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Abstract: Cocoa tree genotypes (Theobroma cacao L.) were studied and characterized in terms of their
morphoanatomical and physiological attributes in a non-stressful environment, as these attributes
are of fundamental importance to understanding the plant’s relationship with the environment.
Therefore, the objective of this study is to describe morphoanatomical and physiological patterns that
can differentiate the seven cocoa genotypes, evaluated under the same conditions of temperature,
humidity, and light. The genotypes remained in a greenhouse for 40 days, where sample collection
procedures were carried out to analyze gas exchange parameters, such as net photosynthetic rate,
stomatal conductance, and transpiration; growth parameters, such as dry weight, height, and leaf
area; and the anatomy of leaves and stems via root, stem, and leaf dimensions and histochemistry.
The cluster divided the genotypes into six groups. The Ipiranga-01, CCN-10, and PH-16 genotypes
were grouped since they presented the highest means of anatomical variables and photosynthetic
parameters. The PS-1319 genotype was segregated from the others for having the lowest physio-
logical parameter values. CCN-51 and Cepec-2002 were grouped due to their similarity only in the
internal concentration of CO,, while Ipiranga-01, CCN-10, SJ-02, and PH-16 were grouped due to
having higher physiological parameters and morphoanatomical variables. The results indicated an
intergenotypic variation in physiological and morphoanatomical variables, serving as a basis for the
six genotype groups.

Keywords: inter-clonal comparison; phytotechnics; photosynthesis; growth analysis

1. Introduction

Theobroma cacao L. (Malvaceae), popularly known as cocoa, cultivated between latitudes
20° N and 20° S, is considered one of the crops of great importance in the world economy.
The cocoa bean is used worldwide as a raw material for the production of chocolate
and cosmetics, hence its global economic relevance [1,2]. Although cocoa is originally
from the Amazon region [3], over the centuries, it has adapted to a diverse range of
environments. In this regard, its relationship with the cultivation environment and its
growth are currently controlled by endogenous mechanisms, such as physiology, plant
hormones, energy metabolism, nutrient absorption, cell division and expansion, and
genetic regulation [1,4]. This adaptation process has given rise to varieties resulting from
domestication and adaptation to specific climate conditions [5]. This process indicates
the genetic diversity of these plants in response to or through tolerance to variations and
fluctuations in microclimatic parameters [6-10].

Cocoa tree genotypes present high genotypic variability [11-13] and respond dif-
ferently to different types of abiotic stress, like changes in temperature, humidity, light,
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and water availability [6,14-17]. Therefore, it is important to identify the characteristics
that determine this range of behavior. Studies have identified the different responses of
these genotypes to destructive diseases, such as witches” broom disease, caused by the
basidiomycete Moniliophthora pernicious [18-20], black pod rot, caused by a species complex
of Phytophthora spp. [21], environmental conditions such as the availability of solar radia-
tion [22-30], plant-water relationships [1,15,16,25-27], and environmental carbon dioxide
supply [31].

The cocoa tree has great genetic variability in relation to morphological and physio-
logical characteristics [11-13], and the details of the adjustments of its physiological and
growth processes in response to the environment are not well understood. Gas exchange
and plant-water relationship analyses have identified variables that explain different be-
haviors in relation to these factors. The ecophysiological responses of Criollo cacao tree
cultivars subjected to water deficit were studied, and it was identified that cultivars with
greater osmotic adjustment showed higher survival rates [14]. In another study, total dry
weight and relative growth rate were considered to identify cocoa genotypes in terms of
tolerance to water deficit, classifying them as tolerant, moderately tolerant, and sensitive to
lack of water [16].

When plants interact with certain environmental conditions, their metabolic balance
can be altered, which impacts their morphogenesis. In this regard, the architectural pattern
of the tissue in different organs can also explain their physiological behavior [28]. However,
few morphoanatomical studies have been conducted on the connection between the growth,
physiology, and anatomy of cacao tree genotypes grown in Brazil, especially regarding
the characterization of commercial genotypes. Most studies explore this factor from the
perspective of biotic [15] and abiotic stress [23,29], and few studies anatomically compare
the varieties to establish differences and possible relationships with characteristics of
resistance to these stressors. Despite being extensively studied from the perspective of
growth, anatomy, and physiology, these genotypes have not yet been tested comparatively
in the same environment.

Different environments present different physiological effects due to the modifica-
tions of the morphoanatomical dimensions of the leaf caused by the adaptation of the
plant [31,32]. In the study of cocoa trees, the data from the analysis of growth and leaf
anatomy are correlated with photosynthetic parameters, such as photosynthetic rate, tran-
spiration, and water use efficiency [33,34]. In addition, microenvironmental conditions
in cultivation systems are related to the metabolism of cocoa trees and their leaf charac-
teristics [8], making knowledge about the characteristics inherent to each crucial cocoa
genotype. Thus, it is possible to identify whether the adaptations are of environmental
or endogenous origin, which is important when making decisions within the cultivation
environment. The plasticity of morphological characteristics indicates that intergenotypic
differences can be identified through phenotypic studies, can be interpreted as a response
to microclimatic conditions [10], and are directly related to physiological processes [34].

Considering that cocoa production is directly controlled by physiological factors [1]
and that plant tissues are involved, this fact is of great relevance when choosing geno-
types [8,16,33,34]. Taking into account the interaction between environmental conditions
and the characteristics of this organ and how it can be used to evaluate the effect of these
attributes on physiological processes [35], it is essential to investigate these characteristics,
as little is known about the interactions between the morphoanatomy and physiology
inherent to each genotype.

The hypothesis tested was that morphoanatomical and physiological characteristic,
in addition to differentiating genotypes, can be used to indicate which genotypes are
more or less prone to adaptations to environmental conditions. The objective of this study
was to describe morphoanatomical and physiological patterns that can differentiate the
seven cocoa genotypes, evaluated under the same conditions of temperature, humidity,
and light in a comparative way. To better understand the high plasticity presented by
these genotypes for practical applications in future research in the area of phytotechnics,
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improvement of techniques and cultures, propagation, and pre-selection of cocoa genotypes
must be achieved.

2. Materials and Methods
2.1. Plant Material and Cultivation Conditions

Seven genotypes of T. cacao L., namely Ipiranga-01, CCN-10, CCN-51, SJ-02, Cepec-
2002, PH-16, and PS-1319, currently recommended by the Cocoa Research Center (CEPEC/
CEPLAC; Bahia, Brazil) due to high agronomic performance [31] and drought tolerance [16],
were evaluated and grown in a greenhouse between 20 September and 30 October 2019
(40 days), on the campus of the Universidade Estadual de Santa Cruz (State University of
Santa Cruz) (UESC), Ilhéus, BA, Brazil (14°47'00” S, 39°02'00” W). The climate in the region
is tropical equatorial (Af), according to Koppen—-Geiger classification [36]. The experiment
was monitored using a data logger (Onset Computer-HOBO U-12-012, Bourne, MA, USA),
recording average values of temperature (°C), relative humidity (RU%), and photosyntheti-
cally active radiation (PAR, photons m 2 s~1). September showed temperatures between
24 and 29 °C, with an average of 25.8 °C, relative humidity between 71 and 90 RU%, with
an average of 82.5 RU%, and PAR between 289.96 and 794.5 photons m~2 s~!, with an
average of 516.64 photons m 2 s~ 1. October showed temperatures between 25 and 30 °C,
with an average of 26.7 °C, relative humidity between 76 and 88 RU%, with an average
of 79.5 RU%, and PAR between 132.5 and 727.9 photons m~2 s~!, with an average of
440.36 photons m—2 s~ ! (Figure 1).
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Figure 1. Environmental conditions during the experiment period: (A) temperature (°C, red line) and
relative humidity (%, blue line); (B) photosynthetically active radiation (photons m2s7 ).

Seedlings produced by the cutting method at the age of three months were acquired
from the Biofabrica da Bahia, Ilhéus, BA. The plants were transplanted into pots contain-
ing 4.3 kg of air-dried soil and initially acclimatized for 10 days in a greenhouse, after
which they remained cultivated under similar environmental conditions for the 40 days
of the experiment (50 days after planting). During the experiment, the pH of the soil was
corrected with 2 g dm~3 of dolomitic limestone, followed by fertilization with 5 g dm~3
triple superphosphate at the time of transplantation and with 33 mg dm~2 of urea and
25 mg dm~3 of potassium nitrate on the topsoil after 15 days, as recommended by Souza
Junior [37] for cocoa trees.

Irrigation was defined by previously analyzing pot capacity (PC), determined using
the gravimetric method adapted from Souza et al. [38] and Casaroli and Lier [39], with
moisture maintained at 90% of PC.

The experiment began 10 days after planting and lasted 40 days. Under similar
environmental conditions, samples for growth, anatomy, and histochemistry analysis were
collected at the beginning (T0) and at the end of the experiment (T1) in the seven genotypes.



Agronomy 2024, 14, 2730

40f19

2.2. Gas Exchange

Data were obtained individually for each genotype in the one leaf of the third internode
from the apex to the base, and measurements took place between 8 a.m. and 11 a.m.
and did not exceed 60 min. The net photosynthetic rate (A,; pmol CO, m—2 s’l), the
transpiration rate (E; pmol H,O m~2s71), the intercellular CO, concentration (Ci; pmol
CO, m2571), and the stomatal water vapor conductance (gs; pmol H,O m~2 s~ 1) were
obtained using infrared gas analysis LI 6400XT (Li-Cor, Lincoln, NE, USA) under artificial
photosynthetically active radiation (PAR) of 1000 photons m 2 s~ at leaf level, atmospheric
CO; concentration of 400 umol mol~!, and block temperature set at 28 °C [40]. With this,
the instantaneous water use efficiency (A,/E), the intrinsic water use efficiency (A;/gs), the
carboxylation efficiency (A, /Ci), the ratio between internal and external concentration of
CO; (Ci/Ca), and photosynthesis per unit of mass (A,/SLW) were calculated.

2.3. Growth Analysis

At the end of the experiment (T7), the plants were collected to determine the dry
weights of the RDW (root dry weight; g), SDW (stem dry weight; g), and LDW (leaf dry
weight; g) using a forced air oven (70 °C) until constant mass. The basal diameter of the
stem was measured at substrate level with a digital caliper (Mitutoyo, Kawasaki, Japan,
200 mm) with 0.01 resolution, and height was measured using a ruler. Total LA (leaf area;
cm?) was measured with an automatic meter (LI-3100, Li-Cor, Lincoln, NE, USA). Based on
the SDW, RDW, and LDW, growth analysis was evaluated using the variables RWR (root
weight ratio; g g 'day ') (RDW/TDW); SWR (stem weight ratio; g g~!) (SDW/TDW);
and LWR (leaf weight ratio; g g’l) (LDW/TDW), in addition to SLA (specific leaf area;
cm~2 g~1) (LA/LDW); RGR (relative growth rate; g g~! day ') (Ln TDW; — Ln TDW, /Ty
— Tp); NAR (net assimilation rate; g m~?2 day’l) (TDW; — TDWy/LA; — LAp) (LN LA,
— LnLAy/T; — Ty); R: AP (aerial part and root ratio; g g’l) (SDW + LDW)/RDW); LAR
(leaf area ratio; cm? g 1) (LA/TDW); SLW (and specific leaf weight; g~! m~2) (LWR/LA),
according to Hunt [41].

2.4. Anatomical Characterization

Segments of the root, stem, and leaf collected at the start (Tp) and end (T;) of the
experiment were fixed in a solution containing formaldehyde, acetic acid, and 70% ethanol,
1:1:18 v/v (FAA 79) for 48 h and subsequently stored in 70% ethanol [42]. Adventitious
samples were collected from the root tips, around 5 mm from the cap, the stem, the third
internode from the apex to the base, and the middle third region of completely expanded
leaves on the third node for anatomical and histochemical analysis.

According to the manufacturer’s recommendations, the materials were fixed in methacry-
late resin (Historesin, Leica Instruments, Heidelberg, Germany). Longitudinal and transverse
sections around 5 pm thick were obtained using rotation microtome (RM 2235, Leica Microsys-
tems, Deerfield, IL, USA). The obtained sections were stained with toluidine blue pH 4.5 [43].
Measurements were taken of the thicknesses of the epidermal cells of the adaxial and abaxial
surfaces, the palisade parenchyma, the spongy parenchyma, leaf mesophyll and stem cortex,
and medulla and stem diameter in cross-section using digital photomicrographs with Leica
Application Suite V4.1. Four replications were performed and analyzed for each genotype.

2.5. Histochemical Analysis

Histochemical analysis was performed on fragments of plant organs from the geno-
types collected 40 days after the start of the experiment in fresh matter and stored in
a neutral-buffered formalin solution [44]. Transverse sections of the root, stem, and
leaves were mounted on histological slides and subjected to formalin-ferrous sulfate (FFS)
reagents [42] to reveal phenolic compounds, Lugol’s solution for starch [42], ruthenium red
solution for mucilage [45], and toluidine blue aqueous solution pH 4.5 for lignin [43].



Agronomy 2024, 14, 2730

50f19

2.6. Stomatal Density

Stomatal density per mm™< was determined from digital photomicrographs obtained
from epidermal impressions of the adaxial and abaxial surfaces, from the region of the
middle third of leaves located on the third node, using instant glue [45]. All microscopy
analyses and documentation were carried out using a photomicroscope (DM2500, Leica
Microsystem; Wetzlar, Germany) with a digital image capture system (DFC295, Leica Mi-
crosystem, Wetzlar, Germany). All measurements were performed using photomicrographs
with the software Leica Application Suite V4.

2

2.7. Statistical Analysis

The design was randomized (CRD) using seven genotypes (treatments) with four
replications for all variables and parameters evaluated. All gas exchange, growth, and
anatomy data were based on their normal distribution using the Shapiro-Wilk test with a
significance of p < 0.05. Analysis of variance (ANOVA), F test, and means discriminated by
the Scott—Knott cluster analysis method for grouping means were performed with p < 0.05.

Data were subjected to principal component analysis (PCA) to assess clarity between
morphoanatomical and physiological data. A dendrogram was developed from multivari-
ate cluster analysis with a model using the grouping and distance method, with Bray—Curtis
similarity index and unweighted pair group method with arithmetic mean (UPGMA), using
the mean values of the variables’ significant quantitative results in the F Test. All parametric
statistical analyses were performed using the Tinn-R statistical software (Aukland, New
Zeland, version 4.3.1) [46].

3. Results

The experiment results indicate an intergenotypic difference between the genotypes in
the physiological, growth, and anatomical parameters evaluated. Significant differences
(p < 0.001) were observed between genotypes for A,, gs, E, Ci, and A,/gs (Table 1). The
variation in the means of gas exchange parameters was around 60% between genotypes
for A, and 40% for gs, with emphasis on genotypes such as CCN-51, Cepec-2002, and
PS-1319, with lower gs [0.02; 0.03 and 0.02 pmol H,O m~2 s~ 1] values and greater water
use efficiency since they maintained similar A,.

There was a difference (p < 0.001) between genotypes for growth variables (Table 2)
and parameters (Table 3). The root dry weight (RDW) was higher [5.0 g] in the CCN-10
genotype, followed by SJ-02 and Cepec-2002 genotypes. In the genotype PS-1319, the leaf
area ratio (LAR) was higher [162.3 cm cm~!], with greater accumulation of dry weight in the
leaf compared to the others. In the genotypes Ipiranga-01, CCN-10, and Cepec-2002, SJ-02
intermediate values were found, and Ipiranga-01, CCN-51, PH-16, and PS-1319 genotypes
showed lower RDW values [2.6 g; 1.6 g; 1.6 g; 2.2 g, respectively]. In the genotypes CCN-51
and PS-1319, higher stem weight ratio (SWR) values [0.40 g g’l] were observed, with
greater dry weight accumulation in the stem than in the other genotypes studied.

However, LDW was higher [3.6 g] in the genotype Ipiranga-01, which had lower RDW
[2.6 g] values. In the genotypes Ipiranga-01, CCN-10, and PS-1319, greater LA [837.6 cm?;
805.0 cm?; 950.4 cm?] and differences in the number of leaves were observed, while CCN-10
exhibited similar A,. In PH-16, high values of SLW [0.005 g cm 2] were found, higher R:AP
[0.82 g g~ '] was observed in the CCN-10 genotype, as well as a higher [11.7 g] TDW, with a
greater number of leaves and higher [15.2] leaf area [805.0 cm?] and RDW [5.0 g], although
they were not related to A,.

The genotype CCN-10 had greater NAR [0.27 g cm~2 day '] than the other genotypes
studied during the experiment period, and the RGR was higher [21.37 and 21.43 mg g~ ! day !,
respectively] for the genotypes Ipiranga-01 and CCN-10. These genotypes accumulated greater
total dry weight during the experiment than others.

All the genotypes had the same configuration of the lining, filling, and vascular tissues
of the root, stem, and leaf, albeit with significant variation (p < 0.05) in the dimensions of
these tissues (Table 4, Figures 1-3).
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Table 1. Mean values followed by the standard deviation of gas exchange parameters of Theobroma cacao L. genotypes.

Variables
Genot
enotypes A, gs E ci Ci/Ca Aalgs AJJE AJ/Ci Am
Ipiranga-01 4.16 £ 0.230 a 0.04 £0.004b 1.12 4+ 0.080 b 21229 £840a 0.52 + 0.020 b 105.00 + 4.200 a 3.7+ 0.180b 0.02 £ 0.003 a 984.25 £ 120 b
CCN-10 2.63 £0.220b 0.04 £+ 0.009 b 0.73 +0.040 c 21912 £11.70 a 0.58 £+ 0.060 b 989 £6.34b 3.6 £0.260 b 0.01 £0.00b 687.67 +=170b
CCN-51 327+£039b 0.02 £ 0.003 d 0.79 £ 0.150 ¢ 202.68 £ 41.60 a 051 £0.11b 109.63 £ 6.67 a 42+0570a 0.02 £ 0.001 b 945.62 + 310b
SJ-02 335+ 055b 0.05 £+ 0.002 a 1.37 £0.050 a 262.76 £2440a 0.70£0.10a 69.44 + 6.84d 24+ 0.200b 0.01 £ 0.001 b 742.85 £ 280 b
Cepec-2002 330 £0.78b 0.03 £ 0.006 ¢ 0.67 £ 0.060 d 236.42 £ 1740 a 0.61 +0.05a 99.81 £ 6.49b 49+ 0.230a 0.01 £ 0.003 b 7892 £120b
PH-16 334 £0.15b 0.03 £ 0.003 ¢ 0.85+0.070 ¢ 220.75 £38.70 a 0.52 £0.04b 89.70 £18.03 ¢ 39+0.760 b 0.01 £ 0.003 b 689.0 £120b
PS-13.19 3.05+0.27b 0.02 £+ 0.004 d 0.58 + 0.090 d 149.64 + 33.70 b 052+ 0.05b 119.75 £ 6.38 a 53+£0270a 0.02 £ 0.005 a 1322.0 + 200 a
Values followed by the same letter on the same line do not differ significantly according to the Scott-Knott test with p < 0.05. Legend: A, (net photosynthetic rate—pmol CO, m~2 s~ 1);
gs (stomatal conductance—pmol H,O m~2 s71); E (transpiration—mol H,O m~2 s~1); Ci (internal concentration of CO—umol CO, m~2 s71); Ci/Ca (ratio between internal and
external concentration of CO,); A/gs (intrinsic water use efficiency); A, /E (instantaneous water use efficiency) A,/ Ci (instantaneous carboxylation efficiency); and An, (photosynthesis
per unit of mass: A,/SLW).
Table 2. Mean values followed by the standard deviation of growth variables for the Theobroma cacao L. genotypes.
Variables
Genot
enotypes RDW SDW LDW TDW SD RL Height LN LA
Ipiranga-01 26 +£033c¢ 26 £0.61a 3.6 £0.63a 9.0+ 0.62b 0.70£0.10a 38.0+9.14a 59.0+8.70a 120+ 3.26b 8376 +73a
CCN-10 50+0.83a 29+047a 33+050a 11.7+152a 071+ 0.01a 405+7.10a 4344+430b 152 +287a 805.0 £ 130 a
CCN-51 1.6 £031c 23+045a 1.2£0.23c¢ 71£10c 0.77 £ 0.08 a 302+6.73a 350£176¢ 7.7 £0.50c 336.4+92c
SJ-02 344+099b 27+037a 33£10a 94+ 0.73b 070+ 021a 488 +9.70a 440+£295b 9.2£0.50c 6704 +185b
Cepec-2002 35+£073Db 28+ 045a 30+057a 92+041b 0.70 £ 0.09 a 315+ 131a 37.0£290c 11.0+ 1.63b 6799 £32b
PH-16 28 £0.07 ¢ 23+030a 28+ 026a 80x+11c 073+ 0.13a 375+£322a 399+ 150b 92+125¢ 5724 +57b
PS-13.19 22+020c¢ 28 £0.50a 214+044Db 79 £0.57c 0.70£0.13 a 370+ 6.84a 4254+516b 8.0+£0.81c 910.4 £+ 108 a

Values followed by the same letter on the same line do not differ significantly according to the Scott—Knott test with p < 0.05. Legend: RDW (root dry weight, g); SDW (stem dry weight;
g); LDW (leaf dry weight; g); TDW (total dry weight; g); SD (stem diameter; cm); RL (root length; cm); height (plant height; cm); LN (leaf number); LA (leaf area; cm?).
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Table 3. Mean values followed by the standard deviation of growth parameters for the Theobroma cacao L. genotypes.
Parameters
Genot
enotypes RWR SWR LWR LAR R:AP SLA SLW RGR NAR
Ipiranga-01 032 £0.06 a 0.32+0.02b 0.36 = 0.08 a 929+ 11.5b 0.43 £0.04 c 236.87 = 0.00 a 0.004 = 0.00 a 20.37 =170 a 0.21 +0.03b
CCN-10 0.43 +0.06 a 0.25+0.06 b 0.30 £0.07 a 67.5+13.20b 0.82£0.18a 263.7 £0.00 a 0.004 £ 0.00 a 2143 £3.20a 0.27 £0.02a
CCN-51 0.37 = 0.03 a 0.40 £0.08 a 023 +0.04a 63.2+3.60Db 0.46 £ 0.07 c 289.10 £ 0.00 a 0.003 +0.00 b 1243 +£3.70b 0.20 £ 0.08 b
SJ-02 036 £0.03a 0.30 £ 0.04b 0.35+0.04a 728 £158b 0.56 = 0.06 b 2142 £0.00 a 0.005 £ 0.00 a 1224 +£190b 0.13 £0.04 c
Cepec-2002 0.40 = 0.06 a 0.31 £0.04b 0.33 £0.03a 80.6 £ 23.60 b 0.60 £ 0.06 b 234.8 +0.00 a 0.004 - 0.00 a 9.03+1.10b 0.13£0.01c
PH-16 0.35 £0.06 a 0.30 £ 0.03b 0.35+£0.05a 71.7 £ 6.80b 0.55+0.05b 205.8 = 0.00 a 0.005 +0.00 a 5.45+3.60 c 0.06 £0.04d
PS-13.19 032£0.05a 0.40 £0.03a 0.31 £0.08 a 1622 +420a 0.46 £ 0.08 c 4332+ 0.00b 0.002 £ 0.00 b 266 =170 c 0.03 £0.03d
Values followed by the same letter on the same line do not differ significantly according to the Scott-Knott test with p < 0.05. Legend: RWR (root weight ratio; g g 1); SWR (stem weight
ratio; g g 1); LWR (leaf weight ratio; g g~!); LAR (leaf area ratio; cm cm~1); R:AP (root and aerial part ratio; g g~ !); SLA (specific leaf area; cm =2 g~1); SLW (specific leaf weight; g cm~2);
RGR (relative growth rate; mg g~ day~!); and NAR (net assimilation rate; g cm~2 day1).
Table 4. Mean values followed by the standard deviation of stem and leaf anatomical variables of Theobroma cacao L. genotypes.
Variables
Genotypes 5
EPAD EPAB PP PL MES PP/PL EST F1 X Me Diam
Ipiranga-01 240£19a 86+06a 33.7+5.0a 514 +£80a 852+44Db 06£01a 12504 £ 23 a 169 £30a 2062 +40a 1115+170a 2560 + 150 a
CCN-10 187+3.1b 102+09a 356+25a 585 £5.0a 942 +35a 06£01a 862.1£85¢ 219 +40a 285.6 =40a 942 +100a 2685 £ 190 a
CCN-51 236+15a 83+t14a 357+55a 445+8.0Db 80.2£52b 08*01a 9413 =50 ¢ 93 £15b 156 +20b 956 £240a 2210+ 115b
SJ-02 16.8+2.0b 95+ 13a 354 +6.0a 595+ 75a 95.0+6.0a 06+00a 1035.6 =40 b 169 £ 50 a 270 £ 60 a 1152+ 130a 2760 £120a
Cepec-2002 18.6 £ 0.8b 84+09a 284+80a 402+40b 68.7+12.0b 07£01a 1068.8 £30b 200 £30a 2180+20a 1246 =70 a 2874+ 65a
PH-16 17.209b 11.3+0.6b 335+55a 596 £5.0a 93.14+10.0a 05+£00a 9175+ 70c 147 =20 a 2320+30a 1158 4+100a 2761 £150a
PS-1319 247+21a 9.6 £04a 411+25a 528 £5.0a 939+45a 08£01a 900.1 £65¢ 153 +£30a 2044 +30a 12624+100a 2830+ 160a

Values followed by the same letter on the same line do not differ significantly according to the Scott-Knott test with p < 0.05. Legend: EPAD (epidermal cells of the adaxial surface, pm);
EPAB (epidermal cells of the adaxial surface, pum); PP (palisade parenchyma, um); LP (spongy parenchyma, um); MES (leaf mesophyll, um); PP/LP (relationship between the thickness
of the parenchyma of leaves); EST (stomata density, n® mm~2); Fl (phloem, pm) (F1); X (xylem, um); me (medulla diameter, um); and Diam (stem diameter, pm).
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Figure 2. Cross-section of the leaf of the Theobroma cacao L. genotypes. (A): Ipiranga-01; (B): CCN-
10; (C): CCN-51; (D): SJ-02; (E): Cepec-2002; (F): PH-16; (G): PS-1319; and (H): PS-1319. Arrow
head: vascular bundle; t: bundle sheath extension; arrow head: star: vascular bundle sheath; adep:
adaxial epidermal surface; abep: abaxial epidermal surface; PP: palisade parenchyma; SP: spongy
parenchyma; *: stomata; is: intercellular space; arrow: mucilaginous idioblast. (A-G): bar = 50 um;
(H): bar = 20 pm.

The hypostomatic leaf exhibited a simple epidermis composed of irregular, rectangular
cells covered by a fine cuticle. Although the Ipiranga-01 genotype had higher stomatal
density (EST) [1250.4 n’ mm?] and A, values [4.16 umol CO, m~2 s~!], the SJ-02 genotype
had higher E [1.37 H,O m 2s !]and g5 [0.05 umol H,O m~—2 s~ 1] values.

Mesophyll thickness (MES) of the genotypes CCN-51 and Cepec-2002 was lower
[80.2 um and 68.7 um, respectively], as occurred with the spongy parenchyma (LP), which
exhibited less thickness [44.5 pym and 40.2 um] in the same genotypes in which the MES
was lower. The genotypes Ipiranga-01, CCN-10, SJ-02, PH-16, and PS-1319 had higher
MES [85.2 um; 94.2 pm; 95.0 pm; 93.1 pm and 93.9 pm, respectively] values, which may
have influenced gas exchange. The LP presented evident, wide intercellular spaces in
the genotypes CCN-10, CCN-51, and SJ-02, filling 54% to 64% of the mesophyll. The
LP thickness values were higher [58.5 um, 59.5 pm, 59.6 pm, respectively] for the CCN-
10, SJ-02, and PH-16 genotypes. The genotypes CCN-51 and Cepec-2002 had a similar
A, to that of the genotypes CCN-01, SJ-02, PH-16, and PS-1319, but lower mesophyll
thickness [80.2 um; 68.7 um]. The only genotype with thick mesophyll [95.0 um] and high
g5 [0.05 pmol H,O m~2 s~ 1] was SJ-02.
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Figure 3. Cross-section of the stem of Theobroma cacao L. genotypes. (A): Ipiranga-01; (B): CCN-10;
(C): CCN-51; (D): SJ-02; (E): Cepec-2002; (F): PH-16; (G): PS-1319; and (H): PS-1319. Co: cortex;
X: xylem; Ph: phloem; me: medulla; arrow: mucilage secretory cavity. (A-G): bar = 200 um;
(H): bar = 100 um.

In the mesophyll of all genotypes, the vascular bundles were surrounded by a sheath
of parenchymal cells extending to the epidermis” abaxial and adaxial surfaces. The PP
had three to four cellular strata (Figure 2), varying between genotypes, with four in the
5J-02 genotype and three in the other genotypes. The stems of all the analyzed cocoa tree
genotypes had a secondary growth stage (Figure 3A-G).

However, in most cases, the primary surface system remained covered by the cuticle,
with glandular and non-glandular trichomes. The stem the cortical region was constituted
by a simple hypodermis, followed by layers of collenchyma and parenchymal cells. The
vascular cylinder exhibited secondary phloem, xylem, and vascular cambium activity. The
secondary phloem was interspersed with fiber bands with a unique pattern in the CEPEC-
2002 genotype (Figure 3E). Broad parenchymal rays were observed in the secondary phloem
and xylem region. Mucilage channels characteristic of the species were observed in all
genotypes’ cortex and parenchymal medulla (Figure 3A-H).

The adventitious roots of all the studied genotypes had a primary structure without
structural distinction (Figure 4A-D) with simple epidermis and exoderm, the latter consist-
ing of thickened wall cells. The cortex had parenchymal cells with wide intercellular spaces.
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Figure 4. Cross-section of the adventitious root of the Ipiranga-01 genotype of Theobroma cacao
L. Co: cortex; ep: epidermis; en: endoderm; asterisk: intercellular space; X: Xylem; fl: phloem.
(A): bar =200 um; (B,C): bar = 100 um; (D): bar = 100 um.

Endoderm rich in phenolic compounds was a common aspect of all the genotypes,
as was vascular tissue with polyarch condition occupying the entire central region of the
organ (Figure 4A-C). Mucilage (Figure 5A,B) was observed in the idioblasts present on the
adaxial surface of the leaf epidermis, in the guard cells of the stomata (Figure 5A), and in
cavities in the cortex and stem medulla of all the investigated clones.

A positive reaction was observed for the phenolic compound in the abaxial and
adaxial epidermis and vascular bundle sheath in the leaf, the outer layer of the cortex
and phloem region in the stem, as well as the endoderm and root phloem, thus forming
a phenolic sheath around the vascular bundle (Figure 5C,D). The presence of a sheath in
the leaf vascular bundle was observed in all the analyzed genotypes. Starch is present
in the parenchymal cells of the coastal sheath extension of the midrib (Figure 5E), in the
endoderm, in the outer cortical layers, and in the stem pith (Figure 5F). A polarized light
filter revealed calcium oxalate biominerals in the form of drusen and prisms in the outer
cortical region of the phloem in the stem and in the spongy parenchyma and vascular
bundle sheath of the leaf.

In the interaction of the results, when considering the data related to photosynthesis
and morphoanatomy in the principal component analysis coordinate system (Figure 6), two
components were responsible for 74% of the data variation. The first component explains
47% and the second component 27%, which is sufficient since the eigenvalues of both
components are greater than one, differing from the others. In this coordinate system of
the two components, it is possible to identify the clusters associated with each genotype
based on the factor loads. The values that most affected the components were MES, LP,
E, gs, and RGR in Component 1, and values of physiological parameters such as A, and
Ci in Component 2. This interaction is given among genotypes PH-16 and CCN-10 by
morphoanatomical variables MES and LP and in Ipiranga-01 by photosynthetic parameters
Ay, E, g5, and Ci, and RGR growth.
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Figure 5. Histochemistry of the root, stem, and leaf of Theobroma cacao L. clones (cross-section).
(A,B): Ruthenium red staining highlights the density of the pectic content in the epidermal idioblast,
in the wall of the stomatal guard cells (A), and in the secretory channels of the cortical region of the
stem (B). (C,D): Positive reaction to ferrous sulfate, highlighting the presence of phenolic idioblasts in
the cortex and associated with phloem and xylem of the stem of (C) and in the cortex and endoderm of
the root of (D). (EF): Positive reaction to Lugol highlights the presence of starch in the epidermis and
the sheath of the vascular bundle of the leaf (E) and in the cortical region and starch sheath (endoderm)
of the stem (F). Eid: epidermal idioblast; cs: secretory cavity; arrow: phenolic compound; arrowhead:
starch grains. epab: abaxial epidermal surface; Co: cortex; en: endoderm; X: xylem; fl: phloem;
me: medulla; star: vascular bundle sheath; es: stomata. (A,C,D): bar = 50 um; (B): bar = 100 um;
(F): bar = 200 um.

According to the data, the genotypes Ipiranga-01, CCN-10, PH-16, and SJ-02 had
the highest morphoanatomical and physiological data values described for Component 1,
while the genotypes CEPEC-2002, CCN-51, and PS-1319 had the lowest values for these
characteristics. Therefore, this analysis illustrates the relationship between morphoanatom-
ical and physiological patterns and reveals a tendency toward different genotype behaviors
under similar environmental growth conditions separated into two large groups (Figure 7).

Once these two groups were established in the principal component analysis (PCA),
the seven genotypes studied here were grouped by multivariate cluster analysis in a
similarity dendrogram (Figure 7) using values of morphoanatomical characteristics (MES,
LP, SD, and RGR) and physiological parameters (A, gs, E, and Ci).

The genotypes that most closely resembled these values were Ipiranga-01, CCN-10,
and PH-16, which are in the same group and showed a similarity of around 96% based on
morphoanatomical and physiological characteristics (Figure 7); the others genotypes are in
different groups because they have lower physiology data values, as in the case of PS-1319
in a stand-alone group with 84% similarity to the others, and low morphoanatomy and
physiology values, as in the case of genotypes Cepec-2002, CCN-51, and SJ-02, with 93%
similarity to the other groups.
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Figure 6. Principal component analysis of morphoanatomical variables—spongy parenchyma (LP),
mesophyll thickness (MES), and relative growth rate (RGR). Physiological parameters—photosynthetic
rate (A;), transpiration (E) and stomatal conductivity (gs), internal concentration of CO, (Ci). Seven
Theobroma cacao L. genotypes were kept in similar growing conditions for 40 days in a greenhouse.
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Figure 7. Dendrogram with the Theobroma cacao L. genotype clusters kept in similar growing condi-
tions for 40 days in a greenhouse, obtained using cluster analysis based on the Brian-Curtis similarity
index, taking into account the morphoanatomical variables mesophyll thickness (MES), spongy
parenchyma (LP) thickness, stomatal density (SD), and relative growth rate (RGR), and the photosyn-

thetic parameters photosynthetic rate (4,), stomatal conductance (gs), internal concentration of CO,
(Ci), and transpiration rate (E).
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Cocoa tree genotypes can be grouped based on their morphoanatomical and physio-
logical characteristics due to the need to better understand plant genetic variability and
adaptability to the environment. These factors are essential for selecting more productive,
resistant varieties adapted to specific growing conditions.

4. Discussion

The genotypes CCN-51, Cepec-2002, and PS-1319 showed high A,/gs, which, accord-
ing to Muller et al. [47], enables greater carbon assimilation during photosynthesis while
also controlling transpiration, that is, greater carbon assimilation per unit of transpired
water. Low gs values in the genotypes Ipiranga-01, CCN-10, CCN-51, Cepec-2002, PH-16,
and PS-1319 can have a protective effect on plants [7]. Still, this fact does not necessarily
indicate that the stomata are regulating the rate of photosynthesis, but could be a possible
consequence of the response to luminosity, temperature, and humidity [34], enhancing
Aq/E but decreasing internal CO, concentration [48]; low gs values may not be as beneficial,
as this reduction causes an increase in leaf temperature by reducing the flow of water
vapor [35].

The greater accumulation of mass in the roots in the CCN-51, Cepec-2002, and SJ-02
genotypes enabled greater water absorption to meet the transpiration demand [49] caused
by the high g¢s in the SJ-02 genotype, which reduced the efficiency of water use concerning
other genotypes [50]. The greater total dry weight in the CCN-10 genotype may have been
influenced by the greater number of leaves, leaf area, and root weight, although unrelated to
A, [17]. The variation in RDW, greater in the CCN-10, SJ-02, and Cepec-2002 genotypes, and
Aa/E in the CCN-51 and Cepec-2002 genotypes, demonstrates that these genotypes have
drought tolerance characteristics [28] and can be introduced into programs of improvement
for planting in non-traditional or marginal areas to those currently cultivated [51,52]; this
shows how fundamental it is to know the growth behavior, as what can be seen as an effect
of lack of water may be just an expression of the endogenous phenotypic plasticity of each
genotype [1,4].

Greater LA and differences in LN were observed, but CCN-10 exhibited similar
A,. The other genotypes with greater LA development, such as the PS-1319 genotype,
maximized light capture [53], maintaining high A; in Ipiranga-01, which was also found by
Valladares et al. [54] and Valladares et al. [55] in studies with tropical species, indicating
that increased leaf area is characteristic of shade plants [56]. Although the Ipiranga-01
genotype presented an LA similar to the CCN-10 and PS-1319 genotypes, its A; was higher
than in these genotypes.

Plants with a larger LA may have greater photosynthetic and growth potential when
compared with plants with smaller LA [49,50]. Variations in leaf size are directly related
to light capture [54,55] and characteristics of solar leaves that are thicker and have a
smaller leaf area [57]; this morphological adaptation is a trend in drought-tolerant cocoa
genotypes [28,58].

The relationship between LA and LDW (SLA) is the leaf-level trade-off between light
interception and dry weight accumulation [59]. SLW is a fundamental characteristic in
the growth of cocoa plants [60], and in this case, not all genotypes that presented higher
LA and TDM values presented higher SLW; ipiranga-01, SJ-02, Cepec-2002, and PH-16
presented higher SLW values than those found in the CCN-51 genotype, and only the
CCN-10 genotype presented high values for LA and TDM,; this fact reflects the fact that
morphological differences in growth expansion or retraction tend to find a balance for the
plant, since SLW is an important adaptive indicator to the environment [61,62]. Aratjo
et al. [23] emphasize that cocoa genotypes are affected by light intensity and may present
differences in the anatomical plasticity of the leaves. High SLA values are associated with
adaptation to shaded environments [63]. Stomatal density is directly related to Aa since
H20 efflux and CO2 influx share the same path through the stomatal pore. Hence, the
distribution and number of stomata influence A, [63] and are extremely important since
stomata are the main route of gas exchange, and variations in diffusive resistance can cause
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changes in A, [64], which is one of the main anatomical characteristics related to A, [65].
Furthermore, stomatal density can be a strategy to avoid water loss [66].

Carr and Lockwood [67] report in a literature review that stomatal density may vary
according to water availability in cocoa trees. In the present study, the genotype PS-1319 had
the lowest stomatal density and the largest leaf area. In general, the genotypes studied here
exhibited increased stomatal density associated with smaller leaf areas, as also identified
by Abo-Hamed et al. [68] in their work with cocoa trees.

The spongy parenchyma (LP) is associated with diffusion and internal concentration
of COy; therefore, when the LP is thicker, it can enable greater fixation of CO; and stomatal
aperture [63]. According to Voltan et al. [69], coffee plants with greater LP thickness tend to
have a higher net photosynthetic rate (A,); mesophyll thickness is related to photosynthetic
efficiency and higher water use efficiency in apple trees [70] and olive trees [71]. Moreover,
these authors found greater photosynthetic efficiency in varieties with a thicker mesophyll
It can also be used as a selection criterion for genotypes of drought-resistant cocoa trees [72].

In a study by Ennajeh et al. [71] with two varieties of olive trees subjected to water
deficit, greater photosynthetic efficiency was observed in the cultivar with increased thick-
ness of the mesophyll since the palisade and spongy parenchyma control the ability of the
plant to resist water deficit, which favors the fixation and diffusion of carbon dioxide. A
similar situation was observed by Brodribb et al. [73,74] in eight species of angiosperms,
suggesting that the proximity of the vascular bundles to the evaporative surfaces helps
increase the hydraulic conductivity of the leaf and favors photosynthetic capacity. The
palisade parenchyma (PP) and the spongy parenchyma are directly related to the meso-
phyll thickness, which can determine the stress level caused by the water deficit in cocoa
trees [75]. This characteristic was reported in the study by Brooks and Guard [76] in their
work with cocoa trees, highlighting that drought-tolerant genotypes reduce the dimensions
of these tissues.

The only genotype with thick mesophyll and high gs was SJ-02, indicating that leaf
anatomy is associated with the CO; transfer effect and is critical in gas exchange [77].
Morphoanatomical variations of the leaf can affect physiological characteristics. Thus,
the interaction between environmental conditions and the characteristics of this organ
can be used to evaluate the effect of these attributes on physiological processes such as
transpiration [35].

The hydraulic architecture of the vascular leaf tissue can determine the physiological
pattern of plants since water transport is affected by low resistance of the vascular system
and high resistance in the mesophyll [28]. According to Ennajeh et al. [35], varieties with
thicker mesophyll exhibited greater photosynthetic efficiency in a study with olive trees.
Wide cell spaces were also observed in the PH-16 and CCN-10 genotypes. According to
Jones [78], plants with wide intercellular spaces tend to have a rapid stomatal aperture, thus
providing greater Aa/gs by reducing transpiration, which improves survival conditions in
water-stressed environments. In the present study, anatomical characteristics were related
to physiological performance for the aforementioned genotypes.

According to Jordaan and Kruger [79], the presence of mucilage may be ecologically
important for the conservation of hydration in plants. In a study with three tropical tree
species, Chapotin et al. [80] considered that water stored in the mucilage can serve as a
buffer in short periods of water deficit, and changes in water content lead to small changes
in water potential. This characteristic, associated with water retention [81] and found in
T. cacao L., remained unchanged among the evaluated clones. Nakayama et al. [82] also
found mucilage only in the stem and leaf. However, Brooks and Guard [76] also report the
presence of mucilage in cavities between the parenchymal cells of the roots. The phenolic
compounds can act as insecticides, antimicrobials, and signals and can attract pollinators,
protect against light radiation, and serve as a constituent of plant tissues [83,84].

This characteristically controls the water dynamics in response to the external envi-
ronment, serving as a protective device and transforming chemical signals into hydraulic
responses [85]. However, there was no relationship between this characteristic and A,/E



Agronomy 2024, 14, 2730

15 of 19

and gs. In this regard, Lynch et al. [86], in their study of four tree species, found that the
plasticity of the bundle sheath extension in some of these species makes it impossible to
correlate this characteristic to A, /E, especially for Acer saccharum.

Reserve starch is hydrolyzed by increasing amylase activity in plants under water
stress, thus accumulating soluble carbohydrates, amino acids, and organic acids, which
would be used to develop and grow new tissues [87]. Almeida et al. [18] studied the
anatomy of SCA-6 clones and Catongo cocoa trees infected with witches” brooms. They
found hypertrophy in xylem cells and the presence of starch grains associated with the
medulla and vascular bundles, suggesting that starch may be related to tolerance to
the fungus.

The results found in this study suggest that different cocoa tree genotypes may have
distinct morphophysiological characteristics under similar environmental conditions. This
demonstrates that the performance of cocoa tree genotypes depends on the combination
of numerous variables, and there is an intergenotypic difference. This fact reveals the
importance of this model, as it lists certain genotypes based on these characteristics and can
be used to define genotypes further; it can be used as a criterion for choosing genotypes for
certain cocoa cultivation systems or selecting genotypes for propagation based on these
characteristics. This work provides information on morphoanatomical and physiological
patterns in these genotypes, which can be used as a basis for applied work such as drought
tolerance or vegetative propagation. The model can also be used as a criterion of choice
for genetic pre-breeding since phenotypic (massal) selection is usually adopted in cocoa
tree enhancement [38] due to its plasticity. These morphoanatomical and physiological
characteristics can help in this practice [89].

Even though consistent results were found, there were limitations to the use of com-
plementary techniques in anatomy and physiology, such as the use of scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), fluorescence analysis,
and hydraulic conductivity, which could further deepen knowledge in the description of
individual characteristics of each genotype, making it possible to more precisely identify
more adapted genotypes, with desired agronomic characteristics such as drought tolerance,
efficiency in nutritional responses, and high productivity.

Future research must study cocoa trees, addressing complementary techniques and
research applied in other areas such as genetics, nutrition, and productivity. This will
benefit producers and cocoa farming, increasing sustainability by reducing the use of
inputs and water resources and adding value to the final product.

5. Conclusions

Intergenotypic variability was identified based on anatomical, growth, and physi-
ological characteristics, showing better performance for the genotypes Ipiranga-01 and
5J-02, mainly in the parameters net photosynthetic rate and relative growth rate, and the
genotypes CCN-10 and PH-16 were more associated with anatomical characteristics. The
CCN-51 and Cepec-2002 genotypes presented an inferior performance based on these
characteristics, while the PS-1319 genotype was set apart from the others based on low
physiological parameters. The Ipiranga-01, S]-02, and PS-1319 genotypes generally have
greater physiological changes, while the CCN-10, CCN-51, PH-16, and Cepec-2002 geno-
types have greater morphoanatomical changes. Morphoanatomical and physiological
changes are essential for modern cocoa farming, as they allow the development of more
productive and resilient cocoa cultivars.
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