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Abstract: In oil-producing countries, water pollution by crude petroleum oil frequently occurs and
causes many environmental problems. This study aims to investigate the effect of crude petroleum
oil on the growth and functional trails of the economically important freshwater plant Azolla pinnata
R. Br. and to report on the plant’s resistance to this abiotic stress. Plants were raised in an open
greenhouse experiment under different levels of crude oil pollution ranging from 0.5 to 2.0 g/L. Plant
functional traits were monitored over a three-week period. Plant cover of A. pinnata was decreased
with the increased levels of oil pollution. The total chlorophyll content decreased from 0.76 mg/g
fresh weight under 2 g/L oil treatment after 21 days of growth. The chlorophyll a/b ratio exceeded
the unity at crude oil treatments above 1 g/L, with values reaching 2.78 after seven days, while after
21 days, the ratio ranged from 1.14 to 1.31. The carotenoid content ranged from 0.17 mg/g in the
control to 0.11 mg/g in the 2 g/L oil treatment. The carotenoid content varied over time in relation to
DNA% damage, which increased from 3.63% in the control to 11.36% in the highest oil treatment level
of 2 g/L. The crude oil stress caused severe damage in the frond tissues and chloroplast structure of
A. pinnata, including a less compacted palisade, the malformation of the epidermis, the disintegration
of parenchyma tissue, and the lysis and malformation of the chloroplasts. Since A. pinnata cannot
withstand high concentrations of crude oil pollution, it is for use in the remediation of slightly
polluted freshwaters up to 0.5 g/L.

Keywords: anatomical malformation; chloroplast ultrastructure; pigments; plant cover; genotoxicity

1. Introduction

Environmental pollution with crude petroleum oil results from production activities,
such as exploration, extraction, and transporting [1,2]. In addition, many accidents occur
during production activities, such as drilling, transportation, and leakages from storage
tanks and pipelines [1,3]. Crude oil spills in the aquatic ecosystem are exposed to com-
positional changes in its physical and chemical properties [4,5]. Volatile components are
removed by evaporation or oxidized by ultraviolet radiation [6], and low-molecular-weight
compounds dissolve in the water [7]. Part of the oil binds to fine suspended particles and
settles at the bottom [8] or breaks up into small droplets, forming emulsion dispersed on
the water’s surface until they decompose [9].

Petroleum hydrocarbons (PHs), particularly the polyaromatic constituents, are the
most common persistent organic contaminants in aquatic ecosystems [10]. Their accumula-
tion causes mutagenic toxicity or even death to many living organisms, causing biodiversity
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perturbation and loss [11]. Therefore, 16 polyaromatic petroleum oil hydrocarbons are clas-
sified as code red pollutants that make remediation a priority for environmental cleanup
and human health protection [11].

In the past few decades, different techniques have been applied for the remediation
of crude-oil-polluted waters and soils. Among the several biological techniques used are
the aquatic macrophytes as an ecologically sound, green technology for the removal of
crude petroleum oil pollutants [12–14]. Crude oil consists of a variety of toxic compounds,
including hydrocarbons, e.g., alkanes, aromatics, and polycyclic aromatic hydrocarbons
and nonhydrocarbons such as sulphur, nitrogen, oxygen, and the metals vanadium, nickel,
iron, and copper, which may cause acute and chronic effects on flora, fauna, and human
health [5]. The contamination of water bodies with crude oil causes the degradation of
aquatic lives. The restoration of degraded ecosystems is extremely difficult and cannot be
undertaken without spending extraordinary time and monetary resources.

The conventional clean-up/remediation techniques of oil spills are based on applying
physical, mechanical, thermal, and/or chemical methods, with many drawbacks related
to their implementation on a large scale. Applications of these methods are expensive,
energy-consuming, and environmentally disruptive, and cause negative impacts on ecosys-
tems [5]. Consequently, the use of alternative methods to treat oil-contaminated water
bodies is necessary [15]. Phytoremediation as an emerging clean-up technology has nu-
merous advantages over the established engineering remediating techniques [16]. These
advantages are summarized in the low cost [14], remediation efficiency [14,17], and lower
environmental risk than the conventional methods [14].

The potential use of Azolla pinnata for the remediation of crude oil pollution is ad-
vantageous for the assessment or removal of inorganic and organic pollutants from wa-
ter [12,15,16,18,19]. The characteristics of A. pinnata include a fast growth rate, pollutant
absorption efficiency, low operation cost, and continuous renewability [20]. This species is
able to duplicate its biomass within two to three days, forming a condensed mat floating
on the water’s surface, with each frond acting as a phytoremediator unit, leading to fast
and effective reclamation [21]. These characteristics nominate the species to be considered
as a green technology for the phytoremediation of polluted waters.

The objectives of this study were to monitor the effect of crude petroleum oil on the
growth and functional trails of Azolla pennata R. Br., to report on the plant’s resistance to this
abiotic stress and to demonstrate its possible role in the phytodegradation of polluted water.

2. Materials and Methods
2.1. Study Species

Azolla pinnata R. Br. (Azollaceae) is a floating aquatic fern native to much of Asia,
Africa, and parts of Australia. This fern has a symbiotic relationship with Anabaena azollae
Strasbur, a nitrogen-fixing Cyanobacterium. The species was introduced in Egypt as
an exotic species in the early nineties of the last century as green manure in rice fields
before its escape to quiet, slow-moving irrigation and drain canals [3,20,22]. At optimum
growth conditions, the plant doubles its biomass within a week. The plant material was
obtained from Agric. Microbial Department, Soils, Water and Environment Research
Institute (SWERI), Agricultural Research Center (ARC), Giza, Egypt.

The growth water medium was collected from the River Nile in Giza. The crude
petroleum oil was obtained from the Asal oil field in Ras-Sidr, West Sinai, Egypt. The
chemical composition of the crude oil was shown in our previous publication [10].

2.2. Acclimation and Growth Conditions of Azolla Pinnata

To make sure of the appropriate weather conditions for A. pinnata growth in the
open greenhouse where the experimental treatment was performed, A. pinnata was raised
for one week in freshwater medium supplemented by freshly prepared Yoshida nutrient
solution [23]. The components were prepared using the River Nile water, constituting
0.5 g/L from each of K2SO4, CaCl2, K2HPO4, and MgSO4, and 0.25 g/L of (NH4)2SO4. After
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the one-week acclimation period, the experimental treatment was conducted in an open
greenhouse in the Faculty of Science, Cairo University, during July–August 2018. During
the three-week experimental time, the measured minimum–maximum temperatures were
23–34 ◦C, with day temperature ranging between 26 and 34 ◦C and a night temperature of
14–21 ◦C. The daylight hours were 12 h sunshine. The daily relative air humidity ranged
between 48 and 66%.

2.3. Petroleum Oil Pollution Treatment

The experiment was performed in glass bowls of 25 cm diameter and 12 cm depth.
The outer sides of the bowls were painted dark to prevent the possible growth of algae on
the inner sides. To keep the oxygen level in the water, a hydroponic, multinozzle air pump
system was used with an airline rubber tube for every bowl. The pumps were adjusted to
allow the flow of constant and slow air bubble travel in the bowl. The air flow rate was
5.833 × 10−5 cubic meters per second (m3/s).

The experiment started in mid-July 2018. One and half liters of freshwater with
the nutrient solution was placed in every bowl. The crude petroleum oil treatment was
applied at the rates of 0.5, 1.0, 1.5 and 2.0 g/L in three replications, with two controls,
a negative control (Azolla in water without oil treatment) and a positive control (water
and oil treatment without Azolla). The oil was mixed in water as suspensions. About
150 g of A. pinnata acclimated fern was blotted on towel paper. Four grams of the blotted
fern was placed in every bowl. The air pump system was turned on and the experiment
was monitored for three weeks. The water levels in the bowls were kept stable through
the course of the experiment by freshwater compensation of the evaporated water every
other day.

At the end of the three-week experimental time, we assessed the plant functional traits
represented by plant cover, photosynthetic pigments, and genotoxicity as DNA% in the
comet tail, frond anatomy, and chloroplast structure.

2.4. Plant Cover

The plant cover was determined as the percentage of the growth bowl surface area,
which was determined by the dot grid method. The frond cover percentage was calculated
according to [24], i.e., frond cover (%) = (area covered by the plant/bowl surface area) × 100.

2.5. Photosynthetic Pigments

Chlorophyll and carotenoid contents were measured following Hiscox and Tsraelstam
(1979) [25]. Two grams of fresh A. pinnata samples was placed in a 25 mL stoppered dark
tube containing 15 mL concentrated dimethyl sulphoxide (DMSO) and frozen at 4 ◦C in the
laboratory fridge. After thawing, the tissues were macerated and the pigment extract was
filtered in dim light through a sintered glass filter, then the filtrate volume was brought
to an exact 25 mL volume. The optical density was measured spectrophotometrically
with a UV-visible spectrophotometer (Shimadzu UV−1208 model; Canby, OR, USA) at
436, 440, 474, 644 and 662 nm. Pure dimethyl sulfoxide (DMSO) was used as the blank.
Measurements were taken in three replications. The chlorophyll and carotenoid contents
were calculated as mg per gram fresh weight according to the following equations:

Chl a = [0.0127 A622 + 0.02269 A644] × Dilution factor (mg/g) (1)

Chl b = [0.0229 A622 + 0.00468 A644] × Dilution factor (mg/g) (2)

Total Chl = [0.0202 A622 + 0.00802 A644] × Dilution factor (mg/g) (3)

Cx + c = [(1000A474 − 1.29 Chl a − 53.77 Chl b)/220] × Dilution factor (mg/g) (4)

where Chl a = chlorophyll a, Chl b = chlorophyll b, Chl a + Chl b = total chlorophyll,
Cx + c = carotenoids, and Ax = absorbance at x nm.
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2.6. Genotoxic Effects of Crude Petroleum Oil

The genotoxic effect of crude petroleum oil on A. pinnata was assessed as DNA
damage percentage in the comet tail using an alkaline comet assay (pH > 13) following
Tice (2000) [26]. The DNA damage was assessed in A. pinnata plants treated with different
crude oil levels (0.5, 1, 1.5 and 2 g/L) and compared to nucleic damages in the fronds
of the control. Samples of 1 g fresh-weight were gently homogenized in 1 mL of cold
mincing solution, releasing the nuclei for analysis. The mincing solution was composed of
Hanks’ balanced Salt Solution (HBSS) free from calcium and magnesium cations, which
was supplemented with 10% (DMSO) and 20 mM ethylene diamine tetra acetic acid (EDTA).
The homogenate was filtered to remove the tissue debris.

Then, aliquots of 10 µL of cell suspension each containing about 10,000 cells mixed
with 75 µL of the low melting point agarose with a concentration of 0.5% w/v were evenly
mounted on a frosted, clean, glass slide and left until agarose solidification. The slides
were incubated for 24 h in chilled lysis buffer in the dark at 4 ◦C. The lysis buffer (pH 10)
consisted of 10 mM Tris, 2.5 M NaCl, and 100 mM EDTA and was freshly supplemented
with 1% Triton X-100 and 10% DMSO. Then, the slides were incubated for 20 min in freshly
prepared alkaline buffer (pH 13) consisting of 1 mM EDTA and 300 mM NaOH. At this time,
the electrophoresis of the uncoiled DNA was conducted at 25 V (0.90 V/cm) and 300 mA
for 20 min. Next, the neutralization of the nucleic acid products was performed using 0.4 M
Trizma base. The nucleic acid products were fixed in chilled absolute ethanol and air-dried.
The DNA damage level was assessed as the amount of DNA fragments that migrated away
from the nucleus, expressed as DNA% in the comet tail. This assessment depended on
imaging of 50 cells stained with ethidium bromide at 400× magnification using Komet 5
image analysis software established by Kinetic Imaging, Ltd (Liverpool, UK).

2.7. Plant Anatomy and Chloroplast Structure

From three petroleum pollution levels (control, 0.5, and 2 g/L), the fronds were
collected and rinsed with distilled water, then fixed in 0.1 M Na-cacodylate buffer (pH 7.2)
containing 2% ice-cold glutaraldehyde for 4 h following Williams and Carter (1996). The
fronds were embedded in blocks of epoxy resin and incubated at 60 ◦C in an oven overnight
before cooling to room temperature. The blocks were sectioned at 100–1000 µm thickness
and stained with 1 X toluidine blue dye according to Bozzola and Russell (1999) [27]. The
sections were examined by light microscope (Leica DM750) and photographed by Digital
Camera (Leica ICC50 HD). The ultrathin sections (100 µm thickness) were investigated for
chloroplast ultrastructure following Jakstys’ method (1999) [27]. Ultrathin sections were
stained with uranyl acetate and lead citrate, then were examined by transmission electron
microscope (JEOL, JEM-1400). The photographs were captured by a charge-coupled device
CCD camera (model AMT).

2.8. Statistical Analysis

The experimental data were obtained in three replications. The results were expressed
as mean ± SE (standard error). Statistical analysis was employed by using the Statistical
Package for Social Sciences (SPSS 18.0 for Windows). For comparison among the different
treatments in different periods, two-way analysis of variance (ANOVA) and Duncan’s
multiple range test (p < 0.05) were used. The normality assumption was tested with the
Shapiro–Wilk test.

3. Results
3.1. Plant Cover

The plant cover of Azolla pinnata after a seven day growth period decreased from
97.7 ± 1.2% (p < 0.05) in the control to 87.6 ± 0.4% and 64.2 ± 2.7% in the 0.5 and 2 g/L
treatments, respectively (Figure 1a,b). A similar trend was observed after 14 and 21 days
of growth, with the average plant cover percentage reducing from 100 ± 0.0% in the
control treatment to 92.1 ± 0.4% in the 0.5 g/L treatment and to 46.6 ± 2.8% in the
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2 g/L treatments after 14 days. The lowest plant cover percentage under different oil
treatment concentrations was found after 21 days, with values decreasing to 86.9 ± 2.6%
and 32.6 ± 0.0% in the 0.5 and 2 g/L treatments, respectively.

Figure 1. Concentration-dependent effects of crude petroleum oil on plant cover % of A. pinnata
during three growth periods of 7, 14, and 21 days (a). Representative photographs of A. pinnata in
the growth containers under different petroleum oil treatments during the three growth periods
of 7, 14 and 21 days (b); the yellow arrows in some photos point to the growth of Anabaena azollae,
the symbiotic cyanobacterium. Different lowercase letters indicate significant differences between
different treatments at p ≤ 0.05, and different capital letters indicate significant differences between
the different growth times at each treatment at p ≤ 0.05. The cover percentage is represented as
mean ± SE.

3.2. Chlorophyll Content

The total chlorophyll content attained the highest values in the control treatment,
amounting to 0.4 ± 0.002, 0.6 ± 0.004, and 0.8 ± 0.008 mg/g fresh tissues (p < 0.05) after 7,
14, and 21 days, respectively (Figure 2). The values decreased with the increase in crude oil
concentrations to 0.1 ± 0.004, 0.49 ± 0.002, and 0.47 ± 0.02 mg/g in the 2 g/L treatments
after 7, 14, and 21 days, respectively.
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Figure 2. Effects of different petroleum oil concentrations on the total chlorophyll content (mg
pigment/g fresh tissue) of A. pinnata at three growth time intervals of 7, 14, and 21 days. Different
lowercase letters indicate significant differences between different treatments at p ≤ 0.05, and different
capital letters indicate significant differences between the different growth times at each treatment at
p ≤ 0.05. Values are expressed as mean ± SE.

Figure 3. Effects of different petroleum oil concentrations on chlorophyll a content (a) and chlorophyll
b content (b) of A. pinnata (mg/g fresh tissue) during the three growth periods of 7, 14, and 21 days.
Different lowercase letters indicate significant differences between different treatments at p ≤ 0.05,
and different capital letters indicate significant differences between the different growth times at each
treatment at p ≤ 0.05. Chlorophyll contents (a and b) in each treatment are expressed as mean ± SE.
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The chlorophyll a and b contents of A. pinnata fronds varied among the different crude
oil treatment concentrations and the change in experimental time periods. The values
decreased from the control treatment with increasing crude oil concentrations from 0.5 to
2 g/L (Figure 3a,b).

After seven days, chl a and chl b contents under crude oil treatments 1.5 and 2 g/L
attained significantly lower values (p < 0.05) than the control (Figure 3a,b). The chl a con-
tents decreased from 0.23 ± 0.002 in the control to 0.15 ± 0.009 and 0.14 ± 0.001 mg/g
fresh tissues under the 1.5 to 2 g/L crude oil treatments. Similarly, for chl b, the values
decreased from 0.16 ± 0.001 to 0.09 ± 0.007 and 0.05 ± 0.006 mg/g fresh tissues, respec-
tively. After 14 and 21 days of growth, the chl a and b contents varied between values
higher or lower than the values measured in the control samples, particularly at the crude
oil treatments of 1, 1.5, and 2 g/L (Figure 3a,b). At this experimental time, the A. pinnata
plants showed symptoms of die-back, and the growth of the cyanobacterium Anabaena
azollae filaments dominated on the water’s surface (Figure 1a,b), which appeared on the
water’s surface as a condensed green matt in only the crude oil treatments, compared
with the positive controls, in which the green filament bloom was not observed during
the experimental time course.

The chlorophyll a/b ratio was larger than unity in all treatments under the three
experimental growth periods, except in the 1 g/L treatment after 7 and 14 days and the
negative control after 14 days. The high chl a/b ratios ranged between 1.004 and 2.78 at
0.5 g/L after 14 days and 2 g/L after 7 days, respectively (Figure 4). After 21 days, the chl
a/b ratio was higher than after 14 days in all crude oil treatments, with values ranging
from 1.1 to 1.3. The lowest chl a/b ratio was 0.61 in 1 g/L after seven days of growth.

Figure 4. The effect of different petroleum oil concentrations on chl a/b ratio of A. pinnata during the
three growth periods of 7, 14, and 21 days. Chl a/b ratio in each treatment is expressed as mean ± SE.

3.3. Carotenoid Content and Comet Image

The carotenoid content, as a nonenzymatic antioxidant, and the oxidative stress
inferred by DNA% in the comet tail in response to crude petroleum oil pollution showed
significant variations over time (Figures 5a and 6).

After seven days (Figure 5b), the carotenoid content attained the lowest values, ranging
from 0.17 ± 0.001 in the control to 0.11 ± 0.003 mg/g fresh tissues at the 2 g/L crude oil
treatment in a concentration-dependent manner. Alternatively, the average DNA% in the
comet tail significantly increased from 3.6 ± 0.2 in the control treatment to 11.4 ± 0.2 in the
highest oil treatment concentration of 2 g/L (Figures 5a and 6).
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Figure 5. Oxidative damage expressed as DNA% in comet tail assay (a) and carotenoid content
(mg/g fresh tissues) (b) of A. pinnata after 7 (a), 14 (b), and 21 (c) days under different petroleum oil
concentrations versus control. Different lowercase letters indicate significant differences between
different treatments at p ≤ 0.05, and different capital letters indicate significant differences between
the different growth times at each treatment at p ≤ 0.05. The values are expressed as mean ± SE.

Figure 6. The genotoxicity of crude petroleum oil as shown in comet images of A. pinnata plants
treated with different petroleum oil treatments after 7, 14, and 21 days. The arrows in some images
indicate the almost intact region of the nuclei.
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The highest value of carotenoid content after 14 days reached 0.3 ± 0.01 mg/g fresh tis-
sues at 0.5 g/L and gradually reduced to 0.2 ± 0.001 mg/g fresh tissues at 2 g/L (Figure 5b).
The DNA% damage after 14 days at 0.5 g/L amounted to 10.8 ± 0.2%, which was signifi-
cantly higher than the values estimated at 1.5 and 2 g/L, which attained 5.5 ± 0.005% and
7.7 ± 1.2%, respectively (Figures 5a and 6).

The average carotenoid content after three weeks reduced from 0.3 ± 0.003 mg/g
fresh tissues in the control to 0.2 ± 0.008 mg/g fresh tissues at 2 g/L (Figure 5b). The
DNA% damage at 0.5 g/L reached 10.3 ± 0.1%, which was significantly higher than the
values amounting to 7.2 ± 0.9, 4 ± 0.5, and 5 ± 0.8% in the 1, 1.5, and 2 g/L oil treatments,
respectively (Figures 5a and 6).

3.4. Anatomical Structure of the Frond

The light microscope micrographs of the A. pinnata frond demonstrated the impact
of crude petroleum oil pollution on the anatomical structure (Figure 7). In the control
specimen, the frond cavity appeared ellipsoid and lined with one layer of circular adaxial
epidermal cells. Close to the adaxial cell layer, the cavity hair cells appeared rounded,
similar to air bubbles. The cavity contained the natural endosymbiont microcosm composed
of Anabaena azollae and different types of bacteria. This microcosm occupied the peripheral
region of the cavity laying on the adaxial epidermis, especially around the hair cells, leaving
the central area of the cavity empty or filled with liquid or gas. The microcosm population
was still located in the peripheral regions of the cavity with increased density throughout
the growth periods from 7 to 14 and 21 days. The adaxial epidermis was followed by
one layer of palisade parenchyma that consisted of rounded cells, appearing with densely
stained cell walls (Figure 7, pictures 1, 4, and 7).

Figure 7. Light micrographs (40× and scale bar = 50 µm) of longitudinal sections of leaf cavities in
dorsal lobes of mature fronds of A. pinnata treated with different crude petroleum oil concentrations,
0 (control), 0.5, and 2 g/L, raised for three time intervals of 7, 14, and 21 days. The capital letters corre-
spond to different structures of the frond cavity. (C) Frond cavity, (E) adaxial epidermis, (H) hair cell
or trichome, (M) microcosm Anabaena azollae, (P) palisade tissue, and (SDC) separated deformed cells.
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In the 0.5 g/L oil treatment (Figure 7, pictures 2, 5, and 8), the adaxial epidermis
appeared integral with the corresponding controls throughout the three-week growth
period. In contrast, the palisade tissues became less compacted after the 14- and 21-day
growth periods. At 2 g/L, throughout the experimental time course (Figure 7, pictures
3, 6, and 9), a significant malformation of both the adaxial epidermis and the palisade
parenchyma ranged from less compacted, as shown in the 0.5 g/L treatment, to completely
disintegrated at 14 and 21 days.

The hair cells and the associated microcosm appeared dispersed from the peripheral
region of the cavity and invaded the cavity central area at 0.5 g/L and 2 g/L during the
experimental time intervals.

3.5. The Ultrastructure of Frond Chloroplasts

In the control, after seven days of growth, the shape and ultrastructure of the chloro-
plast appeared normal (Figure 8). The chloroplast appeared to have an oval to ellipsoid
shape. The thylakoid membranes appeared as dark packages parallel to each other and
evenly distributed in the stroma. The starch grains appeared as bright, round or ellipsoid
objects. The plastoglobuli appeared as dark, round particles either connected to the stromal
interface of the thylakoid membranes or dispersed freely in the stroma.

Figure 8. Transmission electron micrographs (bar scale = 500 nm) of chloroplast in palisade tissue of
mature fronds of A. pinnata raised under different crude petroleum oil concentrations of 0 (control),
0.5, and 2 g/L for three time intervals of 7, 14, and 21 days. The capital letters correspond to different
structures of the chloroplast. (CE) chloroplast envelope, (GT) grana thylakoids, (PG) plastoglobuli,
(SG) starch grains, and (ST) stroma thylakoids.
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The shape and functional ultrastructure of the chloroplast after 14 and 21 days demon-
strated significant malformations in the control and at the 0.5 g/L and 2 g/L oil treatments.
The chloroplast shape appeared elongated, rounded, or arched and swollen at the 0.5 g/L
and 2 g/L oil treatments. The lysis of the chloroplast envelope was observed at 2 g/L. The
thylakoid membrane arrangements varied between the different oil treatments where the
grana and the stroma thylakoid membranes disappeared from the stroma of the chloro-
plasts. The thylakoid network became loose, resulting in its appearance as separated
dark patches.

The number and size of starch grains in chloroplast stroma were variable in the oil
treatments compared with the control (Figure 8). At 0.5 g/L after 7 and 14 days, the starch
grains appeared faint or smaller in size than in the control sample and in the 0.5 g/L oil
treatment after 21 days. Alternatively, the number of starch grains increased in the controls
after 14 and 21 days in the 2 g/L oil treatment. The plastoglobuli appeared larger in size
at both 0.5 g/L and 2 g/L in all oil treatments after the three time intervals of 7, 14, and
21 days.

4. Discussion

This study attempted to monitor the effects of crude petroleum oil on the growth and
functional trails of Azolla pinnata as indicators for plant resistance to this abiotic stress, and
to report on its possible role in the phytodegradation of crude oil in polluted water.

The death of A. pinnata under higher petroleum oil concentrations may be related to
perturbations of photosynthetic pigments due to their critical role in plant growth [28].
Other studies proved the phytotoxic effects of petroleum oil on photosynthesis [29,30],
where plants resorted to changing their chlorophyll content to adapt to different environ-
mental conditions. The decreased plant cover of A. pinnata with increasing oil treatment
from 0.5 g/L to 2 g/L over the three-week growth period seemed to be consistent with the
study on Azolla pinnata under different diesel concentrations [31]. Generally, the reduction
in total chlorophyll content with the increased oil treatment may enhance chlorophyll
degradation via the oxidative stress induced by petroleum pollution [32].

Since chl a and chl b are necessary for the primary reaction in photosynthesis, the
chl a/b ratio indicates the plant’s capacity to carry out photosynthesis [30,33]. Chl a/b
ratios lower than unity indicate a reduction in chl a and increased chl b, which is con-
sidered to be a trade-off between the chlorophylls, where chlorophyll b is characterized
by harvesting a wider range of light due to its different absorption spectrum from that
of chlorophyll a [34,35]. Other studies showed a chl a reduction in response to abiotic
stress, including petroleum oil pollution [29,30]. The increased content of chl b due to
petroleum oil pollution was reported in other studies [30,36,37]. Generally, the decreased
chlorophyll content in response to increased levels of crude petroleum oil pollution is
attributed to chlorophyll degradation due to oxidative damage, resulting in the induc-
tion of leaf senescence [38,39]. Carotenoids represent potential nonenzymatic antioxi-
dant biomolecules [40,41]. Carotenoids are important for plants to mitigate the oxidative
stress induced by many environmental stresses, including petroleum hydrocarbon pol-
lution via free-radical scavenging [42,43]. Carotenoids preserve cellular structures and
biomolecules, including DNA, from oxidative damage [44,45]. The petroleum oil con-
centrations caused a reduction in carotenoid content after seven days, similarly to other
plants under petroleum pollution [46,47]. Such reductions may be due to oxidation by
reactive oxygen species produced under the abiotic stresses [46]. Our study demonstrated
an inverse relationship between DNA damage and carotenoid content, similar to the results
of other studies [46].

The reduction in DNA damage was accompanied by the reduction in carotenoid
content in A. pinnata fronds at higher pollution levels of 1.5 and 2 g/L after 14 days and in
the 1 and 2 g/L treatments after 21 days. These results may be attributed to the induction
of DNA repair by secretions of A. azollae that formed condensed green mats at pollution
levels 1.5 and 2 g/L after 14 days and in the 1 and 2 g/L treatments after 21 days. The
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cyanobacterium A. azollae secretes exopolysaccharides (RPS), which were released freely
into the growth medium of A. pinnata [48,49]. The RPS of different genera of cyanobacteria,
including Anabaena, exhibit antioxidant and scavenging activities against reactive oxygen
species [49]. As antioxidant compounds, RPS of A. azollae have the potential to repair
damaged biomolecules, including nucleic acids [50,51]. Therefore, we infer that RPS of
A. azollae may be responsible for repairing DNA damage in A. pinnata under high oil
pollution levels associated with low frond carotenoid contents. The intensive growth of
A. azollae at higher pollution levels was similar to the behavior of the cyanobacterium
Anabaena variabilis, which has the ability to bloom at high petroleum oil pollutions for
a long time [52].

The anatomical peculiarities demonstrated that both high crude petroleum oil concen-
trations (2 g/L) and longer exposure periods (21 days) disrupted the symbiotic relationship
between A. pinnata and its N2-fixing endophyte A. azollae by the deformation of the cavity
hair cells or trichomes and fern packet rupture [53,54]. The cavity hair cells play a critical
role in nitrogen fixation supplementation to the fern [55]. A. azollae filaments were released
from the damaged frond cavity into the water medium, forming condensed green mats on
the water surface due to its photosynthetic activity and nitrogen-fixating performances [20].

As a result of the disruption of the symbiosis between the fern and cyanobacterium
partners of A. pinnata due to petroleum oil water pollution, we inferred that A. pinnata
suffered from nitrogen starvation. Many studies proved that nitrogen starvation has a neg-
ative effect on plant growth through photosynthesis perturbations [39,56,57]. For instance,
leaf senescence was observed with elevations of reactive oxygen species (ROS), resulting
in photosynthetic protein degradation and chloroplast structural damage appearing as
chloroplast malformation and thylakoid membrane disintegration. The reduction in photo-
synthetic activity was accompanied by a significant reduction in soluble sugar contents as
the main product of photosynthesis, which are essential for biological processes [58]. For
the plant to mitigate the malfunction of the chloroplasts, an alternative pathway may be
established to supply the plant with sufficient amounts of soluble sugars [59]. As appears
from the ultrastructure of the chloroplast in our study, it is proposed that the alternative
pathway is hydrolysis of the starch grains stored in the chloroplast stroma using chloroplast
starch hydrolytic enzymes [59–61]. This assumption depends on the starch grain numbers
decreasing or appearing faint at the 0.5 g/L oil treatment after 21 days, or being recorded
as absent in the chloroplast stroma at the 0.5 g/L oil treatment after 7 and 14 days. This
means that A. pinnata resists the reduction in photosynthetic activity under low petroleum
oil concentrations.

Other studies reported that the accumulation of starch grains under pollution stress
was attributed to the oxidative damage of key player enzymes involved in starch break-
down to the soluble sugars maltose and glucose [59–62]. Additionally, the sugar trans-
porter proteins located in the chloroplast membranes that facilitate the diffusion of maltose
and glucose across the inner chloroplast envelope may sustain plant metabolism and
growth [58,63]. The increase in size of the plastoglobuli granules under the petroleum oil
pollution level of 2 g/L after 21 days of growth seems to be attributed to the high level of
pollution stress [64–67]. These stresses induce the dismantling of the thylakoid membrane
via lipid peroxidation, leading to the accumulation of degraded lipids in the plastoglobuli
hydrophobic core [65].

5. Conclusions

The findings of this study proved that the contamination of freshwater by crude oil
adversely affects the functional traits of A. pinnata, which negatively affects plant growth
and reproduction. The increase in the crude oil pollution from 0.5 to 2 g/L decreased
the frond cover by disrupting the photosynthetic activity of the fern. The evidence for
the disruption of photosynthesis was apparent in the ultrastructural perturbations of
the chloroplast, causing reductions in the total chlorophyll and carotenoid contents. The
comet assay results of A. pinnata fronds did not show severe genotoxic effects. A possible
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explanation of the comet assay results could be due to the intensive growth of A. azollae,
which may have induced the repair of DNA damage of the fern under crude oil stress.
Although the symbiosis between the plant and cyanobiont was disrupted, Anabaena azollae
was able to adapt more than Azolla pinnata under the stressful conditions of the high
crude oil pollution levels above 0.5 g/L for 21 days of growth. Therefore, Azolla pinnata
can be used to remediate low crude oil pollution levels up to 0.5 g/L. Due to the greater
durability of Anabaena azollae of higher levels of crude oil than Azolla pinnata, further
studies are recommended to elucidate the phytoremediation efficiency of A. azollae of
polluted freshwater with high levels of crude oil.
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