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Abstract

The effect of recalcitrant hydrocarbons on the fatty acid profile from leaf, basal corm, and
roots of Cyperus laxus plants cultivated in greenhouse phytoremediation systems of soils
from aged oil spill-impacted sites containing from 16 to 340 g/Kg total hydrocarbons (THC)
was assessed to investigate if this is a C18:3 species and if the hydrocarbon removal during
the phytoremediation process has a relationship with the fatty acid profile of this plant. The
fatty acid profile was specific to each vegetative organ and was strongly affected by the
hydrocarbons level in the impacted sites. Leaf extracts of plants from uncontaminated soil
produced palmitic acid (C16), octadecanoic acid (C18:0), unsaturated oleic acids (C18:1-
C18:3), and unsaturated eichosanoic (C20:2-C20:3) acids with a noticeable absence of the
unsaturated hexadecatrienoic acid (C16:3); this finding demonstrates, for the first time, that
C. laxus is a C18:3 plant. In plants from the phytoremediation systems, the total fatty acid
contents in the leaf and the corm were negatively affected by the hydrocarbons presence;
however, the effect was positive in root. Interestingly, under contaminated conditions,
unusual fatty acids such as odd numbered carbons (C15, C17, C21, and C23) and uncom-
mon unsaturated chains (C20:3n6 and C20:4) were produced together with a remarkable
quantity of C22:2 and C24:0 chains in the corm and the leaf. These results demonstrate that
weathered hydrocarbons may drastically affect the lipidic composition of C. laxus at the fatty
acid level, suggesting that this species adjusts the cover lipid composition in its vegetative
organs, mainly in roots, in response to the weathered hydrocarbon presence and uptake
during the phytoremediation process.
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Introduction

Inundation of land with hydrocarbons from oil spills causes long-term contamination of the
soil and severe effects on the biodiversity of the ecosystems in the impacted areas [1-3]. The
plant community in an oil spill impacted site usually disappears after several months, leaving a
large amount of weathered hydrocarbons, such as polycyclic aromatic hydrocarbons (PAH)
and asphaltenes [4-8]. The harmful effect of oil spills on the plant community is slowly attenu-
ated by the aging phenomenon, which causes a gradual sequestration of hydrocarbons by soil
particles, lowering their accessibility, bioavailability, and biodegradability [9]. After some time,
especially in bare areas arising within aged-affected sites, revegetation by the emergence of
putative oil-tolerant plant species occurs [5], and it has been hypothesized that revegetation in
these oil contaminated sites is a result of phenophases, ecological, and biochemical adjustments
of these pioneer plant species to the hydrocarbons’ presence [3,8].

Cyperus laxus L. is a member of the Cyperaceae family, which is considered to be a weed
cosmopolitan weed located in tropical and subtropical regions [10,11]. It was also recently
reported that this and other Cyperaceae species have been identified as pioneer plants in tropi-
cal aged and long-term oil spill-impacted sites [12,13]. The ability of this plant species to grow
under such stressed conditions may be due that many Cyperaceae species have biochemical
traits for using the C4 photosynthetic pathway [14], the C18:3 fatty acid eukaryotic biosyn-
thetic pathway [15], and they also produce underground storage organs such as corms [16].
These characteristics should impart to this plant species greater photosynthetic, biological, and
reproductive advantages over other plants to survive in disturbed areas [10]; perhaps for that
reason, they are commonly found in both natural disturbed areas [17-19] and anthropogenic-
ally disturbed sites [20-22]. Indeed, in similar oil spill-impacted areas previously explored for
this work [13], the natural plant community vanished 6-12 months after the oil spill event.
Subsequently, in aged or long-term contaminated areas (more than three years), the presence
of light oil hydrocarbons was almost negligible, and high amounts of weathered hydrocarbons
such as PAH had accumulated. In close sites, Gallegos et al. [12] reported that the average com-
position of the total hydrocarbon mixture in such areas was: asphaltene (32.4%), aliphatic
(39.8%), PAH (18.9%), and polar hydrocarbons (9.1%). Later, we reported that the pioneer
plant species found in that aged contaminated areas were C. laxus, C. esculentus, Ludwigia
peploides, Echinocloa polystachya, and Carex crus-corvis; however, in bare areas emerging from
such sites, C. laxus, C. esculentus, and Carex crus-corvis were the pioneer and dominant species
[13]. Interestingly, it has been reported that these Cyperaceae species infest large areas of agri-
cultural lands by producing underground storage organs, such as basal bulbs, corms, and
tubers, that enable the regeneration of plants after adverse conditions by acting as perennating
organs [23,24]. We have also observed that the Cyperaceae species used for phytotreatment
studies of soils from the same areas disturbed by oil spills do produce underground organs
[25], and it has also been demonstrated that C. laxus significantly reduces the hydrocarbon lev-
els from soils containing up to 325,000 mg THC kg ™' soil [13,25,26]. Regarding plants culti-
vated in contaminated soils, during the phytoremediation process, the hydrocarbon removal
was associated with changes in the fatty acid composition and the production of unknown con-
jugated compounds of PAH with some plant metabolites; this suggested that important bio-
chemical adjustments at the fatty acid level in these plants had been accomplished for adapting
to the hydrocarbons’ presence. The reason these Cyperaceae species grow in areas disturbed by
oil spills and whether there is a relationship between their growth areas and the above cited bio-
chemical characteristics or their production of underground storage organs are unknown. It
was hypothesized that the combination of the C18:3 fatty acid biosynthetic pathway with the
production of corms might provide C. laxus with a superior ability to tolerate the weathered
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hydrocarbons’ toxicity by adjusting the antioxidant capability, thereby producing a higher
amount of unsaturated fatty acids in a similar way as reported for the fatty acid content in chic-
ory root cultures grown in presence of benzo(a)pyrene [27]. However, because no information
was found about the effect of hydrocarbons on the fatty acid profile of C. laxus or on the fatty
acid profile of other plant species, it is uncertain if C. laxus uses the potential of the eukaryotic
fatty acid pathway to adjust the antioxidant capability against the hydrocarbons in the aged oil
spill-impacted sites. Thus, the main objective of this work was to study the changes in the fatty
acid profile of C. laxus plants from the phytoremediation systems to investigate if this is a
C18:3 species and if the hydrocarbon removal during the phytoremediation process has a rela-
tionship with the fatty acid profile of this plant.

Materials and Methods
Phytoremediation systems and plant sampling

Seeds of Cyperus laxus were harvested from a three-year greenhouse phytoremediation system
established with native plants from long-term oil spill-impacted sites located in the tropical
region of Tabasco, México (Fig 1), as previously reported [13,25]. In addition, seeds harvested
from plants growing in soil collected from a close unimpacted site (SL) were used for the
uncontaminated control system. The seeds were sown in pots (60x20x20 cm) with soil from
the control unimpacted site (SL), or with soil from the long-term oil spill-impacted sites con-
taining 16 g/Kg (S163), 140 g/Kg (SSR), and 340 g/Kg (S205) total hydrocarbons (THC),
according to a three-stage nested experimental design with five levels of hydrocarbons content
and three to five replicates (Table 1). The pot systems were cultivated under greenhouse condi-
tions at 32°C/12°C day/night, and flooded daily with distilled water. Individual plants of 14-15
weeks age from each experimental treatment were harvested and washed with cold distilled
water. The whole root, basal corm, and leaf tissue were separated (Fig 1D and 1F). Whole
organs from individual plants were then ground under liquid nitrogen for lipid extraction and
fatty acid analyses. Additionally, freshly collected plants were used to estimate the humidity
content in the organs using a thermobalance (Kern MLB 50-3, Kern & Sohn GmbH,
Germany).

Lipid extraction. A modified version of the method reported by Bligh and Dyer [28] for
the extraction and purification of lipids from biological materials was performed. The total
root (600-800 mg), basal corm (100-300 mg), and leaf (1000-3000 mg) tissue from individual
plants were ground in the presence of liquid nitrogen and used to extract the lipidic fraction by
vortex mixing (30 seconds) with the proper amount of chloroform-methanol-water (1:2:0.8).
This ratio was adjusted according to the humidity content in the tissue (typically 77% for leaf
and 51% for corm and root) to have a proportion of 200 mg tissue per mL solvent mixture.
Afterward, chloroform (1:1) was added and homogenized by vortex for 20 seconds. Finally, 1
mL of deionized water was added to reach a final proportion of 2:2:1.8 chloroform-methanol-
water. The mixture was vortexed for 20 seconds, and the homogenate was filtered to remove
the debris. The organic fraction containing the lipids was collected, dried, and resuspended to 1
mL with chloroform.

Fatty acid methyl esters preparation

The fatty acid profile and composition were determined by preparing the methyl esters of fatty
acids (FAME) using a combination of standard procedures reported by Paquot and Hautfenne
[29] and Burja et al. [30] for the analysis of oils, fats and derivatives. Samples of 200 pL from
the lipid extracts were transferred to 100 mL reaction flasks and evaporated to dryness for
saponification by sequential addition of solid sodium hydroxide (2 flakes or 250 mg), water (2
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Fig 1. Cyperus laxus plants and organs. Pioneer Cyperus laxus plants found in aged oil spill-impacted sites located in the tropical region of Tabasco,

México (a), theirimmature (b) and mature (c) inflorescence, and their root system with corms and rhizome (d and e, respectively). Individual plants of 14-15
weeks age from the phytoremediation systems of soil from the aged oil spill-impacted site containing 0-340 g THC/Kg soil were harvested and washed with
cold distilled water (f) and the whole leaf (L), the basal corm (C), and the root (R) were separated and used for fatty acid analyses.

doi:10.1371/journal.pone.0140103.g001

Table 1. The saturated-unsaturated ratio and the total C12-C24 fatty acid content in the vegetative organs of Cyperus laxus cultivated in the phytor-
emediation systems of soils from oil spill-impacted sites containing several amounts of total hydrocarbons.

Site and total hydrocarbons content (THC g/Kg Soil) F = 39.6

F= SL (0)a 17.3 $163 (16)a 4.9 SSR(140)b 4.7 $205(340)b 19
ORGAN Sat/ Uns Total (mg/g Sat/ Uns Total (mg/g Sat/ Uns Total (mg/g Sat/ Uns Total (mg/g
F=271 Uns (%) FW) Uns (%) FW) Uns (%) FW) Uns (%) FW)
LEAFF=66 1.04 49.10  1.09+0.02a 1.01 49.63  0.07+0.03c 0.95 51.31 0.51+0.04b 0.87 53.55  0.20%0.02c
d d d d
CORM 1.20 4552 4.46*0.20ae 1.20 45,53  2.98%0.10b 2.39 29.48  1.17%0.06b 1.70 37.09  0.84%0.04c
F=6.5 e d d
ROOT 0.80 55.58  0.31%0.05a 0.50 66.87  0.55+0.00a 0.94 51.67  1.01%0.02b 0.72 58.04  0.35+0.01a
F=25 d d e d

Values of total fatty acid content are the mean * standard deviation. The F values are the F ratio from the respective ANOVA F-test and using the
statistical model FAME-Content = Soil + Organ(soil) + FAME(Organ) +FAME(Organ(Soil)) to estimate the fixed effect by soil and organ. Letters (a, b, c)
are groups of equivalent means between soils (Scheffé test, p<0.05), and letters (d, e) below the total fatty acid content are significantly different means

between organs (Scheffé test, (p<0.05).

doi:10.1371/journal.pone.0140103.1001
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mL), and methanol (20 mL). The reaction mixture was heated (70°C) until it was almost dry,
and the unsaponifiable lipids were extracted twice by gentle shaking and decanting with hexane
(5 mL). The saponification product was resuspended in hexane (1 mL) and acidified by the
addition of 3 mL of concentrated hydrochloric acid (37% p/v) in 20 mL of methanol and the
mixture was heated for 2 hours at 70°C for the methylation of the free fatty acids. The mixture
was heated until it was almost dry, the volume was adjusted to 20 mL with water, and the
FAME were recovered by extraction 3 times with 10 mL of hexane. The organic fraction was
concentrated and adjusted to 20 uL with hexane for the gas chromatography (GC) analysis.

FAME Analysis

The FAME evaluation was performed using a GC and a GC-MS with a mixture of true fatty
acid derivatives as reference compounds (SUPELCO 37 Fame Mix, Sigma-Aldrich, México).
The experimental conditions were: GC (a 30 m x 0.32 mm HP INNOWAX column; a flame
ionization detector with a gradient of 150°C-2"—5°C/min — 200°C-2"— 260°C; detector
280°C, injection 250°C) and CG-MS (Agilent USC 279167H; 0.50 um; temperature limit 40°C
— 260°C; electronic impact detector).

Statistical analysis. A three-stage nested experimental design was used according to a sin-
gle-fixed factor with four levels of hydrocarbons content and three to five replicates (Table 1).
The effect of the fatty acid type (FAME) is nested within the levels of the organ factor, and the
effect of the organ factor is nested within the levels of the soil factor [Fatty acid content = Soil
+ Organ(soil) + FAME(Organ) +FAME(Organ(Soil))]. For the statistical analysis we stated the
soil as fixed effect, and the organ and fatty acid type as random effects. The SPSS V 15 statistical
package (SPSS Inc., 2006) and the Microsoft Excel 2002 software were used for the statistical
analysis and the estimation of the marginal means. The hydrocarbon effect was evaluated using
the general linear models (GLM) utility. The post hoc analysis to evaluate the statistical differ-
ences between means was performed using the Scheffé test, and the Dunnett test for compari-
son each of the phytoremediation treatments against the control SL; both at the 0.05
probability level.

Results and Discussion

Fatty acid profile in the organs of Cyperus laxus cultivated in
uncontaminated soil

Fig 2 shows the fatty acid profile of lipid extracts of leaf from plants cultivated in uncontami-
nated soil (SL) and plants from the phytoremediation system of soil from the oil spill-impacted
site containing 340 g/Kg THC (S205) with respect to a mixture of true fatty acids as reference.
Approximately 9 fatty acids were clearly identified in the leaf extracts from plants cultivated in
the uncontaminated SL with a major occurrence of palmitic acid (C16:0), octadecanoic acid
(C18:0), unsaturated oleic acids (C18:1-C18:3), and unsaturated eichosanoic (C20:2-C20:3)
acids. The high prevalence of C18:3n3 and the absence of the unsaturated hexadecatrienoic
acid (C16:3) in this leaf extract should be noted. These results are consistent with reports for
the fatty acid composition of leaf from other Cyperaceae species, such as Carex sp. [31] and
Cyperus alternifolius [15], and demonstrate for the first time that C. laxus is a C18:3 plant. In
C18:3 plants, part of the C16:0, C18:0 and C18:1 fatty acids product of the plastidic prokaryotic
fatty acid synthesis are exported to the cytoplasm and incorporated into the endoplasmic retic-
ulum lipids and the polyunsaturated fatty acids through the eukaryotic pathway of glycerolipid
synthesis [15,32]. In this work, the presence of hydrocarbons correlated positively with the
accumulation of unsaturated fatty acids in leaf (Table 1): the saturated/unsaturated ratio in leaf
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Fig 2. GC Chromatograms of Cyperus laxus leaf fatty acid extracts. Fatty acid profile in lipid extracts from
the leaf of Cyperus laxus control plants cultivated in soil from the unimpacted site (SL) and from plants
harvested from the phytoremediation systems of soil from the oil spill-impacted site containing 340 g/Kg THC
(S205), compared to a mixture of true fatty acid derivatives (SUPELCO 37 Fame Mix) used as reference
compounds.

doi:10.1371/journal.pone.0140103.g002

changed from 1.04 in SL to 0.87 in S205. In contrast, it has been reported that fatty acid desa-
turation in plants and cyanobacteria are inversely correlated with temperature, and was sug-
gested that such increment in unsaturated fatty acid fraction might improves the fluidity of
membrane [32].

The total C12-C24 fatty acid content in the leaf, corm, and root from these SL plants
(Table 1), was significantly different (F = 17.3): 1.09, 4.46, and 0.31 mg FA/g FW, respectively.
Which, on the basis of a humidity content of 77% for the leaf and 51% for the corm and root,
corresponds to 4.8, 9.1, and 0.6 mg FA/g DW, respectively. Because there are no reports for the
fatty acid content neither in leaf of C. laxus nor for the leaf and root of other Cyperus species,
the results from the present study cannot be compared with data from the literature. However,
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for corm, the value from this work is in the lower limit of the range reported for tubers or corm
from other Cyperus species, such as C. rotundus (6 mg/g DW) or C. esculentus (51-74 mg /g
DW), which usually range from 1 to 300 mg FA/g DW [33-36].

Fatty acid profile of Cyperus laxus from the phytoremediation systems

The effect of the THC level on the fatty acid profile (Fig 2), the fatty acid content (Fig 3 and
Table 1), and the cumulative chain length distribution (insets in Fig 3) was different for each
organ (Fig 4). As shown in the fatty acid profile in the lipid extracts from the leaf of plants
from the phytoremediation system of the soil from the impacted site containing 340 g/Kg THC
(Fig 2), unusual fatty acids, such as odd numbered carbon (C15, C17, C21, C23) and uncom-
mon unsaturated chains (C20:3n6 and C20:4) were observed together with a remarkable
enhancement of the C22:2 and C24:0 chains in the corm and the leaf of the plants from the
contaminated soils. The low level or the absence of hexadecatrienoic acid (C16:3) in leaf of
plants from the phytoremediation systems (Fig 3), are consistent with the estimated content of
C16:3 fatty acid for leaf of plants from the overall phytoremediation treatments of soils from
the oil spill-impacted sites based on predictions using the fit model Content = Soil + FAME
(Fig 4). This observation agrees with the above results and confirms that C. laxus is a C18:3
plant.

As shown in Table 1, the total C12-C24 fatty acid content was significantly different
between sites (F = 39.6), and between organs for each site (F = 27.1). In plants from the phytor-
emediation systems, the fatty acid contents in the leaf and the corm were negatively affected by
the THC level, but in contrast, for the root tissue, the effect was noticeably positive for a THC
content below 340 g/Kg soil. The effect observed for the root tissue is consistent with reports
for monoaxenic cultures of Cichorium intybus grown in the presence of Benzo[a]pyrene [27]
and Zea mayz seedlings cultured in the presence of monoterpenes [37], where increases in the
total fatty acid content in the roots after the xenobiotic application were observed. However,
the results for the corm in the present study contrast with the study of Stoller and Weber [33],
where significant increases in the fatty acid content in tubers from a cold tolerant variety of C.
esculentus was reported after a 6-week exposure to a temperature of 2°C.

As expected from the above results, the saturated/unsaturated ratio between organs was
positively affected by the hydrocarbon presence (Table 1). For plants from uncontaminated
soil (SL, F = 17.), the prevalence of both saturated and unsaturated fractions was equivalent
(50%) in the leaf; however, in the root, the unsaturated fraction was predominant (56%) with
an absence of C16:2, but with similar amounts of C16:3 and C18:3. In contrast, in the corm, the
unsaturated fraction had a noticeably lower prevalence (45%), with a similar content of C16:3
and C18:0-C18:3. These results for corm and leaf from C. laxus plants grown in uncontami-
nated soil contrasts with reports of the fatty acid composition of tubers [35, 38,39] and leaves
[33] of C. esculentus, which contain high amounts of monounsaturated fatty acids with a con-
siderably lower prevalence of saturated ones: the saturated/unsaturated rates in the tubers ran-
ged from 0.12 to 0.71, with palmitic acid as the main saturated acid (15%) and oleic acid as the
predominant unsaturated acid (72%), and from 0.38 to 0.52 in the leaf, with palmitic acid as
the main saturated acid (30%) again, but now with linolenic acid as the predominant unsatu-
rated acid (50%).:

For C. laxus grown in contaminated soils, as discussed previously, the presence of hydrocar-
bons correlated positively with the accumulation of unsaturated fatty acids in leaf: the preva-
lence of the unsaturated fraction changed from 49.1% in SL to 53.6% in S205 (Table 1).
However in root the effect was not clear and the unsaturated fraction ranged from 52% to 67%
regarding to 55.6% in SL. In contrast, in corm the saturated fraction was prevalent and
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Fig 3. Fatty acid content and distribution in vegetative organs of Cyperus laxus. Fatty acid content and
fatty acid cumulative chain length distribution (insets) in lipid extracts from leaf, corm, and roots of Cyperus
laxus plants from the phytoremediation systems of soil from oil spill-impacted sites containing 16 g/Kg (S163),
140 g/Kg (SSR), and 340 g/Kg (S205) of hydrocarbons compared to control plants cultivated in soil from an
unimpacted site (SL). Error bars represent the SDS from at least three plants.

doi:10.1371/journal.pone.0140103.g003

noticeably enhanced by the hydrocarbon presence: from 54% in the SL control plants to 70% in
the plants grown in soil with a THC of 140 g/Kg soil (SSR). As expected, the fatty acid profile
was also organ-specific and dramatically affected by the hydrocarbon presence (Fig 3). It is evi-
dent that the chain length distribution of the C18 fatty acid group was predominant for each
organ (see the insets in Fig 3, and marginal means in Fig 4). However, it should be noted that
the major cumulative content of the C18 chain fatty acids was the result of the prevalence of
higher and similar amounts of C18:0, C18:1, C18:2, and C18:3N3, in conjunction with low or
absent levels of C16:1, C16:2, and C16:3 (Fig 4). For instance, in the leaf from the control plants
(SL in Fig 3) the amount and profile of short chain fatty acids (C12-C14) was typically lower
than those for mean chain length acids (C16-C18). However, in corm and roots, the amount of
C12-C14 was similar to the amount of C16. Interestingly, the presence of hydrocarbons—
resulted in an increase in the ratio of short chain fatty acids in the leaf and the roots; however,
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Fig 4. Estimated means for the content of each fatty acid in organs of Cyperus laxus. Estimated
marginal means for the content of individual fatty acids in leaf, corm, and roots of Cyperus laxus based on
predictions using the fitted model (Content = Soil + FAME) established from the phytoremediation treatments
of soils from the oil spill-impacted sites.

doi:10.1371/journal.pone.0140103.g004
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in the corm a general decrease in these fatty acids was observed. Thus, although the fatty acid
profile in each organ was similar between plants cultivated in the same treatment, the presence
of hydrocarbons affected the content of some specific fatty acids in the organ. This effect was
particularly evident for leaf fatty acids, reducing the content of the C14-C20 group by more
than 50%. In contrast, the content of the fatty acids in the roots increased noticeably with the
presence of hydrocarbons (Table 1), including the long chain fatty acids C20:2, C22:0 and
C22:1, and frequently even in soils containing high levels of THC (Figs 2 and 3). In addition to
the typical fatty acids, the presence of small amounts of uncommon uneven and branched car-
bon chain fatty acids in the roots and the leaf from the phytoremediation systems were detected
in the chromatograms (Fig 2), but they were not identified. In summary, the content of fatty
acids in the vegetative organs of plants from uncontaminated sites decreased in the order
corm>leaf>root; however, for plants grown in soils from contaminated sites, the order was
corm>root>leaf (Fig 4).

As outlined in Fig 5, the above results suggest that in leaf and in root the hydrocarbons’
presence did not significantly affect the partition of the carbon flux toward any of the fatty acid
biosynthetic pathways, keeping both prokaryotic and eukaryotic fatty acid pathways working
in synchrony to maintain a balanced growth. Therefore, for plants grown in contaminated soil,
the increment in the fatty acid content observed in roots in association with a concomitant dec-
rement of total fatty acids in corm and leaf, suggests that the hydrocarbon may have negatively
affected the translocation process of the micronutrients from the root to the corm and the leaf,
and that the metabolism might have been redirected to the biosynthesis of wax and suberin
monomers giving the root cells a higher resistance to the xenobiotic presence. However, the
way that the translocation process of the carbohydrates from the photosynthetic tissue to the
root tissue was affected is uncertain, and therefore the increase of the fatty acid level in the root
by the hydrocarbons’ presence deserves further study. Nevertheless, these results imply that the
observed changes in the fatty acids profile were dependent on both hydrocarbons amount and
the ability of C. laxus to adapt the intrinsic cellular lipidic metabolism of each organ in
response to the environmental challenge, such as has been reported for other plant species
grown under stress conditions [40,41]. Such metabolic adaptation may differentially enhance
also the production of uncommon compounds, such as the observation of long chain fatty
acids and the presence of branched and uneven carbon chain fatty acids. Long chain fatty acids
(C20-C34) are common components or precursors of cellular structures, such as membranes,
cuticle, suberine, and waxes [40, 42, 43]. Variations in their profile and content in plants grown
in contaminated soils is congruent with reports that suggest that important biochemical and
physiological changes at cellular, organ and whole plant levels are involved in the response to
the presence of weathered hydrocarbons such as PAH in phytoremediation systems [44-46].
However, because phytoremediation is a very complex system involving interactions between
xenobiotics, microbes, plants, and soil, alternative experimental procedures are needed to eval-
uate the involvement of specific PAH uptake regarding the fatty acid content and profile by
plants without microbial interactions.

Why C. laxus grows in areas disturbed by oil spills, and whether there is a relationship
between their growth pattern and the C18:3 biochemical characteristic or their production of
underground storage organs is unknown. It is uncertain also whether the increment in the
unsaturated fatty acid fraction in the leaf and the root of plants cultivated in the presence of
hydrocarbons produce changes in the physical properties of the membrane; however it can be
hypothesized that the incorporation of long-chain unsaturated fatty acids to membrane might
improve the absorption of such compounds, and therefore their degradation.

Finally, most Cyperaceae species show the Krans anatomy related to C, photosynthesis, and
also produce underground storage organs [10,16]; however, it has been reported that C. laxus
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Fig 5. Schematic relationship between PAH and changes in the fatty acid profile of Cyperus in the
phytoremediation systems. Schematic proposal for the changes observed in the fatty acid profile of organs
from Cyperus laxus cultivated in the phytoremediation systems of soils from the oil aged contaminated sites.
The main type of hydrocarbons found in the aged oil spill impacted sites was PAH?®. Some of these PAH
could be moved through the plant organs by the apoplastic route, promoting a general increase in the content
of long chain fatty acids (C18 and C20-C24), mainly in the root; where may negatively affect the translocation
process of the micronutrients from the root to the corm and the leaf. In leaf and root tissues the hydrocarbons’
presence did not significantly change the partition of the carbon flux toward any of the fatty acid biosynthetic
pathways, keeping both prokaryotic (plastidic) and eukaryotic (ER) fatty acid pathways working in synchrony
to maintain a balanced growth. Instead, the major cumulative content of long chain and the C18 chain fatty
acids was the result of the prevalence of higher and similar amounts of C18:0, C18:1, C18:2, and C18:3N3, in
conjunction with low or absent levels of C16:1, C16:2, and C16:3. This suggest that this Cyperus species
might direct the intracellular fatty acid metabolic flux to reinforce cellular structures such as plasma
membrane (MP), cutine, suberine, and epicuticular wax (Ew), to protect the integrity of the whole plant. Such
changes in the fatty acid metabolic flux should involve an important biochemical and physiological adjustment
of the plant as response to the hydrocarbons presence. These adjustments may be commonly auto-regulated
by metabolic-flexible nodes submerged in the metabolic map of the plant.

doi:10.1371/journal.pone.0140103.g005

lacks the Krans leaf anatomy characteristic of the C4 plants [11, 47], although it does produce
corms (Fig 1), and according to its C16:3/C18:3 fatty acid balance in leaf tissue this species is a
C18:3 plant. Because some species with C4 photosynthesis do not show a clear Krans anatomy
[18, 19], it is uncertain if C. laxus uses the C4 photosynthetic pathway to grow in the oil-
impacted sites, and this subject deserves further research.

Conclusions

Cyperus laxus is a C18:3 plant species that produces corms and is able to survive in soils with
high levels of hydrocarbons. The fatty acid profile in the vegetative organs of plants from the
phytoremediation systems were noticeably affected by the hydrocarbon levels; showing an
increase in the unsaturated fatty acids and the long chain fatty acids in the leaf and root tissue,
suggesting that the hydrocarbon uptake during the phytoremediation process depends on the
cover lipid composition of the roots. The incorporation of such unsaturated fatty acids in cell

membrane of root tissue might improve the absorption and degradation of the hydrocarbon
compounds.
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