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Abstract
This study aimed to estimate the combining ability, of T. cacao genotypes preselected for

drought tolerance through diallel crosses. The experiment was conducted under green-

house conditions at the Cacao Research Center (CEPEC), Ilhéus, Bahia, Brazil, in a

completely randomized block design, in an experimental arrangement 21 x 2 [21 complete

diallel crosses and two water regimes (control and stressed)]. In the control, soil moisture

was kept close to field capacity, with predawn leaf water potential (ΨWL) ranging from -0.1 to

-0.5 MPa. In the drought regime, the soil moisture was reduced gradually by decreasing the

amount of water application untilΨWL reached -2.0 to -2.5 MPa. Significant differences (p <

0.05) were observed for most morphological attributes analyzed regarding progenies, water

regime and their interactions. The results of the joint diallel analysis revealed significant

effects between general combining ability (GCA) x water regimes and between specific

combining ability (SCA) x water regimes. The SCA 6 genetic material showed high general

combining ability for growth variables regardless of the water regime. In general, the water

deficit influenced the production of biomass in most of the evaluated T. cacao crosses,

except for SCA-6 x IMC-67, Catongo x SCA, MOC-01 x Catongo, Catongo x IMC-67 and

RB-40 x Catongo. Multivariate analysis showed that stem diameter (CD), total leaf area

(TLA), leaf dry biomass (LDB), stem dry biomass (SDB), root dry biomass (RDB), total dry

biomass (TDB), root length (RL), root volume (RV), root diameter (RD) <1 mm and 1 <(RD)

<2 mm were the most important growth parameters in the separation of T. cacao genotypes

in to tolerant and intolerant to soil water deficit.
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Introduction
Worldwide, drought is considered one of the most limiting factors for T. cacao production,
being aggravated in recent years by global climate changes promoted by an increased green-
house effect. Normally, plants under water deficit show low growth rates and photosynthesis,
high root/shoot ratio, low capacity for nutrient absorption and lack of renewal of tissues, which
provide plants with greater capacity to develop and overcome extreme environments [1, 2, 3].
In the specific case of T. cacao, growth and fruit production is regulated by the amount and dis-
tribution of rainfall [4]. T. cacao is considered to be slightly tolerant to water deficit [5, 6, 7].
Although it is typically grown in areas with high rainfall [8, 9], cacao growing regions are
prone to periodic irregular rainfall, which may be aggravated by the predicted global climate
changes [10].

Few studies have been conducted to identify T. cacao adaptation strategies to water deficit
[11, 12, 13] and eventual use of water by the plant under such conditions [14]. It has been sug-
gested that morphological changes are good indicators for early selection of cacao genotypes
for tolerance to drought [15, 16, 17] due to the direct impact of drought on the plant growth
and development patterns [18, 19]. The root system is one of the most sensitive organs of the
plant to water limitation given the high capacity of the roots to recognize and respond to
changes in the soil physicochemical parameters [20, 21]. Plants subjected to low soil water
regimes can develop an extensive root system to capture the available soil water [22 23, 24, 25].
Furthermore, the limitation in soil water can also alter the partitioning of assimilates [15, 16],
growth characteristics [23, 21], leaf production rate [22, 26] and leaf area [27] accelerating
senescence and leaf drop [28]. However, limited information is available on the genetic control
mechanisms, associated with all these characters in T. cacao subjected to drought.

The selection of germplasm with agronomic potential and knowledge about the inheritance
of traits related to drought tolerance in T. cacao are fundamental in breeding programs, as they
allow guiding crossings and development of segregating populations [29]. In this sense, diallel
crossing is a genetic-statistical method that provides estimates of useful plant parameters for
the selection of parents and to understand genetic effects involved in a given trait [30, 31].

For the selection of superior genotypes in segregating populations, the breeder needs to con-
sider several characters altogether. For this, multivariate analyses techniques can be used.
These procedures allow combining multiple information obtained in the experimental unit,
facilitating the selection and discrimination of the most promising individuals. This strategy
has been applied in T. cacao, especially in the study of genetic diversity [32, 33, 34, 35, 36, 37,
38] and drought tolerance [39]. However, in the present study parents with high combining
ability for several morphological and growth characteristics, and related simultaneously to
drought tolerance, will be used.

In this work, progenies of T. cacao from diallel crosses were subjected to drought in order to
estimate, through univariate analyses, the effects of treatments and combining ability of geno-
types and, through multivariate analyses identify useful growth and morphological characteris-
tics for selection of drought tolerant parents.

Materials and Methods

Genetic material and experimental procedures
A total of seven T. cacao accessions, obtained from the Active Germplasm Bank of the Cacao
Research Center (CEPEC) in Bahia, Brazil, were used in this study (Table 1). These accessions,
which have been used as parents in breeding programs of T. cacao in Brazil, were crossed with
each other by hand pollination in a diallel scheme to obtain progenies [40]. Recently, it was
reported that these accessions have different levels of drought tolerance [39].
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Sixty seeds of each of the 21 progenies of diallel crosses were picked randomly and planted
in pots of 25 L, containing soil as substrate. The soil was analyzed for its physical and chemical
characteristics and these results were used for fertilization purposes to provide adequate essen-
tial nutrients required to support good cacao seedling growth [41]. The experiment was con-
ducted at the Cacao Research Center (CEPEC), Ilhéus, Bahia, Brazil (14° 47'S, 39° 16'W), under
greenhouse condition during 2011-2012. Air temperature and relative humidity averages dur-
ing the experimental period were 27±2°C and 80±3%, respectively. Based on a previous study,
the maximum photosynthetic photon flux densities (PPFD) inside the greenhouse were
between 1000 and 1200 μmol photons m-2 s-1.

Twelve months after sowing, the progenies were divided into two groups. Each group con-
sisted of 126 plants to provide six plants /genotype. One group was subjected to water deficit
by reducing the soil water content. Water, applied manually, was gradually suspended for 60
days until predawn leaf water potential (CWL) reached -2.0 to -2.5 MPa. The other group was
used as control, receiving daily irrigation to maintain soil moisture close to field capacity (33
kPa) and predawnCWL between -0.1 to -0.5 MPa.

TheCWL measurements were taken on the second or third mature leaf from the top of the
orthotropic axis between 02:00 and 04:00 h, using a PMS pressure chamber model 1000 (PMS
Instrument Company, USA) according to methodology described by Scholander [42].

Growth Parameters
For growth parameter determinations plants were sampled at two periods: (i) at the beginning
of the dry cycle (12 months after sowing), when theCWL values for all crosses were between
-0.1 to -0.5 MPa and soil moisture was close to field capacity and (ii) from 20 to 60 days after
the drought began, when theCWL of the different crosses reached between -2.0 to -2.5 MPa. In
both sampling dates, measurements were taken for: total (TLA) and individual (ILA) leaf areas,
stem diameter (CD), plant height (H) and leaf number (LN) per plant. Leaf area was measured
with a LI-COR 3100 area meter (Li-Cor, Inc. Lincoln, Nebraska, USA), CD and H with digital
calipers and ruler, respectively.

Immediately after these evaluations, plants were removed from pots. The roots were washed
3x with demineralized water, placed in white plastic trays containing between 1.0–2.0 cm
depth water lamina and photographed (Sony Lens 4x optical 12.1 Megapix). Soon after, each

Table 1. T. cacao genotypes used in diallel crosses and its main characteristics.

Genotype Origen Leaf Flower Pod Index Diseases

(N° ovules) (Pods kg-1) Witches’ Broom Ceratocystis

SCA-6 Peru C: 236 mm 42 47 R S

L: 70 mm

CATONGO Brazil C: 293 mm 37 23 - S

L: 113 mm

MOCORONGO Brazil - - 28 - S

PUCALA Peru - - 23 - -

IMC-67 Peru C: 300 mm 48 22 S S

L: 91 mm

TSH-1188 Trinidad C: 236 mm 56 18 R R

L: 70 mm

RB-40 Brazil - 50 - R -

C—Length; L—width; R—Resistance; S—Susceptible. Source: International Cocoa Germplasm Database, 2015.

doi:10.1371/journal.pone.0160647.t001
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progeny was divided into root, stem and leaf, which were stored separately in paper bags and
dried in a forced-air oven at 75°C to constant mass weight. These results were used to obtain:
root (RDB), stem (SDB), leaf (LDB) and total dry biomass (TDB) of the plants.

Later, images of the plant root system were digitized in the Integrated System for Roots and
Land Cover Analysis using the WinRhizo software, version 2013 (Regent Instrument, Quebec,
Canada). After image processing, the following variables were obtained: root length (RL), root
area (RA), mean root diameter (RD) and root volume (RV). Estimates of fine roots (RD< 1
mm), medium (1< RD< 2 mm) and coarse (RD> 2.0 mm) classes were based on root studies
of T. cacao [43]. Growth analysis procedures [44] were used to determine: specific leaf area
(SLA), leaf mass ratio (LMR), leaf area ratio (LAR) and root/shoot (R/S) ratio.

Statistical Analysis
We used a completely randomized design with 42 treatments (21 progenies x 2 water regimens
(control—CWL between -0.1 to -0.5 MPa—and stressed—CWL between -2.0 and -2.5 MPa)
and six replications. Analysis of variance (ANOVA) and estimates of genetic parameters were
done considering the effects of progenies and water regime as fixed [45].

Progenies and parental means were grouped separately, according to Scott & Knott (P
<0.05 and 0.01) and Tukey (P<0.05 and 0.01). Based on ANOVA results, sum of squares for
treatments were broken into general combining ability (GCA) and specific combining ability
(SCA), in accordance with method IV proposed by Griffing [46], in which only the F1
hybrids are included, with a total of p(p-1)/2 combinations. The following statistical model
Ῡij = μ + gi + gj + sij + εij, was used, where: Yij = progenies mean of crosses between the i-th
and j-th parent in r replications, μ = general mean, gi and gj = effect of the general combining
ability of the i-th and j-th parental, sij = effect of the specific combining ability for the proge-
nies between parents of order i and j, respectively, εij = mean experimental error.

Multivariate analysis
For discrimination of genetic materials in the different water regimes, the following multivari-
ate analyses were used: factorial and biplot analyses based on principal component (PC). Ini-
tially 20 growth variables (H, CD, TLA, LN, ILA, RDB, LDB, SDB, TDB, LAR, SLA, LMR, R/S,
RL, RA, RD, RV, RD< 1 mm, 1< RD<2 mm and RD> 2 mm) were standardized due to dif-
ferences in units. Standardization was based on the equation Zij = (Xij-μj)/Sj, where Xij is the
value of i-th observation of variable Xj, μj and Sj are the mean and standard deviation of Xj,
respectively.

All standardized variables were subjected to factorial analysis, using the computing environ-
ment R, version 3.03 for Windows [47]. The results showed that only 13 variables were consid-
ered relevant for the formation of the first three factors (total variation 70%). These variables
were then submitted to collinearity analysis based on tolerance and the variance inflation fac-
tor, considering, as the threshold for inclusion, values greater than 0.1 and less than 10, respec-
tively [48].

The variables considered non-collinear (CD, TLA, LDB, SDB, RDB, TDB, RL, RV, RD <1
mm and 1< RD<2 mm) were used for biplot analysis. For this analysis, a double entry
table progenies x non-collinear variables in different water regimes was subjected to an anal-
ysis of decomposition of singular value, and the scores of the first two principal components
used as coordinates to plot, according to the model described by Yan and Rajcan [49]:
(Aij− Ᾱij)/sij = λ1ξi1τj1 + λ2ξi2τj2 + εij, where, Aij = value observed in the ith progeny and i-th
variable; Ᾱij = mean of the ith progeny in variable j; λ1 and λ2 = singular values for the first
(PC1) and second principal components (PC2), respectively; ξ1 and ξ2 = scores of PC1 and
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PC2 for the progeny; τ1 and τ2 = scores of PC1 and PC2 for variable j; εij = model residue
associated with progeny and variable and sij = standard deviation of the estimate.

In constructing the biplot it was decided to group the progenies by category in agreement to
the water regime. In the water stress condition, the progenies were grouped in two ways: (1)
progenies tolerant to drought—showed mean values greater than the overall mean for more
than 60% of the analyzed variables; and (2) progenies non-tolerant to drought—showed mean
values below the overall mean for more than 60% of the analyzed variables. In the control con-
dition (no stress), it was decided to cluster the progenies also in two groups: (1) high vegetative
vigor—those that showed mean values above the overall mean for more than 60% of the vari-
ables; and (2) low vegetative vigor—the ones with mean values below the overall mean for
more than 60% of the analyzed variables.

Results
The individual analysis of variance revealed significant differences (p� 0.05) among the
means of the progenies for the different shoot and root morphological attributes evaluated,
showing the existence of genetic variation among the parents used in the diallel crosses
(Table 2). Such responses were expected since differences exists among the parental lines used
and they are from different geographical origins. Regarding the effect of soil water treatments,
there were no significant differences observed for ILA, SDB, RDB, RL and RD< 1 mm, sug-
gesting that the performance of progenies for different soil moisture levels varied depending on
environment in which they are assessed.

In the joint analysis of variance, the interaction progeny x water regime was significant (p
<0.05) in almost all the analyzed plant characteristics, except for LN and LMR, indicating that
there were differential progeny responses with respect to the tested soil water regimes. These
results were also expected given the wide difference in water regimens and genetic variation of
the parents. The coefficients of variation (CVs) ranged from 13.7% to 38.8% for LMR and RV,
respectively (Table 3).

The high heritability (h2) values observed for the variables LDB (83%), LN (80%) TDB
(80%), SDB (78%), RDB (77%), ILA (77%), RA (76%) SLA (73%), CD (70%), RV (69%) and
RL (65%) reflect the low environmental influence on these attributes, which may allow greater
genetic gain in the selection process (Table 3). The CVg/CVe values shown by LDB (0.6), TDB
(0.6), LN (0.6), SDB (0.6), ILA (0.5), RDB (0.5) and R/A (0.5) indicate sufficient genetic vari-
ability that justifies continuity of the breeding program.

In general, soil water deficit significantly (p<0.05) influenced biomass production, reducing
dry weight in all plant parts for most of the evaluated cacao genotypes (Table 4). Significant reduc-
tions (P<0.05) in root (RDB), stem (SDB), leaf (LDB) and total (TDB) dry biomass were found in
the genetic material in relation to their controls, except for SCA-6 x IMC-67, RB-40 x IMC-67,
Catongo x SCA-6, MOC-01 x Catongo, Catongo x IMC-67 and RB-40 x MOC-01. In contrast,
PUCALA x SCA-6, PUCALA x Catongo, MOC-01 x IMC-67 and PUCALA xMOC-01 were the
progenies with more significant reductions both shoot and root system under soil water deficit.

The increase in RDB, under water stress, can be observed on most progenies (Table 4). This
trait has been identified as one of the adaptive mechanisms of plants to drought tolerance.
Mean increases in RDB, compared to the overall mean, were more expressive in MOC-01 x
Catongo (61%), Catongo x IMC-67 (18%), Catongo x SCA-6 (12%), SCA-6 x IMC-67 (10%),
RB-40 x IMC-67 (10%) and RB-40 x Catongo (3%). In contrast, for the same morphological
trait, progenies of PUCALA x SCA-6, PUCALA x TSH-1188, Catongo x TSH-1188, MOC-01 x
SCA-6, MOC-01 x IMC-67, IMC-67 x TSH-1188 and PUCALA x Catongo showed decreases
of 24, 17, 16, 16, 14, 12 and 11%, respectively, from the overall mean of the progenies.
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The expansion of the root system under water stress conditions was associated with the
growth of fine (RD< 1 mm) and coarse (RD> 2 mm) roots. For the progenies of SCA-6 x
IMC-67 (62%), MOC-01 x SCA-6 (42%) RB-40 x IMC-67 (38%), PUCALA x SCA-6 (33%),
MOC-01 x Catongo (32%) PUCALA x IMC-67 (30%) RB-40 x Catongo (19%) RB-40 x MOC-
01 (12%) and Catongo x SCA-6 (11%), there was an increase of RDB under water stress mainly
due to the development of fine roots (Table 4). In contrast, Catongo x IMC-67, PUCALA x
Catongo and RB-40 x SCA-6 showed reduced root growth under water stress, with values 20,
14 and 7%, lower, respectively, for fine roots, and 52, 45 and 45% lower for coarse roots, respec-
tively. Progenies of PUCALA x MOC-01, IMC-67 x TSH-1188, MOC-01 x IMC-67 and
PUCALA x SCA-6 and PUCALA x Catongo showed significant reductions in coarse root
growth under water stress, with values of 62, 65, 57, 57 and 45% lower, respectively.

Under control condition, most of progenies showed mean values above the overall mean for
more than 60% of the analyzed variables, the values were associated with morphological attri-
butes of root development. In contrast, under drought, the progenies with higher means
showed balance between the shoot and root system development.

In progenies identified as with high vegetative vigor, the mean values for morphological traits
were higher than the overall mean of each variable analyzed (Table 4). With this, under the con-
trol condition, the following progenies were highlighted (variables and percentage above the
general mean): Catongo x SCA-6 (+ 40% RDB, +33% RD and +90% RV), TSH-1188 x SCA
(+40% TLA, +33% NL and +90% RA), RB-40 x SCA-6 (+44% RA and +97% VR), MOC-01 x
SCA-6 (+64% RA, +52% RD and +210% RV), SCA-6 x IMC-67 (+145% RA, +93% RD and
+339% RV), Catongo x IMC-67 (+124% RA, +47% RD and +151% RV), PUCALA xMOC-01
(+49% AR, +85% RV and +67% RD> 2 mm), IMC-67 x TSH-1188 (+76% RA, +52% RD,
+182% RV and +77% RD> 2 mm) and RB-40 x MOC-01 (+40% RA and +59% RV).

For progenies of low vegetative vigor, the means shown were lower than the overall mean of
each variable analyzed, with negative results for: PUCALA x SCA-6 (-18% TLA, -20% NL and
-27% RD<1 mm), Catongo x TSH-1188 (-20% CD, -24% LDB and -32% SLD), RB-40 x
Catongo (-22% TLA, -18% IAL and 20% RD< 2 mm), PUCALA x TSH-1188 (-21% IAL,
-32% LDB and -38% 1 mm< RD< 2 mm), PUCALA x RB-40 (-20% H, 35% TLA and -28%
RD<1 mm) and PUCALA x IMC-67 (-22% H, -38% TLA and -40% RD> 2 mm) (Table 4).

Analyzing the established criteria for drought tolerance, it can be observed that for some
progenies, the means values were lower than the overall mean of each growth variable with
negative results for: PUCALA x 6 SCA (-30% LDB, -23% SDB and -43% RV), PUCALA x

Table 3. Estimates of genetic parameters for shoot and root morphological attributes used in the analysis of cacao genotypes contrasting for
drought tolerance submitted for 60 days to two water conditions (SI): Control (ΨWL between -0.1 and -0.5 MPa) and stressed (ΨWL between -2,
0–2.5 MPa). Ilhéus, Bahia, Brazil.

Parameters Morphological
Attributes

H CD TLA LN ILA LDB SDB TDB LAR SLA LMR RDB R/S RL RA RD RV RD<1 1<RD<2 RD>2

CVe (%) 14.1 16.1 20.6 33.4 20.3 17.0 27.2 23.4 22.0 16.5 13.7 25.4 17.8 26.5 28.9 25.9 38.8 29.0 28.4 36.0

CVg (%) 7.1 7.1 10.4 19.1 10.8 14.2 17.5 13.7 8.5 7.8 5.4 13.3 8.6 12.1 24.8 7.4 29.0 7.5 9.0 17.0

ha
2 (%) 60.3 69.9 46.4 79.6 77.1 82.8 78.2 80.5 64.0 72.9 65.5 76.6 43.6 65.0 76.5 39.1 69.4 43.0 36.9 57.8

CVg/CVe 0.5 0.4 0.3 0.6 0.5 0.6 0.6 0.6 0.4 0.5 0.4 0.5 0.3 0.4 0.5 0.2 0.4 0.3 0.2 0.3

(CVe), experimental variation coefficient; (CVg), genetic variation coefficient and (ha
2) heritability H, high; CD stem diameter; TLA, total leaf area; NL, leaves

number; ILA, individual leaf area; LDB, leaf dry biomass; SDB, stem dry biomass; TDB, total dry biomass; LAR, leaf area ratio; SLA, specific leaf area; LMR,

leaf mass ratio; RDB, root dry biomass; R/S root/shoot ratio; RL, root length; RA, root area; RD, mean root diameter; RV, root volume; RD, fine root diameter

(RD < 1 mm), medium (1 < RD < 2 mm) and coarse (RD > 2 mm)

doi:10.1371/journal.pone.0160647.t003
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Catongo (-30% TLA, -40% LDB and -51% RD> 2 mm), PUCALA x MOC-01 (-16% LN, -26%
RA and -37% RD> 2 mm), IMC-67 x TSH-1188 (-21% ILA, -20% RA and -39% RD> 2 mm)
and MOC-01 x IMC-67 (-21% RA, -32% RV and -35% RD> 2 mm (Table 4). On the other
hand, the progenies Catongo x SCA-6 (+18% AFT, +22% RV and +14% SDB), SCA-6 x IMC-
67 (+15% H, +22% CD, +25% TLA and +56% RD> 2 mm), MOC-01 x Catongo (+32% LDB,
+27% TDB and +61% RDB), Catongo x IMC-67 (+26% SDB, +21% R/S and +65% RV), RB-40
x MOC-01 (+12% CD, +33% LDB and +22% RDB) and RB-40 x IMC-67 (+15% LDB, +16%
RA and +34% RD> 2 mm) showed mean values above the general mean in most variables
analyzed.

Breaking the sum of squares of the progenies into sum of squares for general (GCA) and
specific (SCA) combining abilities significant effects for the analyzed growth variables were
also observed (Table 5). This indicates that additive and non-additive effects are involved in
the genetic control of these traits. For TLA and R/S only significant effects were detected for
SCA, unlike LAR, where only a significant effect on GCA was found.

The results of the joint diallel analysis revealed significant effects (p< 0.05) between GCA x
SI and between SCA x SI for most characters. For TLA, ILA, SDB, SLA, RL, RA and RD the
effects of SCA and GCA were highly significant. However, their estimates varied depending on
environmental stimuli, since the interaction of these parameters with the water regime (SCA x
SI and GCA x SI) were also significant. However, the variance component of the interaction
GCA x SI was higher than the variance component of the SCA x SI interaction for the variables:
RA (56%), ILA (44%), RD (41%), RL (36%), SLA (19%) and SDB (17%) (Table 5). In contrast,
for H, CD, LDB, TDB, LAR, RDB, R/S, RD< 1 mm, 1< RD< 2 mm and RD> 2 mm a signifi-
cant (p<0.05) effect was only observed in the interaction SCA x SI. These findings allow infer-
ring that there were differential responses of the hybrid combinations as a function of water
regimes, and existence of little variation among parents.

The effects of general combining ability of the seven parents are shown in Table 6. As there
were different responses of the parents in the tested water regimens, separate analyses of com-
bining abilities were performed. In the control condition, the parents SCA-6, RB-40 and MOC-
01 showed positive values for H and CD, while PUCALA showed negative values for these
characters. Under water stress, only SCA-6 and RB-40 showed positive values for H (0.3 and
0.1) and CD (0.9 and 1.3, respectively.

For TLA, in the control condition, SCA-6, Catongo, TSH-1188 and MOC-01 showed posi-
tive values for GCA, while in PUCALA, RB-40 and IMC-67 were negative. The parents SCA-6
(348.9), Catongo (168.4), TSH-1188 (52.7), RB-40 (622.8) and MOC-01 (849.8) formed the
group with high GCA for leaf area increase under drought condition, while PUCALA (-1959.4)
and IMC-67 (-83.2) showed low GCA for shoot development (Table 6).

SCA-6, TSH-1188 and MOC-01 were the parents that showed positive values for stem
development under control conditions with GCA values of 8, 1 and 11, respectively. While
under water deficit, only PUCALA and TSH-1188 showed negative GCA values for biomass
allocation to the stem as an adaptive plant response to stress (Table 6).

For RDB, in the control condition, SCA-6, RB-40 and MOC-01 showed positive values for
GCA (1.7, 0.2 and 1.4, respectively). While Catongo, PUCALA, TSH-1188 and IMC-67,
showed low GCA for RDB, with values of -0.2, -1.9, -1.2 and -1.9, respectively. Under water
stress, only Catongo, RB-40, MOC-01 and IMC-67 showed positive values of GCA for expan-
sion of the root system in their crosses (Table 6).

In the control condition, RB-40 and MOC-01 showed high GCA for root development asso-
ciated with fine (RD< 1 mm) and medium (1 mm<RD< 2 mm) roots, while SCA-6 showed
high GCA for medium (1 mm< RD< 2 mm) and coarse (RD> 2 mm) roots. In contrast,
under drought, the parents RB-40, MOC-01 and IMC-67 showed high GCA for the root system
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development, mainly associated with fine (RD<1 mm) and medium (1 mm<RD<2 mm)
roots.

The estimated specific combining ability (sij) values, evaluated based on the variables that
showed significant effect (p< 0.05) of the SCA x A interaction are shown in Table 7. The prog-
enies MOC-01 x IMC-67, PUCALA x MOC-01, Catongo x IMC-67, MOC-01 x Catongo,
SCA-6 x IMC-67, Catongo x SCA-6, MOC-01 x SCA-6, PUCALA x TSH-1188, PUCALA x
IMC-67, RB-40 x MOC-01 and MOC-01 x IMC-67 showed high SCA (negative) for shoot
traits under control conditions, with increase of H, CD, LN and TLA, and intermediate devel-
opment for the root system in the control condition. In contrast, under the same conditions
RB-40 x IMC-67 and RB-40 x SCA-6 were the progeny with low SCA (positive) for the same
attributes.

Under water limitation, progenies of Catongo x IMC-67, RB-40 x IMC-67, PUCALA x
IMC-67, MOC-01 x SCA-6 and RB-40 x SCA-6 showed high SCA (negative) for shoot traits, in
addition to an increased capacity to expand the root system. On the other hand, under the
same conditions, TSH-1188 x SCA-6, PUCALA x MOC-01, PUCALA x TSH-1188, Catongo x
TSH-1188 and RB-40 x Catongo were the progenies with lower SCA (positive) for the same
attributes (Table 7).

The biplot analysis, based on main components, allowed separating genotypes based on the
shown characteristics under the two water availability conditions. In the control condition
(CWL between -0.1 and -0.5 MPa), the first and second principal component (CP1 and CP2)
explained 43% and 27%, respectively, of the total variance, with a cumulative value of 70%
(Fig 1). According to the relative length of each vector, the characteristic that most contributed
to the total explained variance was TDB, followed by LDB, SDB and CD. Regarding the rela-
tionship between traits, there was a positive association between CD and RDB, LDB and SDB,
RL with RD<1 mm and with 1< RD<2 mm.

The dispersion analysis of the progenies identified that PUCALA x Catongo, SCA-6 x IMC-
67, IMC-67 x TSH-1188 and MOC-01 x Catongo were the progenies that showed higher shoot
development under control conditions. In contrast, under these conditions, PUCALA x MOC-
01, Catongo x IMC-67 and TSH-1188 x SCA-6 performed better in morphological attributes of
the root system. Furthermore, PUCALA x SCA-6, RB-40 x IMC-67, RB-40 x Catongo and
Catongo x TSH-1188 were the progeny that had the lowest shoot and root development.

Under limiting water conditions, the first and second principal components explained 63%
and 15%, respectively, of the total variance, with a cumulative value of 78% (Fig 2). The trait
that most contributed to the total explained variance was TDB, followed by SDB, RL and CD.
Regarding the relationship between variables, there was a positive association between TDB
and SDB, CD and LDB and RL with RD< 1 mm and 1< RD< 2 mm.

In the analysis of dispersion, SCA-6 x IMC-67, IMC-67 x Catongo, MOC-01 x Catongo and
RB-40 x IMC-67 were the progenies that showed greater root and shoot development under
the stress condition; especially the last two progenies, which showed better results under lim-
ited soil water. Furthermore, RB-40 x Catongo, Catongo x TSH-1188 and TSH-1188 x SCA-6
showed intermediate development, with shoot reduction and root biomass increase. In con-
trast, PUCALA x Catongo, PUCALA x MOC-01, IMC-67 x TSH-1188 and MOC-01 x IMC-67
were the progeny that showed the least significant results regarding shoot and root develop-
ment under limited water condition.

Discussion
It was found that water deficit influenced biomass production, reducing the dry biomass of all
plant organs in most of the evaluated T. cacao progenies. Less expressive effects were found in
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progenies of SCA-6 x IMC-67, MOC-01 x Catongo, Catongo IMC x 67 and RB-40 x IMC-67,
which showed mean values above the general mean of the crosses for more than 60% of the
analyzed variables and not significant reductions in dry biomass on water deficit. On the other
hand, progenies of PUCALA x Catongo, PUCALA x MOC-01, IMC-67 x TSH-1188 and
MOC-01 x IMC-67 proved to be non-tolerant to limitation of soil water with lower mean val-
ues than the overall mean of the crosses over 60% of the analyzed variables and significant
reductions in dry biomass plant. These results corroborate studies with Eucalyptus sp, which

Fig 1. Biplot graphical analysis based on the mean of 21 cacao progenies under control condition (ΨWL between -0.1 and -0.5 MPa.) for CD,
stem diameter; TLA, total leaf area; LDB, leaf dry biomass; SDB, stem dry biomass; TDB, total dry biomass; RDB, root dry weight; RL, root
length; RV, root volume; RD, fine (RD <1 mm) andmedium (1 < RD < 2 mm) root diameters.

doi:10.1371/journal.pone.0160647.g001
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identified variable resistance to soil water limitation as a function of different genetic material
[24, 50, 51].

Non-tolerant progenies to soil water deficit decreased leaf biomass, with mean reductions,
compared to the control, of -28, -24, -21 and -10% for TLA, LN, LAR and LMR, respectively
(Table 4). Furthermore, comparing the mean of each progeny with the overall mean of any
given trait, the results were even more expressive in progenies of PUCALA x SCA-6 (-30%
LDB), PUCALA x Catongo (-30% TLA and -40% LDB) IMC-67 x TSH-1188 (-21% ILA),
PUCALA IMC x 67 (-38% TLA and -35% LN). Leaf fall has been identified as an acclimation
strategy to limited soil water in Populus, Coffea and Eucalyptus [52, 53, 54]. In T. cacao

Fig 2. Biplot graphical analysis based on the mean of 21 cacao progenies under stress conditions (ΨWL between -2.0 and -2.5
MPa) for CD, stem diameter; TLA, total leaf area; LDB, leaf dry biomass; SDB, stem dry biomass; TDB, total dry biomass; RDB,
root dry biomass; RL, root length; RV, root volume; RD, fine (RD < 1mm) andmedium (1 <RD <2mm) root diameter.

doi:10.1371/journal.pone.0160647.g002
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reduction in leaf area growth rate and total leaf area can be considered as one of the first
responses to drought stress as a result of reduced cell turgor and net photosynthesis [55, 56, 57].

Progenies of Catongo x SCA-6 (+18% TLA), SCA-6 x IMC-67 (+25% TLA, 34% LDB and
+40% TDB), MOC-01 x Catongo (+32% LDB and 27% TDB), RB-40 x MOC-01 (+33% LDB)
and RB-40 x IMC-67 (+15% LDB) showed mean values above the general mean for some foliar
biomass variables, indicating efficiency in carbon use as a response for acclimatization to water
limitation in the soil. Considering that the stress can manifest itself in several degrees of sever-
ity, plants seek to optimize the source-sink relationships to keep partitioning assimilates and,
at the same time, enabling responses of physiological and morphological acclimations to allow
stability compatible with the moisture [51, 52, 58, 59, 60, 61, 62].

The drought not only limited the size of individual leaves, but also the number of leaves per
plant, characteristic shown by the progenies PUCALA x Catongo and PUCALA x MOC-01,
which had a reduction in LN of 39% and 16%, respectively. Plants under water stress can alter
interception of solar radiation as one of the survival strategies [63]. Reduction of leaf number
can contribute to water conservation by the plant, decreasing the transpiratory surface and the
metabolic expenditure for maintenance of that tissue [51, 61]. In clones of Coffea robusta,
grown under field conditions, leaf fall in response to water stress occurred sequentially: from
older leaves to younger leaves, suggesting that the higher the sensitivity of the clone to drought,
the greater the extent of leaf fall [54].

The growth variables H, CD and SDB showed the least significant reductions of total mean
values for water regime. That response can be considered an acclimation mechanism to soil
water deficit. Since plants can use physiological mechanisms for translocation and/or storage
of assimilates in their organs during adverse periods, as shown by Catongo x SCA-6 (+14%
SDB), SCA-6 x IMC-67 (+15% H, +22% CD and +44% SDB), MOC-01 x Catongo (+26% SDB)
and RB-40 x MOC-01 (+12% CD and +43% SDB), which mean values were above the general
mean for the trait. In general, water stress limits plant growth and developments. Studies with
Eucalyptus and Populus indicated that drought affected the total vegetative growth [50, 51, 52],
with height decreases of up to 25% in Citrus plants [64]. Thus, further studies are needed to
obtain more information on the seasonal dynamics of T. cacao growth. Plants of this species
exhibit alternation in shoot and root system growth phases [65].

It can be observed for the evaluated T. cacao progenies, that the R/S ratio and RD< 1 mm
had mean increases of 7% and 18%, respectively, under conditions of soil water limitation.
Recent studies demonstrated that drought tolerant T. cacao genotypes maintained a root
growth similar to the control plants, showing greater amount of fine roots [39]. Other studies
have indicated that under field conditions T. cacao plants produce also a large number of fine
roots (RD< 1 mm), and their growth is directly related with rainfall frequency [65]. Under
water stress conditions, metabolites are preferably partitioned to primary root elongation in
order to increase water uptake [50, 52]. Such condition can increase photosynthate allocation
to roots and, consequently, maintenance of the cellular water status for a longer period [66, 67,
68]. However, the spread of the root system (depth and lateral distribution) also depends on
the physico-chemical characteristics of the soil, as well as available water content [69].

The observed differences between the means of T. cacao progenies for most morphological
attributes analyzed indicate a very favorable condition for breeding. The heterogeneity of the
genetic material allows selection, which in turn, may result in genetic gains from the identifica-
tion of superior genotypes. Additionally, the high heritability (h2) observed for LDB (83%), LN
(80%) TDB (80%), SDB (78%), RDB (77%), ILA (77%), RA (76%), SLA (73%), CD (70%), RV
(69%) and RL (65%) suggests that these characters have potential to assist selection of T. cacao
genotypes for tolerance to soil water deficit under greenhouse conditions. These results need to
be validated under field conditions (Table 3).
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Superiority of additive genetic effects (CGA) was found over non-additive genetic effects
(SCA) in almost every morphological attribute analyzed. This suggests that the use of these
parents in intrapopulational breeding programs can be an important strategy for improving
expression of these characteristics. The superiority of the effects of GCA in terms of mean
squares was also observed in other combining ability studies in T. cacao [70]. However, the sig-
nificance for both GCA and SCA demonstrates the existence of variability due to both effects.

Significant effects (p< 0.05) between both GCA and SCA x water regimes, for most charac-
ters (Table 5), indicate that the assessment of stressed and control progenies favor identifica-
tion of variability among genotypes. This variability may be related to additive (gi) and/or non-
additive (sij) genetic effects. However, the significant interaction progenies x water regime
reduces the relationship between phenotype and its genotype, restricting the validity of infer-
ences about the behavior, from the viewpoint of breeding and inheritance of quantitative traits
[71]. In work with Eucalyptus clones submitted to different water regimes, significant differ-
ences were found among both clones and water regimes for most morphological and physio-
logical traits [72].

For the growth and morphological variables RA, ILA, RD, RL, SLA and SDB, the effects of
GCA x A was higher than the variance component of the interaction SCA x A, suggesting dif-
ferential response among parents and little variation among hybrid combinations. Therefore, it
is necessary to select different parents to cross for specific water regimes (Table 5). In contrast,
for the variables H, CD, LDB, TDB, LAR, RDB, R/S, RD< 1 mm, 1< RD< 2 mm and
RD> 2 mm were only observed significant (p< 0.05) effects in the interaction SCA x water
regimes, which allows to infer that there was differential response of hybrid combinations
against water regimes and little variation between parents.

The parents SCA-6, IMC-67 and MOC-01 were those with the largest positive GCA values
for the development of the root system, regardless of the water condition. In contrast, the
PUCALA parent showed the highest negative values of GCA. The poor performance of
PUCALA may be associated with genetic factors, since its progenies showed leaves with smaller
dimensions than the others, resulting often in a smaller TLA, LN and LDB. A low estimate of
the effects of GCA indicates that the value of the parent’s GCA, obtained based on its hybrid
combinations and other parents do not differ much from the overall mean of the diallel popu-
lation [46]. On the other hand, the higher these estimates, positive or negative, show evidence
that the parent in question is far superior or inferior to the other parents of the diallel and can
contribute (positive) for the increased expression of the character or reduction (negative value)
of its manifestation.

The effect of the specific combining ability is interpreted as the deviation of a cross com-
pared to what would be expected based on the GCA of their parents [46]. When the values are
positive and negative, there is evidence of bidirectional dominance. Therefore, there are genes
that enhance the expression of the character and others, equally dominant, that reduce it.
Thus, the high SCA values (negative) for the progenies MOC-01 x IMC-67, RB-40 x IMC-67,
PUCALA x IMC-67, MOC-01 x SCA-6, RB-40 x SCA-6 and Catongo x IMC-67 for most ana-
lyzed traits, suggest that these hybrid combinations may exhibit favorable factors that enable
continued plant growth and development, even in adverse conditions of water availability.

The shoot growth attributes (LDB, CD and TLA) were not directly associated with root
development (RL, RD< 1 mm, 1< RD< 2 mm and RV) under stress conditions (Fig 2). This
may be associated with reduction in water consumption or with mobilization of photosyn-
thates for root development [67]. In contrast, in the control plants of the several T. cacao prog-
enies the response was reverse, suggesting that under normal water availability conditions a
functional balance between water uptake by roots and photosynthesis by shoots may occur.
This functional balance can be altered if the water supply decreases [61].
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Conclusions
The SCA 6 genetic material showed high general combining ability for growth variables regard-
less of the water regime, meaning that the crosses in which participated, tend to provide greater
accumulation of genes with favorable additive effect and can be considered in future parental
interesting combinations. The growth variables CD, TLA, LDB, SDB, RDB, TDB, RL, RV,
RD< 1 mm and 1< RD< 2 mmwere the variable that most contributed in the separation of T.
cacao genotypes tolerant to water stress and can be used in selecting plants tolerant to drought.
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