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RESUMO

Souza, Laise Rosado de, M. Sc., Universidade Federal de Vigosa, fevereiro de
2013. Variagao natural de caracteristicas fisiolégicas em um grande painel
de acessos de pimentas brasileiras. Orientador: Adriano Nunes Nesi.
Coorientadores: Fabio M. DaMatta e Wagner L. Araujo

A diversidade de acessos dentro de uma mesma espécie tem sido relatada
como uma forma alternativa de procurar respostas fisiolégicas e metabdlicas
que podem ter grandes efeitos na regulacdo do crescimento e producéo de
biomassa. Este trabalho teve como objetivo investigar caracteristicas
fisiologicas e metabdlicas assim como suas interagdes com o crescimento e a
producado de frutos em 49 acessos brasileiros de pimenta (Capsicum chinense)
geneticamente diversos. Estes diferentes acessos foram cultivados
simultaneamente e, assim, grande variagdo genética foi observado para muitas
caracteristicas. Embora a analise de cada variavel individualmente permitiu a
formacgao de até sete grupos distintos através do teste Scott-Knott modificado,
como observado para altura de planta, usando o conjunto de dados através de
analises multivariadas foi possivel separar os 49 acessos em apenas trés
clusters. Interessantemente os grupos formados por estas analises né&o
seguiram a distribuicdo geografica de origem dos gendtipos. O primeiro cluster
contém dois acessos com 0s menores valores para altura de planta e taxa de
crescimento relativo (TCR). Por outro lado, os mesmos acessos tiveram a
maior area foliar especifica (AFE), altas taxas de fotossintese e os maiores
conteudos de nitrato (NO3). Os genotipos do segundo cluster demonstraram
comportamento oposto para os parametros de crescimento e NOj, porém
apresentaram padrao indefinido para os parametros de trocas gasosas e
eficiéncia do uso da agua (EUA), apesar de apresentarem baixos valores de
AFE. O terceiro cluster compreende os demais acessos com os mais diversos
resultados para as caracteristicas aqui investigadas. Tomados em conjunto,
estes resultados reforcam a idéia de que, embora os acessos pertencam a
mesma espécie, eles apresentam mecanismos de adaptacédo diversos sendo,
portanto, uma fonte muito interessante de informacdes para melhoramento de
plantas. Além disso, demonstrou-se que o estabelecimento dos frutos esta

positivamente correlacionado com fotossintese. No entanto, a fotossintese por



si s6 nao explica as diferencas em relagdo ao abortamento de frutos. Analises
metabdlicas revelaram que malato e fumarato apresentam respostas diferentes
em Capsicum. Embora fumarato ndo tenha contribuido individualmente para a
separagao de grupos, um grande numero de correlagdes significativas foram
observadas. Em suma, dados aqui apresentados sugerem fumarato como um
importante metabdlito possivelmente envolvido na regulagdo do crescimento e
desenvolvimento da parte aérea e dos frutos em C. chinense. Além de estender
nossos conhecimentos sobre mecanismos e vias bioldégicas no género
Capsicum o trabalho aqui apresentado destaca a importancia de se estudar a
variagdo genética como um meio para entender como a espécie se adapta a

diferentes ambientes.
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ABSTRACT

Souza, Laise Rosado de, M. Sc., Universidade Federal de Vigosa, February
2013. Natural variation in physiological traits in a large panel of brazilian
Capsicum chinense acessions. Adviser: Adriano Nunes Nesi. Co-advisers:
Fabio Murilo DaMatta e Wagner L. Araujo

Diversity of accessions within the same specie has been reported as an
alternative way to search for physiological and metabolic traits that may have
large effects on both growth regulation and biomass production. This work
aimed to investigate physiological and metabolic traits as well as its interactions
with plant growth and fruit production using 49 genetically diverse brazilian
pepper accessions of Capsicum chinense. These different accessions were
grown together and genetic variation was observed for many traits. Although the
analysis of each variable individually allowed the formation of up to seven
distinct groups, as observed for plant height, working with the whole data set by
multivariate analyzes allowed the separation of the 49 accessions in only three
clusters. Interestingly, the groups formed by this analysis did not follow the
geographical origin of the genotypes. The first cluster contains two accessions
with lower plant height and relative growth rate (RGR). On the other hand, the
same accessions had the highest specific leaf area (SLA), high photosynthesis
rates and have the highest nitrate (NOj) content. Genotypes in the second
cluster demonstrate opposite behavior for growth parameters and NO3; however
they had an undefined pattern for gas exchange parameters and water use
efficiency (WUE), despite having low values of SLA. The third cluster comprised
the other accessions with the most diverse results for the investigated
characteristics. Altogether, these results reinforce the idea that, although the
accessions belong to the same species, they have diverse adaptation
mechanisms being a highly interesting source of information for plant breeders.
In addition, it was demonstrated that fruit set is positively correlated with
photosynthesis. However, photosynthesis does not explain alone the
differences in accession susceptibility to fruit abortion. Metabolite analysis
revealed that malate and fumarate had different responses in Capsicum.
Although fumarate did not individually contribute to the accession group
separation, a large number of significant correlations was observed. In

summary the results obtained suggest fumarate as an important metabolite that

vii



might be involved in the regulation of both shoot and fruit growth and
development of C. chinense. Apart from extending our knowledge of biological
mechanism and pathways within the Capsicum genus the work presented here
highlights the importance of studying genetic variation as a mean to understand

how a specie adapts to different local environments.
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1. Introduction

The pepper species of the genus Capsicum are members of the
Solanaceae family, together with other crops such as tomatoes, eggplants and
potatoes. The genus Capsicum comprises a highly diverse group of sweet and
hot peppers being the American continent recognized as the center of origin of
peppers, more specifically in its tropical and subtropical regions (Reifschneider,
2000). Among the various species of the genus Capsicum, C. annuum; C.
bacccatum; C. chinense; C. frutescens and C. pubescens are commercially
cultivated (Rodriguez et al., 1999; Onus and Pickersgill, 2004; Ince et al, 2009).

C. baccatum and C. chinense are the most cultivated species for
commercial hot peppers in Brazil. This is most likely because these species are
well adapted to equatorial and tropical climate conditions having unique flavors
for fresh consumption (Lannes et al, 2007). Additionally, the north of Brazil,
more specifically the Amazonian region, has been suggested as a probable
center of diversity of C. chinense species (Pickersgill, 1971).

Due to its large capacity of adaptation to different soil and local climates,
C. chinense can be grown throughout southern and northern Brazil (Lannes et
al, 2007). Interestingly, fruits from C. chinense have an enormous variability in
terms of size and shape, color and chemical composition (Lannes et al, 2007;
Wahyuni et al., 2013). Fruits from this specie, as well as, from other peppers
(Capsicum spp.) are well known for their ability to cause an intense organoleptic
sensation of heat when consumed (Stewart et al., 2005; 2007; Aza-Gonzalez et
al., 2011). Capsaicin and its analogues, collectively called capsaicinoids, are
the pungent principle of peppers (Simdes et al.,, 2004; Aza-Gonzalez et al.,

2011), responsible for this sensation



Pepper fruits are also a rich source of metabolites with potential health-
promoting properties, such as carotenoids (provitamin A), ascorbic acid (vitamin
C), tocopherols (vitamin E), flavonoids and capsaicinoids (Howard and
Wildman, 2007; Topuz and Ozdemir, 2007; Wahyuni et al., 2011). Many of
these compounds are antioxidants compounds that exert their biological effects
through free-radical scavenging, protein binding and interaction with human
signal transduction pathways (Edge et al., 1997; Padayatty et al., 2003;
Wahyuni et al., 2011).

Wild and domesticated peppers populations represent a genetic material
with high potential for use in breeding and biotechnological programs. However,
despite their potential, only morphological characterization of accesses has
been yet used to study peppers genetic variability for years (Pickersgill, 1977;
Bianchetti, 1996; Buttow et al., 2010).

It is important to mention that behind each morphological trait, complex
metabolic and physiologic networks must function properly and be finely
coordinated for the full plant development. Amongst the factors involved on this
interestingly feature, photosynthetic metabolism is possible the most important
determinant of biomass production being closely associated with growth rate
(Wyzgolik et al., 2008). In this context, plant growth analysis is an explanatory,
holistic and integrative approach of interpreting plant form and function (Hunt et
al., 2002; Wyzgolik et al., 2008). Furthermore, regulation of plant metabolism is
a crucial hallmark enabling the organism to respond to specific demands over
the course of its life and on a minute-by-minute basis (Fernie and Klee, 2010).

Despite the high capacity to adapt to completely different environmental

conditions (Lannes et al.,, 2007), virtually nothing is known concerning



physiological and metabolic traits related to growth and fruit production in
Capsicum species. Accordingly natural variation provides a framework to study
the adaptation of different traits that define plant growth in relation to
simultaneous genetic changes and environmental fluctuations.

To date, relatively few studies have been reported using diversity of
accessions, within the same specie, as an alternative way to search for genes
having large effects on growth regulation and biomass production (Sulpice et
al., 2009; 2010; Ikram et al, 2012; Pyl et al., 2012). Notwithstanding for the
model plant Arabidopsis it has been observed that although there is a weak
correlation between rosette biomass and individual metabolites, a highly
significant correlation is observed when multivariate analysis was used on the
entire metabolite profile (Meyer et al., 2007). Altogether these results suggest
that part of the genetic variation for biomass affects the balance between
resource availability as well as the developmental programs that determine how
rapidly metabolites are used for growth (Sulpice et al., 2010). It should be also
mention that starch content at the end of the light period is an integrator of the
metabolic response in Arabidopsis (Sulpice et al., 2009).

This work aimed to investigate physiological and metabolic traits as well
as its interactions with plant growth and fruit production using 49 genetically
diverse pepper accessions of C. chinense, growing under greenhouse
conditions. The results obtained are discussed in the context of the importance
of physiological and metabolic parameters to determine both shoot growth and

fruit production in C. chinense.



2. Material and methods
2.1 Plant materials and experimental conditions

The Horticultural Germplasm Bank (BGH) located at the Federal
University of Vigosa (UFV) stores one of the largest collection of Capsicum spp.
in Brazil. From more than 100 accessions of C. chinense, 49 were initially
selected for diversity of fruit color, size and shape (Lannes et al., 2007). Seeds
of the accessions used in this experiment are additionally available at
BGH/UFV.

Seeds were germinated in commercial substrate and seedlings were
transplanted after 25 days of sowing to 8 liters pots with a mixture of soil and
substrate (2.7:1 w/w) fertilized with 3.5 g of limestone, 3.5 g of superphosphate
and 1 kg of manure per kilogram of soil. Plants were grown in a greenhouse
located in Vigosa (642 m in altitude, 20°45’ S latitude and 42°51’ W longitude) in
South-eastern Brazil. Plants were watered regularly and fertilized weekly with

40 mL of solution containing 5.0 g (NH4).SO4 and 2.5 g KCI per liter.

2.2. Plant biometric growth parameters
The relative growth rate (RGR) was estimated in three-moths-old plants
according to Cavatte et al. (2012), throughout plant height measurements over

three months, according to the formula (1).

RGR (cm ¢cm™ dia™) = Ln (final height) — Ln (initial height) (1)
Days

The specific leaf area (SLA) was estimated in three-moths-old plants
using the dry mass and leaf surface area of three leaves using the formula (2)

as described by Cavatte et al. (2012).



SLA (m*Kg') = _Leaf area (m? )
Dry weight (Kg)

When plants reached seven-months-old plants, aerial part were collected
and separated in leaves, stem and fruits. The tissues were then oven-dried at
65 °C until constant weight, after which the dry matter was determined. Due to
difficulties on tissue washing and collecting the underground plant biomass was
not analyzed. To estimate the percentage of fruit set a random number of
flowers on each plant was marked after anthesis and at the end of the

experiment the number of marked fruits was counted.

2.3 Measurements of photosynthetic parameters

Gas exchange analyses were performed on the first fully expanded leaf
of three-months-old plants using a portable infrared gas analyzer (Li 6400XT,
Li-Cor, Lincoln, EUA) equipped with an integrated fluorescence chamber. Light
(1000 pmol m™ s™') was provided by a light-emitting diode with 10% of blue
light in order to maximize the stomatal aperture. The measurements were
performed on attached leaves from 8:00 to 12:00 hours (solar time) in
greenhouse conditions; block temperature was set for 25°C; CO, concentration
of 400 pmol mol™" and a flow rate of 500 pmol s™'. The CO, concentration and
water vapor between the leaf and the reference chamber were automatically
matched before the data were recorded. Intrinsic water use efficiency (WUE)
was estimate as described by Cavatte et al. (2012). The rates of dark
respiration (Ry) were determined from 09:00 to 2:00 hours (solar time) in the

same leaf previously used to determine the net carbon assimilation.



2.4 Measurements of chlorophyll fluorescence parameters

In dark adapted leaves minimal (Fp) and maximum fluorescence (Fn)
measurements were made in the predawn using light measurement (0.03 pmol
m2s™) and saturating light pulse (6000 umol m? s™) for 0.8 s, respectively. The
minimal fluorescence of light adapted leaves (Fy') and maximum chlorophyll
fluorescence (F,") were determined simultaneously with data collection for
photosynthetic parameters. The obtained values were used to determine the
maximum photochemical efficiency of PSII (F,/F,), actual quantum yield of PSII
electron transport (®ps)), the coefficients of photochemical quenching (gp) and
non-photochemical quenching (NPQ) and the electron transport rate (ETR), as

described previously (Schreiber et al., 1994).

2.5 Determination of metabolite levels

Leaf samples were harvested at the middle of light period, using the
same leaf previously used to determine the net carbon assimilation. After
collecting, the tissue was immediately frozen in liquid nitrogen and stored at -80
°C, until further analysis. Metabolites extraction was performed by rapid grinding
of tissue in liquid nitrogen and immediate addition of the appropriate extraction
buffer as described by Gibon et al. (2004). The levels of starch, sucrose,
fructose, and glucose in the leaf tissue were determined exactly as described
previously (Fernie et al., 2001). Malate and fumarate were determined exactly
as detailed by Nunes-Nesi et al. (2007), whilst nitrate (NO3) and chlorophyll a
and b contents as detailed by Sulpice et al. (2009). Total protein was quantified
as in Bradford (1976) adapted for microplate. To quantify the content of total

amino acids (AA) protocol described by Gibon et al. (2004) was used.



2.6 Statistical analysis

The experiment was designed in randomized blocks with four replicates.
The experimental unit was one plant per pot. Statistical analyzes were
performed using the GENES program (Cruz, 2006). All data were subjected to
analysis of variance (ANOVA), and the means were grouped by Modified Scott-
Knott (Bhering et al.,, 2008) test at 5% probability. The Pearson linear
correlation technique was used for examining the relationships among
variables.

Multivariate analyzes were also performed such as canonical variables in
all data collected. In order to verify the consistency of the formed groups, Fisher
discriminant analysis was also performed. A two-way ANOVA with accessions
and environment as main effects and an accession X experiment interaction
effect was performed to determine the amount of total variation were due to

genetic causes using the genotypic determination coefficient (H?).

3. Results
3.1 Growth related parameters

Plants were measured periodically to assess height and allow the
subsequent determination of relative growth rate (RGR). Based on the plant
height it was possible to classify statistically the genotypes in seven different
groups (Figure 1) using Modified Scott-Knott (Bhering et al., 2008) test at 5%
probability. It was observed that plants from the accession a59 are the tallest
plants within the population, with average height of 65 cm. The second
accession in average height is the a93 (55 cm). The remaining accessions were

grouped with height averages between 16 and 50 cm, forming more five groups,



being the smallest accessions a55, a56 and a86, with heights lower than 21 cm.
As expected for RGR, the same number of accessions groups was formed and
the pattern distribution within the groups remained the same observed for height
(Figure 1). The accession a59 composes the first group ( RGR = 4.12 cm cm™
dia™, while the accession a93 together with a67 and a94 form the second group
(RGR values between 3.81 and 3.96 cm cm™ day”. Five more groups had
values between 2.7 and 3.8 cm cm™ day'1; and the last group is formed by
accessions 86 and 56, the same accessions between preseting lower heights.

At the end of the experiment, shoot dry weight (Shoot DW) was
evaluated. Surprisingly, the accessions with taller plants and higher RGR were
not the accessions with higher shoot dry matter accumulation (Figure 1). The
accession a101 presented the highest value of shoot DW (76.52 g), followed by
three other groups of accessions with values varying from 23.4 g to 61.6 g.

Only three significantly different groups were formed based on the SLA
and interestingly the two accessions with smallest height, a56 and a86,
correspond to the accessions with higher SLA (9.74 and 9.28 m? Kg',
respectively). The second group has intermediate values (between 6.78 and
8.34 m? Kg"), containing among others, accession a59, which has the highest
height values and RGR. The third group has values between 5.26 and 6.75 m?
Kg™' and contains the accession a93, the second biggest in height, and a101,
the accession with the highest value of shoot DW, among the 23 remaining

accessions.
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Figure 1. Growth related parameters of 49 C. chinense accessions. (A) Plant height; (B)
Relative growth rate (RGR); (C) Specific leaf area (SLA); (D) Shoot dry weight (Shoot DW).

Values are presented as mean = SE (n

Scott-Knot test (p < 0.05).

4). Different letters represent the groups formed by the



3.2 Gas exchange and chlorophyll a fluorescence parameters

Net carbon assimilation (A) formed three groups (Figure 2). It was
observed that 26 accessions displayed higher A values (from 19 to 25 ymol
CO, m2 s™). In a second group, containing 14 accessions, the values varied
from 17 to 19 umol CO, m™2 s™'; and last group, with 9 accessions, the values
varied between 13 and 16 pmol CO, m™ s™". Less variability was observed for
stomatal conductance (gs) with a formation of only two large groups of
accessions, one with 25 accessions, ranging from 300 to 429 mmol H,O m2s”
and a second group with values from 130 to 287 mmol H,O m™2 s™". In good
agreement with the results observed for gs transpiration rates (E) also enabled
the formation of two groups of accessions (Figure 2). Interestingly, few
accessions (a7, a22, a23, a30, a39, a83 and a93) showed low gs and high E.
For intrinsic water use efficiency (WUE) three groups were formed: one
comprehending accessions with high WUE, varying from 90 to 110 ymol CO;
mol™ H,0; a second group of accessions with extremes in 74 and 88 pmol CO,
mol™ H,0; and a third group of less efficient genotypes with values between 52
and 70 pmol CO, mol™ H,0.

Alongside photosynthesis, the rates of respiration during the dark period
(Ry) are one of the key determinants of crop productivity (Siedow and Day,

2000). Surprisingly, the accessions did not differ regarding the Rd (Figure 2).
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The maximum photochemical efficiency of photosystem 1l (PSll)
represented by the ratio F,/F, also distributed the accessions into three
statistically different groups (Figure 3). One comprehending high efficient
genotypes, with PSII values between 0.813 and 0.827; an intermediate group
with values varying from 0.789 to 0.810, and a less efficient group with values
from 0.755 to 0.784. By contrast, the photochemical quenching coefficient (qP)
allowed the formation of four groups (Figure 3). The first group with values
between 0.608 and 0.669; a second group with values between 0.526 and
0.597; the third group between 0.460 and 0.504; and the last group containing
only accession a34 with value of 0.358. The coefficient of non-photochemical
quenching (NPQ) formed only two major groups with values between 1.298 and
1.745 for the first one; and 0.644 and 1.267 for the second group. The electron
transport rate (ETR) again formed three groups (Figure 3), the first group with
values between 144.3 3 and 180.8 containing the largest number of accessions;
a second group with values between 128.4 and 142.2; and the last group
between 102.6 and 125.0.

When considered together these data demonstrated a high natural
variation in fluorescence parameter highlighting the complexity behind these
parameter and suggest that caution must be taken when interpreting such

dataset.
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3.3 Metabolic traits associated with natural variability in C. chinense

To better understand the variation observed in plant height and growth
between accessions, a metabolic characterization was performed. Three
different groups of accessions can be observed within the population for
Chlorophyll a (Figure 4). Interestingly, only two groups were observed for
Chlorophyll b and the ratio chlorophyll a/b (Figure 4). In addition, to obtain more
information about carbon availability the levels of sucrose, fructose, glucose and
starch were determined. Based on sugars the accessions could be separated
into two groups (Figure 5). For glucose and fructose a first small group was
formed, highlighting the accessions a11, a22, a26, a45, a55, a84 and 98 that
appear in both groups; and a second large group. For sucrose the two groups
formed have values between 20.0 and 26.8 pmol g FW; and 12.8 and 19.5
umol g™ FW.

By quantifying starch in the middle of the light period, three groups were
separated (Figure 5). A first group containing values from 130.6 and 181.1 ymol
g’ FW; a second group with values from 90.8 to 127.8 ymol g FW; and the
last group containing only the accessions a56 and a83 with values of 43.9 and
70.9 pmol g FW respectively.

Surprisingly, since both malate and fumarate have been demonstrated as
carbon source related to growth, the level of these two organic acids were
determined, very distinct results were observed for malate and fumarate (Figure
5). First, the malate levels allowed the formation of four groups of accessions.
The first group containing only two accessions, a34 and a84, with values of
108.7 and 110.7 ymol g'1 FW. The other three groups comprehend accessions

with values ranging between 29.0 and 85.3 pmol g'1 FW. Second and perhaps
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more surprisingly it was not possible to distinguish the accessions by the
amount of fumarate.

Concerning nitrogen metabolism the levels of nitrate (NO3), total amino
acids (AA) and proteins (Figure 6) were determined. It was observed that NO3
has a very interesting behavior, with separation of accessions into three
remarkable groups, the first formed only by accession a56 with 0.95 pmol g'1
FW; the second group contains only one accession, a86, with 0.42 ymol g'1 FW
and the remaining accessions belong to the last group with values between 0.0
and 0.15 ymol g”' FW. Amino acids and total proteins formed only two major

groups (Figure 6).
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3.4 Fruit parameters

Analyzing the total fruit fresh weight (Total fruit FW) the accessions could
be separated into three groups (Figure 7). The first group has values ranging
from 222.16 to 301.01 g per plant containing the accessions: a22, a40, a78,
a83, a82, a85 and a98. The two other groups have values between 25.8 and
197.3 g per plant. For total fruit dry weight two groups of accessions were
observed. The first with values between 25.55 and 43.68 g per plant containing
the accessions with higher fresh weights listed above and others; and a second
group with values between 10.1 and 24.9 g per plant.

The total number of fruits was also evaluated to allow calculation of fresh
and dry weight per fruit (Figure 7). The accession a78 appears with the highest
fresh weight per fruit with a value of 13.89 g; three other groups have values
between 0.52 and 9.80 g. The dry weight per fruit formed only three groups with
values from 0.14 to 2.03 g.

Fruit set was calculated from the estimated abortion of flowers. Based on
this trait two groups of genotypes are observed (Figure 7). The first group fits
amongst others, the accessions a26, a72 and a101, accessions responsible for
the formation of the first group with the highest number of fruits. The second

group has fruiting percentages between 10.55 and 36.31 %.
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Figure 7. Fruit related parameters of 49 C. chinense accessions. (A) Fruit set; (B) Total number
of fruits; (C) Total fruit fresh weight (Total fruit FW); (D) Total fruit dry weight (Total fruit DW); (E)
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0.05).
3.5 Pearson linear correlation analyzes

To better assess the level of linear association between the variables
obtained for the population (Chen and Popovic, 2003) correlation analyses were
performed for all 33 variables studied, which resulted in 547 different
combinations. Between the correlations statistically significant observed, 102
were positive and 61 negative. Among the significant ones, some were quite

obvious, as the positive correlation between height and growth rate (r = 0.97);
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fruit set and total number of fruits (r = 0.63); A and gs conductance (r = 0.77), as
well as A and ETR (r = 0.87). On the other hand, very interesting correlations
were observed such, as the ones related to fumarate. For a better visualization
of interactions between variables from the Person correlation coefficient, a heat
map was created, where each square represents the correlation coefficient in a

color scale (Figure 8).
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3.6 Canonical variables analysis

When there is interdependence within a set of variables, as in this case,
the Pearson correlations do not adequately exploit this interdependence, which
can be obtained through multivariate analysis (Rencher, 2002). The canonical
variable (CV) analysis reduced the 24 variables associated with growth
parameters (except shoot dry weight which was evaluated at the end of the
experiment), gas exchange, fluorescence and metabolites, in three main CV.
The first CV is responsible for explaining 27.5% of the variance, the second
18.9% and by analyzing the third CV is possible to explain a total of 56.1% of
the total variation.

Through a visual analysis of the dispersion of accessions on CV analysis
three clusters were formed (Figure 10). The first cluster contains the accessions
ab56 and a86, the accessions with lower height and RGR. On the other hand,
these same accessions have the highest SLA and higher values of NO3;, AA
and total protein. The second cluster comprises the accessions a59, a93 and
a9%4, the largest height values and RGR. These three accessions are among the
ones with lower NO3 contents and have no defined standard for gas exchange
parameters. The third cluster comprising the 44 additional accessions present
the genotypes with have the most diverse results for all the characteristics
studied. The clusters formation was confirmed through Fisher discriminant
analysis 100% for the consistency of the three groups was obtained (data not

shown).
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Figure 10. Canonical variables analysis of 49 C. chinense accessions. Groups formed based on
scores obtained for the 49 accessions regarding the canonical variable 1 (VC1) and canonical
variable 2 (VC2). Accessions are identified with sequential numbers as follows: 1-a5; 2-a6; 3-
a7; 4-a9; 5-a11; 6-a14; 7-a16; 8-a17; 9-a18; 10-a19; 11-a22; 12-a23; 13-a26; 14-a27; 15-a30;
16-a32; 17-a34; 18-a39; 19-a40; 20-a44; 21-a45; 22-a46; 23-a51; 24-a53; 25-a54; 26-a55; 27-
ab6; 28-a57; 29-a59; 30-a67; 31-a70; 32-a71; 33-a72; 34-a76; 35-a78; 36-a79; 37-a82; 38-a83;
39-a84; 40-a85; 41-a86; 42-a87; 43-a90; 44-a93; 45-a94; 46-a95; 47-a98; 48-a100; 49-a101.
Abbreviations: Accession (a), Cluster 1 (C1), Cluster 2 (C2) and Cluster 3 (C3).

3.7 Two-way ANOVA

In order to verify the amount of total variation that can be attributed to
genetic causes, a second experiment was performed and a two-way ANOVA
with accessions and environment as main effects and an accession versus
experiment interaction effect was performed. The genotypic determination
coefficient (H?) presented by the two-way ANOVA suggest that, with the
exception of the Chl a/b ratio, morphological and metabolic traits have genetic
variation around 90% and 60%. By sharp contrast, the fluorescence parameters

are greatly influenced by the environment (Figure 11).
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Figure 11. Genotypic determination coefficient (H2, %) presented by the two-way ANOVA in
GENES program (Cruz, 2006).for the variables studied in two distinct experiments.
Abbreviations: Shoot dry weight (Shoot DW); Relative growth rate (RGR); Maximum
photochemical efficiency of photosystem Il (F/F.); Photochemical quenching coefficient (gP);
Non-photochemical quenching (NPQ); Electron transport rate (ETR); Chlorophyll a (Chl a);
Chlorophyll b (Chl b); Amino acids (AA).

4. Discussion

Land plants are characterized by considerable genetic differences, even
between genotypes of the same species, which can reflect in phenotypic
variation (Keurentjes and Sulpice, 2009). It is important to mention that the
natural genetic variation is probably the most important basic resource for plant
biology and naturally occurring genetic variation is extensively observed for
most species (Koornneef et al., 2004). This natural variation can be further used
to uncover correlations between parameters across large sets of genotypes,
which may provide insights into the structure of physiological, metabolic, or
regulatory networks (Poorter et al., 2005; Croos et al., 2006; Keurentjes and
Sulpice, 2009). This study investigated the natural variation among 49 Brazilian

accessions of Capsicum chinense in relation of physiological and metabolic
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parameters in order to better understand how they interact to each other and
with other related parameters to both plant growth and fruit production.
Altogether, the results presented here suggests that there is not only a huge
diversity between the accessions in terms of fruit related traits (Lannes et al.,
2007), but also in plant growth and leaf physiological and metabolic terms.

The Capsicum accessions used here were collected throughout the
Brazilian territory, being 21 collected in the North, 10 in the Northeast, 14 in the
Central, 3 in the Southeast region and one of unknown origin (Lannes et al.,
2007). Interestingly, the clusters formed by multivariate analysis did not show
any correlation with the genotypes geographical distribution. The anthropogenic
selection pressure for desired fruit features is certainly one of the factors that
most contributed to physiological and metabolic diversity within this species,
which justify the grouping of genotypes from distinct regions.

We grow these different C. chinense accessions together and observed
genetic variation for many traits. Although the analysis of each variable
individually allowed the formation of up to seven groups as observed for plant
height (Figure 1), when working with the complete data set by CV analysis, the
49 accessions separated in only three clusters (Figure 10). Interestingly, while
looking at each cluster in details, the first contains accessions belonging to the
group with lower plant height (a56 and a86), which are the same accessions
that form the group with lower RGR (Figure 1), as expected, given that these
variables have high and positive correlation (Figure 9).

The same accessions form the group with the highest SLA, which
contradicts the high rates of photosynthesis. Since these plants exhibited high

SLA they were likely to have less chloroplasts per unit leaf surface, and thereby
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a lower A on an area basis is expected (DaMatta et al. 2001). However, this
information is contradicted again a by negative correlation between height and
SLA and A in these accessions (Figure 9). These genotypes also have high gs
and E, coupled with high A resulted in low values of WUE. Since WUE is a
quantitative measurement of how much biomass or yield is produced over a
growing season, normalized with the amount of water used up in the process
(Sinclair et al., 1984), this lower efficiency for carbon fixation in relation to water
loss, probably also contributed to their low values for height and shoot dry
weight.

Interestingly, a more extensive vegetative growth was found in some
Capsicum accessions that display highly branched and reduced apical
dominance (data not shown). It is important to note that these traits are
important because accessions are normally selected for increased reproductive
and reduced vegetative growth (Paran and van der Knaap, 2007), especially
when the purpose is to select ornamental plants. The plant size reduction is an
interesting focus in these programs because results in the ease of plant care,
coupled with reduction in space and nutrient requirements.

The accessions, 56 and 86, have the highest values of NOj,
consequently also have high AA and total protein content. It is also worth noting
that the plant height and RGR correlated negatively with the amount of NO3, AA
and total protein (Figure 8). A high NO3 absorption or availability enables AA
and proteins to be synthesized in order to meet the plant metabolic demand,
which results in weak but significant and positive correlations between NO3 and
AA, and NO3; and protein (Figure 8). Using introgression lines populations, it has

been shown that rosette biomass in Arabidopsis (Meyer et al., 2007) and fruit
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yield in tomato (Schauer et al., 2006) correlate negatively with pool of
metabolites. A highly significant correlation was obtained when multivariate
analysis was used to study rosette biomass and the entire metabolite profile,
while the correlation was very weak for individual metabolites (Meyer et al.,
2007).

Both growth and vegetative development are highly dependent on the
interaction between carbon and nitrogen metabolism (Nunes-Nesi et al., 2010;
Noctor et al., 2007). In order to assimilate nitrogen, it is essential to provide
carbon skeletons (Hachiya et al, 2007; Piques et al., 2009), which results in a
negative correlation of NO3 with sucrose and starch (Figure 8). Since recent
studies using isotopic double-labelling ("*C/"°N) and nuclear magnetic
resonance analyses have indicated that the carbon skeletons used for day N-
assimilation originate from stored organic acids made during the night period
(Foyer et al. 2011; Gauthier et al., 2010).

The accessions a59, a93 and a9%94 form the second cluster, these
genotypes demonstrate opposite behavior for growth parameters and NOj3;
when compared with the first cluster, however they have no defined standard
for gas exchange parameters and WUE (Figure 2), despite having low values of
SLA (Figure 1).

These genotypes have the greatest height values and, as expected high
RGR and relatively high shoot DW values. Interestingly, plant height correlated
negatively with variables related to gas exchange (A, gs, E) and fluorescence
(FW/Fm, ETR) (Figure 9). Given the high degree of conservation of the structural
components of the light reactions among land plants, as determined by

chlorophyll fluorescence parameters, there is almost no natural variation in
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basic photosynthetic parameters among different accessions of the model plant
Arabidopsis (Leister, 2012). Thus, even with the intense selection of genotypes
with desirable characteristics, the correlation with the photosynthetic
parameters would remain low, since structural components of the light reactions
of photosynthesis are most likely not susceptible to improvement by
conventional breeding (Leister, 2012).

The RGR behaved similarly to plant height, with emphasis on the mild
negative correlation with Rd (Figure 8). Plants obtain the required energy for
growth from ATP produced through mitochondrial respiration and
photosynthesis, given the broad number of associations between respiration
and photosynthesis (Nunes-Nesi et al., 2011). In good agreement recent
studies suggest that plant growth is driven not only by the availability of
carbohydrates and other central metabolites, but by a much more complex
interaction between metabolites and environmental conditions (Sulpice et al.,
2009; 2010; Meyer et al., 2007; Osorio et al, 2012).

In terms of nitrogen metabolism, the three accesses in the second cluster
are among the lower values of NO3; content, which contributes to have lower
levels of total AA and protein (Figure 6). The capacity to store NO3; correlated
with the tolerance to low nitrogen (North et al.,2009), which is a very interesting
characteristic to be explored since nitrogen is a major limiting factor of plant
growth in the field (Foyer et al., 2011) and its deficiency induces morphological
and physiological parameters modifications (Ciompi et al, 1999).

The third and final cluster comprises the other 44 accessions. They have
the most diverse results for the characteristics studied, and accession a101, for

example, has intermediate values for height, RGR and SLA. High values for A
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and gs and a low WUE, however this accession has the highest value for shoot
DW probably due to the greater branching observed (data not shown). These
results reinforce the idea that, although the accessions belong to the same
species, they have diverse adaptation mechanisms being a highly interesting
source to study characteristics for breeding programs.

When analyzing organic acids we observed that malate and fumarate,
had quite different responses, probably resulting from the different functions
performed by these components in this species. Malate has important roles as
photosynthetic intermediate in CAM and C4 plants, being also an essential
storage carbon molecule and as intermediate of the tricarboxylic acid cycle in all
plant species (Fernie and Martinoia, 2009). Furthermore, malate has been
suggested as a pH regulator and exhibits partial control over the efficacy of
nutrient uptake (Fernie and Martinoia, 2009) and over stomatal function (Fernie
and Martinoia, 2009; Araujo et al., 2011). In addition, several recent evidences
suggest that malate and fumarate plays an important function as regulators of
stomatal function (Nunes-Nesi et al., 2007; Araujo et al., 2011).

Although fumarate did not individual contribute to the accession group
separation, a large number of significant correlations is observed, for example,
the positive correlation between this metabolite and growth parameters (Figure
9) suggesting the importance of this metabolite in C. chinense. In addition
recent studies demonstrated that fumarate accumulates in Arabidopsis shoots
under low gibberellin (GA) regimes. Additionally it has been demonstrated that
adding gibberellic acid to plants under low GA regimes (paclobutrazol
treatment) completely rescued their growth and concomitantly decreased the

fumarate content (Ribeiro et al., 2012a, b). Thus, it is possible that greater
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fumarate availability observed in Capsicum accessions, together with a lower
respiratory rate, would result in an increase in growth.

It has been reported that starch content at the end of the day integrates
many other metabolic traits and is negatively correlated with biomass in
Arabidopsis thaliana (Sulpice et al., 2009). Interestingly in C. chinense fumarate
levels seems to correlate positively with growth related parameters (Figure 9).
However negative correlation between starch and AA, protein and SLA
suggests that part of the carbon stored is probably being invested in
photosynthetic machinery. Fact of great importance since half or more of the
total protein in leaves is part of the photosynthetic machinery (Farquhar et al.,
2001; Zhu et al., 2007) allowing quickly adaptive responses to changes in
environmental conditions.

In the present study it was demonstrated that fruit set is positively
correlated with A and other photosynthesis related factors, such as F,/F, and
ETR (Figure 9). It has been shown that photosynthetic rates are related to
pepper flower abortion (Aloni et al., 1996) however, it does not explain alone the
differences in cultivar susceptibility (Aloni et al., 1996; Turner and Wien, 1994).
Thus, suggesting that other factors are also involved in the metabolism targeted
to the fruit. The carbon allocation to the flower and its metabolism within the
flower is probably more important for fruit retention than photosynthesis is (Aloni
et al., 1996).

Additionally, it was observed that the fruit set in C. chinense accessions
correlates positively to total number of fruit and negatively to the fruit size
(Figure 9). Although it has been claimed that hormones are the regulators of

fruit-set, it is also well recognized that source—sink relationship is also highly
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correlated (Valantin-Morison et al., 2006; Kang et al., 2011). In pepper, a
positive correlation has been previously observed between the number of fruits
successfully ripened and source—sink ratio (Marcelis et al.,, 2004), and the
threshold for fruit-set is cultivar-dependent (Wubs et al., 2009).

It is interesting to note in the present study that fruit dry weight correlates
positively with leaf fumarate levels (Figure 9), suggesting that at least in C.
chinense, fumarate is not only involved vegetative growth regulation, but also in
fruit development. Recently, it was demonstrated that malate is important in the
regulation of starch metabolism in tomato fruit (Centeno et al., 2011).
Additionally, malate levels are highly correlated to genes associated with starch
and cell wall pathways as well as protein degradation (Osorio et al., 2012).
Thus, the present data set suggest fumarate as an important metabolite that
might be involved in the regulation of shoot and fruit growth and development of
C. chinense.

Despite the fact the most of the growth and metabolic parameters are
supposed to be highly influenced by environment factors, the results suggested
that morphological and metabolic traits, such as plant height, RGR and starch,
have much of its total variation associated with genetic factor, whereas the
fluorescence parameters were greatly influenced by the environment in the

present study (Figure 11).
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5. Conclusions

The results reinforce the idea that, although the accessions belonging to
the same species, they exhibit great natural variability of physiological and
metabolic characters being a very interesting source for future research.

It was demonstrated that the establishment of fruits is positively
correlated with photosynthesis and other related factors. However,
photosynthesis alone does not explain the differences in establishing fruit.

Moreover fumarate appears as a candidate metabolite for the regulation

of shoot growth and fruit in Capsicum chinense.
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Table 1 - Summary of analysis of variance (ANOVA) in a randomized block design for all variables evaluated in 49 C.
chinense accessions. Abbreviations: Relative growth rate (RGR); Specific leaf area (SLA); Dry weight (DW); Fresh
Weight (FW); Photosynthesis (A); Stomatal conductance (gs); Intrinsic water use efficiency (WUE); Internal CO,
concentration (Ci); Maximum photochemical efficiency of photosystem II (Fv/Fm); effective photochemical efficiency
of photosystem II (YII); Photochemical quenching coefficient (qP); Non-photochemical quenching (NPQ); Electron
transport rate (ETR); Transpiration rates (E); Dark respiration (Rd); Chlorophyll a (Chl a); Chlorophyll b (Chl b);
Chlorophyll a/b ratio (Chl a/b ratio); Nitrate (NO3); Amino acid (ARA).

Quadrados Médios

FV GL Height RGR SLA Fruit Set Total number of fruits
Blocos 3 28.8861 0.0431 1.7672 240.1148 145.4286

Tratamentos 48 318.8339 ** 0.2709 ** 3.1028 ** 755.9542 ** 4383.5515 **

Residuo 144 15.5892 0.0179 0.6785 240.8848 441.0113

Minimo 10.00 2.30 1.22 3.23 3.00

Maximo 72.50 4.23 11.27 94.74 203.00

Média 33.91 3.44 6.89 33.24 54.11

CV (%) 11.64 3.89 11.96 46.70 38.81

Quadrados Médios

FV GL Fruits FW Fruit DW Shoot DW FW per fruit DW per fruit
Blocos 3 18044.4157 220.7931 1890.0393 3.4435 0.0211
Tratamentos 48 14961.5111 ** 157.7003 ** 403.2952 ** 33.2954 ** 0.8045 **
Residuo 144 2222.3877 56.1009 60.0701 2.9487 0.1697
Minimo 8.10 6.21 12.76 0.45 0.12

Maximo 405.75 58.77 97.38 20.12 4.53

Média 143.62 26.43 39.15 3.85 0.72

CV (%) 32.82 28.34 19.80 44.61 57.40
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Quadrados Médios
FV GL A gs WUE Ci Fv/Fm
Blocos 3 172.3044 0.1010 1953.5658 3478.6716 0.0010
Tratamentos 48 29.8124 *x* 0.0208 ** 749.9803 ** 1914.7250 ** 0.0012 **
Residuo 144 6.1147 0.0063 235.2056 583.8000 0.0002
Minimo 9.25 0.08 41.52 167.69 0.73
Maximo 27.34 0.55 131.52 310.88 0.85
Média 19.40 0.29 73.02 259.41 0.80
CV (%) 12.75 27.31 21.00 9.31 1.78
Quadrados Médios
FV GL YII qP NPQ ETR E
Blocos 3 0.0399 0.0515 1.2000 7659.2946 11.8478
Tratamentos 48 0.0065 ** 0.0134 ** 0.1800 ** 1249.1303 ** 1.3358 **
Residuo 144 0.0013 0.0023 0.0547 253.0271 0.4700
Minimo 0.20 0.33 0.35 89.35 1.24
Maximo 0.45 0.73 2.28 197.63 6.73
Média 0.33 0.58 1.24 146.04 3.18
CV (%) 10.86 8.29 18.82 10.89 21.55
Quadrados Médios
FV GL Rd Chla Chlb Chl a/b Glucose
Blocos 3 0.3912 0.0940 0.0416 0.1156 1.6141
Tratamentos 48 0.0974 ns 0.0750 ** 0.0170 ** 0.0634 ** 5.2674 **
Residuo 144 0.0751 0.0209 0.0057 0.0319 1.2926
Minimo 0.33 0.47 0.18 1.62 0.69
Maximo 1.84 1.58 0.79 2.76 8.83
Média 1.01 1.00 0.46 2.18 3.01
CV (%) 27.08 14.49 16.32 8.20 37.78
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Quadrados Médios

FV GL Fructose Sucrose Starch Malate Fumarate

Blocos 3 2.1009 18.5209 658.6333 251.4199 14.2120

Tratamentos 48 6.0496 ** 38.6300 ** 2768.7655 ** 1433.7311 ** 31.6063 **

Residuo 144 1.8262 9.0154 697.8206 123.6884 16.7596

Minimo 0.62 9.18 21.35 11.41 0.30

Maximo 12.85 33.43 204.41 122.23 60.54

Média 3.06 19.85 127.64 53.39 11.13

CV (%) 44 .14 15.12 20.70 20.83 36.78
Quadrados Médios

FV GL NO3 Protein AA

Blocos 3 0.0010 24.7459 0.6433

Tratamentos 48 0.0613 ** 45.5529 ** 7.8137 **

Residuo 144 0.0022 15.5439 2.4576

Minimo 0.00 -1.35 2.24

Maximo 1.02 28.45 13.37

Média 0.06 19.30 7.43

CV (%) 74.12 20.42 21.09

* and ** significant at 1 and 5% probability, respectively, by F test and ns not significant,

test.

by
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