 664.0 b 8.6a 49.1c¢ 255b 19c 21a 3.6a

SGC-XVIII 53423 a 6179b 8.8a 473 ¢ 248b 19¢ 1.7b 34a

TAB-I 2062.7 c 267.8d 8.6a 62.9b 228 ¢ 2.8b 16c 34a
TAB-II 1734.6 ¢ 196.5d 83a 422d 218 c 19c l4c 35a
TAB-III 12435 ¢ 182.4d 71D 41.8d 222c 19c¢ 15¢ 36a
TAB-V 2793.6 c 340.0d 78D 53.0c 219c 24b 13c¢ 35a

Mean 3738.5 461.1 8.2 53.6 23.0 24 24 35

Means followed by the same letter did not differ from each other by the Scott-Knott test at 5% probability.
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For MFW, the genotypes were grouped into two clusters. The high MFW group
comprised of 12 and the lower MFW group of 11 genotypes. Among the genotypes
allocated in the higher MFW group, six also stood out with respect to TFW: MAO III
(11.2 g), MPRIII (9.4) g), MPR V (8.6 g), ORX I, 3 g), SGC XI (8.6 g), and SGC XVIII (8.8 g).

A greater differentiation of the genotypes was observed in the traits FL and DLR,
discriminating the genotypes statistically in six groups, with means ranging from 32.1 mm
to 75.1 mm for FL and from 1.0 to 3.25 for DLR. For fruit diameter, the variation was
less expressive, ranging from 19.6 mm to 32.5 mm and the means of the genotypes were
divided into three groups. The length/diameter ratio (DLR) is an indicator of the fruit
shape (i.e., the higher the DLR value, the longer the fruit) since long fruits have a ratio
greater than one and round fruits a ratio close to one.

“Pimenta-de-cheiro” C. chinense genotypes fruits are considered to be medium in
weight (5.4 to 11.2 g, mean = 8.2 g) in relation to that found by Moreira et al. [2] (5.34 to
19.05 g) and Bianchi et al. [5] (1.04 to 18.61 g). The variables diameter (19.6 to 26.5 mm) and
length (32.1 to 75.1 mm) of fruits also have a wide variation among the genotypes. The
results were within the limits obtained by Bianchi et al. [5] for accessions of C. chinense
which presented variation from 8.99 to 34.44 mm for diameter and from 7.85 to 84.93 mm
for fruit length. Moreira et al. [2] reported 35-99.4 mm for fruit length and 17.3—41.0 mm
for fruit diameter.

Although there are significant variabilities in the weight, length, and diameter of
the fruit in the Brazilian Amazon, larger and more elongated sweet “pimenta-de-cheiro”
C. chinense are preferred by consumers. Consequently, the producer can benefit from better
prices with the appropriate fruit pattern. As commercialization is based on weight, larger
and heavier fruits achieve a better return for the producer. Thus, it is noteworthy to
identify genotypes with a higher TFW and larger fruits that are more elongated and have a
higher MFW.

A thicker fruit wall improves the resistance to damage during transportation or han-
dling, since crushed or cracked fruits lose their value. Therefore, FWTh is also a desirable
trait for selection. The genotypes SGC-XI, MAO-III, and MAO-IX were highlighted in
relation to fruit wall thickness, being the only ones with values above 2 mm. For seed
size, no significant difference was detected among the genotypes, with an average value of
3.54 mm.

The results of the fruit yield and traits of the plants showed that it is possible to select
more productive genotypes with better quality fruits. This represents improved income
for the producer due to the increased production volume and the potentially higher price
of fruits classified as better quality according to the market’s preference. For yield and
fruit traits, the genotypes MAO III and ORX II seem the most promising for selection
and release of future cultivars. Other genotypes also have both high yield and good fruit
traits, enabling the establishment of a base population of the species for breeding with
sufficient variability for continuous gains with selection. The genotypic and phenotypic
characterization of variability to select promising accessions has been reported in other
C. chinense studies [2,5,6,17,31-33].

“Pimenta-de-cheiro” C. chinense has distinctive aroma in different environments, from
the most rustic to those grown in the Amazon. It is considered a rustic species that survives
in different conditions. Bianchi et al. [5] features raise the hypothesis that sweet peppers
have great potential for use in the mitigation of the effects of ongoing climate changes,
whether in breeding programs for gene introgression or for immediate use because plants
lose their leaves during the time they are flooded. Hence, when the soil dries, there
is regrowth, thereby characterizing them as perennials, which differentiates them from
peppers from other Brazilian regions.

The “pimenta-de-cheiro” C. chinense of different varieties is an important quality for
consumer’s choice in selecting what fruits to buy. The changes in aroma concentration
in the fruits of C. chinense have not been measured, as with capsaicin and capsaicinoids
contents. Additionally, a gap could be filled in future studies with geographical expansion
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of the genotypes on different environments in Brazil. Estimation of the concentration and
composition of aroma at different experimental locations is the most vital information for
the prediction of the site for future commercial cultivation of the species [12].

3.2. Plot Size for Evaluations off “Pimenta-de-Cheiro” C. chinense Fruits

To reduce both labor costs and the time needed to characterize “pimenta-de-cheiro”
C. chinense fruits without waiving reliable estimates, sample sizing analyses for fruits of
the species were carried out. In general, the measures of central tendency, variability,
asymmetry, and the Lilliefors test showed good adherence of the data to the normal
distribution for the evaluated traits, reinforcing the credibility of the study of sample sizing
(Table 3). Generally, it may be inferred that the database offers reliability for the proposed
study, and the sample sizes determined serve as reference for the culture [34]. The only
exception was DLR in accession MAN-I. In this case, only the number of samples indicated
by the simulation analysis with data reset should be taken into consideration, of which is
little sensitivity due to the lack of data normality.

Table 3. Minimum and maximum values, arithmetic mean, standard deviation (SD), coefficient of
variation (CV%), asymmetry (AS), kurtosis + 3 (CT), Lilliefors” normality test, and recommended
fruit sample size (based on simulation—7; and semi-amplitudes of the confidence interval—;) for
the estimation of mean fruit weight (FW), fruit length (FL), diameter (FD), and diameter length ratio
(DLR) of “pimenta-de-cheiro” C. chinense at 95%, reliability and semi-amplitude of the confidence

interval (% Error) based on 40 evaluated fruits.

Statistic

MPR-V Genotype

MAN-I Genotype

TAB-V Genotype

FW FL FD DLR Fw FL FD DLR W FL FD DLR
Minimum 5.81 48.67 17.27 1.69 423 21.64 19.73 0.79 4.63 36.22 18.62 1.70
Mean 8.04 60.92 23.74 2.61 6.43 27.72 31.39 0.88 6.52 56.15 21.78 2.59
Maximum 9.88 74.57 29.34 4.07 8.60 35.40 36.80 1.00 8.79 67.61 25.44 3.36
SD 0.98 6.44 2.96 0.44 1.34 4.29 3.43 0.07 0.90 7.30 1.36 0.39
CV (%) 12.21 10.57 12.45 17.05 20.83 15.46 10.93 8.30 13.81 12.99 6.25 15.13
AS® -0.19 ™ —0.03 ™ —0.27 1 0.73 ** —0.36 " 0.16 ¢ —1.06 ** 0.39 ns 0.03 "¢ —0.57" 0.28 "¢ —0.13 "™
CcT® 273" 218" 2.50 "¢ 4.85** 241" 21218 5.15** 17171 238" 290" 3.57 18 3.00 "¢
Lilliefors ©) 0.04 ™ 0.06 ™ 0.04 ™ 0.03 ™ 0.07 ™ 0.09 ™ 0.06 " 0.23 ** 0.09 ns 0.06 "¢ 0.03 "¢ 0.05m
m 19 23 22 21 24 22 16 18 20 25 23 20
1y 24 18 25 48 71 39 20 11 31 28 6 37
Error (%) 3.90 3.38 3.98 5.45 6.66 4.95 3.49 2.66 4.42 4.16 2.00 4.84

@) ¢ Asymmetry differs from zero as determined by ¢-test (p = 0.01); ns = non-significant. @) *+ Kurtosis differs
from three by the ¢ test (p = 0.01); ns = non-significant. @) *+ Does not follow the normal distribution based on the
Lilliefors test (p = 0.01); ns = normal distribution.

Estimates of minimum sample sizes varied between the traits and between genotypes
with different fruit forms for the same trait (Table 3). The environmental variations and
phenotypic variability observed among the genotypes could explain these results, as
Schmildt et al. [35] observed in a study of four cultivars of papaya. For the authors, the
optimal size required differs among cultivars, between variables, and between planting
seasons, with the largest number of plants required for the variable number of fruits per
plant and yield per plant. In different passionfruit varieties during the same planting
time, different plot size requirements among the variables and genotypes have also been
found [36]. On evaluations of maize, the sample size required for estimating the direct
effects varied between hybrids and harvests [37]. Aside from the above factors, the use
of different estimation methodologies, types of path analysis, explanatory variables, and

accuracy levels led to different recommendations of sample sizes [37,38].

Considering that the mean sample size generally contemplates a greater number of
cases, one can choose the highest average number of sample sizes among the observed
traits. Thus, samples of 25 fruits adequately represent the genotypes for evaluations of their
weight, length, diameter, and shape (by the length to diameter ratio) based on the method-
ology of resampling of subsamples. These values are higher than those recommended by
Da Silva et al. [39] for species of the genus Capsicum, who recommended about 22 sample
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fruits for estimating the mean of pepper fruit traits, whereas 24 fruits should be sufficient
to estimate the standard deviation.

The definition of the number of samples recommended by the algebraic methodology
(of semi-amplitudes of the confidence interval of the mean) is more sensitive to changes in
coefficients of variation (CV) observed in the different genotypes and traits. Thus, features
estimated with less precision will require a larger sample size for evaluation [34]. The
CV varied from 6.25% for fruit diameter in genotype TAB-V to 20.83% for fruit weight in
genotype MAN-I. For these traits and genotypes, the recommended number of samples is
6 and 71 fruits respectively, more dissimilar values than those indicated in the previous
methodology (by simulation). However, when observing the errors associated with 40
fruits to evaluate morphological traits, if the researcher is willing to accept an estimation
error of up to 6.6%, then 40 fruits would be a good indication of sample size.

In general, based on the two study methodologies, the use of 25 to 40 fruits can be
recommended for their biometric characterization, with error estimates close to 5% for
most of the evaluated scenarios. Different sample sizes are expected due to the variability
between the traits evaluated and researchers should evaluate the appropriate sample sizing
according to the availability of time, resources, and tolerable error limit [37,38].

In addition to the analysis of sample size optimization for fruit traits in “pimenta-
de-cheiro” C. chinense, studies were carried out to optimize the plot size based on the
coefficient of variation and accuracy of selection for yield traits. For the plot size based
on the experimental coefficient of variation, five plants per plot for future experiments
with “pimenta-de-cheiro” C. chinense was recommended (Figure 4A). However, to obtain
coefficients of variation close to or below 30% for TEW and NF, according to the models
obtained, a minimum of eight plants per plot would be required. These values are lower
than those estimated by Lorentz et al. [40] in an evaluation of the fresh weight of sweet
pepper (Capsicum annuum L.) plants grown in a plastic greenhouse, where the use of
10 plants per plot was recommended.

The increase in the number of plants per plot was followed by increases in heritability,
with values ranging from 81.75 to 88.59% for TFW, from 84.79 to 88.68% for NF and from
40.82 to 57 and 52 for MFW in plot sizes ranging from two to six plants, respectively. From
the point of view of genetic breeding and the selection of superior genotypes for the traits
TFW and NF, a plot size of only two plants would be enough to optimize selection accuracy
to >90% (Figure 4B). For mean fruit weight, the recommendation would be five or eight
plants per plot for accuracy close to 70% and 80%, respectively.

According to our results, five to eight plants per experimental plot will provide
satisfactory results both with the aim of optimizing experimental precision and providing
an accurate selection process for yield traits in “pimenta-de-cheiro” C. chinense. The optimal
sunflower (Helianthus annuus) plot size was found to be two units [41], the optimal
eggplant (Solanum melongena L.) plot size is five plants [19], and the optimal plot size for
field papaya experiments is six plants per plot [35]. In breeding programs, the results
need to be accurate in order to make selections without making plots unnecessarily large,
resulting in higher costs [22].
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Figure 4. Coefficient of experimental variation—CVe (A) and selection accuracy (B) by the modified
method of maximum curvature as a function of different plot sizes for experiments with “pimenta-
de-cheiro” Capsicum chinense. The squares represent the points that generated curvature (equation).
The meeting of the dashed lines represent the points of maximum curvature.

4. Conclusions

The genotypes contain considerable phenotypic variability for flower, fruit and yield
traits. This allows for the selection of genotypes with a superior performance to possibly
establish a base collection for breeding and development of future commercial cultivars of
“pimenta-de-cheiro” C. chinense morphotypes to improve the economic return for producers.

Based on the methodologies used to define the sample size, 25 to 40 fruits should be
sampled in biometric traits evaluations of “pimenta-de-cheiro” C. chinense. The adoption
of experiments with five to eight plants per plot is recommended for progeny tests in
C. chinense, combining experimental precision with high selection accuracy for the traits
total fruit weight per plant, number of fruits per plant, and mean fruit weight.
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