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Phytocytotoxicity of volatile 
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The intensive application of agrochemicals in crops has negatively impacted the environment and 
other organisms. The use of naturally occurring compounds may be an alternative to mitigate these 
effects. Plants are secondary metabolite reservoirs and may present allelopathic activity, which is 
potentially interesting to be used in bioherbicide formulations. In this context, the present work 
aimed to evaluate the phytotoxic and cytotoxic effects of essential oils extracted from leaves 
of Sparattanthelium botocudorum and Sparattanthelium tupiniquinorum in bioassays with the 
plant models Lactuca sativa L. and Sorghum bicolor L. Moench. The essential oils were applied at 
concentrations of 3,000, 1,500, 750, 375 and 187.5 ppm. Chemical characterization of the oils was 
performed, and their impact on the percentage of germinated seeds, initial development of L. 
sativa and S. bicolor seedlings, and changes in the mitotic cycle of meristematic cells from L. sativa 
roots was evaluated. The major compound of the essential oils was germacrene D, followed by 
bicyclogermacrene, β-elemene and germacrene A. The phytotoxicity assay showed that the essential 
oils of both species reduced the root and shoot growth in L. sativa and decreased the germination 
and shoot growth in S. bicolor. Inhibition was dependent on the tested oil concentration. In the 
cytotoxicity assay, a decrease in mitotic index and chromosomal and nuclear alterations were 
observed, which resulted from aneugenic and clastogenic action.

Herbicides, which are used for weed control1, are among the most applied agrochemicals in crop fields. However, 
the use of these compounds has led to problems related to plant resistance, environmental contamination, and 
risks to human and animal health. Therefore, it is necessary to find alternative methods for agricultural pest 
control2,3. In this context, secondary metabolites may be of particular interest, as they can be directly or indirectly 
used in the development of new herbicides. These compounds are produced by plants and comprise three major 
groups, which are found in extracts and essential oils: terpenoids, alkaloids and phenolic compounds4,5. Essential 
oils play an important role in protecting the plant during the competition with other species as well as against 
herbivore and pest attacks, and are produced variably according to the plant’s interactions with the environment6.

Essential oils are volatile products, found in all plant organs, and are obtained by extraction processes such 
as hydrodistillation and cold pressing, depending on plant location, quantity and characteristics required for 
the final product7–9. The identification and phytochemical classification of these oils enable the investigation of 
biologically active substances10–12. Known as allelochemicals, these substances can be a favorable source for the 
development of natural herbicides, which may contribute to reduce the environmental impact caused by com-
mercial herbicides, and additionally serve as plant growth stimulants13–16.
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The basal angiosperm families Hernandiaceae, Lauraceae and Piperaceae are well studied due to presenting 
essential oils. The species of these families are relevant because they produce secondary metabolites with proven 
biological activities17–19. The genus Hernandia (family Hernandiaceae), for example, exhibits important medicinal, 
anti-inflammatory and blood-purifying properties20, as a result of the presence of alkaloids21,22.

On the other hand, the genus Sparattanthelium, from the same family, remains little known. Only the spe-
cies S. amazonum Mart. and S. uncigerum (Meissn) Kubitzki have been characterized. Studies in these species 
have shown that some of their alkaloids act against resistant and sensitive strains of Plasmodium falciparum, a 
protozoan that causes malaria in humans23. In addition, the species described in the literature present medici-
nal activity, being used by indigenous communities to control digestive problems, stomach pain, vomiting and 
diarrhea23,24.

The evaluation of biological activity and identification of bioactive compounds have been accomplished by 
means of plant bioassays4,5,25,26. Among others, these tests are used to assess phytotoxicity and cytotoxicity as well 
as to determine the mechanism of action of the studied compounds, and provide results quickly. In addition, 
model organisms such as Lactuca sativa L. (eudicotyledon) and Sorghum bicolor L. Moench (monocotyledon) 
are highly sensitive, enable the simultaneous analysis of various compounds, and exhibit high proliferation rate 
and rapid germination5,25,27.

Considering all the above, this work aimed to (1) determine the chemical composition of the essential oils 
extracted from leaves of Sparattanthelium botocudorum Mart. and Sparattanthelium tupiniquinorum Mart., (2) 
evaluate their phytotoxic properties in bioassay tests, and (3) assess the cytotoxic properties of these oils in L. 
sativa.

Material and methods
Plant material.  For the extraction of essential oils, S. botocudorum and S. tupiniquinorum leaves were col-
lected from adult plant, on the same day and time, during winter (July) ,in the south of Espírito Santo, Brazil (21° 
07′ 02.5″ S 41°18′ 42.7″ W, data collection: JA Christ) .

For the phytotoxicity and cytotoxicity tests, commercial seeds of the eudicot L. sativa (var. crispa) and of the 
monocot S. bicolor (cultivar IAC Santa Elisa) were used.

Extraction and analysis of essential oils.  The extraction method was hydrodistillation in Clevenger 
apparatus, for 4 h, according to the methodology recommended by Farmacopeia Brasileira for volatile oils28. 
About 200 g of fresh leaves were used in approximately 1 L of reverse osmosis water in a 2-L round-bottom flask. 
The flask was then coupled to the apparatus, where the oil was extracted for three hours after water boiling. The 
obtained hydrolate was centrifuged at 5,000 rpm for 3 min to promote the separation between the aqueous and 
oily phases. With the aid of a Pasteur pipette, the (supernatant) oil was removed and stored in an amber bottle in 
a freezer at − 20 °C, protected from light4,29.

Phytochemical analysis of the essential oils.  Samples of the essential oils extracted from the leaves 
were analyzed via gas chromatography with flame-ionization detection (GC-FID) (Shimadzu GC-2010 Plus) 
and gas chromatography–mass spectrometry (GC–MS) (Shimadzu GCMS-QP2010 SE) according to protocol 
of Souza et al. (2017), with adjustments. For these analyses, the following conditions were used: Helium (He) as 
carrier gas for both procedures, with flow and linear velocity of 2.80 mL min−1 and 50.8 cm s−1 for GC-FID and 
1.98 mL min−1 and 50.9 cm s−1 for GC–MS; injector temperature of 220 °C at the split ratio of 1:30; fused silica 
capillary column (30 m × 0.25 mm) ; stationary phase Rtx®-5MS (0.25 μm film thickness) ; oven temperature set 
as follows: initial temperature of 40 °C for 3 min, then gradual increase at a rate of 3 °C min−1 until reaching 
180 °C, where it remained for 10 min, for a total analysis time of 59.67 min; and temperatures of 240 °C for FID 
and 200 °C for MS.

The samples used were removed from the vials in 1 μL volume of a 2% solution of essential oil dissolved in 
ethanol. The GC–MS analyses were performed on electronic impact equipment with impact energy of 70 eV; 
scanning interval of 0.50 fragments s−1; and fragments detected from 29 to 400 (m/z). The GC-FID analyses 
were performed with a flame formed by H2 and atmospheric air at 300 °C, with 40 mL min−1 and 400 mL min−1 
flows for H2 and air, respectively. Detection of ions occurs when the organic compounds present in the sample 
are mixed with the carrier gas (He) and a stream is produced proportional to the amount of these compounds 
in the sample. If only He and H2 are mixed, a small stream is produced between the electrodes.

Identification of the essential oil components was accomplished by comparing the obtained mass spectra 
with the mass spectra available in spectrographic databases (Wiley 7, NIST 05 and NIST 05 s). In addition, the 
Kovats Retention Index(KRI) of each compound was calculated using a mixture of C7–C40 saturated alkanes 
(Supelco-USA) and the adjusted retention time of each compound, obtained via GC-FID, then compared with 
those in the literature30–32.

The relative percentage of each essential oil compound was calculated by the ratio between the total area of 
the peaks and the total area of all constituents of the sample, obtained by GC-FID analysis. Compounds with a 
relative area above 1% were identified, and those over 5% were considered to be major29.

Plant bioassays.  Phytotoxicity assay.  For each S. botocudorum and S. tupiniquinorum essential oil, five 
concentrations were evaluated: 3,000 ppm, 1,500 ppm, 750 ppm, 375 ppm and 187.5 ppm. The concentrations 
were obtained by diluting the oil in the solvent dichloromethane (99.5%). Distilled water and dichloromethane 
were used as negative controls (C−), and glyphosate (1 mL/L) as positive control (C +) . Twenty-five seeds each 
of L. sativa and S. bicolor were placed in Petri dishes (9 cm of diameter), with five repetitions, totalling 125 seeds 
for each treatment. The seeds were placed on filter paper moistened with 2.5 mL of oil diluted in the solvent. Petri 
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dishes were arranged in a completely randomized design (CRD) and placed in Biochemical Oxygen Demand 
(B.O.D.) at 24 °C throughout the experiment. The percentage of germinated seeds was observed after 8, 16, 24, 
36 and 48 h of exposure to the treatments. Root and shoot growth were determined after 48 and 96 h of exposure 
to the oils, respectively, using a digital caliper. From the data obtained, the following variables were evaluated: 
germination rate (radicle protrusion) after 48 h (G%) = total of germinated seeds/total of treatment seeds × 100; 
germination speed index (GSI) = (N1 * 1) + (N2 − N1) * 1/2 + (N3N2) * 1/3 + … (Ny − (Ny − 1)) * 1/y, where Ny 
represents the number of germinated seeds in a given period and y represents the total number of evaluation 
periods33; and root length (RL) and shoot length (SL), in mm25.

Cytotoxicity assay.  After 48 h of exposure, the roots of ten lettuce seeds were removed and fixed in Carnoy I 
(3:1 methanol + acetic acid) , then stored at − 20 °C for at least 24 h. Only lettuce roots were used in this assay, as 
they are considered a suitable model for microscopic analysis to test the toxic effect of chemical compounds27. 
Lettuce roots show high proliferative activity, fast growth, a high number of seeds, many chromosomes, high 
sensitivity to mutagenic and genotoxic compounds, and easy-to-manipulate roots5,34. Slides were prepared using 
the squashing method35. First, root tips were hydrolyzed in 5 N HCl at room temperature for 18 min. Next, the 
meristematic region was removed and placed on a slide, stained with 2% acetic orcein, covered with acoverslip, 
and crushed. Each slide was prepared using two treated meristems, with five slides being evaluated per treat-
ment (one slide for each Petri dish). One thousand cells were evaluated per slide, totaling 5,000 meristematic 
cells observed per treatment. The following parameters were analyzed: mitotic index (MI) , calculated as the 
number of dividing cells as a fraction of the total number of cells; chromosomal aberrations (CA) , expressed 
as the percentage of each aberration—lost chromosomes, adherent chromosomes, chromosomal fragments, 
chromosomal bridges, c-metaphases and chromosomal polyploidization—divided by the total number of cells; 
and nuclear aberrations (NC), determined by the frequency of condensed nuclei and micronucleated cells in 
interphase25,34.

Statistical analyses.  The results obtained from the phytotoxicity and cytotoxicity analyses were subjected 
to analysis of variance, and the means to Dunnett’s test at 5% significance. This test was chosen to compare treat-
ments with controls36 and because it is sensitive and able to identify small differences between groups37. The 
analyses were performed with Genes, a software package for analysis in experimental statistics and quantitative 
genetics38.

Results
Chemical composition of the essential oils.  The extraction efficiency of S. botocudorum and S. tupi-
niquinorum essential oils was 0.34% and 0.43%, respectively, by fresh leaf fraction. By means of the chromato-
graphic analyses, five compounds were identified in the essential oils of these species (Table 1). In the essential oil 
from S. botocudorum, the major compound was germacrene D (33.2%), followed by bicyclogermacrene (23.4%) , 
germacrene A (17.7) , β-elemene (8.4%) and trans-nerolidol (7.7%) . The major compound in S. tupiniquinorum 
was also germacrene D (44.8%), followed by bicyclogermacrene (16.9%), γ-cadinene (15%), germacrene A (8.7) 
and β-elemene (5.1%). Only one chemical compound differentiated the two species, namely trans-nerolidol in S. 
botocudorum and γ-cadinene in S. tupiniquinorum.

Phytotoxicity.  The essential oils from both Sparattanthelium species performed biological activities in the two 
used plant models. Inhibition was dependent on the analyzed variable and the oil concentration tested (Figs. 1, 
2). The essential oil from S. botocudorum decreased the germination index of L. sativa seeds at the highest con-
centration (3,000 ppm), matching the positive control (glyphosate) (Fig. 1a). The GSI was also reduced when 
compared to the positive control, being more expressive at the concentration of 3,000 ppm, and matched the 
positive control at 1,500 ppm. Root length was not affected, and all germinated seeds produced roots with length 
similar to those treated with negative controls (water or dichloromethane). On the other hand, at the two high-
est oil concentrations, shoot length was smaller than the growth observed in the treatments with the negative 
controls.

Table 1.   Identification of the major compounds (> 5%) of the essential oils from Sparattanthelium 
botocudorum and Sparattanthelium tupiniquinorum.  a Major compounds listed in order of elution using Rtx®-
5MScolumn. b Compounds with > 5% relative area were identified.

S. botocudorum S. tupiniquinorum

Compoundsa Arel (%) b Arel (%) b

β-Elemene 8.4 5.1

Germacrene D 33.2 44.8

Bicyclogermacrene 23.4 16.9

Germacrene A 17.7 8.7

trans-Nerolidol 7.7 –

γ-Cadinene – 15.0

Total identified 90.4 90.5
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For the treatments performed with S. bicolor seeds, a germination percentage close to that of seeds exposed to 
negative controls was observed at all tested concentrations (Fig. 1b). GSI was also unaffected by the essential oils. 
In turn, root length was the most affected variable, with a reduction more effective than glyphosate observed at all 

Figure 1.   Phytotoxicity of different concentrations of S. botocudorum essential oil, water, solvent (C −) and 
glyphosate (C +) , tested on seeds and seedlings: (A) L. sativa and (B) S. bicolor. The means followed by the 
letter a equalled distilled water (C −); means followed by b equalled dichloromethane (DCM) (C −); and means 
followed by c equaled glyphosate (C +). The numbers in the figure caption represent the concentrations (ppm) 
of the essential oils. %G: percentage of germinated seeds after 48 h of exposure to treatments; GSI: germination 
speed index of the seeds during the first 48 h, evaluated every 8 h, after exposure to treatments; RL: root length 
(mm) after 48 h of exposure to treatments; SL: shoot length (mm) after 120 h of exposure to treatments. The left 
y axis refers to the means of germination, and the right y axis to GSI, RL and SL.



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:12213  | https://doi.org/10.1038/s41598-020-69205-6

www.nature.com/scientificreports/

tested concentrations, except at 1,500 ppm. Shoot growth was inhibited at the concentration of 3,000 ppm, pre-
senting means close to the positive control; means for the other concentrations were close to the negative controls.

The essential oil from S. tupiniquinorum had no effect on the germination of L. sativa seeds (Fig. 2a); treat-
ment means were similar to negative controls. However, GSI was inhibited at the highest concentration, matching 
the positive control. Root length was also reduced in the seeds exposed to the treatments at 3,000, 1,500, 750 

Figure 2.   Phytotoxicity of different concentrations of S. botocudorum essential oil, water, solvent (C −) and 
glyphosate (C +) , tested on seeds and seedlings: (A) L. Sativa and (B) S. bicolor. The means followed by the 
letter a were equal to distilled water (C −); means followed by b were equal to dichloromethane (DCM) (C 
−); and means followed by c were equal to glyphosate (C +) . The numbers in the figure caption represent 
the concentrations (ppm) of the essential oils. %G: percentage of germinated seeds after 48 h of exposure to 
treatments; GSI: germination speed index of the seeds during the first 48 h, evaluated every 8 h, after exposure 
to treatments; RL: root length (mm) after 48 h of exposure to treatments; SL: shoot length (mm) after 120 h of 
exposure to treatments. The left y axis refers to the means of germination, and the right y axis to GSI, RL and SL.
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and 375 ppm when compared with the negative controls. For the variable shoot length, it was observed that the 
treatments with 3,000 and 1,500 ppm of the oil were similar to glyphosate.

In the test with S. bicolor seeds, the germination percentage, at all tested concentrations, showed means close 
to the negative control (Fig. 2b). However, for GSI, the concentration of 3,000 ppm was similar to treatment 
with glyphosate. Root length was the most affected variable; all concentrations, except 187.5 ppm, inhibited 
root growth more than glyphosate did. For shoot length, significant inhibition was observed at the two highest 
concentrations.

Cytotoxicity.  The essential oils from S. botocudorum and S .tupiniquinorum were cytotoxic to lettuce meris-
tematic cells. A reduction in MI and an increase in CA and NA were observed (Fig. 3a, b). The MI of cells treated 
with the essential oil from S. botocudorum was more affected than by glyphosate. The oil from S. tupiniquinorum 
also acted similarly to glyphosate for MI. As for the chromosomal changes, an increase was observed according 
to the oil concentration, nearing the positive control at the lowest concentrations and being more toxic at higher 
concentrations. Nuclear and micronuclear alterations were more expressive in the treatments with essential oil 
from S. tupiniquinorum, although they were different from the positive control.

Individual analysis of chromosomal alterations revealed a significant number for the essential oils from both 
S. botocudorum and S. tupiniquinorum when compared to the negative controls. Most alterations were similar 
to or higher than the number found in cells treated with glyphosate (Fig. 4a, b). Lost chromosomes, adherent 
chromosomes, anaphase bridges, c-metaphases and delay in anaphase were observed.

Figure 3.   Meristematic cell analysis of L. sativa roots treated with different concentrations (ppm) of the 
essential oils from (A) S. botocudorum and (B) S. tupiniquinorum, water (C −), solvent (C −) or glyphosate 
(C +) . The means followed by the letter a equalled distilled water (C −); means followed by b equalled 
dichloromethane (DCM) (C −); and means followed by c equaled glyphosate (C +) . The five variables presented 
are MI: mitotic index; CA: chromosomal alterations; NA: nuclear alterations; and MNC: micronuclei. The 
numbers in the figure caption represent the concentrations (ppm) of the essential oils. The left y axis shows 
the values of MNC and MN, and the right y axis refers to the values of CA and MI, according to Dunnett’s test 
(p < 0.05).
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Discussion
Chemical composition of essential oils.  Although studies in the genus Sparattanthelium are scarce, 
the chemical composition of its essential oils is similar to other species belonging to the basal angiosperms, 
mainly from the genus Hernandia, family Hernandiaceae. According to Brophy et al.39, the species H. albiflora, 
H. bivalvis and H. nymphaeifolia present bicyclogermacrene, germacrene D and γ-cadinene in their chemical 
composition. Representing another genus from the same family, Gyrocarpus americanus subsp. Amwlcanu has 
germacrene D as major essential oil compound, with 31% of representation39. These data indicate that, within 
the family Hernandiaceae, different species are similar in chemical composition. According to Araujo et al.40, 
the species Ocotea puberula (family Lauraceae) presents, among the chemical constituents of its essential oil, 
bicyclogermacrene, germacrene D, α caryophyllene, β-elemene and γ-cadinene. Other studies performed in the 
family Piperaceae, another basal angiosperm, have shown that some species have chemical composition similar 
to the two Sparattanthelium species studied here, with divergence only in the major compound41.

Studies in species with chemical composition similar to S. botocudorum and S. tupiniquinorum have shown 
larvicidal42, antibacterial43,44, fungicidal41 and phytotoxic45 activity. The presence of major compounds such as 
germacrene D and β-elemene also induce biological activities, as observed in Plantago major L.46, which has 
bactericidal, antifungal and phytotoxic activity. Transnerolidol, which was only verified in S. botocudorum, 
exhibits antileishmanial activity and also hinders the growth of the malaria-causing protozoan P. falciparum.

A study of species from the family Lauraceae, presenting bicyclogermacrene in their composition, indicated 
cytotoxic activity in tumor cells47. According to the authors, this compound induces cell apoptosis and may have 
influenced the observed results, as it may act synergistically with the other identified compounds.

Phytotoxicity.  The essential oils from S. botocudorum and S. tupiniquinorum were more efficient in inhibiting 
variables related to the initial development of lettuce and sorghum seedlings than the commercial herbicide 
glyphosate. These oils affected the shoot length of both used plant models. In addition, the two model plants, one 
monocot and one eudicot, were sensitive to even low concentrations of allelochemicals used in the treatments.

Studies report that allelochemicals, when released in sufficient quantities, have effects that can be observed 
on the germination and development of plant root and shoot systems48. Interference in the germination process 
may affect plant growth and development49. Early in the germination process, the glyoxylate cycle is mobilized, 
supplying enzymes that act on the metabolism of lipids, which are stored in germination tissues, thus favoring 
plant development50. Interference with any of these processes can interrupt germination49.

Chemical composition influences the biological activity of essential oils. According to Sampietro51, terpe-
noids are growth inhibitors, whereas monoterpenes and sesquiterpenes are shoot and root growth inhibitors. 
Monoterpenes can affect the integrity of the cell membrane, causing a change in the fluidity state by acting on 
membrane phospholipids, increasing the ratio between unsaturated and saturated fatty acids, thus altering the 
physical arrangement of the membrane51. In this study, the essential oils from S. botocudorum and S. tupiniquino-
rum inhibited root and shoot growth at some concentrations, which may be due to their chemical composition, 
mostly composed of germacrene D, bicyclogermacrene and germacrene A.

Alkaloids are another class of compounds present in most species of basal angiosperms. In studies with spe-
cies of the genus Ocotea (family Lauraceae), the chemical composition of the essential oil was found to be rich 
in alkaloids, which are associated with phytotoxic, larvicidal and antibacterial activities52. Isolated alkaloids of 
Guatteria sp. (family Annonaceae) have antitumor, antimalarial, antifungal and mutagenic activities53. The chemi-
cal composition and biological activity of essential oils from species of basal angiosperms may be related, as their 
compounds are detoxification products of harmful substances generated by the primary metabolism of plants, 
acting as allelopathic agents, which can inhibit germination owing to their chelating and/or cytotoxic power54.

The germination of lettuce and sorghum seeds showed no significant changes when exposed to the essential 
oils from S. botocudorum and S. tupiniquinorum. According to Ferreira and Aquila14, the effects of allelochemicals 
on plants are only a secondary reflection of internal changes. Hence, the impact of allelochemicals on germina-
tion and seedling growth are secondary manifestations of effects at the cellular level. In other words, germination 
occurrence and speed, when analyzed separately, do not always indicate an allelopathic effect, but such an effect 
can be confirmed by combined analyses at both macroscopic and microscopic levels.

Most of the studies that evaluate the allelopathic effect of plant species analyze variables related to germina-
tion and initial growth of test organisms55–57. However, many of the visible effects on these variables are signs of 
changes in DNA that can also be identified in both cytotoxic and cytogenetic assays58.

Cytotoxicity.  Mitotic index and chromosomal and nuclear alterations showed expressive values when com-
pared with the negative controls (water and dichloromethane). These data are closely related to macroscopic and 
developmental parameters, since the growth of a plant organ is dependent on the number of cells produced dur-
ing cell division and cell elongation in the process of differentiation and development25. In addition, the reduced 
MI and the frequency of CA and NA affected the growth and development of lettuce and sorghum seedlings in 
this study.

Chromosomal alterations, such as those found here, enable evaluating the mechanisms of action of the 
essential oil compounds on the cell cycle. These mechanisms may be clastogenic or aneugenic. For instance, the 
presence of bridges and chromosome fragments demonstrate a clastogenic effect and the action of the molecules 
directly on the individual’s DNA25,26,59. Chromosome bridges occur when chromosomes are dragged by their 
centromere to the cell poles (Fig. 5c); through depolymerization of the alpha and beta tubulin filaments, the 
breakage of chromosomes forms new chromosome fragments, enabling new fusion and future breaks27. Chro-
mosome fragments, also deriving from chromosome breaks, result from interaction of the chemical compound 
with chromatin/DNA25,59. These fragments are acentric, since the breaks occur in telomeric regions, and may lead 
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to the formation of chromosome bridges, thus preventing the attachment of spindle fibers to the chromosome 
during the cell cycle, since the microtubules bind directly to the centromere25,27,59.

Alterations such as lost chromosomes, micronuclei, delay in anaphase and c-metaphases characterize aneu-
genic action (i.e. inhibition of mitotic spindle fibers) of the chemical substances. Both lost chromosomes and 

Figure 4.   Chromosomal alterations found in L. Sativa root meristematic cells treated with the essential oils 
of (A) S. botocudorum and (B) S. tupiniquinorum, water (C −) , solvent (C −) or glyphosate (C +) . The means 
followed by the letter a equalled distilled water (C −); means followed by b equalled dichloromethane (DCM) 
(C −); and means followed by c equaled glyphosate (C +) . The five variables shown are lost chromosome, 
adherent chromosome, anaphase bridge, c-metaphase, and delay in anaphase. The numbers in the figure caption 
represent the concentrations (ppm) of the essential oils. The left y axis shows the values of lost and adherent 
chromosomes, and the right y axis refers to the values of anaphase bridge, c-metaphase and delay in anaphase, 
according to Dunnett’s test (p < 0.05) .
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fragments can result in micronuclei. Oliveira60 reported that the frequency of micronuclei observed in root mer-
istem cells of Allium cepa indicates the action of aneugenic substances. These alterations are closely related to the 
morphological responses of plants and their growth, development and photosynthesis. Aneugenic compounds 
act directly on the DNA, inhibiting the repair mechanism of the cell. The delay in anaphase is also related to 
depolymerization of the microtubules, resulting in uneven dragging of the chromosomes. In addition, it causes 
the cell to have a deformed nuclear membrane, aiming to envelop all the genetic material to it and then the 
deformation is undone59. In c-metaphases, the microtubules are completely inactivated, preventing the spindle 
formation61,62, i.e., the mitotic spindle becomes completely inactivated, disorganizing the formation of the equato-
rial plate, thus impeding or delaying the division of the centromere61,62. The continued presence of c-metaphases 
can lead to duplication in the number of chromosomes of these cells.

Another alteration found was chromosome adhesion, characterized by irreversible attachment of chromo-
somes, which likely leads to cell death. It is an alteration indicative of several mechanisms of action simultane-
ously, and may be aneugenic, clastogenic and epigenetic27,61,63.

Conclusion
The essential oils from S. botocudorum and S. tupiniquinorum showed phytotoxic effects on both monocot and 
eudicot specimens. In addition, they demonstrated aneugenic and clastogenic mechanisms of action, promoting 
DNA and mitotic spindle damage. Therefore, the essential oils of these species are promising among the choices 
for new substances with potential biological activities.

Received: 26 September 2019; Accepted: 9 July 2020

References
	 1.	 Inca. Posicionamento do Instituto Nacional de Câncer José Alencar Gomes da Silva. Acercados Agrotóxicos (2015). https​://www1.

inca.gov.br/inca/Arqui​-vos/comun​icaca​o/posic​ionam​ento_do_inca_sobre​_os_agrot​oxico​s_06_abr_15.pdf (2019).
	 2.	 Jatoba, L. J. et al. Allelopathy of bracken fern (Pteridium arachnoideum): New evidence from green fronds, litter, and soil. PLoS 

ONE 11, 1–16. https​://doi.org/10.1371/journ​al.pone.01616​70 (2016).
	 3.	 Glab, L., Sowinski, J., Bough, R., Dayan, F.E. Allelopathic potential of sorghum (Sorghum bicolor (L.) Moench) in weed control: A 

comprehensive review. Adv Agro 145, 43–95, https​://doi.org/10.1016/bs.agron​.2017.05.001 (2017).
	 4.	 Pinheiro, P. F. et al. Phytotoxicity and cytotoxicity of essential oil from leaves of Plectranthus amboinicus, carvacrol and thymol in 

plant bioassays. J. Agric. Food Chem. 63, 8981–8990. https​://doi.org/10.1021/acs.jafc.5b030​49 (2015).
	 5.	 Aragão, F. B. et al. Phytotoxicity and cytotoxicity of Lepidaploa rufogrisea (Asteraceae) extracts in the plant model Lactuca sativa 

(Asteraceae). Rev. Biol. Trop. 65, 435–443 (2017).
	 6.	 Simões, C.M.O., Schenkel, E.P., Gosmann, G., Mello, J.C.P., Mentz, L.A., Petrovick, P.R. Farmacognosia: Da planta ao medicamento. 

6th edn. Porto Alegre/Florianópolis: Universidade/Universidade Federal do Rio Grande do Sul/Da Universidade Federal de Santa 
Catarina, 1102 p (2010) .

Figure 5.   Images of chromosomal and nuclear alterations: (a) metaphase micronucleus, (b) delay in anaphase, 
(c) anaphase bridge, (d) micronucleus in interphase, (e) lost chromosome, and (f) c-metaphase, observed in 
meristematic lettuce cells treated with the essential oils of S. botocudorum and S. tupiniquinorum at 3,000, 1,500, 
750, 375 and 187.5 ppm. Bar: 10 μm.

http://www1.inca.gov.br/inca/Arqui-vos/comunicacao/posicionamento_do_inca_sobre_os_agrotoxicos_06_abr_15.pdf
http://www1.inca.gov.br/inca/Arqui-vos/comunicacao/posicionamento_do_inca_sobre_os_agrotoxicos_06_abr_15.pdf
https://doi.org/10.1371/journal.pone.0161670
https://doi.org/10.1016/bs.agron.2017.05.001
https://doi.org/10.1021/acs.jafc.5b03049


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:12213  | https://doi.org/10.1038/s41598-020-69205-6

www.nature.com/scientificreports/

	 7.	 Li, J., Liu, X., Dong, F., Xu, J., Li, Y., Shan, W., Zheng, Y. Potential allelopathic effects of volatile oils from Descurainia sophia (L.) 
Webb ex Prantl on wheat. Biochem. Syst. Ecol. 39, 56–63, https​://doi.org/10.1016/j.bse.2010.12.022 (2011).

	 8.	 Vasconcelos, L.C., Santos, E.S., Bernardes, C.O., Ferreira, M.F.S., Ferreira, A., Tuler, A.C., Carvalho, J.A.M., Pinheiro, P.F., Praça-
Fontes, M.M. Phytochemical analysis and effect of the essential oil of Psidium L. species on the initial development and mitotic 
activity of plants. Environ. Sci. Pollut. Res. https​://doi.org/10.1007/s1135​6-019-05912​-6 (2019).

	 9.	 Mahato, N., Sharma,K., Koteswararao, R., Sinha, M., Baral, E., Cho, M.H. Citrus essential oils: Extraction, authentication and 
application in food preservation.Crit. Rev. Food Sci. Nutr. 59, 611–625, https​://doi.org/10.1080/10408​398.2017.13847​16 (2019) .

	10.	 Demyttenaere, J.C.R., Kimpe, N. Biotransformation of terpenes by fungi. Study of the pathways involved. J. Mol. Catal. B Enzimatic 
11, 265–270 (2001) .

	11.	 Beltrame, J.M., Lobo, V.D.S., Dotto, F., Marques, K.B., Angnes, R.A. Estudo de obtenção de óleos essenciais de fatores em sua 
composição. Anais do II ENDICT–Encontro de Divulgação Científica e Tecnológica, pp. 2176–3046 (2010) .

	12.	 Freire, J.M., Cardoso, M.G., Batista, L.R., Andrade, M.A. Essential oil of Origanum majorana L., Illicium verum Hook. f. and Cin-
namomum zeylanicum Blume: Chemical and antimicrobial characterization. Rev. Bras. Plantas Med. 13, 209–214. (2011).

	13.	 Al-Shatti, A.H., Redha. A., Suleman, P., Al-Hasan, R. The allelopathic potential of Conocarpus lancifolius (Engl.) leaves on 
dicot (Vigna sinensis L.) , monocot (Zea mays L.) and soil-borne pathogenic fungi. Am. J. Plant Sci. 19, 2889–2903, https​://doi.
org/10.4236/ajps.2014.51930​4 (2014).

	14.	 Ferreira, A. G. & Aquila, M. E. A. Alelopatia: Uma área emergente da ecofisiologia. Rev. Bras. Fisiol. Veg. 12, 175–204 (2000).
	15.	 Wardle, D. A. et al. The ecosystem and evolutionary contexts of allelopathy. Trends Ecol. Evol. 26, 655–662. https​://doi.org/10.1016/j.

tree.2011.08.003 (2011).
	16.	 Felito, R.A. et al. Atividade potencialmente alelopática de extratos aquosos e hidroalcoólicos de Solanum aculeatissimum Jacq. 

Cadernos Agroecol. 10, 3 (2016). https​://revis​tas.aba-agroe​colog​ia.org.br/index​.php/cad/artic​le/view/19970​
	17.	 Souza, V. A. et al. Trypanocidal activity of cubebin derivatives against free amastigote forms of Trypanossoma cruzi. Bioorg. Med. 

Chem. Latters 15, 303–307 (2005).
	18.	 Yamaguchi, LF. et al. Chemometric analysis of ESIMS and NMR data from Piper species. J Brazil Chem. Soc. 22, 2371–2382 (2011).
	19.	 Pena, L. A., Avella, E. & Diaz, A. P. Benzoquinona e hidroquinona preniladas y otros constituyentes aislados de Piper Bogotense 

C. DC.. Rev. Col. Quim. 29, 25–37. https​://doi.org/10.15446​/rev.colom​b.quim> (2000).
	20.	 Conserva, L. M., Cynara, A. B. P. & Barbosa-Filho, J. M. Alkaloids of the Hernandiaceae: Occurrence and a compilation of their 

biological activities. The alkaloids. Chem. Biol. 62, 175–243. https​://doi.org/10.1016/S1099​-4831(05)62003​-2 (2005).
	21.	 Rumjanek, V. M. & Braz-Filho, R. Botocudorol, a new bisabolene type nor-sesquiterpenoid from Sparattanthelium botocudorum. 

J. Braz. Chem. Soc. 2, 71–73 (1991).
	22.	 Aniszewski, T. Alkaloids-Secrets of Life: Aklaloid Chemistry, Biological Significance, Applications and Ecological Role (Elsevier, 

London, 2007).
	23.	 Muñoz, V. et al. Antimalarial activity and cytotoxicity of (-) -roemrefidine isolated from the stem bark of Sparattanthelium ama-

zonum. Planta Med. 65, 448–449. https​://doi.org/10.1055/s-2006-96080​8 (1999).
	24.	 Chalandre, M. C., Jacquemin, H. & Bruneton, J. Alcaloides Isoquinoleiques de Sparattantbelium uncigerum. J. Nat. Prod. 48, 

333–333. https​://doi.org/10.1021/np500​38a03​0 (1985).
	25.	 Aragão, F. B. et al. Phytotoxicand cytotoxic effects of eucalyptus essential oil on Lactuca Sativa L. Allelopathy J 35, 259–272 (2015).
	26.	 Alves, T. A. et al. Toxicity of thymol, carvacrol and their respective phenoxyacetic acids in Lactuca sativa andSorghum bicolor. Ind. 

Crop Prod. 114, 59–67. https​://doi.org/10.1016/j.indcr​op.2018-.01.071 (2018).
	27.	 Silveira, G.L., Lima, M.G.F., Reis, G.B., Palmieri, M.J., Andrade-Vieria, L.F.Toxic effects of environmental pollutants: Compara-

tive investigation using Allium cepa L. and Lactuca sativa L. Chemosphere 178, 359–367, https​://doi.org/10.1016/j.chemo​s-phere​
.2017.03.048 (2017).

	28.	 Souza, M. T. M., Salgado, H. R. N. & Pietro, R. C. L. R. O Brasil no contexto de controle de qualidade de plantas medicinais. Rev. 
Bras. Farmacog. 1, 435–440. https​://doi.org/10.1590/S0102​-695X2​01000​03000​23 (2010).

	29.	 Mendes, K.F., Almeida, C.S., Inoue, M.H., Mertens, T.B., Tornisielo, V.L. Impacto do biochar no comportamento de herbicidas 
em solos: Um enfoque no Brasil. Ver. Bras. Herbicidas 17, 106–117, https​://doi.org/10.7824/rbh.v17i1​.551 (2018).

	30.	 Adams, R.P. Identification of Essential Oils Components by Gas Chromatography/Mass Spectroscopy 804p. (EUA: Allured Publishing 
Corporation, 2007) .

	31.	 El-Sayed, A.M. The Pherobase: Database of Pheromones and Semiochemicals. (2016) . Accessed: 1 Oct 2016. https​://www.phero​
base.com

	32.	 Nist standard reference database 69. NIST Chemistry WebBook. National Institute of Standards and Technology. (2011). Accessed 
21 Jan 2016. https​://webbo​ok.nist.gov/chemi​stry.

	33.	 Maguire, J. D. Speed of germination-aid in selection and evaluation for seedling emergence and vigor. Crop Sci. 2, 176–177 (1962).
	34.	 Andrade-Vieira, L. F., Botelho, C. M., Palmiere, M. J., Laviola, B. G. & Praça-Fontes, M. M. Effects of Jatropha curcas oil in Lactuca 

sativa root tip bioassays. An. Acad. Bras. Cienc. 86, 373–382. https​://doi.org/10.1590/0001-37652​01420​13004​1 (2014).
	35.	 Belling, J. On counting chromosomes in pollen mother cells. Am. Nat. 55, 573–574 (1921).
	36.	 Bernardes, P.M., Andrade-Vieira, L.F., Aragão, F.B., Ferreira, A., Ferreira, M.F.S. Toxicity of difenoconazole and tebuconazole in 

Allium cepa. Water Air Soil Pollut. (Dordrecht, Online) 226, 207–218, https​://doi.org/10.1007/s1127​0-015-2462-y (2015).
	37.	 Mchugh, M. L. Multiple comparison analysis testing in ANOVA. Biochem. Med. 21, 203–209 (2011).
	38.	 Cruz, C. D. GENES—A software package for analysis in experimental statistics and quantitative genetics. Acta Sci. Agron. (Online) 

35, 271–276 (2013).
	39.	 Brophy, J. J., Goldsack, R. J. & Forster, P. I. Leaf essential oils of the Australian species of Gyrocarpus and Hernandia (Hernandi-

aceae). J. Essent. Oil Res. 12, 717–722. https​://doi.org/10.1080/10412​905.2000.97121​99 (2000).
	40.	 Araujo, A. J., Lordello, A. L. L. & Maia, B. S. Análise Comparativa dos Óleos Essenciais de Folhas e Galhos de Ocotea puberula 

(Lauraceae). Rev. Vis. Acad. 2, 81–84 (2001).
	41.	 Almeida, J. G. L. et al. Essential oil composition from leaves and fruits of Piper divaricatum G. Mey. J. Essent. Oil Res. 21, 228–230. 

https​://doi.org/10.1080/10412​905.2009.97001​55 (2009).
	42.	 Castro, D.P. et al. Não preferência de Spodopterafrugiperda (Lepidoptera: Noctuidae) por óleos essenciais de Achillea millefolium 

L. e Thymus vulgaris L. Ver. Bras. Plant Med. 8, 27–32 (2006) .
	43.	 Limberger, R. P. et al. Óleos voláteis de espécies de Myrcia nativas do Rio Grande do Sul. Quim Nova 27, 916–919 (2004).
	44.	 Duarte, M. C. T. Atividade antimicrobiana de plantas medicinais e aromáticas utilizadas no Brasil. Ver Multi Ciênc. 7, 1–16 (2006).
	45.	 Costa, G.M. et al. Chemical composition, evaluation of antibacterial activity and toxicity of the essential oils from Lantana camara 

L. and Lantana sp. Rev. Bras. Farm 19, 710–714 (2009) .
	46.	 Luz, A.C., Pretti, I.R., Dutra, J.C.V., Batitucci, M.C.P. Evaluation of the cytotoxic and genotoxic potential of Plantago major L. in 

test systems in vivo. Rev. Bras. Plantas Med. 14, 635–642 (2012) .
	47.	 Amaral, L.P. et al. Caracterização química e avaliação biológica do óleo essencial de Nectandra megapotamica (Spreng.) Mez. 

Doctoral thesis. Universidade Federal de Santa Maria (2014). https​://repos​itori​o.ufsm.br/handl​e/1/3779
	48.	 Carvalho, S.I.C. Caracterização dos efeitos alelopáticos de Brachiaria brizantha cv. Marandu no estabelecimento das plantas de Sty-

losanthes guianensis var. vulgaris cv. 85 Bandeirante. Master’s thesis in Zootechnics, 72p. (Center of Agricultural Sciences. Federal 
University of Viçosa, Brasil, 1993) .

https://doi.org/10.1016/j.bse.2010.12.022
https://doi.org/10.1007/s11356-019-05912-6
https://doi.org/10.1080/10408398.2017.1384716
https://doi.org/10.4236/ajps.2014.519304
https://doi.org/10.4236/ajps.2014.519304
https://doi.org/10.1016/j.tree.2011.08.003
https://doi.org/10.1016/j.tree.2011.08.003
http://revistas.aba-agroecologia.org.br/index.php/cad/article/view/19970
https://doi.org/10.15446/rev.colomb.quim>
https://doi.org/10.1016/S1099-4831(05)62003-2
https://doi.org/10.1055/s-2006-960808
https://doi.org/10.1021/np50038a030
https://doi.org/10.1016/j.indcrop.2018-.01.071
https://doi.org/10.1016/j.chemos-phere.2017.03.048
https://doi.org/10.1016/j.chemos-phere.2017.03.048
https://doi.org/10.1590/S0102-695X2010000300023
https://doi.org/10.7824/rbh.v17i1.551
http://www.pherobase.com
http://www.pherobase.com
http://webbook.nist.gov/chemistry
https://doi.org/10.1590/0001-3765201420130041
https://doi.org/10.1007/s11270-015-2462-y
https://doi.org/10.1080/10412905.2000.9712199
https://doi.org/10.1080/10412905.2009.9700155
http://repositorio.ufsm.br/handle/1/3779


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:12213  | https://doi.org/10.1038/s41598-020-69205-6

www.nature.com/scientificreports/

	49.	 Souza, A. P., Rodrigues, L. R. A. & Rodrigues, T. J. D. Efeitos do potencial alelopático de três leguminosas forrageiras sobre três 
invasoras de pastagens. Pesq. Agropec. Brasil 32, 165–170 (1997).

	50.	 Gniazdowska, A., Bogatek, R. Allelopathic interactions between plants. Multisite action of allelochemicals. Acta Physiol. Plant 27, 
395–407 (2005) .

	51.	 Sampietro, D. A. Alelopatia: concepto, características, metodologia de estúdio e importância. (2008) . https​://fai.enne.edu.ar/biolo​
gia/alolo​patia​/alelo​pati.htm.

	52.	 Zanin, S. M. W. & Lordello, A. L. L. Alcalóides aporfinóides do gênero Ocotea (Lauraceae). Quim Nova 30, 92 (2007).
	53.	 Ferreira, A.K.R. Análise química e atividades biológicas de Guatteria elliptica RE Fries (Annonaceae) . Doctoral thesis, University 

of São Paulo (2016) .
	54.	 Henriques, A.T. et al. Alcalóides: Generalidade e aspectos básicos. Farmacognosia: da planta ao medicamento. 6 edn, 1104p. (Editora 

UFRGS, Porto Alegre, 2010).
	55.	 Bonfim, F. P. G. et al. Efeito de extratos aquosos de funcho na germinação e vigor de sementes de alface e salsa. Ciênc. Agric. Biol. 

7, 218–222 (2013).
	56.	 Lima, C. P. et al. The allelopathic and antifungal potentials of extract from leaves Acacia longifolia (Andr.) willd. Visão Acad. 14, 

6–25, https​://doi.org/10.5380/acd.v14i4​.32706​ (2013) .
	57.	 Silveira, B.D. et al. Araucaria angustifolia (Bertol.) Kuntze allelopatic activity on germination and initial growth of Lactuca sativa 

L. Cienc Florest 24, 79–85, https​://doi.org/10.5902/19805​09813​325 (2014) .
	58.	 Prates, H. et al. Efeito do extrato aquoso de leucenana germinação e no desenvolvimento do milho. Pesq. Agropec. Bras. 35, 909–914 

(2001).
	59.	 Fernandes, T. C. C., Mazzeo, D. E. C. & Morales, M. A. M. Origin of nuclear and chromosomal alterations derived from the action 

of an aneugenic agent—Trifluralin herbicide. Ecotox. Environ. Saf. 72, 1680–1686. https​://doi.org/10.1016/j.e-coenv​.2009.03.014 
(2009).

	60.	 Oliveira, H. Chromium as an environmental pollutant: insights on induced plant toxicity. J Bot 1, 1–8. https​://doi.
org/10.1155/2012/37584​3 (2012).

	61.	 Costa, A. V. et al. Synthesis of novel glycerol-derived 1, 2, 3-triazoles and evaluation of their fungicide, phytotoxic and cytotoxic 
activities. Molecules 22, 1666 (2017).

	62.	 Freitas, A.S., Cunha, I.M.F., Andrade-Vieira, L.F., Techio, V.H. Effect of SPL (Spent Pot Liner) and its main components on root 
growth, mitotic activity and phosphorylation of histone H3 in Lactuca sativa L. Ecotox. Environ. Saf. 124, 426–434, https​://doi.
org/10.1016/j.ecoen​v.2015.11.017 (2016).

	63.	 Santos, F.E., Carvalho, M.S.S., Silveira, G.L., Correa1, F.F., Cardoso, M.G., Andrade-Vieira, L.F., Vilela, L.R. Phytotoxicity and 
cytogenotoxicity of hydroalcoholic extracts from Solanum muricatum Ait. and Solanum betaceum Cav. (Solanaceae) in the plant 
model Lactuca sativa. Environ Sci Pollut R 25, 1–11, https​://doi.org/10.1007/s1135​6-017-1015-x (2018) .

	64.	 Zunino, M. P. & Zygadlo, J. Á. Effect of monoterpenes on lipid oxidation in maize. Planta 219, 303–309 (2004).

Acknowledgements
We would like to thank the National Council for Scientific and Technological Development (CNPq) , and the 
Research Support Foundation of Espírito Santo (FAPES/UNIVERSAL, Vitória-ES, Brazil; Grants 180/2017 and 
80707114/18) . This study was partly funded by the Coordination for the Improvement of Higher Education 
Personnel-Brazil (CAPES; Finance Code 001).

Author contributions
The authors D.Q.P., C.T.T. and P.-F.M.M. conceived and designed the experiments. D.Q.P., A.T.A. and A.T.A. 
conducted the phytotoxicity and cytotoxicity experiments. M.L.A. contributed with chemical analyses. C.J.A. 
contributed with plant identification. D.Q.P., P.-F.M.M. and C.J.A. conceived, designed and conducted the sta-
tistical analyses. For manuscript editing and revision, all authors equally contributed to this work and approved 
the final manuscript version for submission.

Competing interests 
The authors declare that they have no conflict of interest.

Additional information
Correspondence and requests for materials should be addressed to M.M.P.-F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

http://fai.enne.edu.ar/biologia/alolopatia/alelopati.htm
http://fai.enne.edu.ar/biologia/alolopatia/alelopati.htm
https://doi.org/10.5380/acd.v14i4.32706
https://doi.org/10.5902/1980509813325
https://doi.org/10.1016/j.e-coenv.2009.03.014
https://doi.org/10.1155/2012/375843
https://doi.org/10.1155/2012/375843
https://doi.org/10.1016/j.ecoenv.2015.11.017
https://doi.org/10.1016/j.ecoenv.2015.11.017
https://doi.org/10.1007/s11356-017-1015-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Phytocytotoxicity of volatile constituents of essential oils from Sparattanthelium Mart. species (Hernandiaceae)
	Anchor 2
	Anchor 3
	Material and methods
	Plant material. 
	Extraction and analysis of essential oils. 
	Phytochemical analysis of the essential oils. 
	Plant bioassays. 
	Phytotoxicity assay. 
	Cytotoxicity assay. 

	Statistical analyses. 

	Results
	Chemical composition of the essential oils. 
	Phytotoxicity. 
	Cytotoxicity. 


	Discussion
	Chemical composition of essential oils. 
	Phytotoxicity. 
	Cytotoxicity. 


	Conclusion
	References
	Acknowledgements


