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Abstract

In order to evaluate the response mechanisms of L. gracilis fertigated with saline effluent from fish farming, L. gracilis plants were nourished with fish
farming effluent with electrical conductivity of 0.45, 2.68, 4.60, 5.55 and 7.02 dS m~" for 60 days. The experiment was carried out in the open field
using a completely randomized design with five treatments and four replicates. The salinity levels of the nutrient solution containing fish farming
effluent did not affect the leaf and stem biomass production, relative water content and leaf area of the studied species. The activity of antioxidant
enzymes varied when the nutrient solution salinity level was increased, which also stimulated the breakdown of starch reserves, but did not interfere
with the biochemical parameters proline, photosynthetic pigments (chlorophyll a, chlorophyll b and carotenoids), levels of membrane damage and
malondialdehyde, indicating that the plant showed no stress symptoms when fertigated with high-salinity effluent. The anatomy of L. gracilis |leaf
cross-sections shows a unistratified epidermis with glandular and non-glandular trichomes in the adaxial and abaxial sides. Plants that received only
fish farming effluent (7.02 dS m™") showed a 25% reduction in the number of xylem bundles in the midrib region, compared to the control. The yield,
chemical composition and antimicrobial activity of the essential oil extracted from L. gracilis leaves did not differ between treatments. Thus, the saline
effluent from fish farming can be used in the fertigation of L. gracilis without compromising plant yield, avoiding environmental contamination with
disposal in soil and/or water bodies.

Highlights
Salt stress does not affect the morphophysiological properties and biochemical composition of Lippia gracilis;
gracilis has a considerable capacity to withstand high loads of toxic ions, along with maintaining a positive growth rate;

gracilis can be a potential candidate to be considered for use in saline environments

1. Introduction

Due to the low availability of surface water in arid and semi-arid areas, it is necessary to use technologies of coexistence based on sustainable water
management, especially in agriculture. Among these technologies, the reuse of water is a very common practice, and the use of aquaculture effluent
stands out because it can be used not only as a source of water, but also in the practice of fertigation, due its contents of nutrients.

Aquaculture activity has grown 87.1% in the last decade and fish has become the animal protein of greatest human consumption, about 16.7% higher
compared to other meat (beef, pork, sheep and goat) (FAO 2014). In Brazil, according to the Brazilian Association of Fish Farming (Associagdo
Brasileira de Psicicultura), fish production reached 722,500 tons in 2018, with tilapia (Oreochromis niloticus) being the fish most frequently produced in
breeding tanks.

It is worth pointing out that this activity consumes a lot of water, demanding about 143.7 m3/ha every day due to the infiltration and evaporation of the
breeding nurseries. For the production of one ton of fish, a water demand from 50 to 740,000 m? is estimated (Oliveira and Santos 2011). In the fish
harvesting process, the amount of effluent is equally high and its improper disposal in water bodies can cause eutrophication and reduce and change
biodiversity (Henry-Silva and Camargo 2009).

In semi-arid environments, water is a natural resource of extreme importance, mainly due to its role in agricultural development, which highlights the
need for developing strategies that enable the use of effluents rich in dissolved organic and inorganic compounds that can be used for the benefit of
plant nutrition, ensuring efficient and low-cost irrigation. However, this type of water from fish farming is usually saline and, depending on the
management, can hamper crop growth and production. The selection of salinity-tolerant species is the main practice used to ensure profitable crops
when the goal is to take advantage of saline effluents as a water and nutritional source for agricultural crops and, when there is availability, the effluent
can also be diluted to reduce electrical conductivity and attenuate salt stress (Dantas et al. 2019).

Saline effluents can be used to stimulate some plant species to produce bioactive compounds, according to some reports in the literature, which
describe that plants irrigated or nourished with saline effluent are stimulated to produce secondary metabolites as a mechanism of defense and
adaptation to the saline medium. Species belonging to the genus Lippia stand out in the production of bioactive molecules, since most of them
produce a large amount of essential oils with proven antimicrobial properties (Albuquerque et al. 2006; Fernandes et al. 2015), hence being of
pharmacological interest. Published studies with L. gracilis mainly cover the effects of the oil and its properties, but the records about the influence of
abiotic stresses on oil composition and yield are still scarce. In addition, the studies are limited to controlled environments, which do not reflect the
actual behavior of the plant grown in the open field.

As the species focused on in the study produces an essential oil with antimicrobial property and has shown tolerance to salinity in studies conducted in
greenhouse (Ragagnin et al. 2013; Oliveira et al. 2019), it is important to enable its planting using saline effluent and/or in areas already salinized. The
use of this native species of the Caatinga that is tolerant to salinity and maintains its chemical compounds potentially active opens perspectives to
offer a product that can be marketed in the chemical industries, especially in pharmaceutical industries. In addition, it contributes to local economic
development, especially in soils that are naturally saline or salinized of the Northeastern semi-arid region. Thus, the objective was to evaluate the
response mechanisms of L. gracilis as a function of irrigation with the saline effluent from fish farming.
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2. Materials And Methods
2.1. Cultivation conditions, experimental design and irrigation water quality

The experiment was conducted in an experimental area of 90 m? belonging to the Center for Environmental Sciences of the Federal Rural University of
the Semi-Arid Region - UFERSA, Mossor6 — RN, Brazil (5°12'02.4"S; 37°19'37.3"W). Four-month-old L. gracilis seedlings were transplanted to 40-cm-deep
planting holes, with spacing of 1.0 m between plants and between rows. During the period of acclimation to the field conditions, about 90 days, the
seedlings were irrigated daily with public-supply water from the Water and Sewage Company of Rio Grande do Norte (CAERN).

2.2. Plant material, growth conditions, and treatments

At three months after planting, the seedlings were fertigated with a nutrient solution containing public-supply water and saline effluent from tilapia
(Oreochromis niloticus Linnaeus) growing nurseries at different concentrations and with different physical-chemical compositions (Table 1).

Table 1

Physical-chemical composition of fish farming effluent (FFE) and public-supply water (PSW)
used in the experiment. Mossoré-RN, 2018.

pH EC KK Nall Ca?j Mg® CIR CO¥2¥ HCOEE SAR

Agua dS/M ——— mmolc/L
FFE 7.30 7.02 2.0 4491 15.10 25.70 52.80 0.00 3.80 9.9

PSW 7.0 0.5 025 4.44 1.00 0.90 2.4 0.00 3.40 4.6
Fertigation was performed daily in order to maintain the soil field capacity previously established in laboratory tests. The plants were fertigated with a
solution containing effluent + public-supply water in different proportions, which were added until reaching the following levels of electrical conductivity
(ECs): 452 pS (control - T1); 2.68 dS m™" (T2), 4.60 dS m™" (T3), 5.55dS m™" (T4) and 7.02 dS m™" (T5), measured with a digital conductivity meter (Soil
Control, Inc.). The solutions prepared for fertigation were stored in 500 L tanks, in the experimental area of 17.5 m2. The experimental design was in
randomized blocks, in a total of 5 blocks, each containing 2 sub-plots of each treatment.

Soil water retention curve was used to estimate the water demand of the crop and establish a daily management of the volume of irrigation solution
applied, and the daily tension was estimated based on readings of tensiometers installed up to 30 cm deep in each experimental plot, allowing the
calculation of volume of solution to be applied daily in each experimental plot. Based on the soil water retention curve, the tension at field capacity was
fixed at 6 KPa (60 cm.w.c.), corresponding to the moisture at FC at 0.1456 cm® cm™3. The soil water retention curve for the depths considered was
constructed according to the methodology described by Richards (1947), adjusted by the model of Van Genuchten (1980).

The soil of the experimental area was characterized as Oxisol, and disturbed and undisturbed samples were collected in the layers of 0-15 cm, 15-30
cm and 30-45 cm for physical-chemical characterization, performed at the Soil Physics Laboratory and at the Irrigation and Salinity Laboratory of the
Federal Rural University of the Semi-arid Region - UFERSA (Table 2).

Table 2
Chemical characteristics of the soil of the experimental area used in the experiment. Mossoré - RN, 2018.
Samples pH EC oM P K* Na* CaZ* Mg2* AP+ ﬂ)-‘- SB t CEC v m PES
(8gua) ds/m  g/kg  mg/dmd cmolc/dm3 %

0-15 8.16 13210 - 6.0 822 989 220 1.97 0.00 0.00 4.81 481 4.81 100 0 9
cm

15-30 8.00 127.80 - 55 60.6 746 120 055 0.00 0.00 223 223 2.23 100 0 15
cm

30-45 8.10 182.60 - 56 768 9782 158 092 000 0.00 695 6.95 6.95 100 0 61
cm

2.3. Variables analyzed
2.3.1 Physiological and growth analyses

After 60 days of experiment, the plants were harvested and transported to the Laboratory of Plant Physiology and Biochemistry for growth, biochemical
and anatomical analyses. Of the total plants of each treatment, 5 samples were used for growth analyses and 5 were used for the other analyses.
Liquid nitrogen was used for cryopreservation of samples intended for biochemical analyses.

To obtain dry mass, the harvested material was washed, separated into stem and leaves, placed on Kraft paper and dried in a forced air circulation oven
at 70°C, until reaching constant weight. Leaf area was measured at the end of the experiment through images analyzed by Image J software. For this
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variable, branches were collected from the middle region of the plant, placed in refrigerated container and taken to the laboratory for the reading
procedure.

To evaluate the relative water content (RWC), one branch was collected from the central region of five plants in each treatment, placed in ice and
transported to the laboratory. Three discs of known diameter were removed from the leaves, with a cork borer. The discs were immediately weighed on
an analytical scale to determine their fresh mass and then placed in a Petri dish on filter paper soaked with distilled water. The Petri dishes were placed
in B.0.D chamber at 25°C and 80% relative humidity, in the dark for 24h. After this period, the discs were weighed again to determine the turgid mass
and soon after they were placed in the oven for drying until reaching constant weight. Dry mass was then determined, and RWC was calculated using
the following equation:

RWC=FM - DM/TM - DM x 100,
Where:

FM = fresh mass

TM = Turgid mass;

DM =Dry mass.
2.4. Sodium and potassium analyses

The extracted and exported contents of potassium (K) and sodium (Na) were determined in roots, stems and leaves after opening the flowers of each
material. All plants of the plot were collected, then oven dried at 60 °C and ground in a knife mill. In the extracts obtained by digestion with sulfuric acid,
the element K was determined. The element Na was extracted with nitric acid. Na and K contents were determined by flame emission photometry. Total
N content was determined by the Nessler colorimetric method, after the samples were digested with concentrated H,SO,. The chemical analyses of the
nutrient contents were carried out at the Soil and Plant Laboratory (LASAP), belonging to UFERSA. The ionic ratios were determined by the K/Na ratio of
roots, stems and leaves.

2.5. Biochemical analyses

The percentage of membrane integrity was estimated from electrolyte leakage (adapted from Azevedo et al., 2008). Five leaf discs with known diameter
remained immersed in test tubes with 20 mL of water for 24 hours at 25°C. After this period, free electrical conductivity (R1) was measured with a
portable conductivity meter. Then, the test tubes were placed in a water bath for one hour at 100°C to perform the second reading of electrical
conductivity (R2). The percentage of membrane damage (MD) was estimated by the equation: %MD = (R1/R2) x 100. Membrane damage data were
then used to calculate the absolute integrity percentage (AIP) with the equation AIP = 1-R1/R2 and relative integrity percentage (RIP), which corresponds
to the ratio between the AIP of plants under stress and the AIP of plants in the control treatment.

Lipid peroxidation was determined according to Heath and Packer (1968), with modifications. The reaction was determined by the production of MDA,
a metabolite reactive to 2-thiobarbituric acid (TBA), from readings performed in spectrophotometer at 535 and 600 nm. Plant tissue was macerated in
0.1% trichloroacetic acid (TCA) along with 20% polyvinylpolypyrrolidone (PVPP). The samples were homogenized and centrifuged at 10,000 g for five
minutes at a temperature of 4 °C. A 0.25-mL aliquot was collected from the supernatant and transferred to a 1.0-mL Eppendorf tube with solution
containing 0.5 %of TBA and 20% TCA. The solution was put in a water bath (95 °C) for 30 minutes and then cooled for 10 min. Prior to the reading, the
samples were centrifuged again for more 10 minutes at 10,000 g.

Hydrogen peroxide (H,0,) was measured according to the protocol proposed by Alexieva et al. (2001). Fresh plant material was macerated with 0.1%
trichloroacetic acid (TCA) at the ratio of 1 g/10 mL (p:v). Samples were centrifuged at 11,200 g for 15 min at 4°C. A 200-pL aliquot was collected from
the supernatant and mixed with 200 pL of 100 mM potassium phosphate buffer (pH 7.5) and 800 pL of potassium iodide solution. The samples were
kept in ice and in the dark for 60 min. After this period, the samples were taken from the ice and kept at room temperature to stabilize the reaction, with
subsequent reading in spectrophotometer at 390 nm.

For the extraction of proteins and determination of soluble protein content, the samples were frozen in liquid nitrogen and then macerated and
homogenized with 100 mM potassium phosphate buffer (pH 7.5), 1 mM of EDTA (ethylenediaminetetraacetic acid), 3 mM of DL-dithiothreitol and 20%
of PVPP at temperature of -4 °C at the ratio of 1 g/3 mL (w:v) (Azevedo et al. 1998). The homogenate was centrifuged at 10,000 g for 30 min and the
supernatant was separated into aliquots and kept stored at -20 °C until the determination of the enzymatic activities. The total soluble protein content
was determined according to the methodology of Bradford (1976), using BSA (bovine serum albumin) as standard.

The enzymatic activity of superoxide dismutase (SOD) was determined according to Giannopolitis and Ries (1977). This method consists in the
inhibition of NBT (nitro blue tetrazolium) by the enzymatic extract, preventing the formation of the chromophore. The sample together with the solution
composed of a mixture of 3 mL of phosphate buffer at 85 mM (pH 7.8), 75 uM of NBT, 5 uM of riboflavin, 13 mM of methionine, 0.1 mM of EDTA and
50 pL of enzymatic extract were placed in glass tubes and exposed to white light (fluorescent lamp) in a closed box covered with aluminum foil, to
better reflect light throughout the environment, for 5 minutes. After this period, reading was performed in a spectrophotometer at 560 nm.

Page 4/18



The enzymatic activity of catalase (CAT) was determined by the method of Havir and Mchale (1987). The solution was prepared with 1 mL of 100 mM
potassium phosphate buffer at pH 7.5 and 25 pL of 1 mM hydrogen peroxide. The reaction was initiated by the addition of 25 pL of the sample,
monitoring the H,0, consumption reaction for 1 min. The reaction was monitored in a spectrophotometer at 240 nm at temperature of 25 °C.

The enzymatic activity of Ascorbate Peroxidase (APX) was determined according to the method proposed by Nakano and Asada (1981). The reaction
medium consisted of 650 pL of potassium phosphate buffer at 80 mM, pH 7.5, 100 pL of ascorbate at 5 mM, 100 pL of EDTA at 1 M, 100 pL of H,0, at
1 mM and 50 pL of protein extract. APX activity was determined by the ascorbate oxidation rate for 60 seconds, in spectrophotometer at 290 nm at 30
°C.

Starch content was determined by the colorimetric method standardized by Appenroth et al. (2010). Fresh plant material was macerated in 18% HCI
(w/v), incubated at 5 °C for 1 hour. Then, the suspension was centrifuged at 6682 rpm for 20 minutes. An aliquot of the supernatant was added to
another aliquot with equal volume of Lugol’s solution [0.5% KI (w/v) and 0.25% 12 (w/v) in distilled water] to determine absorbance at 530 and 605 nm.
The absorbance values were applied in the equation described to determine the starch content.

Reducing sugars were determined using the 3,5-Dinitrosalicilic (DNS) colorimetric method, described by Miller (1959), using in the analysis 250 mg of
the samples, diluted in water and mixed with the DNS reagent. The mixture was kept under heating in a water bath at 100°C (boiling) for 5 minutes, then
cooled with ice bath, to determine the absorbance of the compound formed, at 540 nm. The standard curve of the spectrophotometric determination of
reducing sugars was prepared with standards of 1 g.L™" of glucose.

Proline content was determined according to the method proposed by Bates et al. (1973). Proline was extracted from 0.3 g of leaf sample crushed in
porcelain crucible with 10 mL of 3% sulfosalicylic acid. The reaction mixture was extracted with 5.0 mL of toluene and stirred for 15 s in vortex mixer.
The tubes were kept for 20 min in the dark at room temperature to allow separation of the aqueous phase from the toluene. The toluene phase was
collected, and absorbance was measured at 520 nm in spectrophotometer.

2.6. Anatomical analysis

For the morphoanatomical evaluation of the median region of L. gracilis leaf blade, slides were prepared from plant material fixed in FAA 70 solution
and stored in 70% alcohol. Leaf segments were dehydrated in alcoholic series and included in paraffin (Johansen, 1940). The cuts (5 pm) were
performed in a manual rotary microtome (Lupetec®, MRP09 model), stained in a solution of safranin and alcian blue (Bukatsch, 1972) and mounted in
Entellan®. After that, the slides were photographed under Top Light B2 optical microscope (Bel®, video microscope). Quantitative analyses were
performed using the ImageJ program (Schneider et al., 2012). Tukey test was applied at 5% probability level using the program Sisvar 5.6 (Ferreira,
2011).

2.7. Extraction of essential oils

390.9 g (T1),562.2 g (T2),338.1 g (T3),642.8 g (T4) and 4743 g (T5) of fresh L. gracilis leaves were subjected to hydrodistillation in a Clevenger-type
apparatus for 2 hours to yield 2.13, 1.54, 1.67, 1.95 and 1.87% (w/w), respectively. The yields (w/w) were calculated based on the fresh weight of the
plant materials. After being filtered and dried over anhydrous sodium sulfate, the isolated oils were stored in sealed glass vials, which were maintained
under refrigeration before analysis.

2.8. Gas Chromatography-Flame lonization Detection

GC-FID for the quantitative analysis was carried out on a Shimadzu GC-17A gas chromatograph using a dimethylpolysiloxane DB-5 fused silica
capillary column (30 mm x 0.25 mm, 0.25 m film thickness). H, was used as the carrier gas at a flow rate of 1 mL/min and 30 psi inlet pressure; split,
1:30; temperature program: 35—-180°C at 4°C/min, then heated at a rate of 17°C/min to 280°C and held isothermal for 10 min; injector temperature:
250°C; detector used: FID, detector temperature: 250°C.

2.9. Gas Chromatography-Mass Spectrometry

GC-MS for the analysis of the volatile constituents was carried out on a Hewlett-Packard 5971 GC/MS using a non-polar DB-5 fused silica capillary
column (30 mm x 0.25 mm i.d., 0.25 m film thickness); carrier gas: helium, with flow rate of 1 mL/min and split ratio of 1:1. The injector temperature
and detector temperature were 250 °C and 200 °C, respectively. Column temperature was programmed from 35 °C to 180 °C at 4 °C/min and then from
180 °C to 250 °C at 10 °C/min. Mass spectra were recorded from 30—450 m/z. Individual components were identified by matching their 70 eV mass
spectra with those of the spectrometer database through the Wiley L-built library MS searches using retention indices as a preselection routine.

2.10. Antibacterial activity

The antimicrobial activity of the essential oil extracted from the leaves of L. gracilis under different salinity treatments was evaluated using the
microdilution method according to the Clinical & Laboratory Standards Institute (CLSI 2017), with modifications described by Vale et al. (2019). Gram-
positive bacteria Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC 700698, Staphylococcus epidermidis ATCC 12228 and
Staphylococcus epidermidis ATCC 35984, and Gram-negative bacteria Escherichia coli ATCC 11303 and Pseudomonas aeruginosa ATCC 10145 were
used.
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Initially, 100 pL of each essential oil, solubilized in Tryptone Soya Broth (TSB; Liofilchem, Italy), were added to the wells of the microtitration plates at
concentrations ranging from 5 to 0.04%, and then 100 pL of bacterial suspension (1 x 10% CFU/mL) were added to the wells. The plate was incubated
for 24 h at 37°C and later the optical density of each well was measured at 620 nm wavelength with a microplate reader (SpectraMax i3).

The lowest concentration of essential oil capable of visually inhibiting bacterial growth was considered as MIC. For the determination of MBC, 10 pL of
the solution contained in the wells that did not have microbial growth were collected, followed by inoculation in Petri dishes with Tryptone Soya Agar
medium (TSA; Liofilchem, Italy) and subsequent incubation for 24 h at 37°C. After the 24-hour period, the presence of colony-forming units (CFU) was
evaluated and the lowest concentration of essential oil that inhibited the growth of CFUs on the plates was considered as the MBC.

2.11. Experimental design and statistical analysis

The experimental design was completely randomized (CRD) with five treatments (levels of electrical conductivity) and 10 replicates per treatment. After
the experimental period, the plants were collected and subjected to analysis, 5 replicates per treatment for growth and nutrition analyses and 5
replicates per treatment for biochemical, anatomical and oil yield analyses. The samples for biochemical analyses were frozen in liquid N and keptin a
vertical freezer at -30 °C. The data obtained were subjected to analysis of variance and the means were compared by Tukey test at 5% probability level,
expressed as mean and standard deviation of the mean (Mean + SD, n = 3). The statistical analysis was performed using the program ASSISTAT, beta
version 7.6 (Silva, 2015).

3. Restlts
3.1 Biomass, osmoregulators and pigments

The addition of fish farming effluent in irrigation water did not significantly influence (p < 0.05) leaf dry biomass, stem dry biomass and RWC (Table 3).
Leaf RWC ranged from 64 to 72% on average. In general, the plants of all treatments showed vigorous appearance, with no signs of damage or
senescence.

Table 3

Effect of fish farming effluent on leaf dry biomass (LDB), stem dry biomass (SDB), relative water content
(RWC) and final leaf area (FLA) of L. gracilis plants.

Treatments LDB (mg) SDB (mg) RWC (%) FLA (cm?)

T1 67.17+2299a 159.13+4.18 a 67.24+1.57a 5.487+337 a

T2 69.52+4.38a 169.30+9.34 a 68.80+1.82a 5.296+178 a

T3 61.97+3.13 a 160.70+4.74 a 68.95+0.63 a 4752+349 a

T4 71.21+4.14a 175.60+9.35a 71.65+1.85a 4.986+356 a

T5 69.95+2.93a 186.33+8.03 a 71.76+0.82a 5.897+657 a
CV% 26.86 20.29 7.59 17.76

(T1=452 pS; 2.68 dS m-"; T2=4.60 dS m-"; T3= 5.55 dS m-"; T4=5.55 dS m-"; and T5=7.02 dS m-").
Means followed by the same letters do not differ statistically by Tukey test at 5% probability level.

Data of chloroplast pigments indicate that the photochemical apparatus was not damaged by the variation in electrical conductivity (Table 4), which is

considered important for the development of plants subjected to abiotic stress.

Table 4

Effect of fish farming effluent on chlorophyll a, chlorophyll b, total chlorophyll and carotenoids (mg
g~ fresh mass) of L. gracilis plants.

Treatments Chlorophylla  Chlorophyllb  Total chlorophyll  Carotenoids
(mg.g™" fresh mass)

T1 0.469+0.01a 0.717+0.10a 1.181x0.09a 302.00+14.83 a
T2 0.454+0.01a 0.569+0.02a 1019+0.02a 288.92+4.27 a
T3 0.320+0.05a 0.611+0.07a 0.927+0.06a 302.71+33.98a
T4 0.442+0.02a 0.523+0.04a 0.962+0.03a 269.49+12.36 a
T5 0.313+0.01a 0.577+0.03a 0.886%0.06a 283.47+4.00a
CV% 24.05 18.78 13.33 28.04

(T1=452 pS; 2.68 dS m-"; T2=4.60 dS m-"; T3= 5.55 dS m-"; T4=5.55 dS m-"; and T5=7.02 dS m-").
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Means followed by the same letters do not differ statistically by Tukey test at 5% probability level.

3.2. Osmoregulation

The levels of reducing sugars differed as a function of the salinity of the fish farming effluent. In treatments 2 and 3, higher sugar production was
observed; while at the highest salinity, sugar levels were lower (Fig. TA). On the other hand, when the salinity levels of the effluent increased, the starch
content decreased progressively, with reductions ranging from 37 to 19% in the control and T5 treatments, respectively (Fig. 1B). On the other hand, the
content of proline, an important osmoregulator in stress situations, was statistically lower only at the highest salt level (Fig. 1C).

3.3. lon concentrations in stem, leaves and roots

The Na* and K* levels differed between the different salt concentrations of the fish farming effluent. It is observed that K levels were higher in leaves
than in the other organs. Despite the increase in salt concentration, T5 did not differ statistically from the control. The roots showed lower
concentrations of this macronutrient, even in the control treatment (Fig. 2A, B and C). On the other hand, sodium was more significantly concentrated in
the stem, but in the treatment with highest salinity, this element remained concentrated in the leaves (Fig. 2B). The Na*/K* ratio confirms that plants
tend to accumulate sodium in the stem, contributing to stress modulation; however, at higher levels of salinity, sodium was translocated to the leaves
(Fig. 2C), probably as a defense strategy, through leaf senescence.

3.4. Oxidative Stress

No increments were detected in the percentage of membrane damage in the leaf tissues of L. gracilis, also accompanied by the maintenance of the
content of malondialdehyde (MDA), a product of the peroxidation of polyunsaturated fatty acids of biomembranes (Fig. 3A and B). However, there was
an increase in H,0, levels with significant increments (p < 0.05) at all salinity levels of the effluent compared to the control.

The antioxidant enzymatic system, represented by the activity of the enzymes SOD, APX and CAT, showed significant differences with the salinity of the
fish farming effluent. It was possible to observe maintenance of SOD activity, generating H,0,, in parallel with an increase in APX and/or CAT. These
antioxidant responses were sufficient to maintain MDA levels in all treatments (Fig. 4). The observed increase in H,0, content suggests the generation
of this ROS from other metabolic processes.

3.5 Anatomy

The cross-sections of L. gracilis leaves show a unistratified epidermis with glandular and non-glandular trichomes in the adaxial and abaxial sides. The
mesophyll is dorsiventral, with the palisade parenchyma involving the vascular system, which has a half-moon shape in the leaf midrib (Fig. 5). In
addition, the presence of raphides in parenchyma cells was verified, suggesting the presence of a calcium-rich compound, probably oxalate, in all
treatments evaluated (Fig. 5F and P).

The number of auxiliary vessels (NAV) in the leaves of plants subjected to different concentrations of the effluent did not differ between the treatments
tested (Table 5). In this respect, plants that received only fish farming effluent (T5) showed a 25% reduction in the number of xylem bundles in the
midrib region when compared to plants of the control treatment (Table 5). To compensate for this reduction, there was an increase of about 171% in the
number of xylem vessels in the leaves of plants irrigated with different combinations of fish farming effluent. In addition, the use of effluent was related
to the apparent increase in the lignification of xylem cells, which were identified by wall thickening and intensification of safranin staining (Figs. 6B, E,
H, K).

Table 5

Effect of fish farming effluent on the mean number of xylem bundles (NXB), number of xylem vessels
(NXV), number of auxiliary vessels (NAV) and mesophyll thickness (MT) in L. gracilis leaves.

Treatments NXB (mm?) NXV (mm?) NAV (mm?) MT (um)

T1 200+1.2a 2.8+0.1d 3.0+x03a 194.222.7+9.8a

T2 16.3+1.8ab 3.7x03c 3.0+x03a 194.222.7+125a

T3 15.3+09ab 56+0.1b 3.3+0.0a 203.333.0+12.5a

T4 15.3+3.0ab 7.5+1.4a 33+03a 205.357.7+9.1a

T5 15.0+3.1b 76+x1.1a 43+0.3a 209.143.0+x11.3a

CV% 11.24 6.25 18.6 9.58

(T1=452 pS; 2.68 dS m-"; T2=4.60 dS m-"; T3= 5.55 dS m-"; T4=5.55 dS m-"; and T5=7.02 dS m-").
Means followed by the same letters do not differ statistically by Tukey test at 5% probability level.

3.6. Essential oil composition analysis

In the study, the yield of the essential oils of L. gracilis leaves varied from 1.54 (4.60 dS m™) t0 2.13% (2.68 dS m™"). The essential oils extracted from
L. gracilis leaves were analyzed by GC/MS and GC/FID, and the constituents were identified and quantified (Table 6). A total of 25 compounds
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organized in order of elution in a DB-5 column were identified in the five essential oil samples. The chemical composition of the essential oil from L.
gracilis is mostly constituted by monoterpenes, phenylpropanoids and sesquiterpenes. The major components are: carvacrol (45.35 to 50.17%) (1), p-
cymene (14.16 to 16.81%) (2) and y-terpinene (12.44 to 15.03%) (8) (Fig. 6). Moreover, the results showed that the variations in water salinity did not
cause significant difference in oil yield per plant, between the five plant samples (Table 6).

Table 6

Chemical composition of essential oils from the leaves of L. gracilis irrigated with fish
farming effluent with different levels of salinity.

IKcaIc.I IK|it2 %
T1 T2 T3 T4 T5

Leaf oil yield / % 213 1.54 1.67 1.95 1.87
Water salinity / dS m™ 2.68 4.60 5.55 7.02 7.02

Leaf oil constituent / %

a-Thujene 933 930 1.09 1.23 1.34 1.56 1.48
a-Pinene 942 932 0.24 0.26 0.29 0.34 0.32
B-Pinene 985 979 0.07 0.07 0.08 0.08
-Myrcene 993 990 1.25 1.33 1.40 1.54 1.60
a-Phellandrene 1011 1002 0.19 0.17 0.18 0.20 0.19
A-3-Carene 1017 1011 0.11 0.12 0.12 0.13
a-Terpinene 1023 1017 1.94 212 2.13 2.38 2.31
p-Cymene 1031 1024 1416 14.45 1507 1629 16.81
Limonene 1036 1029 0.34 0.35 0.37 0.40 0.40
B-Ocimene 1041 1037 0.24 0.24 0.23 0.24 0.24
B-Ocimene 1052 1050 0.12 0.14 0.14 0.15 0.15
y-Terpinene 1065 1059 1244 1377 13.57 15.03 14.47
Ipsdienol 1151 1145 0.94 1.02 0.97 0.98 0.90
Terpinen-4-ol 1184 1177  0.45 0.47 0.45 0.52 0.52

Thymol methyl ether 1240 1235 230 0.36 0.27 0.34 0.35
Carvacrol methyl ether 1244 1241 2.08 0.28 0.27 0.28 0.33

Thymol 1295 1290 7.78 8.15 7.93 7.52 7.7
Carvacrol 1306 1299 48.57 50.17 4898 4535 46.83
a-Copaene 1384 1376 0.15 0.21 0.18
B-Caryophyllene 1429 1419 2.63 2.53 2.73 3.38 2.76
a -Caryophyllene 1464 1454 0.17 0.15
Bicyclogernacrene 1505 1500 0.37 0.11 0.35 0.40 0.31
6-Cadinene 1532 1523 0.13 0.17 0.14
Spathulenol 1588 1578 0.18 0.19 0.17 0.16 0.15

Caryophyllene oxide 1593 1583 0.56 0.51 0.56 0.50 0.54

Monoterpene hydrocarbon 32.01 3424 3491 3833 38.18
Oxygenated monterpene 1.39 1.49 1.42 1.5 1.42
Phenylpropanoid 60.73 5896 57.45 5349 5468
Sesquiterpene hydrocarbon 3.00 2.64 3.21 4.33 3,54
Oxygenated sesquiterpene 0.74 0.7 0.73 0.66 0,69
Total 97.87 98.03 9772 98.31 98.51

Page 8/18



1 Calculated Kovats Index, 2 Literature Kovats Index (Adams, 2007).

3.7. Antimicrobial activity

The antimicrobial activity of the essential oil from leaves of L. gracilis irrigated or not with fish farming effluent was tested against clinically relevant
bacterial strains. The results showed MIC and MBC of the essential oil against Gram-positive bacteria, with values ranging from 0.625 to 2.5%.
Interestingly, E. coli ATCC 11303 showed greater sensitivity to the action of the essential oil. On the other hand, L. gracilis essential oil showed only MIC
at 2.5 % against P aeruginosa ATCC 10145 (Table 7).

Table 7

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of essential oils extracted from
leaves of L. gracilis irrigated with fish farming effluent with different salinity levels on Gram-positive and Gram-negative

bacteria.
Strains Essential oil from Lippia gracilis % (v/v) ‘
T1* T2 T3 T4 T5 |

Mic MBC MIC MBC MIC MBC MIC MBC MIC MBC
S. aureus ATCC 25923 0.625 1.25 0.625 0.625 0.625 0.625 0.625 0.625 0,625 1.25
S. aureus ATCC 700698 0.625 0.625 0.625 0.625 0.625 0.625 1.25 1.25 0.625 0.625
S. epidermidis ATCC 12228  1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
S. epidermidis ATCC 35984  0.625 1.25 0.625 1.25 0.625 1.25 1.25 2.5 1.25 2.5
E. coliATCC 11303 0.31 0.625 0.15 0.15 0.31 0.625 0.625 0.625 0.31 0.625
P aeruginosa ATCC 10145 2.5 - 2.5 - 2.5 - 2.5 - 2.5 -

(T1=452 pS; 2.68 dS m-"; T2=4.60 dS m~-"; T3= 5.55 dS m~-"; T4=5.55 dS m~-"; and T5=7.02 dS m~-")

4. Discussion

The exposure of plants to salinity of the fertigation solution induces morphophysiological and biochemical responses that occur through molecular
mechanisms (Gupta and Huang 2014), which may alter plant physiology and reduce photosynthesis, growth and leaf area values (Anjum et al. 2011).
However, plant tolerance or sensitivity varies between species and between cultivars of the same species, and plant growth and yield are the main
parameters for assessing the responses of crops to salt stress (Lei et al. 2014). The proportions of the effluent in the fertigation solution did not
influence the growth of L. gracilis plants in terms of biomass allocation (Table 3). The results of this study are in line with those found by Oliveira et al.
(2019), who worked with the same species irrigated with a solution composed of sodium chloride, dihydrate calcium chloride and hexahydrate
magnesium chloride, under greenhouse conditions. With highly saline solutions (9.9 dS m™7), the authors observed a behavior of lower biomass
production in leaves and stems.

These different responses between the present study and that conducted by Oliveira et al. (2019) may be linked to the source of salinity used. The
effluent from tilapia cultivation has a significant amount of nutrients originated from the feeds used in the diets of fish and animal excretes; possibly,
the nutrients added to the soil reduce the deleterious effects of salinity of the saline nutrient solution, especially the effects of chloride and sodium
toxicity on the plants, causing them to have greater tolerance to salinity when fertigation is used as a water and nutritional source in the crops. The
absence of change in leaf area among the evaluated treatments may be one of the factors that contributed to the maintenance of growth, since in
situations of salt stress, plants reduce their leaf area, characterizing a strategy to avoid high transpiration rates, influencing photosynthesis and
consequently limiting biomass production (Silveira et al. 2016; Silva et al. 2011).

The maintenance of growth levels, and consequently of biomass, may have been influenced by the maintenance of adequate K* levels in the leaves up
to T4. Plants often experience reduction of K* when there is exposure to higher levels of Na* due to the competition of this ion for the absorption
channels of other ions, especially with K* (Kibria et al. 2017). However, this result was only observed in the treatment with highest salinity, in which
there was a reduction in K* to the detriment of Na*. The Na*/K* ratio confirms that there was a higher allocation of sodium to the stem in all treatments,
except for T5. The mobilization of Na* ions to the stem and the maintenance of adequate levels of K* in the leaves allowed greater protection and
functionality of the photosynthetic organs, as well as the growth rate of the plant (Miranda et al. 2017). The change of sodium allocation to the leaves
in the treatment of highest salinity can be explained as a strategy of defense of the plant, since the leaves expel sodium when they senesce.

Growth is influenced by salinity and by osmotic imbalance and disturbances in the photosynthetic apparatus and osmoregulation (Negréo et al. 2017).
Thus, the water retention capacity in leaf tissues, evaluated in this study by the relative water content (RWC) (Table 3), favored the tolerance to salinity,
as it kept the cells turgid, providing full functioning of physiological processes, which positively influences the growth process, as shown in the
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parameters of leaf dry biomass and stem dry biomass (Table 3). The maintenance of RWC levels in L. gracilis subjected to salinity had already been
identified by Ragagnin et al. (2014) under greenhouse conditions with different salinity levels.

The maintenance of leaf tissue hydration is a behavior of plants that can adjust osmotically. Thus, some species invest in sugar synthesis or starch
breakage in an attempt to mitigate damage caused by stress (Almodares et al. 2008; Santelia and Lawson 2016). In this study, starch contents
decreased (Fig. 1B) in treatments with higher salinity levels, indicating that the species was using its polysaccharide reserves to produce sugars for
osmoregulation in order to keep leaf tissue hydrated according to its osmotic potential, thus maintaining its metabolism in operation.

In situations of abiotic stress, plants accumulate in the cytosol or vacuoles low-molecular-weight solutes (proline, betaine glycine, sucrose) to maintain
water balance and preserve the integrity of membranes, proteins and enzymes (Ashraf et al. 2013; Marijuan and Bosch 2013). However, depending on
the intensity and duration of stress, the production of these osmoregulators may or may not be intensified. In this study, it was observed that proline
levels decreased at the highest concentrations of the effluent (Fig. 1C). This finding indicates, once again, that sugar production served as the main
regulatory mechanism for the maintenance of water potential and leaf tissue turgor. It is important to highlight that in saline treatments with up to 5.5
dS m~" the proline levels did not differ from those of the control. It is suggested that this result is probably attributed to the adaptation of L. gracilis to
environments with water scarcity and high temperatures. Under these conditions, proline is generally produced to keep the tissues hydrated, avoiding
stress by desiccation. Results similar to these were found by Hu et al. (2012) in wheat plants, where proline levels decreased when sugar levels were
high because, besides acting on osmoregulation, high values of sugar helped the plant to eliminate ROS (Cuoee et al. 2006).

The level of membrane damage measured by electrolyte leakage as a function of electrical conductivity (Munns and Tester 2008) and the contents of
malondialdehyde (MDA) are important indicators of oxidative stress. The results obtained in this study do not point to salt stress, indicating that the
salinity of the effluent did not increase the peroxidation of unsaturated fatty acids of the membrane of L. gracilis, confirming the degree of tolerance of
the species under study.

Lipid peroxidation patterns can be modulated according to the amount of ROS generated and the defense capacity of the cells. One of the factors that
can increase lipid peroxidation is excessive production and non-removal of H,0,. This compound is naturally synthesized by plants and its production
occurs mainly through photorespiration or as a result of the dismutation of the superoxide radical, by superoxide dismutase (SOD). H,0, can react with
Fe?* ions and form hydroxyl radical (OH), a ROS that can peroxide membrane lipids (Sewelam et al. 2016). However, the increase in H,0, contents in
plants will not always lead to increments in lipid peroxidation and oxidative stress, which can result in enzyme inactivation and limitation in plant
growth and development (Gil and Turjeta 2010; De Choudhury et al. 2013). Thus, in order to overcome the negative effects caused by ROS, plants have
an enzymatic antioxidant defense system, composed mainly of the enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase
(CAT) (Sewelam et al. 2016). H,0, generated by SOD triggers CAT and APX enzymes, which are responsible for converting H,0, into H,0 and O,. These
enzymes act according to their degrees of specificity; the CAT enzyme acts more significantly under conditions of greater severity (for example, T4), as
it requires two molecules of H,0, for the reaction. On the other hand, the APX enzyme is more sensitive and has the ability to react with only one
molecule of H,0,, hence having lower action under the same conditions (for example, T2). This means that, at the salinity level 4, CAT was the most
triggered enzyme to remove H,0, compared to APX (Fig. 4). Increase in CAT activity was observed by Gondim et al. (2012) in a study with corn plants
subjected to stress induced by NaCl, where the harmful effects of salinity did not compromise the growth variables. This result is indicated by the
authors due to the performance of the antioxidant system, especially CAT.

In stressful situations, the content of pigments can be affected by the decrease in biosynthesis or the acceleration of their degradation (Ashraf and
Harris 2013). Thus, in an attempt to adjust itself to the salinity and temperature conditions to which it was exposed, this species invested in the
production of photosynthetic pigments, such as carotenoids, which act not only in the photosynthetic apparatus, but also as non-enzymatic
components of the antioxidant system in the photoprotection and dissipation of energy, thus avoiding the formation of ROS and assisting in
combating oxidative stress, consequently decreasing the harmful effects on the photosynthetic apparatus of the plant. The photoprotective effect of
carotenoids assists in the dissipation of energy by exposure to high temperature and luminosity (Domonkos et al. 2013), through proteins present in the
lumen of the thylakoids (Li et al. 2000).

As for anatomy, the results indicate that the fish farming effluent favored the development of the vascular system by increasing the number of xylem
vessels, which is considered as an anatomical adaptation to salinity, aiming to improve the flow of water, since the frequency of xylem vessels and
tracheids are determinant for water conductance (Sanchez-Aguayo et al. 2004). In addition to being responsible for long-distance transport of water
and solutes, xylem is related to the mechanical support (Costa et al. 2004), preventing cells from collapsing and preventing the harmful effects of
cavitation (Eller et al. 2018).

The presence of calcium oxalate crystals is not a common characteristic to all members of the Verbenaceae family (Souza et al. 2005; Braga et al.
2009); however, the presence of these crystals in leaves of other species of the genus Lippia has been documented, being highlighted as a xeromorphic
characteristic (Andersen et al. 2006). On the other hand, the maintenance of the number of auxiliary vessels (NAV) in the leaves of plants subjected to
different concentrations of fish farming effluent denotes that in plants subjected to treatment with 100% of fish farming effluent there was no need to
invest in the formation of new vascular bundles to optimize the transport of resources.
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The fish farming effluent did not interfere in the water balance of the cells in such a way to hamper the transport of water, so the mesophyll thickness
was similar in all treatments evaluated (Table 5; Fig. 5), indicating that there was water maintenance in the cells, since water availability is one of the
factors that first affect the maintenance of cell turgor (Santos and Carlesso 1998), which may therefore affect the mesophyll thickness.

Essential oils are components of the secondary metabolism of plants that are extracted from several parts (Oussalah et al. 2007). These compounds
guarantee some advantages, acting for example as antioxidants and in the fight against microbial agents (Gutierrez et al. 2008). However, the chemical
composition and content of the essential oil of a same species are associated with a variety of factors. According to Morais (2009), genetic traits, age
and some climatic and environmental factors can lead to significant changes in the production of secondary metabolites by plants. Depending on the
environment in which the plant is located, the salt concentration of the medium and the time of exposure, its metabolic route can be redirected, causing
biosynthesis of different compounds and alteration of the content and chemical composition of essential oils (Neffati and Marzouk 2008). The
conditions of the growing environment did not alter the chemical composition and content of oil under the conditions evaluated in this study. Similar
results for the levels of thymol and carvacrol were found by Albuquerque et al. (2012) and Ragagnin (2014) in plants of the same species.

According to literature reports, conditions of low and high salinity of irrigation water do not interfere with the yield of the essential oil of L. gracilis
species (Oliveira et al. 2019). Based on the published data, the results obtained showed coherence because the most frequent components to appear in
the essential oils of many species of Lippia are limonene, B-caryophyllene, p-cymene, camphor, linalool, a-pinene and thymol (Pascoal et al. 2001).

Chemical composition of L. gracilis essential oils obtained from other states in northeastern Brazil showed that: in Cear3, the essential oil was
characterized by thymol (30.6%) and p-cymene (10.7%) as major components; in Piaui, there was carvacrol (47.7%) and p-cymene (19.2%); and in
Sergipe, carvacrol (23.52%), p-cymene (4) (15.82%), y-terpinene (14.17%) and menthol (10.97%) (Gomes et al. 2011). The quantitative variations
observed in the chemical composition of the essential oils of L. gracilis are probably due to genetic factors such as different forms of the trichomes
present in different species of Lippia and edaphoclimatic conditions such as climate, relief, lithology, temperature, air humidity, radiation, soil type, wind,
atmospheric composition and rainfall location, as well as conditions under which the plant is grown (Santos et al. 2004).

The essential oil from L. gracilis, with different saline treatments, showed bacteriostatic and bactericidal activity against Gram-positive and Gram-
negative bacteria. The antimicrobial activity obtained in this study may be explained mainly by the phenylpropanoids carvacrol and thymol,
compounds that are usually found in Lippia species and have shown action against bacteria and fungi. The essential oil from L. origanoides showed
activity against bacteria such as methicillin-resistant Staphylococcus aureus, and the essential oil from L. menosides showed activity against
Escherichia coli, Enterococcus faecalis, Salmonella enteritidis, Serratia marcescens, Candida albicans and Mycobacterium smegmatis. The
antimicrobial activity was associated with the presence of the phenolic monoterpenes, carvacrol (41.77%) and thymol (10.13%) (Gir6n et al. 1991;
Lacoste et al. 1986; Oliveira et al. 1990).

Essential oils are compounds that, for being hydrophobic, are easily diffused through the cell wall of microorganisms and cause damage to the
membrane, especially with regard to fluidity and permeability (Millezi et al. 2012). Gram-negative bacteria, in general, have greater resistance to the
action of essential oils, due to the greater complexity of their plasma membrane, which acts as a barrier to the diffusion of hydrophobic components of
essential oils (Naik et al. 2010).

It is known that fish farming effluent has high levels of excrement and nutrients that can modify the characteristics of the fertigation solution in such a
way to make its use unfeasible in other activities, such as in agriculture when using salinity-sensitive species (Mercante et al. 2004; Mainardes Pinto
and Mercante 2003). The results of this study are relevant to the planning and management for the use of fish farming effluent, which is currently
disposed of inadequately and without any utilization. In this context, the set of results obtained support the responses observed in the growth,
anatomical and biochemical parameters, consolidating the indication of fish farming effluent used in this experiment for reuse in the irrigation of L.
gracilis, an endemic species of the Caatinga and with pharmacological potential.

Conclusions

Acceptable biomass yield was maintained at all levels of salinity of the nutrient solution, composed of fish farming effluent; The high salinity of the
effluent did not alter the leaf area and the relative water content associated with the production of sugars, pigments and activity of the enzymes of the
antioxidant system, indicating that the fertigation of L. gracilis with saline effluent from fish farming did not affect the development of this species. The
saline effluent from fish farming can be used in fertigation of L. gracilis without compromising the yield of plants, avoiding environmental
contamination with disposal in soil and/or water bodies.
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Figure 1

Effect of fish farming effluent on reducing sugars (A), starch (B) and proline (C) in L. gracilis plants (T1=452 pS; 2.68 dS m-'; T2=4.60 dS m-"; T3= 5.55
dS m-'; T4=5.55 dS m-"; and T5=7.02 dS m-"). Means followed by the same letters do not differ statistically by Tukey test at 5% probability level.
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Figure 2

Na (A), K (B) and Na/K (C) levels in L. gracilis irrigated with saline effluent from fish farming. (T1=452 pS; 2.68 dS m-'; T2=4.60 dS m-*; T3= 5.55 dS m-";
T4=5.55dS m-'; and T5=7.02 dS m-'). Means followed by the same letters do not differ statistically by Tukey test at 5% probability level.
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Figure 3
Effect of fish farming effluent on membrane damage (%) (A), hydrogen peroxide content (H202) (B) and lipid peroxidation expressed by

malondialdehyde (MDA) content in L. gracilis plants (T1=452 pS; 2.68 dS m-'; T2=4.60 dS m-'; T3= 5.55 dS m-'; T4=5.55 dS m-'; and T5=7.02 dS m-).
Means followed by the same letters do not differ statistically by Tukey test at 5% probability level.
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Figure 4

Effect of fish farming effluent on the activity of the oxidative metabolism enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX) and
catalase (CAT) in L. gracilis plants (T1=452 pS; 2.68 dS m-'; T2=4.60 dS m-'; T3= 5.55 dS m-'; T4=5.55 dS m-"; and T5=7.02 dS m-"). Means followed
by the same letters do not differ statistically by Tukey test at 5% probability level.
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Figure 5

Photomicrographs of cross-sections of leaves of L. gracilis cultivated under irrigation with fish farming effluent. T1=452 pS (A-C); T2=2.68 dS m-' (D-F);
T3=4.60 dS m-" (G-K); T4=5.55 dS m-"; (L-N); T5=7.02 dS m-" (0-Q). Tng= Non-glandular trichome; Tg= Glandular trichome; Xyl= xylem; Phl= phloem;
Ep= epidermis; AV= Auxiliary vessels; Arrows = Raphides. (Scale = 50 pm).
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Figure 6

Major components in the essential oil from L. gracilis leaves.
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