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ABSTRACT - This work aims to understand the physiological, histological and developmental status of soybean plants grown in soil contaminated by 
diesel oil. The pot experiment consisted of farming the cultivars of soybean, Potência and NS6700, grown on substrate with diesel oil contaminant in 
doses of 0, 1, 4, and 8 mL L-1. The polynomial models fitted to the data set of growth and development of plants at the age of thirty days did not fail 
to describe adequately impressive potential of diesel oil at the highest level to quickly decline CO2 assimilation rate (22.50 to 7.50 µmol m-2s-1 and 
from 17.50 to 7.55 µmol m-2s-1) leaf transpiration (5.25 to 3.10 mmol H2O m-2s-1 and from 5.10 to 3.50 mmol H2O m-2s-1) and water use efficiency 
(4.50 to 2.25 μmol CO2 mmol H2O

-1 and from 3.75 to 2.15 mol CO2 mol H2O
-1) in the cultivars, Potência and NS6700 respectively. The multivariate 

fit, EUW=4.30–0.90LT+0.01RPD–0.01RXD–0.15GS+0.20A, predicted accurately how the traits, leaf transpiration, diameter of xylem and phloem of 
root tissues, stomatal conductance and CO2 assimilation rate, interacted each other’s to determine water use efficiency by of soybean and alleviate 
harmful effects of increasing levels of diesel oil in the soil. 

Keywords: Glycine max, ground contamination, hydrocarbons, plant anatomy. 

RESUMO - Perspectivas sobre o estado fisiológico, histológico e de desenvolvimento de plantas de soja em solo com contaminação por óleo 
diesel. Este trabalho tem como objetivo compreender o estado fisiológico, histológico e de desenvolvimento de plantas de soja cultivadas em solo 
contaminado por óleo diesel. O experimento em vaso consistiu no cultivo das cultivares de soja, Potência e NS6700, cultivado em substrato com o 
contaminante de óleo diesel nas doses de 0, 1, 4 e 8 mL L-1. Os modelos polinomiais ajustados ao conjunto de dados de crescimento e desenvolvimento 
de plantas na idade de trinta dias não falharam em descrever o potencial adequadamente impressionante do óleo diesel no nível mais alto para diminuir 
rapidamente a taxa de assimilação de CO2 (22,50 para 7,50 µmol m-2s-1 e de 17,50 a 7,55 µmol m-2s-1), transpiração foliar (5,25 a 3,10 mmol H2O 
m-2s-1 e de 5,10 a 3,50 mmol H2O m-2s-1) e eficiência de uso de água (4,50 a 2,25 μmol CO2 mmol H2O

-1 e de 3,75 a 2,15 mol CO2 mol H2O
-1) nas 

cultivares Potência e NS6700 respectivamente. O ajuste multivariado, EUW = ​​4,30–0,90LT+0,01RPD–0,01RXD–0,15GS+0,20A, previu com precisão como 
as características, transpiração foliar, diâmetro do xilema e floema dos tecidos radiculares, a condutância estomática e a taxa de assimilação de CO2, 
interagiram entre si para determinar a eficiência do uso da água na soja e aliviar os efeitos nocivos do aumento dos níveis de óleo diesel no solo. 

Palavras-chave: Glycine max, hidrocarbonetos, contaminação do solo, anatomia vegetal.

INTRODUCTION

Plasticity drives fields of soybean to grow and develop 
satisfactorily in wide range of Soils & Climates, while 
preserving productivity and the quality of grains and other 
commercially important outcomes for making fuels, protein 
powders, textured vegetable protein, soy cheese, gluten-
free flour, curds etc. (Ferreira Jr. et al. 2010).

The unsuitable and unsustainable use of fossil fuels, 
mostly including crude oil, natural gas and coal, not 
only pollutes the environmental, but also threats the food 

safety, energy security and public health.  Soils with 
hydrocarbons, heavy metals or metalloids at critical levels 
are geotechnically not useful to agriculture, livestock and 
forestry (Karkush & Kareem 2017). Contaminants and 
particle-sized aggregates bonding effortlessly together to 
further impair biological, chemical and physical properties 
of the soil, such as microbial biomass, stock of organic 
matter, infiltration and water holding capacity, gaseous 
exchanges through the pores and other elemental functions 
for the plant growth and development (Karkush & Kareem 
2017, Trujillo-Tapia et al. 2018).
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Crop plants under harsh sites with hydrocarbons trigger 
several physiological and morphological mechanisms 
to alleviate risks of stress on the rate of carbon dioxide 
entering the stomatal cavities in the leaf, production of 
glucose through the path of photosynthesis, and absorption 
and transportation of water, nutrients and photoassimilates 
through the xylem and phloem making up the vascular 
system (Ferreira et al. 2020). Few of the classical symptoms 
of plants with contamination by hydrocarbons include 
low stomatal conductance, inneficient use of water 
into metabolism and excessive water loss by atypical 
transpiration stream (Reis et al. 2017). Understanding the 
behavior of the plant to changes in physiology and histology 
due to oxidative stress by hydrocarbons is of extreme 
importance to develop suitable strategies of mitigation 
(Emengine et al. 2013ab, Sanches et al. 2013ab, Al-Baldawi 
et al. 2014, Al-Baldawi et al. 2015, Gürtler et al. 2018, 
Reis et al. 2018, Sanderson et al. 2018).

Observation of the stress signals that vegetables come 
to express when exposed to hydrocarbons or metals present 
in the soil solution can be clearly observed by yellowing, 
concentric spots of leaf edge damage due to pigment 
oxidation, and reduction in pigment oxidation. plant 
size (Sanches et al. 2013ab, Emengine et al. 2013ab, 
Reis et al. 2017). Changes in tissue shapes of all diesel-
contaminated plant structures have also been observed that 
become irregular, rough and shrink compared to plants 
without contamination (Al-Baldawi et al. 2015). It is 
noteworthy that this change in the histology of plant organs 
exposed to these contaminants becomes important tools 
in understanding the behavior or response of the plant to 
this stress, which requires further research on this subject 
(Reis et al. 2018).

In recent years, studies have been developed to try to 
analyze the development of plants on diesel oil contaminated 
soils, where they search for results to understand how 
the plants react to the time or degree of contamination 
(Sanderson et al. 2018). Thus, some plants develop apparent 
signs after exposure to these contaminants, and others may 
stand out for their tolerance to this type of exposure, and 
may also contribute to bioremediation of soils that have 
experienced environmental catastrophes involving these 
hydrocarbons (Al-Baldawi et al. 2014).

This work aims to understand the conjecture of the 
physiological, histological and developmental status of 
soybean plants grown in soil contaminated by diesel oil.

MATERIAL AND METHODS

We performed the scientific study in September 2019, 
in the plant Morpho-physiology laboratory of Faculdades 
Integradas Stella Maris (FISMA), Andradina, São Paulo, 
Brazil. The plant material to investigate the effect of 
contamination of soil by diesel oil on physiological, 
histological and developmental traits of plants of soybean 
included the commercial cultivars, Potência and NS6700, 
main cultivars that are sown in commercial areas.

The experimental design was completely randomized, 
2 × 5 factorial scheme, four replicates for each test proposed 
in Table 1.

The infrastructure consisted of arch-type greenhouse, 
6-m sides, with cover consisting of transparent plastic 
film of 50% light transmittance. In order to realize pot 
experiment, we collected the Oxisol in the campus of 
FISMA/FEA, then characterized it for the following 
chemical properties at 0.0 – 0.3 m depth: 5.9 pH; 11.0 g 
dm-3 organic matter; 21.0 mg dm-3 phosphorus; 2.0 mmolc 
dm-3 potassium; 19.0 mmolc dm-3 calcium; 7.0 mmolc dm-3 
magnesium; 15.0 mmolc dm-3 potential acidity; 0.0 mmolc 
dm-3 aluminum; 28.0 mmolc dm-3 exchangeable cations; 45 
mmolc dm-3 cation exchange capacity; 65% saturation of 
exchangeable cations; 0.0% saturation of aluminum; 0.20 
mg dm-3 bore; 1.0 mg dm-3 cupper; 25.0 mg dm-3 iron; 9.0 
mg dm-3 manganese; and 3.5 mg dm-3 zinc. 

The pre-treatment of the soil followed the protocol 
of natural drying and sieving in 0.25 mm wire screen 
to homogenization of aggregates. We performed the 
transferring of the soil into pots, then contaminated it by 
adding the diesel oil in the mixture. After application of water 
at the volume of 0.05 L, pots remained stored in suitable 
environment for evaporation of volatile compounds from 
the contaminant to atmosphere. Fifteen days after storage 
at room temperature, we carried out the improvement of the 
substrate, according to technical specifications of Raij et 
al. (1996) for the fertilizing management of soybean crop.

We performed the sampling of plants at the age of thirty 
days to examine effect of contamination of soil by diesel 
oil on the plants. The determination of plant height (PH) 
consisted of measuring the height of the plant, with 1 cm-
accuracy wooden ruler. The determination of leaf number 
(NL) comprised the visual counting of leaf structures. 

The assay of CO2 assimilation rate (A), leaf 
transpiration (E), stomatal conductance (G), substomatal 
CO2 concentration (Ci) and water use efficiency (EUW) 
consisted of exposing the plants to 1500 µmol m-2 s-1 
radiation released from LED lights, 380 ppm CO2 and 
28 °C temperature. We carried out the measurement through 

Table 1. Tests planned for the pot experiment of physiological, histological 
and developmental traits of plants of soybean grown in soil with 
contamination of diesel oil.

Test Cultivar of soybean Level of diesel oil, mL L-1 soil

1 Potência 0, control

2 1

3 2

4 4

5 8

6 N6700 0, control

7 1

8 2

9 4

10 8
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the LC-Pro ADC portable infra-red gas analyzer supplied 
by BioScientific Ltd. Firstly, the pre-treatment of sample 
consisted of cutting the leaves into 0.025 by 0.025 m 
sections. The material remained then immersed in standard 
solution of 37% formaldehyde, 70% acetic acid and 70% 
ethanol, for 24 hours. After dehydration and diaphanization, 
we placed the sample onto histological slide, then sealed 
with albumin and stained with safranin solution at 1%. 
We carried out the measurement of diameter of leaf xylem 
(LXD), diameter of root xylem (RXD), diameter of xylem 
and phloem of leaf and root  (LPD and RPD), tissues, 
thickness of adaxial epidermis (TAdE), thickness of abaxial 
epidermis (TAbE) and thickness of palisade parenchyma  
(TPP) in the environment of CellSens Standard™ (Reis et 
al. 2018). We performed the calibration of the software 
to visualize high-resolution microphotographs through 
electronic microscopic (Kraus & Arduim 1997).

The measurement of dry mass of shoots (DMAP) 
consisted of artificial drying the composite sample of 
stem and leaves in horizontal forced-air drying-oven at 
62.5 ± 2.5 °C for 24 hours, followed by cooling down at 
room temperature and weighting in 0.0001 g-accuracy 
analytical scale. The measurement of root dry mass (RDM) 
consisted of sieving the fresh root system in 5 mm wire 
screen, washing in tap water to detach it from the mass of 
soil, followed by artificial drying in horizontal forced-air 
drying-oven at 62.5 ± 2.5 °C for 24 hours, cooling down 
at room temperature and weighting in 0.0001 g-accuracy 
analytical scale.

For the formal analysis of the data set we ran carried 
out the Shapiro-Wilk test, analysis of variance, polynomial 
regression for the levels of diesel oil and Tukey test to 
compare the means of the cultivars of soybean. The EDA 
encompassed the Pearson correlation test, PCA and MRA 
to collaboratively measure, categorize and model the most 
explanatory linear relationships between physiological, 
histological and developmental traits of plants grown in 
soil with contamination by diesel oil. We ran the KMO 
test to determine number of component necessary to 
reduce the dimensionality of the original data set, while 
preserving as much understandable variability as possible 
into orthogonally-rotated subsets without physiological, 
histological and developmental traits correlated each 
other’s. The AIC, BIC and Radj

2 composed the set of criteria 
for analysis of goodness-of-fit of multivariate regression 
models. The software was R for statistical computing and 
graphics (R Core Team, 2015).

RESULTS

Table 2 reports outputs of analysis of variance for the 
developmental traits of the cultivars of soybean, Potência 
and NS6700, grown in soil with contamination by diesel 
oil. The data set was normal for all the developmental traits. 
The sources of variation, level of mineral contaminant and 
cultivar of soybean crop, had interaction effect only on the 
number of leaves. Cultivar Potência had greater value for 

the dry mass of shoots than cultivar N26700; thus, they 
were statistically similar for the plant height, number of 
leaves and root dry mass. Evidently, genotype was one 
of the factors influencing the growth and development of 
plants in substrate with diesel oil as potential contaminant. 

The regression models figured out significant 
relationships between dependent and independent variables. 
The plant height, number of leaves, dry mass of air part 
and root decreased linearly with increasing the level of 
diesel oil in the soil for the both the cultivars (Figure 1). 

Values of Radj
2 were in the range of as low as 0.50 for 

the dry mass of shoots to upwards 0.70 for the number of 
number of leaves of the cultivar, Potência. Clearly, some 
of the fitted models failed to describe accurately effect of 
diesel oil on the developmental traits of plants of soybean. 
Diesel oil at the highest level significantly decreased the 
plant height from 27.50 to 16.75 cm in the cultivar, Potência, 
and from 26.50 to 17.25 cm in the cultivar, NS6700. Diesel 
oil at the highest level significantly decreased the number 
of leaves from 18.00 to 8.50 units in the cultivar, Potência, 
and from 15.75 to 8.25 units in the cultivar, NS6700.

Diesel oil at the highest level significantly decreased 
the dry mass of shoots from 2.75 to 0.85 g in the cultivar, 
Potência, and from 2.10 to 0.80 g in the cultivar, NS6700.    
Diesel oil at the highest level significantly decreased the 
root dry mass from 2.85 to 0.95 g in the cultivar, Potência, 
and from 4.15 to 0.90 g in the cultivar, NS6700. 

Table 2 reports outputs of analysis of variance for the 
physiological traits of the cultivars of soybean, Potência 
and NS6700, grown in soil with contamination by diesel 
oil. The data set was normal for all the physiological traits. 
The sources of variation, level of mineral contaminant 
and cultivar of soybean crop, had significant interaction 
effect on the CO2 assimilation rate, leaf transpiration, 
stomatal conductance, substomatal CO2 concentration 
and water efficiency use. CO2 assimilation rate, stomatal 
conductance and water use efficiency were significantly 
higher in the cultivar, Potência, than that in the cultivar, 
N26700. Thus, the plant materials were not statistically 
dissimilar for the leaf transpiration and substomatal CO2 
concentration. Clearly, physiological responses of plants 
of soybean to stress by diesel oil as contaminant in the 
soil was dependent on genotype – Potência appeared to 
be lesser genetically prone than NS6700 to reductions in 
CO2 assimilation rate, stomatal conductance and water 
efficiency use as consequence of contamination of soil 
by diesel soil

The effect of contamination of soil by diesel oil on the 
physiological traits of the cultivars of soybean, Potência 
and N26700, was more accurately described through first-
order regression models, despite relatively low values of 
Radj

2 (Figure 2).     
The CO2 assimilation rate, leaf transpiration, stomatal 

conductance and water efficiency use tended to decrease 
linearly with increasing the level of the mineral contaminant 
in the soil, while the substomatal CO2 concentration 
increased, markedly. Values of Radj

2 ranged as low as 0.40 
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for the water efficiency use to upwards 0.70 for the CO2 
assimilation rate of the cultivar, Potência. Physiological 
behavior of plants of soybean was highly complex to be 
wholly predicted through the simple relationship between 
cultivar and availability of diesel in the soil.

The mineral contaminant at the highest level substantially 
reduced the CO2 assimilation rate from 20.15 to 7.75 μmol 
m-2 s-1 in the cultivar, Potência, and from 17.85 to 7.70 
μmol m-2 s-1 in the cultivar, NS6700. The reduced the leaf 
transpiration from 5.55 to 3.35 mmol H2O m-2 s-1 in the 
cultivar, Potência, and from 5.10 to 3.85 mmol H2O m-2 s-1 

in the cultivar, NS6700. The stomatal conductance from 
0.05 to 0.15 mol H2O m-2 s-1 in the cultivar, Potência, and 
decreased it from 0.45 to 0.30 mmol H2O m-2 s-1 in the 
cultivar, NS6700. 

Increased the substomatal CO2 concentration from 
250.15 to 300.29 μmol mol-1 in the cultivar, Potência, and 
from 260.75 to 305.45 μmol mol-1 in the cultivar, NS6700. 
Slightly reduced the water efficiency use from 3.75 to 2.45 
mol CO2 mol-1 H2O in the cultivar, Potência, and from 
3.50 to 2.10 mol CO2 mol-1 H2O in the cultivar, NS6700.

Table 3 reports outputs of analysis of variance for the 
histological traits of the cultivars of soybean, Potência 
and NS6700, grown in soil with contamination by diesel 
oil. The data set was normal for all the histological traits. 
The sources of variation, level of mineral contaminant 
and cultivar of soybean crop, had interaction effect on 
the diameter of leaf phloem, diameter of root xylem and 
thickness of adaxial and abaxial epidermis. Diameter of leaf 
xylem and thickness of palisade parenchyma were larger in 
leaves of the cultivar, Potência, respect to NS6700. Thus, 
the plant materials were not significant different for the 
diameter of xylem and phloem of root tissues, and thickness 
of adaxial and abaxial epidermis. Genotype had significant 
interference on the morphological response of plants of 
soybean to stress of contamination of soil by diesel oil – 
Potência was more sensitive to changes in features of leaf 
anatomy induced by the mineral contaminant than NS6700.     

First-order and second-order regression models were 
not accurate to describe effect of contamination of soil 
by diesel oil on the histological traits of the cultivars of 
soybean, Potência and NS6700 (Figure 3). Values of Radj

2 
were in the range of as low as 0.10 for the diameter of leaf 

Table 2. Outputs of analysis of variance for the developmental traits of the cultivars of soybean, Potência and N26700, grown in soil with contamination 
by diesel oil.

Cultivar/ parameter Trait

PH, cm NL, unit DMAP, g RDM, g

SW test

p-value 0.90* 0.90* 0.10* 0.75*

Tukey test

Potência 23.70a 13.75a 1.70a 2.05a

NS6700 23.60a 13.65a 1.30b 2.15a

Average 23.65 13.70 1.50 2.10

MSD 1.55 1.55 0.25 0.65

CV, % 10.10 17.45 26.35 46.20

Regression

Potência Model FO** FO** FO** FO**

p-value < 0.01 < 0.01 < 0.01 < 0.01

N26700 Model FO** FO** FO** FO**

p-value < 0.01 < 0.01 < 0.01 < 0.01

Fisher test

Interaction p > F 0.55 0.05* 0.35 0.20

Means superscript with the same lowercase letters do not differ by Tukey test at 0.95 confidence level; Significant codes: ** p < 0.01; * p < 0.05.
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Figure 1. Polynomial models for the developmental traits of the cultivars of soybean, Potência and N26700, grown in soil with contamination by 
diesel oil; significant codes: ** p < 0.01; * p < 0.05. A. plant height (PH); B. number of leaf (NL); C. dry mass of the aerial part (DMAP) and D. dry 
mass of the root (RDM). P= Power and N= NS6700.

phloem of Potência to 0.50 for the diameter of leaf xylem 
of NS6700. Thus, larger percentage of variance of the data 
set was due to special causes than due to level of mineral 
contaminant. Despite statistically inconsistent, the fitted 
models figured out the diesel oil to contaminate soil and 
further promote notable changes in features of vascular 
system and leaf anatomy in plants of soybean.     

Diesel oil at the highest level decreased, but not 
significantly, the diameter of phloem and xylem of leaf 
tissues from 5.15 to 5.05 μm and from 20.05 to 15.20 
μm in the cultivar, Potência, as well as from 4.75 to 3.90 
μm and from 21.85 to 11.75 μm in the cultivar, NS6700, 
respectively. The mineral contaminant at the highest level 
also decreased the diameter of root xylem from 33.15 to 
31.25 μm in the cultivar, Potência, and from 30.95 to 24.75 
μm in the cultivar, NS6700. Decreased the diameter of 
adaxial epidermis from 15.65 to 11.90 μm but increased 
the diameter of abaxial epidermis from 11.95 to 14.25 
μm in the cultivar, Potência, as well as decreased the 
diameter of adaxial and abaxial epidermis from 18.25 
to 13.15 μm and from 14.65 to 12.20 μm in the cultivar, 
NS6700, respectively.  Decreased the thickness of palisade 
parenchyma from 44.45 to 36.85 μm in the cultivar, 
Potência, and from 44.25 to 36.50 μm in the cultivar, 
NS6700. 

Figure 4 reports significant linear relationships between 
physiological, histological and developmental traits of the 
cultivars of soybean, Potência and NS6700, grown in soil 
with contamination by diesel oil. 

The plant height had positive correlations with number 
of leaves (r = 0.70), dry mass of shoots (r = 0.75) and root 
dry mass (r = 0.90), as well with CO2 assimilation rate (r 
= 0.50). The number of leaves had positive correlations 
with dry mass of shoots (r = 0.90) and root dry mass (r = 
0.70). The dry mass of shoots correlated positively with 
root dry mass (r = 0.80), but negatively with diameter of 
root phloem (r = -0.55) and substomatal CO2 concentration 
(r = -0.45). The CO2 assimilation rate had positive linear 
relationships with stomatal conductance (r = 0.55), diameter 
of root xylem (r = 0.40) and water efficiency use (r = 0.75). 
The leaf transpiration correlated negatively with diameter 
of root phloem (r = -0.60) and water efficiency use (r = - 
0.70). The stomatal conductance had positive correlations 
with diameter of root phloem (r = 0.45), substomatal CO2 
concentration (r = 0.80) and water efficiency use (r = 
0.50). The substomatal CO2 concentration had negative 
relationship with thickness of palisade parenchyma (r = 
-0.45), as well as positive relationship with diameter of 
diameter of root phloem (r = -0.45). The water efficiency 
use correlated positively with diameter of xylem (r = 0.55) 
and phloem (r = 0.50) of root tissues.  
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Figure 2. Polynomial models for the physiological traits of the cultivars of soybean, Potência and N26700, grown in soil with contamination by 
diesel oil; significant codes: ** p < 0.01; * p < 0.05. A. CO2 assimilation rate (A); B. perspiration (E); C. stomatal conductance (GS); D. internal CO2 
concentration in the substomatal chamber (Ci) and E. efficient use of water (EUW). P= Potência e N= NS6700.

Table 5 reports the most explanatory components 
into the cultivation of plants of soybean in soil with 
contamination by diesel oil. The orthogonal subsets, PCI, 
PCII, PCIII, PCIV and PCV, with significant eigenvalues, 
retained together approximately seventy-five percentage 
of statistically interpretable variance.

The first component, interpreted as adaptation by the 
plant to evaporative water loss, had positive correlations 
with plant height, number of leaves, dry mass of shoots, 
root dry mass, leaf transpiration and thickness of palisade 
parenchyma, as well as negative correlations with 
substomatal CO2 concentration, stomatal conductance, 
diameter of root phloem and thickness of abaxial epidermis. 
Dry mass of shoots had the largest percentage of contribution 
to the variance within PCI, followed by plant height, root 

dry mass, diameter of root phloem, substomatal CO2 
concentration, leaf transpiration and thickness of palisade 
parenchyma, in that order. 

The second component, interpreted as biomass to 
metabolically useful water ratio, had positive linear 
relationships with plant height, number of leaves, dry mass 
of shoots, CO2 assimilation rate, stomatal conductance, 
water efficiency use, and diameter of root xylem, but 
negative linear relationship with leaf transpiration. 
The water use efficiency had the largest percentage of 
contribution to the variance within PCII, followed by CO2 
assimilation ratio, stomatal conductance, diameter of 
root xylem, leaf transpiration, plant height and number 
of leaves, respectively.
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Table 3. Outputs of analysis of variance for the physiological traits of the cultivars of soybean, Potência and NS6700, grown in soil with contamination 
by diesel oil.

Cultivar/ parameter Trait

A, μmol m-2 s-1 E, mmol H2O m-2 s-1 GS, mol H2O m-2 s-1 Ci, μmol mol-1 EUW, mol CO2 mol-1 H2O

SW test

p-value 0.10* 0.60* 0.15* 0.05* 0.15*

Tukey test

Potência 15.70a 4.30a 0.45a 277.25a 3.60a

NS6700 13.80b 4.30a 0.35b 273.35a 3.10b

Average 14.70 4.30 0.40 275.30 3.35

MSD 0.70 0.15 0.05 3.95 0.15
CV, % 18.40 14.25 24.60 5.60 19.20

Regression

Potência Model FO** FO** FO** FO** FO**

p-value < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
N26700 Model FO** FO** FO** FO** FO**

p-value < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Fisher test

Interaction p > F < 0.01** < 0.01* 0.01** 0.01** 0.01**

Means superscript with the same lowercase letters do not differ by Tukey test at 0.95 confidence level; significant codes: ** p < 0.01; * p < 0.05.

The third component, interpreted as storage of substrate 
for photosynthesis and transport of water, nutrients and 
photoassimilates, had positive loadings with diameter of 
xylem and phloem of leaf tissues, thickness of abaxial 
epidermis and thickness of palisade parenchyma, as well 
as negative loading with substomatal CO2 concentration. 
The diameter of leaf phloem had the largest percentage 
of contribution to the variance within PCIII, followed by 
diameter of leaf xylem, thickness of abaxial epidermis, 
thickness of palisade parenchyma and substomatal CO2 
concentration, respectively. 

The fourth component, interpreted as density of 
stomata and degree of stomatal opening, had positive 
linear relationships with substomatal CO2 concentration, 
stomatal conductance and leaf transpiration, as well as 
negative linear relationship with thickness of adaxial 
epidermis. The stomatal conductance had the largest 
percentage of contribution to the variance within PCIV, 

followed by substomatal CO2 concentration, thickness of 
adaxial epidermis and leaf transpiration. 

The fifth component, interpreted as maintenance of 
hydratation and osmotic potential of tissues compositing 
the leaf structure, had positive correlations with diameter of 
leaf xylem and thickness of adaxial epidermis, but negative 
correlations with diameter of leaf phloem and diameter of 
abaxial epidermis. The thickness of adaxial epidermis had 
the largest percentage of contribution to the variance within 
PCV, followed by diameter of phloem and xylem of leaf 
tissues, and thickness of abaxial epidermis, respectively.

Table 6 reports parameters and goodness-of-fit of 
multivariate regression models for the physiological, 
histological and developmental traits of the cultivars 
of soybean, Potência and NS6700, grown in soil with 
contamination by diesel oil. The fitted models did not 
fail to describe, sometimes perfectly, how physiological, 
histological and developmental traits interacted each other’s 
to determine size, dry mass of shoots, CO2 assimilation rate, 
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Figure 3. Polynomial models for the histological traits of the cultivars of soybean, Potência and N26700, grown in soil with contamination by diesel 
oil; significant codes: ** p < 0.01; * p < 0.05. A. Leaf phloem diameter (LPD); B. leaf xylem diameter (LXD); C. thickness of the abaxial epidermis 
(TABE); D. thickness of the adaxial epidermis (TADE); E. thickness of the palisade parenchyma (TPP) and F. root xylem diameter (RXD). P = 
Potência e N = NS6700.

 

 

  

  

  
  

substomatal CO2 concentration and water efficiency use in 
plants of soybean in presence of the mineral contaminant. 
Values of Radj

2 ranged as low as 0.50 for the models of 
CO2 assimilation rate to 1.00 for the model of water 
efficiency use. 

The statistical interpretation of the most accurate 
multivariate models allowed us to pointing out the following 
insights into effects of contamination of soil by diesel oil 
on the physiological, histological and developmental state 
of plants of soybean: Marginal reductions in number of 
leaves, root dry mass and CO2 assimilation could limit 
the plant height in 2.15 cm; Marginal reductions in plant 

height and root dry mass could decline dry mass of shoots 
in 0.60 grams; Marginal reductions in plant height, stomatal 
conductance, diameter of root xylem and water efficiency 
use could drastically decline CO2 assimilation rate in 
roughly 4.30 μmol m-2 s-1; Marginal reductions in diameter 
of root phloem and stomatal conductance could significantly 
decline substomatal CO2 concentration in 57.15 μmol 
mol-1; Decreasing marginally the CO2 assimilation rate 
and stomatal conductance, as well as increasing the leaf 
transpiration, could substantially reduce water efficiency 
use in approximately 1.35 mmol CO2 mmol-1 H2O.
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  Figure 4. Correlogram for the significant linear relationships between physiological, histological and developmental traits of the cultivars of soybean, 

Potência and NS6700, grown in soil with contamination by diesel oil.  

Table 4. Outputs of analysis of variance for the histological traits of the cultivars of soybean, Potência and N26700, grown in soil with contamination 
by diesel oil.

Cultivar/ parameter Trait

LPD, μm LXD, μm RPD, μm RXD, μm TAbE, μm TAdE, μm TPP, μm

SW test

p-value 0.10* 0.10* 0.05* 0.15* 0.35* 0.60* 0.05*

Tukey test

Potência 4.65a 16.65a 13.65a 30.90a 13.10a 14.40a 38.90a

NS6700 4.35a 14,90b 13.15a 28.30a 12.70a 14.20a 36.70b

Average 4.50 15.76 13.40 29.60 12.90 14.30 37.80

MSD 0.40 1.30 1.04 2.70 0.80 0.80 2.10

CV, % 34.60 32.50 32.70 35.90 25.30 22.50 21.70

Regression

Potência Model SO** SO** FO FO** FO FO** FO

p-value < 0.01 < 0.01 0.20 < 0.01 0.10 < 0.01 0.35

N26700 Model FO** SO** FO FO** FO** SO** SO**

p-value < 0.01 < 0.01 0.25 < 0.01 < 0.01 < 0.01 < 0.01

Fisher test

Interaction p > F 0.01** 0.05 0.10 < 0.01* <0.01** <0.01** 0.55

Means superscript with the same lowercase letters do not differ by Tukey test at 0.95 confidence level; Significant codes: ** p < 0.01; * p < 0.05. 
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Table 5. Principal components for the physiological, histological and developmental traits of the cultivars of soybean, Potência and NS6700, grown 
in soil with contamination by diesel oil.

Parameter/ trait Sphericity test

Chi-squared 585.40

Degree of freedom 240

p-value < 0.01

KMO test

Component

PCI PCII PCIII PCIV PCV

Eigenvalue 4.40 3.50 1.90 1.20 1.10

Percentage of variance 27.45 21.90 11.90 7.45 7.05

Cumulative percentage of variance 27.45 49.35 61.25 68.70 75.75

Pearson test

Plant height 0.80* 0.50* - 0.20 0.10 - 0.10

Number of leaves 0.70* 0.50* - 0.25 0.10 - 0.10

Dry mass of shoots 0.90* 0.30* - 0.15 - 0.15 - 0.30

Root dry mass 0.75* 0.30 - 0.15 - 0.15 - 0.30

CO2 assimilation rate 0.15 0.80* 0.30 0.20 0.30

Substomatal CO2 concentration - 0.65* 0.30 - 0.35* 0.45* 0.05

Stomatal conductance - 0.40* 0.70* - 0.15 0.55* 0.20

Leaf transpiration - 0.60* - 0.55* 0.10 0.45* 0.25

Water use efficiency - 0.30 0.90* 0.15 - 0.20 0.05

Diameter of leaf xylem 0.10 0.15 0.60* 0.30 0.40*

Diameter of root xylem - 0.25 0.55* 0.30 - 0.20 - 0.05

Diameter of leaf phloem 0.10 - 0.15 0.60* 0.30 - 0.40*

Diameter of root phloem - 0.75* 0.40* - 0.05 - 0.10 - 0.15

Thickness of adaxial epidermis - 0.05 0.30 - 0.10 - 0.40* 0.70*

Thickness of abaxial epidermis - 0.30 0.05 0.60* - 0.15 - 0.30*

Thickness of palisade parenchyma 0.50* - 0.05 0.40* - 0.10 0.20

Percentage of contribution to the variance

Plant height 14.20 7.95 1.30 0.75 0.55

Number of leaves 10.95 7.35 3.05 0.70 1.20

Dry mass of shoots 17.55 3.90 0.40 0.55 0.05

Root dry mass 12.85 2.40 0.90 1.40 6.75

CO2 assimilation rate 0.60 18.10 5.05 2.55 5.90

Substomatal CO2 concentration 9.30 2.40 6.80 17.70 0.05

Stomatal conductance 3.60 12.30 1.10 24.40 2.80

Leaf transpiration 7.45 8.20 0.15 14.55 4.70

Water use efficiency 1.90 21.20 1.20 3.30 0.05

Diameter of leaf xylem 0.35 0.80 20.10 6.60 13.80

Diameter of root xylem 1.40 8.70 4.40 3.90 0.10
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Diameter of leaf phloem 0.30 0.50 28.75 4.70 11.20

Diameter of root phloem 12.50 4.00 0.05 0.80 1.90

Thickness of adaxial epidermis 0.05 2.10 0.40 15.90 38.50

Thickness of abaxial epidermis 1.95 0.05 17.50 1.80 8.90

Thickness of palisade parenchyma 5.05 0.05 8.85 0.40 3.55

Adaptation by 
the plant to 

evaporative water 
loss

Biomass to 
metabolically 

useful water ratio

Storage of 
substrate for 

photosynthesis 
and transport 

of water, 
nutrients and 

photoassimilates

Density of 
stomata and 

degree of stomatal 
opening

Maintenance of 
hydratation and 

osmotic potential

Significant codes: ** p < 0.01; * p < 0.05. 

Table 5. Cont. 

Table 6. Parameters and goodness-of-fit of multivariate regression models for the physiological, histological and developmental traits of the cultivars 
of soybean, Potência and NS6700, grown in soil with contamination by diesel oil.

Trait Fitted model AIC BIC Radj
2

Y = βo + βiI + βjJ + … + βnN

Plant height, cm PH = 2.60 + 0.70 NL
** + 1.00 RDM

** + 0.45 A* 194.50 201.20 0.80

PH = 10.90** + 0.80 NL
** + 0.95 RDM

* 198.30 203.90 0.80

Dry mass of shots, g DMAP = 1.25 + 0.10 PH
** - 0.00 NL + 0.5 RDM

* - 0.01 RPD – 0.01 Ci
* 35.25 43.55 0.90

DMAP = -1.05* + 0.10 PH
** - 0.01 NL + 0.15 RDM

** - 0.05 RPD
 ** 37.50 45.10 0.875

DMAP = -1.90** + 0.15 PH
** - 0.05 NL + 0.20 RDM

** 42.80 49.50 0.85

DMAP = -2.40** + 0.20 PH
** - 0.01 NL 50.60 56.20 0.80

DMAP = 2.95* + 0.10 NL
** + 0.25 RDM

** - 0.05 RPD
 * - 0.01 Ci 61.90 69.45 0.775

DMAP = 0.70* + 0.10 NL
** + 0.25 RDM

** - 0.10 RPD
 ** 61.60 68.30 0.775

DMAP = -0.35 + 0.10 NL
** + 0.30 RDM

** 69.00 74.60 0.70

CO2 assimilation rate, µmol 
m-2 s-1 A = 8.85** + 0.15 PH

** + 2.60 GS + 0.01 RXD + 1.55 EUW
** 152.10 159.70 0.65

A = 11.45** + 0.20 PH
** + 5.60 GS

** + 0.05 RXD
 * 165.80 172.40 0.50

A = 11.60** + 2.65 GS + 0.01 RXD + 1.80 EUW
 ** 161.30 168.10 0.55

A = 12.05** + 0.01 DRX + 2.10 EUW
 ** 160.90 166.60 0.50

Substomatal CO2 
concentration, µmol mol-1 Ci = 235.65** - 0.40 TPP

** + 0.20 RPD + 56.95 GS
** 286.30 293.10 0.675

Ci = 214.95** + 0.60 DRP + 58.30 GS
** 291.50 297.10 0.60

Water efficiency use,
mmol CO2 mmol-1 H2O

EUW = 4.30** – 0.90 E** + 0.01 RPD – 0.01 RXD + 0.15 GS
* + 0.20 A** -94.40 -86.10 1.00

EUW = 7.80** - 0.90 E** + 0.01 RPD
 * - 0.01 RXD + 1.40 GS

** 58.10 65.65 0.70

EUW = 8.35** - 0.90 E** + 0.01 RPD
 * - 0.01 RXD 64.20 70.90 0.65

EUW = 8.20** - 0.90 E** + 0.01 RPD
 * 61.60 67.20 0.65

EUW = - 1.75* + 0.10 RPD + 0.01 RXD
 ** - 0.05 GS + 0.20 A** 58.80 66.40 0.70

EUW = -0.80 + 0.01 RXD
 * + 0.80 GS + 0.20 A** 71.65 78.30 0.60

EUW = -0.90 + 0.95 GS + 0.20 A** 72.65 78.25 0.55

 Significant codes: **p < 0.01; *p < 0.05.



12

Diagramação: www.editoraletra1.com.br

Iheringia, Série Botânica, 81: e20261052, 2026

Lisboa et al. 

DISCUSSION

We, honestly, conceived this exploratory study 
aiming to investigate and report how much harmful is 
contamination of soil by diesel oil to physiology, histology 
and development of plants of soybean, which is one of the 
most important agricultural crops for generation of food 
and energy in the world. Plant height, number of leaves, 
dry mass of shoots and root dry mass are developmental 
traits of high relevance when prospecting potential plant 
materials to compose fields of soybean, mainly in marginal 
lands, where several stressing biotic and abiotic factors 
make planning difficult, increase total cost of production, 
and decline productivity and quality of the plantation 
(Emengini et al. 2013b). In this work, the plant materials 
were similar for plant height, number of leaves and root 
dry mass, but dissimilar for dry mass of shoots; production 
of dry mass of stems and leaves was larger in Potência 
than in NS6700. Dissimilarity in productive yield of dry 
mass of shoots between the cultivars of soybean was due 
to plasticity. Plasticity refers to plant’s ability to adapt to 
and cope with changes in the environment. Highly plastic 
plants can grow in the harshest conditions, including 
sites with contamination by heavy metals, metalloids or 
hydrocarbons, such as the diesel oil (Reis et al. 2018).

The scientific study by Gürtler et al. (2018) on the 
determination of changes in leaf and canopy spectra of 
plants grown in soils with contamination by hydrocarbons, 
reports concentric leaf lesions in plants exposed to diesel 
oil and gasoline, consistent with the results in this work. 
Mineral and vegetal oils have great hydrophobic potential 
to penetrate effortlessly through natural barriers mostly 
consisting of cutin and wax and promote disruption of 
plant tissues, thus, causing them to lesions (Kissmann 
1998). Plants under stress often canalize larger portion of 
energy into controlling of damages rather than synthetize 
proteins, photosynthetic and photoprotective pigments 
like carotenoids and chlorophylls, free radical-scavenging 
enzymes and other composites, thus, costly reducing the 
growth and development (Reis et al. 2017, Achuba & 
Iserhienrhien 2018, Reis et al. 2018).        

Cruz et al. (2019) performed the comparative study of 
phytotoxicity and genotoxicity of soil with contamination 
by biodiesel, diesel and crude petroleum. The authors 
incisively asserted the petroleum and derivatives triggered 
significant changes in anaphase of cellular division of root 
tissues of Eruca sativa, thus, hindering the growth and 
development of the plant material. 

Concentric spots took place on leaf structures in both 
the cultivars. It likely meant symptoms of oxidative stress 
by the mineral contaminant at levels as high as 4, and 8 mL 
L-1 soil (Reis et al. 2018). Anion superoxide (O-), hydrogen 
peroxide (H2O2) and hydroxyl radical (OH-) are free radical 
damaging the photosynthetic and non-photosynthetic 
parts of the plant, such as roots, stems, leaves, fruits and 
seeds (Reis et al. 2017). Relatively large lesions certainly 
reduced photosynthetically active leaf area, disabling it to 

effectively intercept physical energy from the sun for further 
conversion into sugars, proteins and other photoassimilates 
for the plant growth and development. As result of stress, 
plants grown in pots with diesel oil at high levels had lower 
values of height, number of leaves, dry mass of shoots and 
root dry mass than that of plants grown in pots without and 
with the mineral contaminant at levels as low as 1, and 2 
mL L-1 soil, regardless cultivar. Indeed, harmful effect of 
diesel oil on the development traits became more sever 
with increasing the level in the soil.

They, complementarily, emphasized the suppressing 
impact of the hydrocarbons on soil microbiota. Idowu 
et al. (2018), who performed the scientific study on the 
changes in microbial population during mycoremediation 
of diesel oil, also found up impressive negative effect of 
the mineral contaminant on the soil microbiota. Bacteria 
and fungi as symbionts offer several benefits to the plant, 
mainly including cycling of nutrients; mineralization 
of organic matter; biological fixation of N2 from the 
atmosphere, then, transforming it into readily assimilable 
ions, such as nitrate (N-NO3

-) and ammonium (N-
NH4

+); solubilization of organic phosphates; secretion of 
siderophores for complexation of heavy metals, such as 
the iron; improvement of morphoanatomy of root system 
to uptake water and nutrients from deeper horizons of the 
soil; secretion of plant hormones, such as abscisic acid, 
auxins, gibberellins and ethylene; and biological control 
of pests and diseases (Gazola et al. 2015, Sarathambal et 
al. 2015, Antonio et al. 2016, Bulegon et al. 2016, Hungria 
et al. 2016, Hanisch et al. 2017). Linearly decreased plant 
height, number of leaves, dry mass of shoots and dry mass 
of shoots in plants under diesel oil at levels high levels 
may be consequence of adversities of the contaminant on 
functions of endophytic and free-living microorganisms 
which naturally exist in symbiosis with soybean. Another 
hypothesis for the declined developmental traits was 
damage by diesel oil in processes of division and elongation 
of cells.

Stomatal conductance, CO2 assimilation rate, 
substomatal CO2 concentration, leaf transpiration and water 
efficiency use rank amongst the most reliable physiological 
indicators of photosynthetic activity and plant water status. 
Particularly, stomatal conductance refers to measure of 
degree of stomatal opening; it also implies rate of passage 
of carbon dioxide entering the plant through the stomatal 
structures (Reis et al. 2018). The plant actively regulates 
stomatal conductance and correlate processes according 
to the environment – reduction in stomatal conductance 
prevents the plant from losing water atypically by excessive 
transpiration stream, while preserving some physiological 
and biochemical functions under stressing environmental 
conditions (Peters, Morales and Jimenez, 2003; Manzoni 
et al. 2011).

Loss of water efficiency use drastically reduces not only 
size, but also production of biomass by the plant (Gil et al. 
2008). Stomatal conductance of the cultivars of soybean, 
Potência and NS6700, markedly decreased with increasing 
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the level of diesel oil. Such physiological behavior meant 
stomata closure. Stomata closure as adaptative mechanism 
by the cultivars to adapt to and cope with excessive leaf 
transpiration due to contamination of soil by diesel oil at 
levels as high as 4, and 8 mL L-1 triggered substantial lows in 
CO2 assimilation rate, substomatal CO2 concentration and, 
ultimately, water efficiency use; all of which physiological 
weaknesses disabled the plant materials to grow and develop 
as healthier and stronger as possible.    

Diameter of adaxial and abaxial epidermis, thickness of 
palisade parenchyma and diameter of xylem and phloem of 
leaf and root tissues are elemental to the plant growth and 
development. Specially, the leaf epidermis in made up single 
layer of cells. Cuticle and waxy layer are features of upper 
and lower epidermis to prevent the plant from water loss 
by transpiration. Other important roles of epidermis are the 
filtering out of harmful ultraviolet radiation from the sun 
through flavonoid pigments confined into large vacuoles, 
and mechanical barrier against attack by herbivory pests, 
such as sucking stinkbugs and caterpillars. Spongy and 
palisade parenchyma cells make up the leaf mesophyll, 
which takes place between adaxial and abaxial epidermis. 
The leaf mesophyll is the site of chloroplasts and, obviously, 
photosynthesis (Davies et al. 2018). The thickness of 
palisade parenchyma not only influences transpiration, but 
also contributes to sequester of carbon dioxide, storage and 
transport of sugars, proteins and other photoassimilates to 
the phloem for translocation to other non-photosynthetic 
tissues of the plant, such as the root system. Xylem and 
phloem compose vascular system of the plant. Xylem is 
made up non-living material. It basically moves water and 
minerals from the root system to stems, leaves, fruits and 
seeds. Phloem refers to living vascular tissues. Through the 
system of translocation, the phloem uses turgor pressure, 
and energy in the form of ATP to actively transport products 
of photosynthesis from source tissues to sink-tissues, such 
as photosynthetic leaf cells and non-photosynthetic root 
cells (Kandasamy and Meagher, 1999; Lundgren et al. 
2019, Nakai et al. 2019).

The thickness of adaxial and abaxial epidermis, thickness 
of palisade parenchyma and diameter of xylem and phloem 
of leaf and root tissues of the cultivars of soybean, Potência 
and NS6700, quickly declined with increasing the level 
of diesel oil in the soil. Such reductions probably caused 
the plants of soybean to intensive leaf transpiration, low 
photosynthetic activity and inefficient absorption of water 
and nutrients, thus, hampering the growth and development 
of photosynthetic and non-photosynthetic structures above 
ground and underground. The vascular system of Potência 
was naturally richer in xylem and phloem of larger diameter 
to uptake mineral from substrate and transport sugars, 
proteins and other photoassimilate through the whole 
plant than that of NS6700, which was lesser sensitive 
to histological changes in morphoanatomy of leaf and 
root system. Larger production of dry mass of shoots by 
Potência likely was due to higher efficiency of vascular 
system consisting of phloem and xylem of larger diameter 

in translocation of water and nutrients from source tissues 
to sink tissues, in comparison to NS6700. Obviously, 
plasticity of soybean plants was dependent on genotype. 
Plasticity enabled the cultivars to adapt to contamination 
of soil by diesel oil, whose negative effects on histological 
traits became more severe and clearer at levels as high as 4, 
and 8 mL-1; lower levels did practically not alter anatomy 
of leaves and roots, as the thickness of adaxial and abaxial 
epidermis, thickness of palisade parenchyma and diameter 
of xylem and phloem remained with dimensions relatively 
similar to those of features of control. 

The exploratory data analysis is not automatic 
task, but iterative process of knowledge discovery or 
interactive multi-objective optimization. The EDA tools, 
Pearson correlation test, PCA and MRA, made great their 
collaborative job at allowing us to perform the tasks of 
modeling and understanding of physiological, histological 
and developmental traits interacting each other’s to enable 
plants of soybean to adapt to and cope with changes in 
the stressing microenvironment with diesel oil as mineral 
contaminant in the soil.

The positive correlations between developmental and 
physiological traits, PH, NL, DMAP, RDM and A, meant 
the higher the assimilation rate of carbon dioxide, the 
higher the plant, the greater the returns of longer stems, 
photosynthetically active larger leaf structures and dry 
mass of larger and deeper roots, as well as the larger 
the production of dry mass of shoots. CO2 is the most 
important gaseous substrate for the photosynthesis and, 
automatically, for the growth and development of the plant. 
In the photosynthesis, the plant uses the physical energy in 
sunlight to convert CO2 and water into glucose and oxygen. 
High net assimilation rate of carbon dioxide often means 
high photosynthetic activity and substantial production of 
biomass. In absence of diesel oil, plants of soybean with 
higher CO2 assimilation rate had higher values of PH, NL, 
DMAP and RDM than those with lower CO2 assimilation rate, 
consistent with the linear relationships. Increasing the level 
of the mineral contaminant significantly reduced the plant’s 
ability to assimilate carbon dioxide from the atmosphere, 
thus, severely impairing the growth and development of 
the cultivars, Potência and NS6700.

The predictable positive linear relationship between the 
developmental traits, DMAP and RDM, meant the larger and 
deeper the root system, the greater the production of dry 
mass of leaves and shoots. The root system basically is made 
up of primary and secondary roots, and absorbing hairs. It 
is of extreme importance for the plant. The root system not 
only anchors and sustains physically the entire architecture 
of the plant, but also uptakes and transports water and 
nutrients to photosynthetic and non-photosynthetic parts 
above ground through the vascular system, and hosts 
symbiont microorganisms, such as rhizobacteria and 
mycorrhizal which provide several benefits for the growth 
and development (Lisboa et al. 2020). On average, plants of 
soybean of larger production of root dry mass accordingly 
had larger production of dry mass of shoots. Increasing 
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the level of diesel oil in the soil, impressively decreased 
the RDM and, subsequently, the DMAP, of the cultivars of 
soybean, Potência and NS6700, probably due to decreasing 
in the growth and development of the root system, thereby, 
making the water and nutrients uptake as well as symbiosis 
with naturally exist microorganism difficult. From the 
perspective of the correlation, one of the ways by which 
the mineral contaminant at high levels stressed the plants 
of soybean was induction of changes in anatomy and 
functioning of root system.

The negative linear relationships between the 
developmental, histological and physiological traits, 
DMAP, RPD and CI, meant the higher the substomatal CO2 
concentration and the larger the diameter of root phloem, 
the smaller the return of dry mass of shoots. In line with the 
correlations, plants of soybean with higher values of RPD 
and CI had lower values of DMAP, compared to those with 
lower values of RPD and CI, regardless level of diesel oil 
in the soil and cultivar. Substomatal CO2 concentration is 
one of the most essential physiological traits for assessing 
the photosynthetic and water status of the plant. High 
CI often means low diffusion of gaseous substrate from 
substomatal cavity to intracellular air spaces of the leaf 
mesophyll. Low inward-moving of CO2 within the leaf 
reduces photosynthesis and, consequently, production of 
biomass by the plant (Kandasamy and Meagher, 1999; 
Lundgren et al. 2019; Nakai et al. 2019). 

Thus, negative correlation between DMAP and CI meant 
diesel oil may reduce accumulation of dry mass in stems 
and leaves of the cultivars of soybean by decreasing the 
progressive dissolution of CO2 from substomatal cavity 
into wet mesophyll cells, which is replete of chloroplasts, 
organelles which capture the energy from the sun, convert 
it, and store it in the forms of ATP and NADPH, while 
freeing oxygen from water molecules in plant cells. 
Regarding negative relationship between DMAP and RPD, 
it could apparently be result of intensive translocation 
of photoassimilates from stems and leaves to the root 
system, as strategy by the plant to withstand adversities of 
contamination of soil by diesel oil. The atypical movement 
of sugars, proteins and other outcomes of photosynthesis 
towards the roots, through the phloem, strength them, 
while reducing somewhat the accumulation of dry mass in 
vegetative structures above ground, in the case of soybean, 
stems and leaves. Such morphological behavior could be 
another attempt by the cultivars, Potência and NS6700, to 
resist to stress by the mineral contaminant. The anatomy 
of xylem and phloem is highly sensitive to changes in the 
environment (Gobbi et al. 2011; Ribeiro Jr et al. 2017).

The predictable positive correlations between the 
physiological traits, A, GS and EUW, meant the higher 
the greater the degree of stomatal opening, the higher 
the rate of passage of carbon dioxide entering the plant 
through leaf stomatal structures, as well as the greater the 
potential of the plant to effectively introduce metabolically 
available water as the first electron donor into conversion 
of CO2 and physical energy from the sun into biomass 

through the path of photosynthesis. In agreement with 
the linear relationships, plants of soybean with higher 
stomatal conductance had higher CO2 assimilation rate 
and consequently higher water efficiency use than those 
with lower stomatal conductance. Diesel oil at high levels 
drastically decreased the stomatal conductance, CO2 
assimilation rate and water efficiency use in the cultivars, 
Potência and NS6700, likely due to stomatal closure to avoid 
further increases in leaf transpiration. Reduction in stomatal 
conductance is one of the oldest adaptative mechanisms 
by the plant to prevent water loss by transpiration under 
stressing environmental conditions, while preserving as 
much vital processes as possible. Therefore, one of the ways 
by which the mineral contaminant at levels as high as 4, 
and 8 mL L-1 soil reduced the stomatal conductance, CO2 
assimilation rate and water efficiency use was induction 
of stomatal closure.

The dry mass of shoots explained the largest portion 
of the variance within first principal component referring 
to plant’s ability to adapt to and cope with atypical leaf 
transpiration under stressing environmental conditions. 
Because of the largest percentage of contribution, dry mass 
of shoots ranked as the most sensitive and most reliable 
developmental indicator of physiological adaptation of 
plants of soybean to water lost by excessive transpiration 
stream as consequence of stress by diesel oil in thickness 
of upper and lower surfaces of the leaf, diameter of phloem 
and xylem composing the vascular system of leaf and root 
tissues and thickness of palisade parenchyma, amongst 
other features of physiology and histology. The next most 
explanatory developmental indicators of adaptation by the 
plant to evaporative water loss were plant height, root dry 
mass and diameter of root phloem, all of which contributed 
nearly equally to the variance within PCI.

The water efficiency use had the largest percentage of 
contribution of variance within second principal component 
referring to biomass to useful water ratio. Because of the 
largest percentage of contribution, water efficiency use 
was the most sensitive and most reliable physiological 
indicator of usage of metabolically available water by 
plants of soybean as electron donor into conversion of 
carbon dioxide from the atmosphere and physical energy 
from the sun into sugars for the growth and development, 
through the path of photosynthesis. CO2 assimilation rate 
and stomatal conductance placed secondly and thirdly in the 
ranking for the most explanatory physiological indicators of 
biomass to useful water ratio, in that order; both which had 
relatively similar contributions to the variance within PCII.

The diameter of leaf phloem had the largest 
percentage of contribution to the variance within third 
principal component referring to storage of substrate 
for photosynthesis and transport of water, nutrients and 
photoassimilates. Because of the largest percentages of 
contribution, diameter of phloem and xylem of leaf tissues 
were the most sensitive and most reliable histological 
indicators of dynamic translocation of water, nutrients 
and other products of photosynthesis through vascular 
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system of plants of soybean. The next most explanatory 
histological and physiological indicators of storage of 
substrate for photosynthesis and transport of water, nutrients 
and photoassimilates from source tissues to sink tissues 
were thickness of abaxial epidermis, thickness of palisade 
parenchyma and substomatal CO2 concentration, in that 
order.

The stomatal conductance had the largest portion of 
variance within fourth principal component referring 
to density of stomata and degree of stomatal opening. 
Because of the largest percentage of contribution, stomatal 
conductance appeared to be the most sensitive and most 
reliable physiological indicator of availability of stomata 
and rate of passage of carbon dioxide entering the soybean 
plants through physiologically active leaf structures. The 
next most explanatory physiological indicators of density of 
stomata and degree of stomatal opening were substomatal 
CO2 concentration and thickness of adaxial epidermis, in 
that order; both which contributed nearly equality to the 
variance.

The thickness of adaxial epidermis had the largest 
percentage of contribution to the variance within fifth 
principal component referring to maintenance of hydratation 
and osmotic potential of tissues compositing the leaf 
structure. Because of the largest contribution, thickness of 
adaxial epidermis was the most sensitive and most reliable 
histological indicator of transport of minerals through the 
xylem to maintain hydratation and osmotic potential in leaf 
tissues to prevent plants of soybean from physiological and 
histological damages of excessive transpiration stream as 
consequence of stress by increasing levels of diesel oil 
in the soil.

Multivariate regression is one of the simplest, wisest 
and most reliable mathematical method to predict the 
behavior of the dependent variable or response to changes 
in independent variables, sometimes known as predictors. 
Globally, the set of fitted multivariate models did not failed 
to describe adequately the degree at which the physiological, 
histological and developmental traits of plants of soybean 
grown in soil with contamination by diesel oil were linearly 
related each other’s. The lack-of-fit of some fits likely was 
result of special causes referring to assignable problems of 
environment, labor, material, method or measurement, other 
than level of contaminant and cultivar of soybean crop. 
Yet, the linear trends deserve to be seen by those readers, 
including agronomist, physiologist and plant breeders, 
who may be interested in using the CO2 assimilation rate, 
leaf transpiration, stomatal conductance, substomatal 
CO2 concentration and water use efficiency, diameter of 
leaf xylem, diameter of root xylem, diameter of xylem 
and phloem of leaf and root tissues, thickness of adaxial 
epidermis, thickness of abaxial epidermis and thickness of 
palisade parenchyma, plant height, number of leaves, dry 
mass of shoots and root dry mass as comprehensive set of 
reliable criteria for prospection and selection of potential 
genotypes of soybean to realize cropping systems in sites 
with contamination by hydrocarbons.
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