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Highlights

We compared roots of oil palm genotypes with different tolerance to FY.

The biomass of fine and very fine root is higher in the hybrid than in its parents.

Fine and very fine root length is greater in the hybrid than in its parents.

The superiority of the hybrid’s root system is due to overdominance.

Abstract

Brazil has an extensive area where the climate and soil are suitable for oil palm growing. However, in part 

of this area, production has been limited by the occurrence of the fatal yellowing (FY) anomaly, whose 

initial symptom is the rotting of absorptive roots. This symptom can be more severe in oil palm genetic 

materials with a smaller root system. The aim of this study was to examine morphological traits of roots 

and shoots of seedlings of three oil palm genotypes with different degrees of resistance to FY, namely, 

Tenera (sensitive), Caiaué (resistant) and Interspecific Hybrid (resistant) to provide bases to elucidate 

the differential resistance of these materials to FY. Shoot biomass did not vary statistically between the 

genetic materials. The mass, length and area of fine and very fine roots were significantly higher in the 

Interspecific Hybrid than in Caiaué and Tenera. The fine and very fine roots of Interspecific Hybrid had 

a larger mass than Caiaué (114 and 133%, respectively) and Tenera (216 and 178%, respectively). The 

Interspecific Hybrid also exhibited higher values for the length of fine and very fine roots than Caiaué (155 

and 99% respectively) and Tenera (228 and 94% respectively). The root traits of the Interspecific Hybrid 

and Tenera are compatible with their differential resistance to FY. Our results demonstrate the importance 

of expanding the study of the relationship between root morphology and resistance to FY in these genetic 

materials under conditions that favor the occurrence of the anomaly, such as flooding.
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Resumo

O Brasil possui uma extensa área com clima e solo aptos ao plantio de palma de óleo. No entanto, a 

produção em parte desta área tem sido limitada pela ocorrência da anomalia Amarelecimento Fatal (AF), 

cujo sintoma inicial é o apodrecimento das raízes de absorção. Esse sintoma pode ser mais severo em 

materiais genéticos de palma de óleo que apresentem sistema radicular reduzido. O objetivo foi avaliar 

características morfológicas de raízes e parte aérea de mudas de três genótipos de palma de óleo com graus 

diferentes de resistência ao AF: Tenera (sensível), Caiaué (resistente) e Híbrido Interespecífico (resistente) 

para fornecer subsídios ao entendimento da resistência diferencial desses materiais ao AF. A biomassa 

da parte aérea não variou estatisticamente entre os materiais genéticos. Massa, comprimento e área de 

raízes finas e muito finas foram significativamente maiores no Híbrido Interespecífico do que no Caiaué e 

no Tenera. O Híbrido Interespecífico apresentou valores de massa de raízes finas e muito finas superiores 

em relação ao Caiaué (114 e 133%, respectivamente) e Tenera (216 e 178%, respectivamente). O Híbrido 

Interespecífico também apresentou valores superiores de comprimento de raízes finas e muito finas em 

relação ao Caiaué (155 e 99% respectivamente) e Tenera (228 e 94% respectivamente). As características 

radiculares do Híbrido Interespecífico e do Tenera são compatíveis com sua resistência diferencial ao AF. 

Nossos resultados demonstram a importância de ampliar o estudo da relação entre morfologia radicular 

e resistência ao AF destes materiais genéticos em condições que favoreçam a ocorrência da anomalia, 

como alagamento. 

Palavras-chave: Amarelecimento Fatal. Área foliar. Comprimento específico de raiz. Dendê. Heterose.

Introduction

Palm oil is widely used worldwide, 
mainly for food (71%) and in the production 
of cosmetics (24%) and energy (5%) (United 
States Department of Agriculture [USDA], 
2019). Brazil is the 9th largest producer of palm 
fruit (Food and Agriculture Organization [FAO], 
2021) and oil (USDA, 2021) in the world. The 
annual Brazilian production of around 360,000 
t of palm oil and 30,000 t of palm kernel oil is 
insufficient to meet the domestic demand of 
506,071 t of palm oil and 233,000 t of palm 
kernel oil (Ministério da Agricultura Pecuária 
e Abastecimento [MAPA], 2018). Therefore, 
there is a great need to expand oil palm 
cultivation to minimize the heavy dependence 
on imports.

The Amazon has soil and climate 
conditions favorable to the cultivation of oil 

palm and concentrates 91% of the total area 
planted with this crop in Brazil. However, in some 
places of the Brazilian Amazon, the expansion 
of the crop has been limited by the occurrence 
of an anomaly known as fatal yellowing (FY). As 
the name suggests, FY causes yellowing of the 
basal leaflets of intermediate leaves and, over 
time, it can result in the plant’s total drying out 
and, ultimately, its death (Duff, 1963; Turner & 
Planters, 1981; Trindade, Poltronieri, & Furlan, 
2005).

In the soil, FY causes root rot, which is 
indeed the primary symptom of FY (Van Slobbe, 
1991), as it appears before foliar symptoms. 
Fatal yellowing reduces the growth of tertiary 
and quaternary roots (Albertazzi, Bulgarelli, & 
Chinchilla, 2005). Accordingly, plants affected 
by FY have a reduced root system when 
compared with plants without FY symptoms 
(Ayala, 2001).
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The etiology of FY is still unknown, 
but its occurrence is related to certain 
environmental conditions. There is a direct 
relationship between high rainfall and the 
development of a favorable environment (e.g., 
less soil aeration) for the appearance of FY 
(Turner & Planters, 1981; Monge, Chinchilla, & 
Wang, 1993; Alvarado, Chinchilla, Bulgarelli, & 
Sterling, 1997; Chinchilla & Durán, 1998, 1999; 
De Franqueville, 2001; Venturieri, Fernandes, 
Boari, & Vasconcelos, 2009). Floods or water 
table elevation affect the development of the 
root system in oil palm, significantly reducing 
its root density (Albertazzi, Chinchilla , & 
Ramírez, 2009). In some cases, however, these 
negative effects on the roots do not manifest 
in the shoot (Da Ponte et al., 2019; Kastelein, 
Van Slobbe, & De Leeuw, 1990).

According to the principle of functional 
balance (Le Chatelier, 2010), a stable system 
under stress undergoes morphological 
changes in an attempt to minimize stress. 
These changes are responses of biomass 
allocation to different plant organs, and may 
be governed by genetic factors (Poorter & 
Nagel, 2000). Biomass changes are usually 
accompanied by alterations in other secondary 
variables (architecture, density, volume), which 
are directly or indirectly affected by stress 
(Szaniawski, 1983). Therefore, resistance to FY 
may be related to a greater or lesser ability of 
the plant to minimize the negative effects of 
water balance through uptake organs, mainly 
by stimulation of root system development 
and translocation of assimilates (Da Ponte et 
al., 2019).

The Interspecific Hybrid (ISH) of oil 
palm (Elaeis oleifera × Elaeis guineensis), a 
genetic material resistant to FY, has been 
planted in areas vulnerable to the occurrence 
of this anomaly (Homma, 2016). There is 
a morphological difference in the shoots 

between ISH and the African oil palm (E. 
guineensis) (Corley & Tinker, 2016). The root 
system of these genetic materials is possibly 
also different. Therefore, our objective was 
to evaluate morphological traits of the root 
system and shoots of these genotypes to 
provide bases to elucidate the differential 
resistance of these materials to FY.

Material and Methods

We developed this study in 2017 at the 
Laboratory of Sustainable Systems Analysis 
(LASS) at Embrapa Eastern Amazon, in Belém-
PA, Brazil (48º26’45” W and 1º26’31” S). We 
evaluated eight-month-old seedlings of ISH, 
Tenera (E. guineensis × E. guineensis) and 
Caiaué (E. oleifera) grown in a greenhouse. 
We planted pre-germinated seeds originating 
from the germplasm bank of Embrapa Western 
Amazon (10/24/2016) in black polyethylene 
bags (15 × 28 cm) filled with soil substrate and 
chicken manure. The seedlings grew under the 
same light and management conditions in the 
greenhouse.

Shoot biomass

To measure the shoot biomass, we 
identified the leaves of each seedling, starting 
with the spear leaf (leaf 1, in this study), and 
numbered the remaining leaves following the 
spiral arrangement until the last green leaf. 
We detached all the leaves by making a basal 
cut on the petiole, leaving only the bulb at the 
end, which we cut close to the insertion of the 
roots.

Next, we separated the petiole from 
the leaf blade. We captured images (300 dpi) 
of each leaf blade with an Epson desktop 
scanner, model J371A, and converted them 
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Figure 1. Scanned images of pieces of leaf blades from oil palm seedlings.

into binary images using ImageJ® V.1.46 
software, National Institute of Health, USA. 
We used a millimeter scale on each generated 
image for software calibration (Figure 1). We 
performed this procedure on 10 different 
images with the same DPI value and used 
the average (118.20 pixels/cm) as the default 
resolution throughout the assessment of leaf 
area. Then, we dried the leaf blade, petiole 
and bulb in a forced-air oven (65 °C, 72 h) and 
weighed them on a precision scale with three 
decimal places. Finally, we added the total leaf 
dry mass (blade + petiole) and bulb dry mass 
to determine the total shoot biomass.

Root biomass

To evaluate root biomass, we washed 
the root system of each plant (Figure 2) 
with running water over a set of sieves in a 

decreasing mesh sequence (2 and 0.30 mm). 
Then, we separated the roots according to 
the following diameter classes: coarse (>1 
mm), fine (0.50-0.99 mm) and very fine (0.25-
0.49 mm). From each sample, we scanned a 
subsample of approximately 10, 1.0 and 0.5 
g of each root class (coarse, fine and very 
fine, respectively). Subsequently, we dried the 
sample and subsamples of all roots in a forced-
air oven (65 °C, 72 h). Afterwards, we calculated 
the total root system biomass as the sum of 
the biomass of the root classes (dry mass of 
samples + respective root subsamples of each 
diameter class) of each plant (Gloria, 2016).

To determine root length, we used 
the SmartRoot plugin of ImageJ® software 
(Costa, Cunha, Jorge, & Araújo, 2014; Delory 
et al., 2017). Preliminary tests revealed that 
the resolution was 35,367, 39,300 and 39,335 
pixels/cm for the coarse, fine, and very fine 
roots, respectively

2016). 

To determine root length, we used the SmartRoot plugin of ImageJ® software (Costa, Cunha, Jorge, 

& Araújo, 2014; Delory et al., 2017). Preliminary tests revealed that the resolution was 35,367, 39,300 and 

39,335 pixels/cm for the coarse, fine, and very fine roots, respectively. 
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Figure 2. Root system of Interspecific Hybrid (HIE), Caiaué (Elaeis oleifera) and 
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Figure 2. Root system of Interspecific Hybrid (HIE), Caiaué (Elaeis oleifera) and Tenera (Elaeis 
guineensis) seedlings.

Still in the phase of methodology 
adjustments, we chose to use the Trace Root 
tool instead of the Automatic Drawing mode, 
as the former was more precise and specific. 
In addition, fine and very fine root fragments 
were not detected in Automatic Drawing 
mode. To estimate the total length, we applied 

the following equation :                              where Lt is 

the total length; Lss, the subsample length; Mt, 
the total dry mass (sample + subsample); and 
Mss, the subsample dry mass. We estimated 
root area with the following equation: A=2 × π 
× r × L , where r is the radius of the roots (in 
cm) and L is the length of the subsample (in 
cm). To estimate the root area, we considered 
r as the intermediate value of the variation 
range of each diameter class, that is, 0.125 cm 

2016). 

To determine root length, we used the SmartRoot plugin of ImageJ® software (Costa, Cunha, Jorge, 

& Araújo, 2014; Delory et al., 2017). Preliminary tests revealed that the resolution was 35,367, 39,300 and 

39,335 pixels/cm for the coarse, fine, and very fine roots, respectively. 
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for coarse roots, 0.075 cm for fine roots and 
0.037 cm for very fine roots.

We calculated specific root length as 
the ratio between total length and total dry 
mass. We calculated the root/shoot ratio for 
both biomass and area using the following 

equations:                          and Area ratio                                                                                            

respectively.

The experiment was laid out in a 
completely randomized design with 20 
replicates (n=20) and one plant per plot. We 
applied a one ANOVA to test the effect of 
genetic material on shoot and root variables 
using SigmaPlot software version 14.0. 
We performed Tukey’s test at 5% for mean 
comparison. Table 1 shows the coefficient of 
variation of the analyzed variables.
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Results and Discussion 
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Tenera. In Colombia, the shoot biomass and leaf area of 11-month-old seedlings of ISH were higher than 
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Table 1
Coefficient of variation of dependent variables

Variable
Coefficient of variation (%)

Total Coarse Fine Very fine

Shoot biomass 15.83 - - -

Leaf area 14.13 - - -

Root biomass 49.59 34.16 73.52 91.75

Root length - 71.68 82.95 67.45

Root area - 71.68 82.95 67.45

Specific root length - 39.51 25.04 34.20

Root mass/Leaf mass ratio 45.98 - - -

Root area/Leaf area ratio 59.56 - - -

Results and Discussion

Shoot biomass did not differ between 
the evaluated materials (ISH: 9.92 ± 0.66 g 
plant-1, Caiaué: 9.45 ± 0.69 g plant-1 and Tenera: 
8.25 ± 0.99 g plant-1) (Figure 3A). The leaf area 
of ISH (10.12 ± 0.51 m2 plant-1) was significantly 
larger than that of Caiaué (7.97 ± 0.25 m2 

plant-1), where as the leaf area of Tenera (8.57 
± 0.73 m2 plant-1) did not differ significantly 
from those of other genetic materials (Figure 
3B). In the literature, differences are described 
both for shoot biomass accumulation and leaf 
area between ISH and Tenera. In Colombia, 
the shoot biomass and leaf area of 11-month-
old seedlings of ISH were higher than those of 
Tenera (Ibarra-Ruales & Reyes-Cuesta, 2015). 
Similarly, the leaf area of ISH was larger than 
that of its parents (E. oleifera and E. guineensis), 
in studies with adult plants (Hardon, Williams, 
& Watson, 1969; Hartley, 1988).

The total root dry mass of ISH was 
higher than that of the other materials (71.7% 

higher compared with Caiaué; and 109.8% 
higher compared with Tenera) (Figure 4). 
These results suggest that ISH allocates 
more biomass to the root system, since the 
genetic materials did not differ statistically 
for shoot mass. The Interspecific Hybrid also 
had higher mass values of the main absorptive 
roots the fine (Figure 5B) and very fine (Figure 
5C) roots as compared with the other genetic 
materials, agreeing with a possible genetic 
factor (overdominance). The difference in 
root area and length between ISH and the 
other genetic materials is also consistent 
with the overdominance hypothesis. The 
overdominance hypothesis proposed by Shull 
(1908) postulates that the cause of heterosis 
are the heterozygous genes, which are always 
superior to homozygous genes for the same 
locus. Thus, F1 individuals, such as the Hybrid, 
may express overdominance relative to their 
parents, as observed for other crops (Souza, 
Magalhães, Castro, Duarte, & Lavinsky, 2016).
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The overdominance hypothesis may 
explain the results of the root system of the 
Hybrid, which showed a larger dry mass of 
fine (Figure 5B) and very fine (Figure 5C) roots 
than the other genetic materials. This finding 
suggests that the Interspecific Hybrid has a 

Hartley, 1988). 

The total root dry mass of ISH was higher than that of the other materials (71.7% higher compared 

with Caiaué; and 109.8% higher compared with Tenera) (Figure 4). These results suggest that ISH allocates 

more biomass to the root system, since the genetic materials did not differ statistically for shoot mass. The 

Interspecific Hybrid also had higher mass values of the main absorptive roots—the fine (Figure 5B) and very 

fine (Figure 5C) roots as compared with the other genetic materials, agreeing with a possible genetic factor 

(overdominance). The difference in root area and length between ISH and the other genetic materials is also 

consistent with the overdominance hypothesis. The overdominance hypothesis proposed by Shull (1908) 

postulates that the cause of heterosis are the heterozygous genes, which are always superior to homozygous 

genes for the same locus. Thus, F1 individuals, such as the Hybrid, may express overdominance relative to 

their parents, as observed for other crops (Souza, Magalhães, Castro, Duarte, & Lavinsky, 2016). 

 

 
 
Figure 3. Shoot biomass (A) and leaf area (B) of eight-month-old seedlings of oil palm genotypes Tenera, 
Caiaué and Interspecific Hybrid. Data are expressed as mean ± standard error (n=20). Different letters 
indicate a significant difference between means by Tukey’s test (p < 0.05). 
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Figure 3. Shoot biomass (A) and leaf area (B) of eight-month-old seedlings of oil palm genotypes 
Tenera, Caiaué and Interspecific Hybrid. Data are expressed as mean ± standard error (n=20). 
Different letters indicate a significant difference between means by Tukey’s test (p < 0.05).

greater nutrient scavenging and absorption 
potential than Tenera and Caiaué. On the other 
hand, there was no difference in the biomass 
of coarse roots (Figure 5A), which are more 
closely related to maintenance structures 
(support, reserves) (Corley & Tinker, 2016).
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Figure 4. Shoot biomass and root biomass of eight-month-old seedlings of oil palm genotypes 
Tenera, Caiaué and Interspecific Hybrid. Data are expressed as mean ± standard error (n=20). 
Different letters indicate a significant difference between means by Tukey’s test (p < 0.05).

 

The overdominance hypothesis may explain the results of the root system of the Hybrid, which 

showed a larger dry mass of fine (Figure 5B) and very fine (Figure 5C) roots than the other genetic materials. 

This finding suggests that the Interspecific Hybrid has a greater nutrient scavenging and absorption potential 

than Tenera and Caiaué. On the other hand, there was no difference in the biomass of coarse roots (Figure 

5A), which are more closely related to maintenance structures (support, reserves) (Corley & Tinker, 2016). 
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The greater length of absorptive roots in the Interspecific Hybrid (Figures 5 E-F) in our study is not 
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The greater length of absorptive roots 
in the Interspecific Hybrid (Figures 5 E-F) in our 
study is not expressed solely under favorable 
growth conditions (without nutrient, water and 
light restrictions). In another study, a prolonged 
water deficit (57 days) caused a 12% increase 
in total root length and a 41.7% reduction in 
the root biomass of seedlings of hybrids (BRS 
Manicoré and BRS C 2501) at one year of age 
(Silva et al., 2017). Thus, the study of Silva et 
al. (2017) shows that the Interspecific Hybrid 
allocates energy to increase the absorption 
potential in situations of reduced water 
availability.

Specific root length allows evaluating 
how a plant invests its photoassimilates 

between supporting (coarse roots) and 
resource capture (fine roots) structures 
(Eissenstat & Yanai, 1997). In this study, Tenera 
showed the highest specific root length value. 
The high specific root length values of the 
fine (Figure 5L) and very fine (Figure 5M) root 
classes of Tenera suggest that this genetic 
material allocates many of its photosynthates 
to increase branching rather than diameter. 
Such increased root branching strategy is 
a trait that exists not only in palm, but also in 
other plant species with high specific root 
length values (Bilbrough & Caldwell, 1995; 
Bouma, Nielsen, Van Hal, & Koutstaal, 2001; 
Pregitzer, Kubiske, Yu, & Hendrick, 1997).
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Figure 5. Root system variables of eight-month-old seedlings of oil palm genotypes Tenera, Caiaué 
and Interspecific Hybrid. Data are expressed as mean ± standard error (n=20). Different letters 
indicate a significant difference between genetic materials by Tukey’s test (p < 0.05).
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Although Tenera exhibited the greatest 
specific root length, its dry mass and root 
length were lower than those of ISH and equal 
to those of Caiaué, which suggests that Tenera 
roots have a smaller diameter or less tissue 
density than those of the other two genetic 
materials. Roots with low tissue density 
have shorter longevity, a trait that may be 
unfavorable to Tenera, since FY early effects 
occur in the root system (Van Slobbe, 1991; 
Bernardes, 2001), affecting the meristematic 
region of the roots (Kastelein et al., 1990).

In oil palm, there is a positive 
relationship between the root system and 
resistance to FY. However, it is not possible to 
state that root biomass alone is responsible 
for the resistance of Caiaué and HIE to FY, 
since Caiaué showed similar root length and 
dry mass values to those of Tenera, a material 
susceptible to FY, in our study. Thus, it is 
possible that the greater resistance of Caiaué 
over Tenera is associated with a greater 

amount of tanniferous cells present in the roots 
of Caiaué (Barcelos, 1986). In addition, Tenera 
is more susceptible to environmental stress in 
its shoots, as compared with Caiaué and HIE 
(Chia, 2012). The proportion in which plants 
invest their photoassimilates for root system 
development whether this is influenced by 
endogenous or exogenous factors can be 
measured by the root/leaf mass and root/leaf 
area ratios. The higher the ratio, the greater 
the energy input for root development relative 
to shoot development (Marschner, 1986; 
Rodríguez & Leihner, 2006). Therefore, both 
the root biomass and root/shoot mass ratio 
results (Figure 6A) indicate that ISH allocates 
more energy for the development of its root 
system as compared with the other genetic 
materials. This pattern can also be seen in the 
root/leaf area ratio (Figure 6B), which suggests 
that ISH has a greater below-ground resource-
capturing potential than the other genetic 
materials.

 
 
Figure 6. Ratios between root mass and shoot mass (A) and between root area and leaf area (B) of seedlings 
of oil palm genotypes Tenera, Caiaué and Interspecific Hybrid. Data are expressed as mean ± standard error 
(n=20). Different letters indicate a significant difference between genetic materials by Tukey’s test (p < 
0.05). 

 

The morphological differences exhibited by ISH relative to the other genetic materials can be 

advantageous under other limiting conditions, such as deficient soil nutrients. Its greater biomass allocation 

to the root system, as compared with that of its parents, allows better exploration of water and nutrients in the 

soil, which is potentially useful in regions with environmental limitations. 

In fact, in environments with some type of resource limitation, the growth of Tenera can be 

strongly affected. In Côte d'Ivoire (Dufrêne, 1989; Dufrêne, Ochs, & Saugier, 1990; Dufrêne, Bernard, Rey, 

Quencez, & Saugier, 1992), water deficit resulted in high root biomass and restricted shoot growth in oil 

palm (Tenera), leading to a root/shoot ratio higher than 0.9 g g-1, which is considerably higher than the value 

observed in our study (0.3 g g-1). On the other hand, excess water (flooding) can compromise root 

development, but not the shoot biomass of Tenera (Da Ponte et al., 2019), causing high root/shoot mass 

values (0.25 g g-1), similar to the results found in our study (0.3 g g-1) and reported by Henson and Chai 

(1997) in three-year-old plants. Thus, the sensitivity of Tenera to abiotic factors, coupled with the low 
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The morphological differences 
exhibited by ISH relative to the other genetic 
materials can be advantageous under other 
limiting conditions, such as deficient soil 
nutrients. Its greater biomass allocation to 
the root system, as compared with that of its 
parents, allows better exploration of water and 
nutrients in the soil, which is potentially useful 
in regions with environmental limitations.

In fact, in environments with some type 
of resource limitation, the growth of Tenera can 
be strongly affected. In Côte d’Ivoire (Dufrêne, 
1989; Dufrêne, Ochs, & Saugier, 1990; Dufrêne, 
Bernard, Rey, Quencez, & Saugier, 1992), water 
deficit resulted in high root biomass and 
restricted shoot growth in oil palm (Tenera), 
leading to a root/shoot ratio higher than 0.9 g 
g-1, which is considerably higher than the value 
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Figure 6. Ratios between root mass and shoot mass (A) and between root area and leaf area (B) 
of seedlings of oil palm genotypes Tenera, Caiaué and Interspecific Hybrid. Data are expressed as 
mean ± standard error (n=20). Different letters indicate a significant difference between genetic 
materials by Tukey’s test (p < 0.05).

observed in our study (0.3 g g-1). On the other 
hand, excess water (flooding) can compromise 
root development, but not the shoot biomass 
of Tenera (Da Ponte et al., 2019), causing high 
root/shoot mass values (0.25 g g-1), similar 
to the results found in our study (0.3 g g-1) 
and reported by Henson and Chai (1997) in 
three-year-old plants. Thus, the sensitivity of 
Tenera to abiotic factors, coupled with the low 
allocation of biomass to the root system, may 
contribute to the susceptibility of this material 
to FY, which is not true for ISH.

Conclusions

The mass, length and area of fine and 
very fine roots were significantly higher in the 
Interspecific Hybrid (ISH), a material resistant 
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to FY, as compared with Tenera, a susceptible 
material. However, our study does not allow 
inferring whether there is a causal relationship 
between the root system and resistance to 
FY, thus warranting further experimentation to 
investigate ISH in environments with FY. The 
intermediate values of root mass and length of 
the other resistant material (Caiaué) suggest 
that the morphology of the root system 
(biomass and length) alone may not be the 
factor responsible for resistance to FY.
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