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Abstract
Oil palm produces the most consumed vegetable oil in the world. In addition to being economically viable
and having multiple uses, the crop has a strong ecological appeal, given its high level of carbon
sequestration, its low environmental impact, and a low mechanization level in the harvest process,
generating income and �nancial sustainability for the inhabitants of that biome. However, despite the
large areas suitable for cultivation in harmony with the forest in Brazil, oil palm production has been
limited by a disease known as fatal Yellowing (FY). In 30 years of research to determine the causal agent
of this disease, many epidemiology studies with insects and plant pathogens have been performed, but
there is no consensus on its cause. Abiotic factors have also started to be considered a possible cause of
these symptoms. Therefore, to clarify the relationship of this disease to environmental variables, we
studied the nutritional status of the plant, the soil class and fertility, the climatic variables and attempted
to verify the set of proteins and their isoforms expressed in diseased palms showing FY symptoms and
healthy palms. FY occurred under constant rain and in clay soils; consequently, the roots of these palm
trees suffered anoxia, which caused nutritional problems and the accumulation of stress-related proteins.
Under these conditions, the usually observed symptom was yellowing, which can lead to the death of the
plant, giving the disease its name. In other words, the symptomatic picture is not associated with only a
biotic cause. Thus, a pedological survey of the area, planting in soils not subject to waterlogging or with
good drainage conditions, and the correct maintenance of soil fertility and plant nutrition may certainly
contribute to the management of and reduction in fatal yellowing without the use of agrochemicals.

Introduction
The demand for vegetable oils is expected to reach 240 million tons by 20501. Therefore, to serve this
market, the expansion of oilseed crops is necessary. Elaeis guineensis Jacq. is considered the plant with
the greatest economic viability that can achieve this goal because of factors such as high productivity,
environmental and social sustainability, low mechanization in the harvesting process, low production
costs and the versatility of its products2. Oil palm plantations have the highest oil production per unit
area in the world. One hectare planted with this palm can supply 3.74 tons of oil, while other oilseeds,
such as soybean (0.38 ton/ha) and sun�ower (0.48 ton/ha), have lower productivity than this species3,4.
Given this potential, its production increased by 16.5% from 2012 to 2014, and it represented 39% of all
vegetable oils consumed worldwide3. The main countries responsible for supplying this demand for palm
oil are Malaysia and Indonesia, representing 85% of the world market. Other countries such as Nigeria,
Thailand, Colombia, Ecuador, and New Guinea together hold 6.6% of production2,5. Currently, Brazil has
low representation in this sector; however, the country has 31.8 million hectares of suitable soil,
sustainable agriculture and an ideal climate for planting oil palm, making it the country with the greatest
potential for its cultivation6. In the Legal Amazon, approximately 29 million hectares may be used to grow
oil palm7. In contrast, only 78 thousand hectares are being explored for this crop8. Although this region
has good conditions for the cultivation of this palm, fatal yellowing (FY) limits its production and
discourages producers from investing in planting this palm.
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FY is considered the most important oil palm disease in Latin America, causing losses since 1967. In
Pará, the largest Brazilian state producing palm oil, approximately 5,000 hectares have already been
eradicated due to this disease, leading to hundreds of layoffs in the sector, as this crop uses intense labor
in cultural practices and harvesting9. Its symptoms can be identi�ed initially with the yellowing of the
basal lea�ets of the intermediate leaves, necrosis in its extremities, and their evolution to the total drought
and death of the plant10. Although it is considered the largest phytosanitary problem of this palm, there is
still no consensus on the causal agent of FY, making it di�cult to implement measures for effective
control11.

Several attempts to identify the biotic causal agent of FY have been made in recent decades aiming to
expand oil palm production in the country; however, they have failed. Among them, epidemiological
studies were conducted addressing the spatial and temporal patterns of FY 12, 13 ,14. However, they were
not su�cient to determine the etiology of the disease. According to these studies, the spatial distribution
of this disease is variable. FY starts with linear growth in incidence over time, changing to exponential
over the years. Thus, both in the temporal and spatial analysis performed by Bergamin Filho et al.12 and
Laranjeira et al.13, the progress of FY did not have a pattern consistent with those of other biotic diseases,
and it is not possible to pinpoint a probable cause of the disease. In addition, recently, modern molecular
fungal diversity techniques were used to attempt to identify and clarify the cause of the disease; however,
no speci�c etiologic agent was found15.

Accordingly, some studies have turned to the abiotic origin of FY, focusing on soil fertility and physical
properties. According to Silva16, the occurrence of FY coincided with soil patches with characteristics
considered unsuitable for agriculture since they are subject to periodic �ooding due to poor drainage.
Hartley17 found that approximately 60% of the oil palm �eld soil in Pará State, Brazil, should be avoided
due to the edaphic characteristics inadequate for the cultivation of the palm. The interaction of clay soils
with poor rainfall distribution and heavy rainfall concentrated in the �rst months of the year increases the
chances of �ooding and high soil moisture.

In addition to soil classi�cation and climatic conditions, the nutritional status of plants can also be
associated with disease progress 18, 19, 20. Crops planted in soils with good fertility and plants with
balanced nutrition have lower losses in productivity and a lower incidence of diseases than crops planted
in soils with nutritional limitations 21, 22. This is because mineral elements are involved in the defense
mechanisms of the plant, being components of cells and the cell wall, enzymes, inhibitors and regulators
of secondary metabolites, and their de�ciency damages the defense system of the plant 19, 23. Therefore,
nutritional balance can be just as important to disease control as adequate soil fertility conditions and
environmental variables. As shown by Silva et al. 21, the incidence of coffee brown eye spot is correlated
with Ca and Mg imbalance and with the leaf nutrients B, K and P, as there was a higher occurrence of the
disease in plants with lower levels of these nutrients in the leaves. The differences in the concentration of
Ca and K in the healthy and diseased areas of coffee leaves were also demonstrated by Belan et al. 24.
Another example of a mineral element linked to disease control is silicon (Si); although Si is necessary for
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only some plant species, it can help in the management of diseases, forming physical barriers, preventing
the penetration and colonization of pathogens in the host and activating defense biochemical
mechanisms 25, 26, 27.

Consequently, in the face of factors such as waterlogging and nutritional de�ciencies, plants cannot
maintain their metabolic activities, as the root system cannot properly metabolize energy and undergoes
fermentation 28, 29. This anaerobic metabolism causes increased gene transcription of enzymes related to
ethanol fermentation and increased production of carbohydrates to serve as substrates in this process30.
Thus, identifying molecular changes in these plants can help in identifying the origin of the disease.

Nascimento et al.31 conducted the �rst study to describe oil palm root protein changes associated with
FY. The authors observed proteins related to anaerobic metabolism in all sampled plants, symptomatic or
not, suggesting recent or constant hypoxia in their respective environments. In comparisons of the
severity of FY symptoms in different stages, increased levels of alcohol dehydrogenase and energy-
related proteins since the onset of symptoms contrasted with an increase in proteins related to biotic
stress in the late stages of the disease. This �nding suggests that changes in abiotic factors may precede
the occurrence of FY and may also open the way for opportunistic pathogens.

Thus, considering the importance of the environment in the progression of diseases, the objectives of this
study were to evaluate the relationship between the incidence of fatal yellowing in oil palm and the
nutritional status of the plant, the class and soil fertility, and the climatic variables and to verify the set of
proteins and their isoforms expressed in sick and healthy palm trees exposed to these environmental
conditions.

Materials And Methods

Characterization of the experimental area
The progress of FY in oil palm (E. guineensis) was monitored visually in plantations located in the
municipality of Mojú, Pará State, Brazil, where the climatic type is Am, tropical monsoon, according to the
Köppen classi�cation, with an annual average temperature of 25 to 27°C, monthly insolation from 148.0
to 275.8 h, relative humidity of approximately 85%, total annual precipitation from 2000 to 3000 mm, and
a rainy period from January to June 32. The relief is �at, with small gaps varying from 0 to 3%, and the
predominant soil is the yellow Latosol 33. The disease progress data came from incidence surveys
performed on all plants on Amanda´s farm, latitude 2° 06'43” South and longitude 48° 52'38” West, and
Bethânia´s farm, latitude 2° 06'43” South and longitude 48° 48'18” West, with 9,984.66 and 119.14 ha,
respectively, totaling 527 plots of variable size.

Data collection, incidence frequency intervals and area
under the progressive disease curve (AUPDC)
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The assessments were made monthly between 2012 and 2015. In each plot, the number of new sick
plants was observed, and the position of the tree and the date of the �rst symptoms were recorded. The
incidence of FY was calculated according to the equation 34:

I (%) = NDP/NPT

Therefore:

I (%) = incidence of FY,

NDP = number of diseased palms,

NPT = total number of palm trees sampled.

Annual histograms were then constructed with cumulative frequencies of 1% intervals and new
occurrences with 10% intervals. In addition, the data obtained were integrated into the area under the
disease progress curve metric according to the equation proposed by Shaner and Finney 35.

AUPDC = ∑[((Yi + Yi+1)/2) * (ti + 1– ti)]

Therefore:

AUPDC = area under the progress curve of the incidence of FY,

Yi = proportion of the disease in the i-th observation,

Ti = time in days in the i-th observation,

n = total number of observation.

Relationship of climatic variables with oil palm FY
The climatic variables were obtained from the INMET (Instituto Nacional de Meteorologia) climatological
stations located in the Belém and Cametá municipalities, Pará State, Brazil. The data analyzed were
averages of maximum and compensated temperatures (°C), relative air humidity and cloudiness (tenths)
(%), precipitation (mm), average and maximum wind speeds (m/s), insolation (hs), tar evaporation (mm),
potential and real evapotranspiration (mm).

The analyses were carried out jointly, with data from the two properties, as the study took into account
meteorological variables of regional scope.

Relationships of classi�cation, soil fertility and plant
nutrition with the progress of FY in oil palm
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The collection of soil and leaves was carried out in 2013 and 2014. Leaf tissue was sampled in each plot
in the two properties randomly in 10 plants in the middle third of each leaf, with 4 lea�ets per plant being
collected. The tissues of the aerial parts were weighed to obtain the weights of these fresh organs.
Subsequently, they were stored in an oven at 65°C, and their dry weights were obtained. The dry samples
were ground and weighed to 1 gram and then used to determine the levels of leaf nutrients according to
the methodology described by Malavolta et al. 36. The reference values for interpreting the results of the
leaf analysis were based on Guzmán 37 for the oil palm culture (Table 1).

Table 1
Reference values for leaf content of macronutrients and micronutrients for oil

palm according to Guzmán (2014).
Macronutrient Range Micronutrient Range

N 19.62 - 28.81 g/kg Cu 4.20 - 7.50 mg/kg

P 1.25 - 1.88 g/kg Zn 12.40 - 20.60 mg/kg

K 7.98 - 12.10 g/kg B 9.60 - 17.30 mg/kg

Ca 6.26 - 7.91 g/kg    

Mg 1.76 - 2.90 g/kg    

S 1.19 - 1.86 g/kg    

 

To obtain fertility in the sampled areas, the soil from each plot was collected from a composite sample of
at least 12 points at a depth of 0 to 20 cm. These samples were sent to the laboratory and placed in 50
ml polypropylene digestion tubes with 5 ml of concentrated nitric acid at 115°C for 45 min, which was
maintained using a hot block (DigiPREP System®). The levels of K, Ca, Mg, B, Cu, Mn, Zn and Fe were
quanti�ed by optical emission spectroscopy with inductively coupled plasma (ICP-OES) in an iCAP 6500
instrument (Thermo Fisher Scienti�c®, Waltham, MA).

To assess the in�uence of soil classes on the accumulated incidence of FY in the years 2013 and 2014,
soil classes obtained in a pedological survey carried out previously were selected, with the highest
occurrence at the Mojú-Pa pole and with the greatest contrast between the quantities of clay and sand in
horizons A and B. The selected classes were PACal md/arg (Gray Acrisols, medium/clayey texture), PACd
md/arg (DYL-Gray Acrisols, medium/clayey texture), PACal + PACd md/arg (alkyd Gray Acrisols +
Dystrophic Gray Acrisols, medium/clay texture), ESPd (dystrophic Podzols), RQGal (alkyd Arenosols) and
RQd (dystrophic Arenosols).

Statistical analysis
The assumptions for the analysis of variance for AUPDC and accumulated and new cases of incidence
were veri�ed with the Shapiro-Wilk and Bartlett tests to verify their normality and homogeneity,
respectively. The incidence data and AUPDC were submitted to analysis of variance, and the signi�cance
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was veri�ed by the F test (p <0.05). The results for the average disease incidence index were plotted on
graphs of the disease progress curve, along with the averages of the climatic variables. The data were
analyzed, considering the monthly progress curves separately, according to the years with the highest
intensity of the disease (January/December 2013 and January/December 2014). Annual histograms
were constructed, with frequencies ranging from 1 to 53% of incidence in the �eld to accumulated
incidence and from 0 to 70% for new occurrences of the disease for all years. A histogram for the
frequencies of plants with de�ciencies and excesses of the nutrients N, P, K, Ca, Mg, S, Zn, Cu and B was
constructed with the leaf nutrition data from 2014. To determine the correlations between the monthly
incidence of the disease and the climatic variables and the relationships between AUDPC, soil fertility and
plant nutrition, Pearson's correlation analysis was used (p <0.05). The incidence data were related to the
monthly averages of the climatic variables (nonlagged) and to the averages of the variables of the thirty
days prior to the �eld incidence assessments (lagged), regardless of the day of the evaluation in the
month. In each soil class, the percentages of plots in the two properties, Amanda and Bethânia, were
evaluated with accumulated incidence intervals of 0-1, 1-10, 10-20 and 20-30% of the new cases in 2013
and 2014. All analyses were performed using R software (R Core Team 2013).

Proteomic analysis
Oil palm roots were sampled under �eld conditions in February 2017 during a period of high rainfall.
Sampling was carried out at farms with their logistic support, safety instructions and authorizations.
Further methodological details (e.g., genetic background, soil traits and cultural characteristics) were
described in Nascimento et al. 31.

Roots of asymptomatic (Asy) and symptomatic (FY, fatal yellow) plants in the intermediate stage of FY
were collected according to the classi�cation proposed by Souza et al. 38. After washing with water, the
roots were kept in liquid nitrogen and transported to the laboratory of Instituto Tecnológico Vale. Roots
from �fteen plants (3 g) were pooled to obtain three biological replicates for each condition, and each
replicate consisted of �ve plant roots. Then, proteins were isolated following the SDS (sodium dodecyl
sulfate)/phenol protocol proposed by Wang 39, and their concentrations were measured on a Qubit 2.0
�uorometer (Invitrogen, Thermo Fisher Scienti�c) using a Qubit protein assay kit according to the
manufacturer's protocol. For protein digestion, 50 µg of protein was used from each sample for an in-
solution digestion and desalting protocol according to Nascimento et al. 32.

An aliquot containing 4.5 µg of each digested protein sample was loaded for separation with a Nano
Acquity UPLC® System (Waters Corp.) equipped with 2D online dilution technology. The peptide fraction
was separated along the �rst chromatographic dimension under basic (pH = 10) conditions in a BEH C18

300 Å, 5 µm 300 µm x 50 mm reversed-phase column (XBridgeTM, Waters Corp.). This was performed at a
�ow rate of 2 µL/min. Eluent A was aqueous 20 mM FA (pH = 10), and eluent B was neat ACN. All
samples were analyzed using a �ve-step fractionation method. The fractions were eluted from the �rst
dimension using a composition of 10.8, 14.0, 16.7, 20.4 or 65% eluent B.
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The fractionation process was programmed to start immediately after completion of sample loading (20
min at 10 µL/min with 3% B). Each �rst-dimension elution step was performed with a 20 min run time
using a �ow rate of 2 µL/min. The eluent peptide was mixed online with 10 µL/min of 0.1% TFA solution
(1:10 dilution) before being trapped in the trapping column (100 µm x 100 mm), which was packed with
1.7 µm 100 Å silica-based C18 (Symmetry, Waters Corp, Milford, MA).

The mobile phase for the second chromatographic dimension (low pH RS) was 0.1% FA in water
(immobile phase A) and 0.1% FA in ACN (mobile phase B). The second-dimension column was 100 µm x
10 mm C18 packed with changed surface hybrid (CSH) 1.8 mm particles (Acquity UPLC M-Class CSH C18,
Waters Corp., Milford, MA). The �ow rate for the second-dimension separation was 400 nL/min, while the
column was maintained at 55°C. A 40 min gradient from 3 to 40% B was used to separate peptides in the
second separation dimension. The column was then washed using 90% B for 1 min and equilibrated with
3% B for 7 min before returning to the next fractionation step.

Mass spectra were obtained with a Synapt G2-S spectrometer equipped with a standard electrospray
ionization (ESI) source (Waters). For all measurements, the mass spectrometer was operated in positive
ion resolution mode. Mass spectra were acquired in continuum mode over an m/z range of 50-1200
using a capillary voltage of 3 kV, source temperature of 100°C, source offset voltage of 30 V, cone gas
�ow of 50 L/h and cone voltage of 30 V. The spectral acquisition time at each energy setting was 0.5 s. A
solution of 0.2 µM Glu1-�brinopeptide (785.8427 Da) was used as a lock-mass solution and delivered at a
�ow rate of 0.5 µL/min using an auxiliary pump of the liquid chromatography system. The lock mass
was sampled every 30 s using 0.1-s scans over the same mass range.

The peptide identi�cation list was generated by Protein Lynx Global Server (PLGS) 3.0.2 (Waters Corp,
Milford, MA, USA) using a combination of exact mass and MSE fragment data. Processed spectra were
then searched against a custom protein database compiled from E. guineensis Jacq. at the website of
the National Center for Biotechnology Information (NCBI). Management and validation of mass
spectrometry data were performed using Scaffold Q+ (Scaffold version 4.5.1, Proteome Software Inc.,
Portland, OR). With few exceptions, in this study, we used the cutoff criterion of log2 fold change (FC) ≥
0.5 for more-abundant proteins and log2 FC ≤ -0.5 for less-abundant proteins. We highlighted proteins
identi�ed in at least two replicates.

Functional annotation of proteins was performed with Blast2GO version 4.0 (Biobam). To shed some
light on the complex relationships of all direct and indirect protein interactions of different biological
processes in oil palm roots of FY and Asy plants, protein-protein interaction networks were predicted
using the publicly available database STRING version 11.0 (http://string-db.org/) and homologous
proteins from the Arabidopsis thaliana database.

Results

Analysis of frequency ranges
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Over the years evaluated, there was signi�cant disease progression over time (p<0.05). In addition, there
was variation in the mean disease intensity between the evaluation periods. In 2012, approximately 5% of
the plots were evaluated with a 0% incidence, while in 2015, there were symptoms of FY in all plots (Table
2). The numbers of plots with an incidence of 0.1 to 1% changed from 81.8% in 2012 to 7.6% in 2014,
with progress being made for the frequencies with the highest percentage of FY, as in the intervals from 1
to 15% (Table 2).
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Table 2
Frequency of new occurrences of fatal yellowing on palms between 2012 and 2015 in Mojú municipality,

Pará State, Brazil, separated into classes of 1% incidence.
%
Incidence

Percentage of plots for range of
incidences

%
Incidence

Percentage of plots for range of
incidences

2012 2013 2014 2015 2012 2013 2014 2015

0 5.3% 1.7% 0.6% 0.0% 31.1 –
32

0.0% 0.4% 0.2% 0.0%

0.1 – 1 81% 32.3% 12.5% 7.6% 32.1 –
33

0.0% 0.2% 0.4% 0.0%

1.1 – 2 7.8% 28.5% 23.0% 18.8% 33.1 –
34

0.0% 0.2% 0.4% 0.2%

2.1 – 3 0.9% 11.2% 16.9% 16.9% 34.1 –
35

0.0% 0.0% 0.0% 0.0%

3.1 – 4 0.4% 13.7% 11.0% 13.7% 35.1 –
36

0.0% 0.2% 0.0% 0.0%

4.1 – 5 1.3% 4.7% 7.4% 6.8% 36.1 –
37

0.0% 0.0% 0.2% 0.4%

5.1 – 6 0.9% 1.5% 7.6% 5.7% 37.1 –
38

0.0% 0.4% 0.4% 0.0%

6.1 – 7 0.4% 0.8% 5.5% 4.0% 38.1 –
39

0.0% 0.0% 0.4% 0.2%

7.1 – 8 0.2% 0.6% 3.0% 4.2% 39.1 –
40

0.0% 0.0% 0.0% 0.4%

8.1– 9 0.6% 0.2% 2.7% 4.9% 40.1 –
41

0.0% 0.0% 0.2% 0.2%

9.1 – 10 0.0% 0.2% 1.3% 2.3% 41.1 –
42

0.0% 0.0% 0.2% 0.0%

10.1 –
11

0.0% 0.0% 1.5% 1.5% 42.1 –
43

0.0% 0.0% 0.0% 0.4%

11.1 –
12

0.2% 0.2% 0.8% 2.1% 43.1 –
44

0.0% 0.0% 0.0% 0.2%

12.1 –
13

0.0% 0.0% 1.1% 2.3% 44.1 –
45

0.0% 0.0% 0.0% 0.0%

13.1 –
14

0.0% 0.2% 0.2% 1.1% 45.1 –
46

0.0% 0.0% 0.0% 0.4%

14.1 –
15

0.0% 0.0% 0.2% 0.6% 46.1 –
47

0.0% 0.0% 0.2% 0.0%
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%
Incidence

Percentage of plots for range of
incidences

%
Incidence

Percentage of plots for range of
incidences

2012 2013 2014 2015 2012 2013 2014 2015

15.1 –
16

0.0% 0.0% 0.0% 1.3% 47.1 –
48

0.0% 0.0% 0.0% 0.2%

16.1 –
17

0.0% 0.2% 0.0% 0.2% 48.1 –
49

0.0% 0.0% 0.6% 0.0%

17.1 –
18

0.0% 0.0% 0.0% 0.4% 49.1 –
50

0.0% 0.0% 0.8% 0.2%

18.1 –
19

0.0% 0.0% 0.0% 0.4% 50.1 –
51

0.0% 0.0% 0.2% 0.0%

19.1 –
20

0.2% 0.6% 0.2% 0.2% 51.1 –
52

0.0% 0.0% 0.0% 0.2%

20.1 –
21

0.0% 0.2% 0.0% 0.0% 52.1 –
53

0.0% 0.0% 0.0% 0.6%

21.1 –
22

0.0% 0.2% 0.0% 0.2% 53.1 –
54

0.0% 0.0% 0.0% 0.6%

22.1 –
23

0.0% 0.4% 0.0% 0.2% 54.1 –
55

0.0% 0.0% 0.0% 0.0%

23.1 –
24

0.0% 0.2% 0.2% 0.0% 55.1 –
56

0.0% 0.0% 0.0% 0.0%

24.1 –
25

0.0% 0.4% 0.2% 0.0% 56.1 –
57

0.0% 0.0% 0.0% 0.0%

25.1 –
26

0.0% 0.0% 0.0% 0.0% 57.1 –
58

0.0% 0.0% 0.0% 0.0%

26.1 –
27

0.0% 0.4% 0.2% 0.2% 58.1 –
59

0.0% 0.0% 0.0% 0.0%

27.1 –
28

0.0% 0.0% 0.0% 0.0% 59.1 –
60

0.0% 0.0% 0.0% 0.0%

28.1 –
29

0.0% 0.0% 0.0% 0.0% 60.1 –
61

0.0% 0.0% 0.0% 0.2%

29.1 –
30

0.0% 0.0% 0.0% 0.0% 61.1 –
62

0.0% 0.0% 0.0% 0.0%

30.1 –
31

0.0% 0.6% 0.0% 0.2% 62.1 –
63

0.0% 0.0% 0.0% 0.2%

 

In an analysis of the histograms, migration of classes 0.1-1 and 1.1-2% of incidence occurred for intervals
of 3 to 54%, with frequency distributions with a tendency to the right of the centers throughout the
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evaluated period (Figure 1).

In an analysis of new cases of FY, the percentage of plots in the class of 1 to 10% decreased from 94.1 to
84.8% in 4 years, while in the range of 11-20%, it increased from 0.4 to 10.1%. In 2014 and 2015, parcels
in the ranges of classes above 40% were observed (Figure 2).

Relationship of climatic variables in rain forest with oil palm
FY
There was variation in the average disease intensity among the assessment periods. However, the years
with the highest disease incidence were 2013 and 2014. In the average progress curve for 2013 of new
plants with FY, there was an increase in the incidence from February to May, coinciding with increases in
the rainfall and relative humidity to 500 mm and 86%, respectively. The maximum value of the average
incidence was 7.95% in May. In the following months, there was a reduction in the disease incidence
values, with decreases in the rainfall (180 mm) and relative humidity (80%) and increases in the average
wind speed (2 m/s), real evapotranspiration (123 mm) and tar evaporation (64 mm) (Figure 3).

In 2014, the disease incidence of new cases also increased in February (3.2%), being lower than that
observed in 2013. The increase in new cases was greater in the �rst half of the year. In this interval, there
was also greater accumulated monthly rainfall, with values of 476, 505, 482, 346 and 231 mm for the
months of February, March, April, May and June, respectively. Consequently, there was a higher relative
humidity of the air in the same interval, with the highest percentage in February (89%). In the dry months,
relative humidity and precipitation decreased, reaching 76% and 78 mm, respectively, in October. In June,
with the reduction in rainfall, the average temperature in the second half of the year was 33°C, resulting in
increased evaporation of water from the soil. With the lower availability of water in the soil, there was a
reduction in evapotranspiration and in the incidence of FY (Figure 3).

For the nonlagged monthly data for 2013, the variable "real evapotranspiration" had a signi�cant positive
correlation with the incidence frequency for new cases of FY (Table 3). The variable "maximum wind
speed" had a signi�cant negative correlation with this incidence frequency. For the other meteorological
variables, there was no signi�cant correlation with the disease for the months of 2013 (Table 3).
According to outdated monthly data for 2013, the variables "precipitation" and "relative air humidity" had
a positive correlation, while the variables "tar evaporation" and "average wind speed" had a negative
correlation with the FY (Table 3).
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Table 3
Correlation between new cases of fatal yellow incidence in oil palm in 2013 and 2014 with the average

meteorological variables collected at Belém and Cametá.
Climatic variable Monthly

Incidence
2013

Monthly Incidence
2013 lagged

Monthly
Incidence
2014

Monthly Incidence
2014 lagged

Precipitation (mm) 0.08 0.26* -0.06 0.31*

Humidity (%) 0.01 0.23* 0.08 0.42*

Cloudiness (dec) -0.08 0.1 -0.08 0.37*

Real
evapotranspiration
(mm)

0.28* 0.06 0.29* 0.35*

Potential
evapotranspiration
(mm)

0.19 -0.18 0.07 -0.33*

Tar evaporation
(mm)

-0.05 -0.27* -0.1 -0.48*

Average wind speed
(m/s)

-0.21 -0.28* -0.17 -0.39*

Maximum wind
speed (m/s)

-0.27* -0.14 -0.15 -0.56*

Average temperature
(°C)

-0.07 -0.13 0.1 -0.25*

Maximum
temperature (°C)

0.08 -0.06 0.08 -0.27*

Insolation (h) 0.17 -0.03 0.18 -0.27*

* Signi�cant at the 5% probability level

 

For the nonlagged monthly data for 2014, only the variable "real evapotranspiration" had a signi�cant
positive correlation with the incidence of new cases of FY from oil palm. However, when the data lagged,
all meteorological variables correlated signi�cantly with the incidence of FY. The variables "relative air
humidity", "cloudiness", "real evapotranspiration" and "precipitation" had a positive correlation with the FY
of the oil palm, with Pearson's correlation values of 0.42, 0.37, 0.35 and 0.31, respectively (Table 3).

In contrast, the variables "maximum wind speed", "tar evaporation", "average wind speed", “maximum
wind speed”, "potential evapotranspiration", "insolation", "maximum temperature" and "average
temperature" had negative correlations with the disease (Table 3).
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Relationship of soil classi�cation and fertility and plant
nutrition with the progress of FY in oil palm
There was a signi�cant correlation between soil fertility and plant nutrition with fatal yellowing incidence
of oil palm. In 2013, the nutrient Ca had a signi�cant negative correlation (-0.74) with soil fertility.
Because micronutrients Mn and Fe had positive correlations (0.64 and 0.48), there was a higher incidence
of FY in areas with higher levels of these nutrients in the soil. In 2014, the same pattern was observed, but
K had a positive correlation and P, Mg and B had negative correlations with incidence (Table 4).

Table 4
Correlation of soil fertility with the Area

under disease progress curve (AUDPC) of
the fatal yellow in 2013 and 2014.

Soil nutrients AUDPC

2013 2014

Water pH 0.05 0.13

P Mehlich 0.26 -0.67*

K 0.08 0.37*

Ca -0.74* -0.49*

Mg -0.19 -0.56*

B -0.24 -0.53*

Cu 0.16 0.07

Mn 0.64* 0.51*

Zn 0.03 0.12

Fe 0. 48* 0. 71*

* Signi�cant at the 5% probability level

 

According to Guzmán (2014), the frequencies of plants de�cient in the nutrients N, P, Ca, Mg, S, Zn and Cu
were 50, 37, 49, 66, 50, 50 and 46%, respectively. Sixty-�ve percent and 46% of the plants had excess K
and B, respectively (Figure 4). The correlation between Ca and AUCPD was signi�cantly negative in 2013,
while in 2014, in addition to Ca, the nutrients N, Si, S, B, Mn and Fe also had signi�cant negative
correlations with AUDPC, while K correlated positively (Table 5).
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Table 5
Correlation of plant mineral
nutrition with the Area under

disease progress curve (AUDPC) of
the fatal yellow incidence in 2013

and 2014.
Leaf nutrient AUCPD

2013 2014

N 0.03 -0.47*

P 0.18 0.27

K 0.35 0.59*

Ca -0.48* -0.54*

Mg 0.06 -0.31

S 0.35 0.17

Si -0.37 -0.56*

B -0.25 -0.62*

Cu 0.02 0.22

Mn 0.34 -0.53*

Zn 0.14 0.09

Fe 0. 36 -0. 45*

 

The soil classes with the highest amount of clay, speci�cally the PAC or Grayish Argisol (Ultisol), had the
highest occurrences of FY in all intervals of incidence of the disease in both 2013 and in 2014 (Figure 5).
In 2013. A total of 10.9% of the plots classi�ed as PACal md/arg had an incidence from 0-1%, while only
1.8% were from 20-30%. In 2014, the number of plots in the soil class from 0-1% decreased to 9.5%, while
it increased to 3.6% in the 20-30% range of incidence. Sandy soils also had an increase in incidence.
However, for clayey soil, the frequency of plots was lower.

Protein pro�le
A total of 558 proteins (grouped into 349 clusters) were identi�ed in FY and Asy samples, of which 200
presented log2 FC ≥ 0.5 or ≤ -0.5 in at least two replicates, showing differential accumulation (Figure 6).
Only seven proteins were not quanti�ed. A total of 92 proteins were upregulated. while 98 were
downregulated in FY plants (Figure 6). Only 21 proteins showed a signi�cant difference in abundance for
p-values < 0.05.
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The GO annotation placed proteins in 10 categories in "Biological process", 9 in "Molecular function", and
5 in "Cellular component" (Figure 6). The most differentially accumulated proteins were those involved in
primary metabolic processes related to carbohydrate and energy metabolism, mechanisms of stress
response, translation, localization and signaling.

Analysis of the protein interactions revealed the formation of three main clusters that are shown in red,
green and blue in Figure 7. Most proteins in green are related to translation, while most proteins in red and
blue are involved in energy production, responses to plant stresses, and cellular signaling.

Sequences of proteins related to defense against fungal pathogens, such as pathogenesis-related protein
PR-4 (XP_010917598.1), and proteins related to biotic and abiotic stresses, such as jasmonate-induced
protein (XP_010920410.1), alpha carbonic anhydrase (XP_010904591.1), thaumatins 1
(XP_010906123.1) and 1b (XP_010933187.1), and germin-like protein (XP_010907117.1), were found in
only FY plants, while other stress-related proteins, including those involved in the antioxidant system,
were upregulated under FY. Stress-related proteins involved in the responses against biotic and abiotic
stress, such as leucine aminopeptidase (XP_010929163.1, log2 FC -1.04), thaumatin (XP_010933188.1,
log2 FC -0.97). pathogenesis-related protein PRB1-2-like (XP_010943945.1, log2 FC -2.79). hypersensitive-
induced response protein (XP_010932564.1, log2 FC -2.27). subtilisin-like protease SDD1
(XP_010915125.1, log2 FC -1.02; XP_010943371.1, log2 FC -1.17) mannose-speci�c lectin
(XP_010910930.1, log2 FC -3.81) and abscisic acid receptor PYR1 (XP_010933482.1, log2 FC -3.23);
proteins involved in waterlogging and �ooding stress, such as polygalacturonase (XP_010941157.1 log2

FC -0.77); and those related to the antioxidant system were downregulated in FY plants. Annexin D2-like
(XP_010916889.1) and iso�avone reductase (XP_010940090.1) proteins were identi�ed in only Asy
plants.

Among proteins related to primary metabolic process were proteins related to anaerobic or hypoxic
conditions. Two alcohol dehydrogenase sequences were identi�ed in both conditions. XP_010940710.1
(alcohol dehydrogenase class-3-like) was upregulated in FY plants (log2 FC 1.17), and XP_010910557.1
(alcohol dehydrogenase 1) was downregulated (log2 FC -0.74). These proteins did not present signi�cant
differences in abundance between the two conditions.

Most translation-, localization- and signaling-related proteins were downregulated in FY plants. From the
set of translation-related proteins, only the 60S ribosomal protein L8-1 (XP_010920228.1) showed a
signi�cant accumulation difference (p-value=0.0001), being identi�ed in only Asy plants. Only two
proteins involved in localization and signaling showed signi�cant differences in their abundances.
Guanosine nucleotide diphosphate dissociation inhibitor 1-like (XP_010908336.1) was identi�ed in only
Asy plants, with p-value = 0.0083, and syntaxin-71-like isoform X2 was downregulated in FY plants
(XP_010924474.1. log2 FC 3.72), with p-value = 0.009.

Discussion
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Relationships of fatal yellowing in oil palm with environmental variables were veri�ed in this work. The
incidence of FY increased over the years evaluated, and its progress was evident in all plots of the two
farms, in different percentages depending on the plot. In addition, incidence class intervals above 10%
increased in 2014 and 2015 in the analysis of new cases of the disease. This result is similar to those
from studies on the progression of the incidence of FY found in the literature. Bergamin Filho et at. 12

analyzed cumulative FY incidence curves constructed with monthly and annual data, noting an increase
in the incidences in the proportions of 0.40, 0.15 and 0.016 for plantations of 19, 14 and 9 years,
respectively. As in the present study, there were plots with up to 50% accumulated incidence, and the
economic viability of planting was impaired, so clarifying the cause of this disease is essential to
establish management practices. Therefore, an analysis of environmental variables in Pará State, a
region where the occurrence of this disease is common, and the plant's nutrition was performed to
determine their correlation with FY.

The northern region of Brazil has the ideal climatic conditions for oil palm cultivation, as it requires some
speci�c edaphoclimatic variables for satisfactory production. Among them, the availability of water is
important for plant growth and development. The ideal precipitation regime for this crop is an average
annual rainfall of 1.800 mm. Another requirement is solar radiation. The necessary insolation to reach the
productive potential of the oil palm is approximately 1.800/h/year, with a minimum of 5 h/day. In
addition, greater productivity occurs in regions with small variations in temperature and annual averages
between 25 and 27°C 40. However, these same factors promote several phytosanitary problems.
According to the results obtained, higher precipitation intensity results in greater relative humidity of the
air (83 to 89%), less evapotranspiration, and greater accumulation of water in the soil; these conditions
and lower wind speeds provide a greater probability of FY occurrence. Thus, although oil palm requires
150 mm of precipitation per month, in this region, it can receive to 500 mm/month in the �rst half of the
year. In months of the year with strong wind conditions (2 to 2.5 m/s), which is associated with high
insolation values   (220 to 250 h/month), i.e., reduced cloud cover and reduced rainfall and temperature
(28°C), there was less progress of the disease. Consequently, with greater insolation and presence of
winds, greater evaporation and reduction in the amount of water in the soil occurs. The importance of
water balance has also been studied by Venturieri et al. 9, who showed that it has a negative correlation
(p = 0.0002) with fatal yellow. In regions with mild water de�ciency, no cases of this disease were
observed.

In this work, the correlation of climatic variables with the incidence of FY was veri�ed. There was a
correlation between only actual evapotranspiration and wind speed in 2013 and 2014. However, when the
data were lagged by thirty days immediately prior to the assessment of the disease, all climatic variables
correlated with FY in 2014, indicating the importance of this approach. The lag in climatic data shows
that a time interval is necessary for the plant to develop symptoms. Therefore, the manifestations of
physiological imbalance in the �eld occurred due to intense rain and high relative air humidity thirty days
immediately before the evaluations. To verify the morphological changes of water stress in the
physiology of oil palm seedlings, Rivera-Mendes et al. 41 conducted experiments with four water
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conditions for 60 days: moderate de�cit, �eld capacity, and partial and continuous �ooding. Seedlings
under permanent �ooding had a 22% reduction in biomass when compared to that of the control, due to
the higher rates of leaf respiration and limitations in the absorption and transport of macronutrients.
Plants under partial waterlogging showed growth similar to that observed under optimal soil moisture
conditions.

In addition to the relationship with climatic variables, the correlation of fatal yellow with soil fertility and
plant nutrition was studied. The disease had a positive correlation with Fe, K and Mn found in the soil.
Thus, there was an increased incidence in places with higher levels of these minerals in the soil. This
positive relationship may have occurred due to de�ciency in the absorption of the roots or the imbalance
of these cations when compared to other cations in the soil. The nutrients P, Ca, Mg and B had a
signi�cant negative correlation, i.e., the disease decreased with increases in these elements in the soil.
Seeking to understand the role of other nutrients in soil with FA, Silveira et al. 42 carried out an experiment
with the omission of the macronutrients nitrogen, phosphorus, potassium, calcium, magnesium and
sulfur and the micronutrients boron, iron, manganese, copper, zinc and molybdenum. These authors
observed an increase in symptoms when there was omission of micronutrients other than zinc and less
incidence in treatments with omission of macronutrients other than Ca and S. Several studies on nutrition
and fertilization have been carried out to verify the relationship between mineral elements and FY.
Research has not veri�ed the simultaneous effects of soil class, soil fertility and plant nutrition. When
fertilization was studied, foliar analysis of the nutrients was not performed. Therefore, it is not possible to
determine if the nutrients were absorbed or if their lack was associated with the disease. In studies
analyzing the mineral nutrients in the plant, soil analysis was not carried out to determine whether
de�ciencies in a certain nutrient in plants was caused by low concentrations in the soil or due to
inadequate absorption, including that possibly due to excess water in the soil, which would cause
anaerobic conditions for the roots. Therefore, studying plant nutrition and soil fertility simultaneously is
essential to understand the plant's physiological processes.

As for nutrition, palm trees showed de�ciency in the nutrients N, P, Ca, Mg, S, Zn and Cu and exhibited
excesses of K and B. According to Guzmán 37, AUDPC had signi�cant negative correlations with the
nutrients N, Ca, Si, B and Fe and a positive correlation with K. The minerals P, Ca and Mg also had low
levels in the soil, which is a possible explanation for their de�ciency in plants. The N, S, Si, Fe, and Mn
were present in adequate quantities in the soil. However, in the sampled plants, they were below the
nutritional levels suitable for the crop. Among these elements, N and S are structural constituents of plant
cell components. including chlorophyll, amino acids, nucleic acids, coenzyme A, S-adenosylmethionine,
biotin, vitamin B1 and pantothenic acid. Therefore, their de�ciencies inhibit plant growth, causing

chlorosis and yellowing of the leaves 23. Iron de�ciency is common when water saturation occurs in the
soil because this causes anaerobiosis in the root system. Its characteristic symptoms are chlorosis
between the ribs. The relationship between iron and FY was investigated by Viégas et al. 43 with four
treatments of different doses of ferrous sulfate. Afterwards, the iron contents in the oil palm leaves were
measured, they caused no reduction or increase in symptoms in the analyzed plants.
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Silicon, on the other hand, is not an essential nutrient for many plant families. However, some species
accumulate substantial amounts of this element in their tissues and exhibit enhanced growth, fertility
and stress resistance when supplied with adequate amounts of this element. Thus, plants de�cient in
silicon are more susceptible to tipping and fungal infection. Freitas et al. 26 determined the role of silicon
in reducing the severity of yellow Sigatoka (Mycosphaerella musicola) in banana trees grown in nutrient
solution. The treatments had �ve concentrations of silicic acid (H4SiO4): 0. 0.5, 1.0, 1.8 and 3.6 mmol/L.
The AUDPC for plants in the 3.05 mmol/L H4SiO4 treatment was 49.27%   lower than that for plants
without supplementary H4SiO4. In contrast, plants grown in a 3.6 mmol/L solution of H4SiO4 showed
23.53% more Si content in the leaves than plants grown without H4SiO4 supplementation. Thus, Si could
be used in disease management.

Approximately 65%   of oil palm trees had excess K and Mg de�ciency. Potassium is the second most
required nutrient in plants, and in the soil solution, it appears as the ion K+, which is absorbed in the roots
of plants. In addition, K+ permeates plasma membranes, making it easily absorbed and transported in
xylem and phloem. However, at high concentrations of this nutrient, the absorption of Ca2+ and Mg2+ is
reduced by competitive inhibition 25. Mg de�ciency induced by excess K in fertilization is common in
crops such as banana and coffee, as they require large amounts of K 26,. Mg is present in the chlorophyll
molecule. In addition, it participates in enzymatic activation, acting as a cofactor for phosphorylative
enzymes by forming a bridge between ATP or ADP pyrophosphate and the enzyme molecule. Therefore,
de�ciency in this element is characterized by yellowing of the older leaves 23.

In the soil classes PACal md/arg. PACd md/arg and PACal + PACd md/arg, with the highest amount of
clay, there was a higher frequency of plots with FY incidence. The textural class is determined by the
particle size distribution and affects other physical properties, such as drainage and water retention,
aeration and soil consistency. The texture and structure of the soil de�ne the surface area and porosity,
which are the main factors associated with the storage and availability of water in the soil and the
drainage of water from the surface to deep layers of the soil pro�le (Costa et al. 2014). Silveira et al. 42

analyzed the physical and chemical properties of 19 pedological pro�les distributed in different plots of
crop plantations. The authors classi�ed the soil as a medium-textured yellow Latosol and showed the
presence of compaction (1.365 kg/m³ to 1619 kg/m³) at depths of 30 and 60 cm. Thus, saturation of the
soil in the super�cial layer occurred during the period of greatest rainfall in the year, causing oxygen
de�ciency in the super�cial layer of the soil. These conditions can be harmful to oil palm, causing root
rot, due to its root system being dominantly distributed horizontally close to the soil surface. Regarding
water in the soil and drainage, Bernardes 45 measured the water potential in the soil with a tensiometer
with low soil aeration with values   between 0 bar and 0.075 bar, while 0.075 bar and 0.30 bar are more
suitable for the plant. Thus, areas at risk of �ooding, which is related to the soil class, can cause anoxia
of the oil palm's super�cial roots. triggering nutritional de�ciency and weakening the plant's resistance to
diseases of biotic origin.
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In addition, epidemiological analyses identi�ed stress-related proteins in FY and Asy plants with little
difference in abundance between the two conditions. These prevent us from stating that the initial cause
of FY is pathogenic infection.

Reactive oxygen species (ROS) are related to the regulation of signaling pathways and initial responses
that occur in response to environmental stresses of biotic or abiotic origin 46, 47. Previous studies carried
out with proteomic analyses have shown that ROS scavenging is an important mechanism for plant
resistance and oxidative stress in �ooded soils 48, 49. Antioxidant system-related proteins were identi�ed
in FY and Asy plants with little difference in their abundance. In this case, oxidative stress can be an
indication of stress from soil �ooding in the area of plant cultivation.

In the data, primary metabolism-related proteins involved in energy production were also identi�ed as
having little difference in abundance between conditions. Despite this, they were overall more
accumulated in Asy plants.

Additionally, with regard to energy metabolism-related proteins, alcohol dehydrogenases were identi�ed in
the roots of FY and Asy plants. Alcohol dehydrogenases are involved in alcohol fermentation during
hypoxia or anoxia. There is a decrease in energy production through oxidative phosphorylation.
Fermentative metabolism promotes energy compensation through recycling of NAD+ to the glycolytic
pathway28. Increases in the glycolytic pathway and alcohol fermentation-related proteins has been
identi�ed as a key response of plants to �ooded soils 48, 50. Adaptive mechanisms to handle oxygen
deprivation include synthesis induction of a set of approximately 20 proteins known as anaerobic stress
proteins (ANPs), which in addition to alcohol dehydrogenase, also includes carbohydrate metabolism-
related proteins, such as those identi�ed in this study 28. In this context, the results indicated that the
analyzed plants were likely subject to hypoxic conditions, which were probably caused by soil �ooding in
the crop area before or during the sampling period of the roots analyzed in this study.

It is important to highlight the identi�cation of �ooding stress-related proteins, such as
polygalacturonase. This protein acts on the degradation of the cell wall, which leads to the formation of
lysigenous aerenchyma. In response to different stimuli, enzymes of the antioxidant system are
expressed in response to hypoxia under �ood conditions49. These aerenchymal formations enhance
aeration in the roots. Increases in both transcript and polygalacturonase protein levels have been
identi�ed in plants subjected to this stress 30, 51. In maize submitted to �ooding stress, the increase in
polygalacturonase expression and formation of aerenchyma tissue during waterlogged stress is related
to an adaptive response and allows greater tolerance of the plants to �ooding or waterlogged conditions
51, 52. Here, polygalacturonase was downregulated in FY plants. These plants were submitted to a hypoxic
environment. This may be one of the factors why Asy plants are less debilitated.

Recently analyzing the protein pro�le of oil palm roots of FY and Asy plants, Nascimento et al. 31

observed high levels of energy metabolism- and fermentation-related proteins, such as alcohol
dehydrogenase, in both plant conditions. In FY plants, this protein showed high levels from the onset to
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more advanced stages of FY. However, proteins related to biotic stresses presented greater abundance in
only the more advanced stages. In this study, the alcohol dehydrogenase protein was also present in high
levels in both samples.

Protein-protein interactions play an important role in achieving proper cellular function. In hypoxic
conditions, plants seek to develop adaptive mechanisms that include changes in the levels of proteins
such as those involved in carbohydrate metabolism (glycolytic pathways and fermentative metabolism)
and signaling- and stress-related proteins, including antioxidant system and programmed cell death
proteins. The presence of these proteins and the interactions between them are important for the survival
of plants under adverse conditions but also provide information about changes in their physiological
state due to exposure to stress. Interactions between most proteins acting on different metabolic
pathways were observed, con�rming the importance of the protein pool identi�ed in this work to oil palm
roots and the importance of its roles in responses to the environmental conditions that in�uence the
development of FY in oil palm and the greater resistance of Asy plants to both the development and
worsening of the FY symptoms.

Therefore, from all the analyses carried out, the edaphoclimatic conditions related to the accumulation of
water in certain soil classes were related to the FY of the oil palm, which was related to the fertility and
nutrition of the plant. This hypothesis was also con�rmed by proteome analysis, which identi�ed the
environmental stress conditions of the roots in plants with symptoms. Under these conditions, several
pathogens, both on the ground and in the aerial parts, may be opportunistic and associated with the
symptoms observed, but they are not the primary cause of the disease. Therefore, a better understanding
of the abiotic factors associated with this disease is essential to understand its etiology and in choosing
locations and soils appropriate for the crop and which management strategies should be used. Thus,
considering the abiotic origin of the disease caused by temporary �ooding in oil palm cultivation sites, it
is recommended that before planting that the soil pedology be surveyed, that soils less subject to
�ooding and good drainage are chosen, and that the soil is unpacked. Planting in ridges is also
recommended to prevent root anoxia. In addition, periodic analyses of plant nutrition should be
performed to maintain good soil fertility to avoid nutritional de�ciencies and imbalances. In this way,
planting can help plants adapt to the biome in the environment, achieving �nancial and social
sustainability for forest populations.
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Figure 1

Distribution of the accumulated frequency classes (with 1% intervals) of fatal yellowing between 2012
and 2015.

Figure 2

Distribution of classes of new occurrences (with 10% intervals) of fatal yellow between 2012 and 2015.
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Figure 3

Progress curve of new cases of fatal yellow incidence in 2013 and 2014, total precipitation (mm), relative
humidity (%), actual and potential evapotranspiration (mm), tar evaporation (mm) and maximum and
average wind speeds (m/s), obtained from the weather stations in the municipalities of Belém-PA and
Cametá-PA.
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Figure 4

Percentages of plants with nutrient de�ciency and excesses in 2014 in Mojú-PA.
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Figure 5

Plot frequencies in each incidence interval according to the soil class in 2013 and 2014.
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Figure 6

Proteins identi�ed in oil palm roots of FY and Asy plants. A) Venn diagram of 343 clusters of proteins
identi�ed and quanti�ed in oil palm roots of FY and Asy plants. B) Venn diagram of 200 clusters of
proteins identi�ed and quanti�ed in at least two replicates that presented log2 FC ≥ 0.5 or ≤ -0.5 in oil
palm roots of FY and Asy plants. C) Proteins up- and downregulated in FY plants compared with Asy
plants. D) GO annotation in "Biological processes" of differentially accumulated proteins. E) GO
annotation in "Molecular function" of differentially accumulated proteins. F) GO annotation in "Cellular
component" of differentially accumulated proteins.
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Figure 7

Analysis of the protein-protein interaction network of differentially abundant proteins in roots of oil palm
of FY and Asy plants using the STRING database.


