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Abstract

The physical and chemical characteristics of the soil can influence plant growth. When sewage sludge
(SS) is applied as a soil fertilizer, the accumulation of non-essential elements contained in it can be toxic
for plants. The aim of this study was to understand the effect of SS dosage on the cell cycle of Lactuca
sativa L. meristematic cells and on the initial growth of L. sativa and Passiflora alata Curtis. Nine
concentrations of SS + distilled water (mg dm~ 3) corresponding to 0, 20, 40, 60, 80, 120, 160, 320, and
520t ha™ ! were tested in four replicates of 25 seeds. Chemical analysis showed an increase in pH of the
sludge from 0 to 80 t ha™' SS followed by its stabilization thereafter. The highest electrical conductivity
was observed at 520 t ha™ ' SS. SS negatively affected the germination and initial growth of seedlings
from P. alata and L. sativa. Cytogenetic analysis on 6000 L. sativa meristematic cells for each treatment
revealed that SS could adversely affect the genetic stability of this species.

1. Introduction

Sewage sludge (SS) is a solid residue obtained from the treatment of domestic or industrial sewage. It is
characterized by elevated organic matter content and a varied chemical composition (Kelessidis and
Stasinakis 2012). To diminish the impact of excess waste residue, various practices for its utilization,
such as industrial recycling, incineration, and especially its use as a plant fertilizer (Kelessidis and
Stasinakis 2012; Grotto et al. 2013; Freitas et al. 2015), have been attempted in recent years.

Despite the benefits of applying SS to improve the physical and chemical characteristics of the soil and,
therefore, plant growth (Freitas et al. 2015), the accumulation of certain sludge elements could be
potentially toxic for plants (Singh and Agrawal 2008; Nascimento et al. 2014). The increased proportion
of SS and the presence of shallower soils can amplify the concentration of toxic metals (Chu and He
2021), such as Cd, Ni, and Cu, whose increased bioavailability may explain changes in the soil microbial
community (Markowicz et al. 2021). Moreover, the same authors reported that plasmids isolated from SS
conferred B-lactam resistance or extreme resistance to tetracycline (>256 pg mL™ ") via two antibiotic
resistance genes (bla yps-, and tetA) detected in SS-treated soil six months after fertilization.
Accordingly, the application of SS to the soil, even at a low controlled dosage, can affect the soil
microbiome and its resistance phenotype, which may have implications on public health.

Heavy metals may limit plant growth and development by inhibiting physiological processes, such as
transpiration, respiration, and photosynthesis (Nagajyoti et al. 2010; Taiz et al. 2017). To prevent this
from happening, it is necessary to know the chemical characteristics of the sludge and to determine the
effect of different concentrations of SS on soil and plant performance. Santos et al. (2021) observed that
using SS at concentrations of 50% or higher affected stomatal conductance, leaf temperature, and
chlorophyll a fluorescence of Alibertia edulis (Rubiaceae) seedlings. This resulted in lower biomass,
impaired growth, loss of leaf symmetry, and leaf deformations, which were possibly related to
contamination with heavy metals. However, according to Chow and Pan (2020), pH and thermal
treatment of this SS successfully removed any heavy metals from the pure biosolid, which was now safe
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for use as fertilizer. Tests that quantify the impact of industrial waste and contaminated waters on plant
morphological and cytogenetic parameters, such as phytotoxicity, cytotoxicity, genotoxicity, and
mutagenic potential of chemicals, are routinely performed in laboratories (Felicidade et al. 2014).
Alterations in the cell cycle have been associated with DNA damage elicited by environmental toxicity
(Hoshina and Marin-Morales 2009; Singh et al. 2009).

Passiflora alata Curtis (sweet passion fruit) is increasingly popular in Brazil. The crop grows well when

organic sources, such as SS, are added at a concentration of 80t ha™’ (Freitas et al. 2015); however, it is
unclear if the accumulated toxicity from SS components interferes with plant growth.

The use of plants as bio-indicators of cytotoxicity was pioneered in the 1970’s (Grant 1999). Lactuca
sativa L. has been widely studied to determine the phytotoxic, cytotoxic, and genotoxic effects of
chemical compounds on plants, cells, and DNA, respectively (Andrade et al. 2010; Sousa et al. 2010).

The aim of the present study was to evaluate the effect of SS on the germination and initial growth of P
alata and L. sativa, as well as the effect on the cell cycle in meristematic cells of L. sativa.

2. Materials And Methods

The study was conducted at the Seed Analysis Laboratory of the Agricultural Sciences Center, Federal
University of Espirito Santo, Alegre, ES, Brazil.

SS was collected according to the Brazilian Association of Technical Standards NBR 10007 (ABNT 2004)
at the wastewater treatment plant belonging to the Espirito Santo State Company (Vitéria, ES). The
sludge was analyzed by the Agrolab - Analysis and Quality Control Company (Vila Velha, ES) to determine
its physical and chemical characteristics, as well as concentration of As, Ba, Cd, Ca, Pb, Cu, Cr, S, Mg, Mn,
Hg, Mo, N, Ni, K, Se, Na, S, Zn, P and organic carbon and organic matter content (Table 1). Fractionation,
extraction, and purification of organic carbon from the sludge was conducted in accordance with the
International Humic Substances Society (IHSS 2016) as described by Thurman and Malcolm (1981) in
analytical duplicate.

First, 4 g of sample was treated with 2 M H3PO, in a 40-mL solution for 4 h in centrifuge tubes to extract
free fulvic acids and light organic matter fractions. After stirring, the sample was centrifuged (HERMLE-
Z382K centrifuge) at 5000 x g for 30 min. To extract alkali-soluble organic substances, the precipitate
obtained in the previous step was adjusted to pH 7 and then 40 mL of 0.5 M NaOH was added to the
centrifuge tube. The mixture (pH ~ 13) was shaken horizontally for 24 h to extract humic substances. The
extract was centrifuged and the procedure was repeated three more times until complete extraction of
humic substances was ascertained by their absence in the supernatant. Then, the organic carbon content
in the supernatant containing humic substances and the residual precipitate, named humin fraction, was
determined.
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An aliquot of the humic substances extract was acidified to pH 1.5 with H,SO, and then centrifuged to
separate fulvic acids (supernatant) from humic acid (precipitate). Carbon content in each fraction and
total organic carbon in the sludge samples was determined using acid dichromatometry, with ammonium
ferrous sulfate as titrant and diphenylamine as an indicator.

Nine treatments corresponding to different SS concentrations of sludge + distilled water (mg dm™3) at 20,
40, 60, 80, 120, 160, 320, and 520 t ha™ " plus distilled water (negative control) were assessed. The
different proportions of SS served to determine the dosages that could benefit or inhibit P. alata (Freitas
2015). SS was sieved through a 2-mm mesh, and the solutions were prepared by shaking with the aid of
a Marconi automatic mixer (model MA376/176) at 200 rpm and 25°C in two steps of 60 min each
separated by a 30-min interval. After 24 h, the solutions (supernatants) were collected, pH and electrical
conductivity (DM Digimed 31) were analyzed, and the solutions were stored in a refrigerator at 3+ 1°C for
further experiments.

The first experiment followed a completely randomized design with four replicates of 25 L. sativa seeds
per treatment. The seeds were placed in Petri dishes with two sheets of Germitest® paper moistened with
5 mL of SS solution. Subsequently, the plates were kept in a biochemical oxygen demand incubator at a
constant temperature of 24°C for 48 h in the dark (Brasil 2009).

The following variables were assessed: germination (%) and germination speed index (GSI). The latter
was calculated according to Maguire (1962) as GSI=G1/D1 + --- + Gn/Dn, where G1 = number of
germinated seeds on the first day after sowing, Gn = number of germinated seeds 'n' days after sowing,
D1 = one day after sowing, and Dn = 'n' days after sowing. Root growth (cm) was measured using a
digital caliper (precision, 0.01 mm).

To perform the cytogenetic analysis of SS concentrations, seedling roots were collected and fixed in
ethanol:acetic acid (3:1). Slides were prepared by crushing and stained with 2% acetic orcein. In each
treatment, 6000 meristematic cells were analyzed and the following parameters were determined: number
of prophase, interphase, metaphase, anaphase, and telophase cells; number of condensed nuclei,
micronuclei, c-metaphase events, sticky chromosomes, bridges, and broken chromosomes; mitotic index
[number of dividing cells (prophase, metaphase, anaphase, and telophase) / total number of analyzed
cells x 100]; aberration index (number of cells with chromosomal aberrations / total number of cells
analyzed x 100); and meristematic cell mutagenicity index (number of cells with micronuclei and
breakage / total number of cells analyzed x 100).

In the second experiment, P, alata seeds from fruits harvested in Sdo Mateus, in the north of Espirito
Santo State were used. The seeds were manually extracted and processed with lime (added at 20%
relative to the seed volume) for sarcotesta removal, washed in water, and laid out on Germitest® paper at
25°C for 24 h. Subsequently, the seeds were scarified with sandpaper (n° 100) and immersed in 500 mg

L™ gibberellic acid for 24 h.
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Next, the seeds were placed in Petri dishes lined with two Germitest® sheets moistened with 5 mL SS
solution for each treatment, coated with transparent plastic, and maintained in a biochemical oxygen
demand incubator under alternating temperature of 20 or 30°C and a photoperiod of 8 h (Brasil 2009).
The experiment was carried out following a completely randomized design, with 25 seeds per replicate.

The following parameters were evaluated: germination (%), GSI, and seedling dry weight (mg seedling™").

After taking into account variance normality and homogeneity, regression and Kruskal—Wallis test at 5%
probability were performed using R software (Team 2020).

3. Results

Chemical analysis revealed that heavy metal values in SS were below the limits established by the
CONAMA n° 375 guidelines (Brasil 2006) (Table 1).
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Table 1

Chemical and organic composition of SS

Chemical element
As (mg kg™ ")
Ba (mg kg™ ")
Cd (mgkg™")
Ca(mgkg™ ")
Pb (mgkg™")
Cu (mgkg™")
Cr(mgkg™")
S (mgkg™")
Mg (mg kg™ ")
Mn (mg kg™")
Hg (mg kg™ ")
Mo (mg kg™ ")
N (mgkg™")
Ni (mg kg™ ")
K (mgkg™")
Se (mg kg™ ")
Na (mg kg™ ")
Zn (mgkg™ ")
P (%)

Organic C (%)
OM (%)

LOM (g kg™ ! of C)

FFA (g kg™ of C)

Concentration

11.2

518.0

1.4

8221.0

45.4

315.0

411

18306.0

3761.0

220.0

2.3

1.4

5505.0

20.3

6.5

253

2764.0

738.0

0.1
6.5
11.3
203.4
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CONAMA limit (Brasil 2006)
41

1300

39

Not specified
300

1500

1000

Not specified
Not specified
Not specified
17

50

Not specified
420

Not specified
100

Not specified
2800

Not specified
Not specified
Not specified

Not specified

Not specified




Chemical element Concentration = CONAMA limit (Brasil 2006)
FA (g kg™ " of C) 0.1 Not specified
HA (g kg™ of C) 9.8 Not specified
HUMIN (gkg™ ' of ) 311.13 Not specified
CroaL (9kg T of C) 4956 Not specified

OM = organic matter; LOM = light-fraction organic matter; FFA = free fulvic acids; FA = fulvic acids; HA =
humic acid; HUMIN = humin, residual fraction; Cyo7a. = total organic carbon.

Light-fraction organic matter, humic fraction, and total organic carbon were abundant in SS, whereas free
fulvic acids and fulvic acid fractions were scarce (Table 1), suggesting that besides providing the soil
with sufficient chemicals and nutrients, the sludge introduced large amounts of recalcitrant substances.

The pH of the sludge solutions increased from 7.3 in the absence of SS to 12.4 at a SS concentration of
80 tha™, but stabilized thereafter (Fig. 1). Electrical conductivity followed a linear pattern, whereby the
maximum value (3521.6 uS cm™ ' g~ 1) was observed at a concentration of 520 t ha™ ' (Fig. 1).

Germination and GSI of L. sativa generally decreased with increasing SS concentrations and reached
their lowest values at 160, 320, and 520 t ha™ ' (Fig. 2). A quadratic behavior was observed for root
growth, with average values declining beyond 160t ha™" (Fig. 2B).

L. sativa root growth was four times higher at SS concentration of 160 t ha™ ! compared to the control,
which may be associated with the abundant organic matter and humic fraction in SS (Table 1).

A comparison between L. sativa (Fig. 2) and P, alata, (Fig. 3) reveals that SS negatively affected seedling
germination and initial growth in both species, although the reduction was more pronounced in P, alata.

Increasing the SS concentration led to progressive reduction in the mitotic index up to 120 t ha™; above

this concentration, no further changes between quartiles and medians were observed, except at 520t ha™
(Fig. 4A). The genotoxic effect of SS in L. sativa was manifested by an increased frequency of
chromosomal aberrations with higher SS concentrations (Fig. 4B). In particular, the aberrations index was

16 times higher at SS concentration of 320 t ha™! compared to that in the negative control, which
coincided with a significantly larger number of micronuclei (Fig. 4C).

Genotoxicity at increasing SS concentrations was characterized mainly by a more frequent induction of c-
metaphase and occurrence of condensed nuclei (Fig. 5).

4. Discussion
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Owing to the complexity of the mixture, it is difficult to determine precisely which compounds are
responsible for SS phytotoxicity (Mazzeo et al. 2015). So far, phytotoxicity has been linked primarily to
heavy metals (Amin 2011), because they are not easily removed and can be mobilized depending on the
physicochemical conditions of the SS and soil in which this residue is applied (Udom et al. 2004). In this
study, the concentration of metals in the solid matrix was in accordance with the maximum values
established by the Brazilian legislation and previous results (Christofoletti et al. 2013; Martins et al.
2016). These studies show that chemical analyses may not be sufficient to characterize the possible
toxic effects of SS because as suggested by Martins et al. (2016), they do not show the synergistic
impact of all SS contaminants. The addition of SS increases the extractable form of diethylenetriamine
pentaacetic acid, which generates potentially mobile extracts and phytotoxic fractions of heavy metals
(Dhanker et al. 2021). Biological tests should complement chemical analyses to better understand the
toxic potential of SS (Mazzeo et al. 2015). Moreover, annual and local testing should account for
variations in the concentration of heavy metals in each period and location (Gen et al. 2021).

Techniques for heavy metal removal from SS have been tried to ensure the viable and ecologically
appropriate use of this substrate in soils. For example, the application of fermentation and bioleaching
was tested in anaerobic bioreactors under unregulated pH conditions (acidic or alkaline). In these
settings, a combination of ultrasound pretreatment and alkaline fermentation attained the best result,
reducing the bioavailability of toxic metals by up to 25% (Yesil et al. 2021). Other tested methods include
the application of permeable mesh bags filled with SS and stacked next to corn, banana, and papaya
crops. After nine years, more than 94% of heavy metals were found to be retained, the soil had low levels
of heavy metals, and those in the harvested fruits were within the designated limits (Lin et al. 2021).

SS can also contain organic compounds with cyto-genotoxic properties, such as organochlorine
pesticides, polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) (Rank and
Nielsen 1998). The adverse biological effects of small organic compounds can be attenuated by their
rapid volatilization and biodegradation (Smith 2009). However, Mazzeo et al. (2015) monitored the
natural attenuation of a domestic SS and reported high concentrations of the semi-volatile organic
compound m- and p-cresol in aqueous extracts and in the crude sludge sample for up to two months. The
genotoxic activity of SS samples was detected previously by the chromosome aberrations test in Allium
cepa. Paraiba et al. (2010) concluded that low-molecular weight PAHs were more likely to accumulate in
corn grains than high-molecular weight PAHs. Therefore, SS containing significant concentrations of light
PAHs would not be recommended as fertilizers for food crops.

The organic matter of SS in this study was rich in recalcitrant compounds. Although they are highly toxic,
some researchers have minimized their contribution to the phytotoxicity of the sludge due to the strong
adsorption of these compounds in the solid matrix and, consequently, their lower bioavailability (Smith
and Riddell-Black 2007; Smith 2009). However, the effects of these xenobiotics should not be totally
neglected, since some of these compounds can be transferred via sludge/soil to plants and eventually,
consumers. McLachlan et al. (1994) reported high levels of PCBs and polychlorinated dibenzofuran in
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milk from cows grazing in soils fertilized with SS. Therefore, we suggest that organic pollutants, when
present at high levels in SS, can contribute to phytotoxicity.

According to Oleszczuk (2012), physicochemical properties determining plant development and growth
(such as pH and amount of nutrients) should be taken into account during phytotoxicity analysis of SS.
These properties may interfere with plant germination and development and erroneously point to other
pollutants. Walter et al. (2006) argued that a combination of several factors contributed to the toxicity of
SS, such as concentration and availability of heavy metals, high salinity, and excess of ammonium and
organic compounds. In addition, the different toxicity responses of the plants can be attributed to the
tolerance of each species or the nature of the sludge. For example, the application of SS (69, 138, and
276 kg of N ha™ ') did not influence sunflower (Helianthus annuus L.) germination and had a positive
influence on morphological characteristics, growth, and seed yield (Koutroubas et al., 2020). In giant
miscanthus (Miscanthus x giganteus Greef and Deuter), SS (160 kg of N ha™ ") had a similar effect on
yield as mineral fertilizers (Dubis et al. 2020). In industrial hemp (Cannabis sativaL.), only 25tha™" of
SS had a positive effect on plant performance, and beyond that, it had a toxic effect (Praspaliauskas et
al. 2020).

The pH range indicated for phytotoxicity studies is between 5.0 and 7.0 (Baumgarten and Spiegel 2004).
Dhyévre et al. (2014) documented that primary roots of Vicia faba were necrotized and secondary roots
did not exhibit any growth in soil with pH 10.1. Liming helps stabilize SS while also reducing the content
of pathogens and augmenting pH (Costa and Costa 2011). However, the stabilized alkaline SS can
adversely affect plant growth due to nutritional deficiency (Samaras et al. 2008) from a smaller humic
fraction (Ramos et al. 2015). The highest concentrations of sludge exhibited an elevated pH, which can
explain the significant inhibition of germination and initial development of L. sativa and P, alata. This
effect was observed with respect to increased electrical conductivity. The soluble salts present in SS can
negatively affect the growth of plants, reducing the osmotic potential and compromising the
development of the species (Baumgarten and Spiegel 2004).

The results obtained in the present study corroborate those observed by Martins et al. (2016) in A. cepa
grown in commercial substrate mixed with SS, whereby 28% and 56% reduction in germination was
observed at SS concentration of 320 tha™ ! and 520 t ha™ ', respectively. Oleszczuk et al. (2012) observed
that Sinapis alba (white mustard) seeds presented germination inhibition of 60% in sandy soil treated
with SS (90 t ha™ "), whereas Kou et al. (2020) reported that the percentage and germination index of
Brassica campestris L. ssp. Chinensis Makino (Chinese white cabbage) seeds decreased with an
increased concentration of sludge, together with increased inhibition of root elongation. In the present
study, the deleterious effect of SS addition was more pronounced in P alata. Our data are similar to those
observed by Prado and Natale (2005), who concluded that SS, at doses above 10 t ha™ ', promoted death
of passion fruit due to the presence of metals and excess sodium and potassium ions. In this study,
sodium was also present at a very high concentration. Dias et al. (2012) reported that salinity strongly
affected passion fruit growth and should be carefully monitored.
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SS may also cause disturbances in the plant’s cell cycle (Martins et al. 2016). Alterations in cell division
can indicate the level of cytotoxicity of environmental pollutants, which compromise metabolic
processes, growth, and development (Leme and Marin-Morales 2009; Singh et al. 2009). Faschineto et al.
(2007) observed that reduction in the mitotic index coincided with decreased root growth. An increased
frequency of interphase cells at SS concentration of up to 120 t ha™' suggests that repair mechanisms
lock the cells at this stage to prevent mitosis in cells with possible genetic abnormalities (Palmieri et al.
2014). When repair processes fail, cell death pathways can be activated. Here, the genotoxic effect of
elevated SS concentrations was manifested by the presence of condensed nuclei in L. sativa root cells
(Fig. 5), which led to cell death.

Other commonly observed cell cycle alterations were induction of c-metaphase (84%), followed by the
presence of micronuclei (14%), bridges (11%), sticky chromosomes (6%), and chromosome loss (3%).
Tests detecting mitotic and chromosomal abnormalities help identify the mechanism of action employed
by toxic compounds. These may be clastogenic, with abnormalities, such as chromosome breakage and
bridges or aneugenic, leading to anomalies, such as chromosomal losses, c-metaphase, and sticky
chromosomes (Leme and Marin-Morales 2009; Rossato et al. 2010). It is possible to infer that the studied
SS concentrations employed both aneugenic and clastogenic mechanisms of action (Fig. 5), although
the former were prevalent. These results are similar to those found by Amin et al. (2009), who studied V.
faba meristem cells and found changes in the mitotic spindle after consecutive SS applications to the
soil. Moreover, Amin (2011) demonstrated the occurrence of aneugenic effects in meiocytes of Zea mays
after exposure to SS.

A micronucleus can be formed by chromosomal fragments or by the loss of entire chromosomes. As no
breakage was observed in this study, it appears that micronuclei were formed by the loss of entire
chromosomes, further confirming the aneugenic effect of SS.

The increase in cyto-genotoxicity observed in root meristem cells of L. sativa as a function of increased
pH and addition of SS corroborates the results of Dhyeévre et al. (2014). According to the authors, under
extreme conditions of pH (3.5, 4.3, and 9.0) root cells of V. faba exposed to soil contaminated with 5 pug

kg~ ! maleic hydrazine showed a higher frequency of micronuclei and a lower mitotic index. At the highest
tested concentrations of maleic hydrazine, the cell proliferation rate decreased dramatically, indicating
double stress, i.e., extreme pH and xenobiotic concentration.

5. Conclusion

The results obtained in the present study suggest that pH and electrical conductivity increase
simultaneously with the application of higher SS doses. SS concentrations above 120 t ha™ ' adversely
affect germination and early seedling growth of L. sativa and P, alata. At higher concentrations (120 t ha™
1), SS induces genetic lesions in L. sativa, plus chromosomal and nuclear alterations. L. sativa root cells
treated with SS concentration of 520 t ha™ ' were broken, which was attributed to the toxicity caused by
an excess amount of sludge and prevented their mitotic and chromosome alterations analysis. The

Page 11/21



present study highlights the importance of investigating the optimal SS dosage for crops to ensure
maximal growth and minimal toxicity.

Abbreviations

GSI, germination speed index; PAH, polycyclic aromatic hydrocarbon; SS, sewage sludge; PCBs:
polychlorinated biphenyls
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Figure 1

Dependence of pH and electrical conductivity (EC) on SS concentration in sludge solutions. *Significant
difference at 5%.
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(A) Box-plot of germination (%) of L. sativarelative to SS concentration as determined by the Kruskal-
Wallis test. (B) Germination speed index (GSI) and root length of L. sativa relative to SS concentration.
Regression analyses results are shown. *Significant difference at 5%.
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Figure 3

Germination (%), germination speed index (GSI), and root dry mass (mg seedling™) of P alata at different
concentrations of SS. **Significant difference at 1%.
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Figure 4

Box-plots of mitotic index (A), chromosomal aberration index (B), and mutagenic index (C) in L.
sativacells relative to different SS concentrations. Values were calculated using the Kruskal-Wallis test at
5% probability.
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Figure 5
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Box-plots of condensed nuclei (A), c-metaphase (B), sticky chromosomes (C), lost chromosomes (D), and
bridges (E) in meristem cells of L. sativarelative to different SS concentrations. Values were calculated
using the Kruskal-Wallis test at 5% probability.
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