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ABSTRACT

This study sought tase concentration-time-response surfaces to shewftacts of
exposure to toxic (semi-)metals on peroxidase gt higher plants as a function of
exposure-concentration and exposure-tiMaize Zea may4..) seedlings (i.e., leaves
and roots) were exposed to arsenic (a&)Am aluminium (as At under hydroponic
conditions, and their biomass and peroxidase enzgspmonses were assessed at
differentconcentration-time-exposure3he 3D ecotoxi-profile generated with these
data showed two distinct regions: the first regoformed by exposures (i.e., points for
time-concentration pairings) that were not stat#ly different from the results of the
control points (i.e., zero toxicant concentratiowl @ll exposure-times), whereas the
second region is formed by exposure pairings vatults that were statistically
different to those obtained from control pairin@serall,the data show that enzyme
activity increased over a shorter exposure-timenithere was an increase in the
exposure-concentration of the toxicant, which carséen on a 3-D toxicity profile. We
propose that quantitative relationship ratios frdifferent assessed endpoints (e.g.,
biomass and enzyme activity) and enzymatiocentration-time-response surfaces

could be helpful in the field of environmental-mylimanagement.

Keywords Ecotoxi-topology;Phytotoxicity; Maize; Arsenic; Aluminium; Peroxidas



1. Introduction
Biological responses to toxins result from com@ex dynamic cascades of

events occurring between the initial exposure aedineasured endpointsdthese
responses may be reversible or irreversible, dapgruh theconcentration-time-
exposurgByrne and Maher, 2019; Cho et al., 2016). Newetss, most experimental
data generated in ecotoxicology studies assessgital responses over a specific
exposure time under diverse toxicant concentratiang the exposure time is
represented only in the form of the measured emdgeig., 72-h EC50) (Brooks et al.,
2019; Mancini, 1983; OCDE, 1997; Van den Brinklet2019). It is possible that
different conclusions on the effect of the samecant concentration could be derived
for different exposure durations (Barata et al9%Byrne and Maher, 201Btickey et
al., 1991; Ragas, 2011 this respect, concentration-time-response sagaould
provide a more complete presentation of the avialdata, and could reveal crucial
informationin environmental studies, including risk managetnehere the aim is to
determine precise quantitative ecotoxicity valugsréta et al., 1999; Lee et al., 1995;
Paumgartten, 199%un et al., 1995

Enzymatic activity responses can be easily medswrer a short temporal scale,
and peroxidase enzymatic activity in higher plasits well-known experimental
parameter for assessing the response of an orgaxigosed to a non-biodegradable
toxicant (Jouili et al., 2011; Stegeman et al.,2)9%1oreover, the study dfiochemical
parameters associated with more classical parasn@ey., biomass yield) may help in
organism quality assessment although it may becdiffto distinguish between
adaptive responses fromatural evolution and responses to temporarys{i@gfsma
and Loeschcke, 2005; Calow and Berry, 1989; Foebes, 2006)Peroxidases are a

group of oxidoreductase enzymes utilizing hydrogeroxide as an electron acceptor



molecule. An example of their action in higher p$ais the peroxidase transformation
of phenolic compounds into phenolic radicals thatthen polymerized to give rise to
lignin (Polle et al., 1994; Tobimatsu and Schuetz, 20P#xoxidase activity is very
important for regulating plant growth, asthis eneydegrades, for example, the
phytohormone indoleacetic acid (Rama-Rao et aB2LHowever, if this enzyme is
used as a biomarker in environmental studies,important to remember that this class
of enzymes is very susceptible to variations inemrmental conditions, and is
implicated in the oxidation of reactive oxygen spscand thereby help to avoid the
damage resulting from oxidative streBgla et al., 2015Gaspar et al., 1982; Gill and
Tuteja, 2010; Sies, 1991).

Anthropogenic emissions of (semi)metals into tariral environment from a
variety of sources (e.g., metallurgy, agriculteeergy production, and waste disposal)
can result in these elements being a stress-cafagitay in plants and other living
organisms, and they may disrupt entire ecosyst&me@in and lvanov, 2001; Verkleij
and Schat, 1990). Arsenic is well-known to be smeh plant-growth limiting
contaminant, disrupting photosynthetic and respigasystems and stimulating
secondary metabolism (De Gara et al., 1993; Majuratal., 2020; Panda et al., 2009).
Aluminium phytotoxicity appears as a rapid inhibitiof root elongation due to damage
toroot apex cells,with plants showing a reducedamnabhied root system as a
consequence (Chandran et al., 2008; Awasthi e2@l.7). Cellular metabolic
disturbance in roots reduces water and minerakeptfecting the physiologyof the
whole plant, which leads to an imbalance in ROSIpetion entailingan oxidative

stress process (Darko et al., 2004; Sharma andypabe?).



In a general way, metal toxicity effects in plamslude inhibition of the mitotic index
(Gzyl et al., 2015), increased tissue permeability @whMondal, 1987), promotion of
metal accumulation, increased energy expenditucepe with high metal
concentrations (Israr et al., 2006), reduced plyotthesis or chlorophylé synthesis
(Dube et al., 2003), inhibition of root apex grovayinhibition of DNA synthesis (Liu
and Jiang, 2001), disruption of enzymatic actiyifakmak and Horst, 199Jaworska
and Lemanowicz, 20)9and oxidative stress caused by reactive oxypgeniss (Jouili

et al., 2011; AbdElgawad et al., 2020).

Within the ecological context of (semi-)metal phtgixicity, the goal of this
study was taise 3-D response surfaces to show peroxidasetgativthe higher plant
Zea maygL.) as a function of time-concentration exposurargenic or aluminium ions
while under hydroponic conditions. Using such 3pdiogical responses, a broader
vision of the ecotoxicity profile can be obtainadich could be helpful in the field of
environmental policy management. For example, sewgagige can provide a large part
of the nutrients required byplants, but aluminiumagulant-flocculant compounds used
in wastewater treatment can be phytotoxic (Kluozkal., 2017). Thus, it is necessary
to understand the phytotoxic relationships betwiesa and concentration responses of
pollutants to evaluate the risks related to theappbnof sewage sludge to land used

fornon-human edible culture (e.g., maize used hamal nutrition).

2. Materials and methods
2.1. Contaminants
Sodium arsenite (NaAsand aluminium sulfate A(SQu)s (Anidrol, Diadema,

SP, Brazil) were used as the experimental toxinkigstudy. In this study, the ranges



of concentrations used in the media solutions wased on Brazilian legislation
(CONAMA resolution 357/2005). Preliminary assaysevperformed to determine the
concentration ranges required to obtain concomiiarhass and biomarker responses.
The specific tested concentrations were 0.00255).0.01, 0.02, and 0.04 mg#4.?,
and 0.025, 0.05, 0.1, 0.2, and 0.4 m§*All. The arsenic concentration of 0.04 mg
As®**.Lt and the aluminium concentration of 0.4 mg*Al! were above the Brazilian
legislated limits (0.033 mg AL and 0.2 mg AY".L) for Class 3 freshwater
(supplied for human consumption, after conventi@maldvanced treatment)
(CONAMA, 2005). Distilled water was used as a negatontrol in all exposure

experiments.

2.2. Plant species

The seeds selected for the tests were obtained @enetically unmodified and
pesticide-free plants oZ. mayspurchased at the Organic Market in the city of
Brumadinho (MG, Brazil). The tests were performesihg only one ozone-sterilized

seed batch, to eliminate possible problems withatians between different batches.

2.3. Phytotoxicity tests in solution media
Toxicant solution phytotoxicity tests were perf@ton 10-day-ol@. mays
plantlets germinated in pots containing 1 kg of omrcial autoclaved garden soil.
Assays were performed according to the ISO (198)edine, with some slight
modifications, i.e., fewer replicates per teste®(three instead of four). The following
is a summary of the adopted procedures.
Three series of tests were performed at differepbsure times of 0, 20, 45, 90,

180, 360, 720, and 2880 minutes. For each seriesbplants, three pots (disposable



hydrophobic plastic, 120 mL) were used for eachdescentration and the controls.
Immediately after preparing the test solutionsZ3&aysplantlets were added to each
pot. Plants were placed in a culture room with @25 2°C daytime temperature, 17°C
+ 2°C night-time temperature, and 16:8 hour lighkdphotoperiods with 82 mE%s?
lighting from fluorescent tubes. Biological paraerstwere analysed for all exposure
times. For each time-analysis, four plants fromhgaat were harvested and separated
into two parts, and the wet weights of the rootd aerial parts were immediately
measured on an analytical balance. The total wefjtite harvested plant parts
(expressed in grams wet weight) was divided byntimaber of plants harvested from
each pot. Half of the biomass was then used to unedlise plant dry weight in a stove,

while the other half was used to measure enzymetgcind protein.

2.4. Measured endpoints

2.4.1Biomass
Biomass was calculated from the dry mass (as idbefcabove) in relation to the

number of plants (g plan).

2.4.2. Quantification of total soluble proteins

The protein content in th& maydeaf and root samples was determined using
bovine serum albumin (BSA) as a standard (Bradfb®@6). The protocol was
validated according to the linearity of the resmsngbtained from the samples on a
calibration curve obtained using commercial BSAug,ha stock solution of the
commercial protein (SIGMA, P-8000) was preparedlisgolving 100 mg of the protein

in 100 mL of phosphate buffer (50 mM; pH 7.6). Autiobn range of 6.25, 12.5, 25.0,



50.0, and 100.0 pug.100 [tiwas used to prepare the calibration curve usespmess
the results obtained from the samples. The meaaiiregression equation for the three

curves was: Y = 0.0038 X + 0.0315%R0.9938).

2.4.3Peroxidase enzyme activity (EC 1.11.1.7)

Enzyme activity was measured using a slightly medliversion of the published
method (Byl et al.1994). Briefly, 0.5 g of the fresh aerial and root gantere weighed,
homogenized separately using a mortar and pesieynaintained at 4°C in 4 mL of 50
mM potassium phosphate buffer (pH 7.6). The sample centrifuged (3000, 10
minutes, 4°C) and the supernatants were storedQC awaiting subsequent analysis.
After defrosting, the supernatant (0.1 mL) was @thim a 1.5-mL glass cuvette, and 0.7
mL of solution A (prepared by adding 810 mg phdnd@5 mg 4-aminoantipyrene in 50
mL of distilled water) was added just before theags Then, 0.75 mL of solution B
(prepared by adding 0.01% of hydrogen peroxide®i 01 Phosphate buffer, pH 7.1)
was added to start the reaction, and the absorlveaEenonitored for 5 minutes at 510
nm. The measured variation in absorbance was egpadcording to the dry weight of
the sample, and was compared with the protein obonfeeach sampldhe enzymatic
unit of the peroxidase forms 1.0 mg of purpurogdiiom pyrogallol in 20 s at pH 6.0
and 20°C (equivalent tel8 pM units per minute at 25 °@nd was defined by a
calibration curve using horseradish POD (SIGMA, 2@8). The commercial enzyme
stock solution 1067 EU mg) was prepared by dissolving 10 mg of the enzyniEin
mL of 0.01 M phosphate buffer (pH 7.1 dilution range was used to prepare the
calibration curve utilised to express the resuttsimed from the samples. The dilutions
used to create the calibration curve were: 1/4, & 1/10, 1/12, 1/14, and 1/16. The

mean linear regression equation for the three sumses: Y = 49.92 X + 13871 (R=



0.9992). The values obtained from the calibratiorve were divided by the protein

content of the sample (dry weight basis).

2.5. Graphical
The graphic drawings shown in this study were maitle Origin software

(OriginLab Corporation, Washington, USA).

2.6. Statistical analysis

Three test series were performed at three diffgyenods (20-day intervals
between the series). For each test series, datazyme activity, biomass, and protein
content were generated in triplicate (three paisehch treatment (or control= 9).
After checking the data for normality (Shapiro—\8lkest) and homogeneity of
variances (Hartley’s test), analysis of varianc®BlQVA) was performed, followed by
generation of the lowest observable effect conatintr (LOEC) and no observable
effect concentration (NOEC) values using Williartest p £ 0.05) (Williams, 1971).
TOXSTAT 3.0 software (University of Wyoming, LaraaniWy, USA) was used for

these calculations.

3. Results and discussion

It is difficult to predict how the toxicity of gogcific concentration of a toxin
varies as a function of the exposure duration. #sfme method to alleviate this
problem is to use a 3D topological profile of theasured endpoint response, such as
enzyme activity. In this type of data representatibe relationships between time and

concentration-exposure can be seen from differerggectives, as the representation



system allows for 360° rotation. Thus, in this mhgkicity study, discussions of
peroxidise activity are based on NOEC and LOECeslwhich are useful for
exploring more generic ecotoxicological situati¢ag., in a hypothesis test). In many
environmental issues, the acquisition of accurata ¢.e., point estimation approach)
can be problematic, as is the case where toxifiégts must be associated with
different concentrations of toxins and differenpesgure durations. The main value of a
hypothesis testing approach occurs in the initedeas of investigations, and it may not
result in the most insightful metric for judgingctoity effects (OECD, 2006).
Therefore, we created 3D ecotoxicological profdeewing the LOEC values for
peroxidase activity and dry biomass measured itednees of maize plantlets exposed
to different concentrations of arsenic over différdurations (Table S1 —
Supplementary information). Fig. 1 (panels A-D)whkdalifferent 3D profiles of
peroxidase activity as a function of concentratiome-exposure. We found a LOEdgo
min Of 0.04 mg.L* for dry biomass oZ. maydeaveswhereas for the peroxidase activity
endpoint, th& OECz20 minvalue was 0.005 mg:t The shortest exposure time over
which peroxidase showed increased activity was Bites, with a 0.04 mgt

exposure concentration.

Figure 1

Two different regions are of particular interastig. 1. The first region (the white
region or NOEC region) is formed by exposures,(peints for time-concentration
pairings) that were not statistically differentrrdhe results of the control points (i.e.,

zero toxicant concentration and all exposure-timebgreas the second region (the grey



region or LOEC region) is formed by exposure pgsiwith results that were
statistically different to those obtained from aohpairings.

The two profiles shown at the bottom of Fig. lresent diametrically opposed
views of the exposure conditions. Thus, it is palssio obtairan ecotoxi-topological
view of the time when a given concentration oftibacant begins to cause significant
adverse effects on the exposed maize plantletsore detailed analysis of Fig. 1 shows
that at the point of the greatest exposure values the longest exposure duration time
and greatest toxicant concentration), peroxidaseitgcshowed a decrease, just at the
point where a significant decrease in leaf bionteesgn.

Quantitative sensitivity relationships (QSR) betwdiomarkers and classical
endpoints have received little attention, desgigrtimportance. These responses try to
numerically link lower and higher levels of biologl responses, for example, the
LOEC value for enzyme activity variation and “catephic” EC50 or LC50 values.
Thus, QSRs could be useful for regulatory purpaséise environmental management
domain, because there are a lack of studies théd ¢acilitate establishment of a
numerical relationship range for chemical exposum®ng the responses observed at
different levels of biological organization in tekame or different species (Corréa et al.,

2006; Silva et al., 2013).

It is important to note that in our experimenk& fuantitative relationships among
the different assessed endpoints are not subjesetibum interference, because
distilled water will not generate different LOEClwes; this is not the case with data
obtained for soil exposure (as an example), whigferent soil properties will generate

different ecotoxicity values (Martins et al., 201B) our experiment, wheiZ. mays



leaves were exposed in solution to different acseancentrations and exposure-times,
the LOEC dry biomass/enzyme activity ratio was 8.

The same endpoints (i.e., LOEC values for permadzctivity and dry biomass)
measured in the roots of maize plantlets exposadstenic are presented in Fig. 2 that
shows the 3D profile of peroxidase activity as action of concentration-time-

exposure in four angles (panels A-D) (Table S2 ppfementary information).

Figure 2

The data presented in Table S2 indicate that thedzdo minfor the dry biomass of
Z. maysoots exposed to Aswas 0.04 mg tt. A LOECy20 min Of 0.0025 mg.t* was
found for peroxidase activity in roots, while a LOBf 0.04 mg.t* exposure-
concentration was found after an exposure timebah#hutes. In the case @f mays
roots, the LOEC dry biomass/enzyme activity ratasw6.

Again, it is possible to observe two differenticets in Fig. 2, with these showing
similar profiles to those observed in Fig. 1, intthg the profile of the point of greatest
exposure values (i.e., the longest exposure duratal the greatest concentration),
where peroxidase shows a tendency to decreassiitgya just at the point where a
significant decrease in root biomass begins.

These similarities were expected, as both figiepsesent the same plant
species exposed to the same conditions, despitetistivities of the two plant parts
(.e., leaves and roots) being differdptevious studies have also shown alterations in
the activity of peroxidase enzyme due to the infleof different concentrations of
arsenic in different plant species (Armendarizlet2916; Khan et al., 2009). A

significant synergistic effect on antioxidant enzyactivity was noted ihemna minor



(L.) when these macrophytes were exposed to diffénme-concentrations of As(lll)

and As(V) ions under hydroponic conditions (Dumaale 2010).

Fig. 3 shows the results from the same experirhdetagn described previously,
but with the leaves d. maysxposed to different concentrations of aluminium
solutions. Numerical data are presented in TabléS8pplementary information). The
phytotoxicity data indicate a LOEggo minfor the dry biomass d. maydeaves
exposed to an Al concentration of 0.4 mgL A LOEC720 minOf 0.025 mg.I* was
found for peroxidase activity ii. maydeaves, while a LOEC of 0.4 mg*was found
after an exposure-time of 90 min. In the casg.aohaydeaves, the LOEC dry

biomass/enzyme activity ratio was 8.

Fig. 3 shows a similar profile to the previouaufigs, despite it being for a different
toxic element. The same observations made for nedes exposed to Asare valid

for maize leaves exposed to*Al

Figure 3

Fig. 4 shows the results measured in roo®. shaysexposed to aluminium under
hydroponic conditions and numerical data are shiowirable S4 (Supplementary
information). For biomass, the LOEC value increasigdificantly at an exposure-
concentration of 0.4 mgtafter an exposure-time of 2880 min. For peroxidaavity
in Z. maysoots, a LOE@o minwas found at a 0.02 mgiiconcentration of aluminium,

while the shortest duration over which peroxiddsaased increased activity in roots



was 90 min at a 0.4 mgliexposure-concentration. Fér maysoots, the LOEC dry

biomass/enzyme activity ratio was 16.

Figure 4

Fig. 4 profile is quite similar to Figs 1 — 3 goietvious comments made also apply
here. Comparison with Fig. 3 reveals that the §icamt responses observed in the roots
occurred at lower aluminium concentrations thars¢hobserved in maize leaves.

In relation to the variation in peroxidase activiésponse, it is well-known that
(semi-)metals generally promote the formation attere oxygen species, oxidative
stress (AbdElgawad et al., 2020; Ahmed et al., 20l#hg et al., 2016), and
consequently oxidative damage (Gill and Tuteja,Massan et al., 2005; Tiryakioglu
et al., 2006), before they affect the biomass ahpspecies. However, oxidative
damage could be counterbalanced by the anti-oxeldgfence system (Foyer, 1993;
Sies, 1991), and the equilibrium point betweendh@scesses can be seen at the limit
points of Figs. 1-4 (i.e., near the longest duraind greatest concentration exposures),
precisely where biomass begins to decrease signtfic An overview of the data pool

measured in this study is shown in Table 1.

Table 1

If we compare sensitivity between the differenttpaf the plantlets for the same

endpoints, the roots &. mayscan be seen to be more sensitive to hydroponigisol



exposure than the leaves, with this being the d¢aséboth toxicants. In a similar
manner, it was reported that shoots of Indian mds{@rassica juncealL. Czern.)
seemed to be less efficient than roots at scavgngsactive oxygen species, as
indicated by different responses to Cd stress sHpwperoxidase and catalase activities
(Mohamed et al., 2012). A similar observation waslmon the peroxidase response of
roots and primary leaves of bean seedlings astaop#ine defence mechanism against
copper- and zinc-imposed oxidative stress (Cuyptas., 2002).

The two regions of the 3D ecotoxi-topology plotewh in all figures (i.e., with
and without statistical significance or NOEC andH) are dependent on the level of
significance used. In this sense, environmentattbagical studies relate statistical
significance with biological relevance (or sign#ite) of a toxic effechut this does
not always represent the real ecological consegu@ng., in the case of reversible toxic
effects).Therefore, in the 3D graphical interpretation shabove, we must bear in
mind that the statistical NOEC/LOEC values are \a@gendent on the range of tested
concentrations, generated data variability, andlle¥ statistical significance applied in
the analysis (Newman and Clements 2008). Howekam & practical point of view,
the management of pollution issues can be greatigleed when 3D ecotoxi-topology

profiles are used as a complementary ecotoxicipyaach.

4.  Conclusions

In this study, measured toxicity endpoints (idey, biomass and peroxidase
enzyme activity) irZ. maysshowed different sensitivities, with biomass shuaya
response only at the highest exposure-concentratidrhighest exposure-duration,

whereas peroxidase activity responses generallyroat at lower exposure-



concentrations and highest exposure-durationsdtr the toxicants AS and AP*.
However, peroxidase also responded to lower expesurations at higher exposure-
concentrations. The highest (semi-)metal exposaneentration and highest exposure-
duration produced a less intense increase in ertayadivity, just at the point where a
significant decrease in biomass was beginningpEaoxidase activitya 3D ecotoxi-
topological view can be obtained to indicate theetiat which a given concentration of
the toxicant begins to cause significant advertectsf on the exposed organism. These
ecotoxi-topological views based eoncentration-time-response surfaces can be osed t
predict ecotoxic concentration levels at differexposure durations, which can be very
usefulin setting regulatory goals to enhance, protedt,@eserve ecosystems.
However, this ecotoxi-topology approach must besmered as an approximate
approach for now, because additional studies aressary to improve and validate the

methodology.
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Fig. 1. Different 3D profiles of peroxidase activity aguaction of concentration-time-
exposures measured in the leaves of maize groarsamic (A%") solution. Coordinate
references were: A (Azimuth= 310; Inclination =&3Roll = 0.2); B (Azimuth= 319;

Inclination = 81.0; Roll = 0.8); C (Azimuth= 22(dlination = 15.8; Roll = 0.2); D
(Azimuth= 40; Inclination = 15.8; Roll = 0.2).



Fig. 2. Different 3D profiles of peroxidase activity aguaction of concentration-time-
exposures measured in roots of maize grown in ar$as®*) solution. Coordinate
references were: A (Azimuth= 310; Inclination =8&3Roll = 0.2); B (Azimuth= 319;
Inclination = 81.0; Roll = 0.8); C (Azimuth= 22(dlination = 15.8; Roll = 0.2); D

(Azimuth= 40; Inclination = 15.8; Roll = 0.2).



Fig. 3. Different 3D profiles of peroxidase activity meestiin the leaves dea mays
as a function of concentration-time-exposures sionaium (AB*) in solution.
Coordinate references were: A (Azimuth= 310; Inafion = 15.8; Roll = 0.2); B
(Azimuth= 319; Inclination = 81.0; Roll = 0.8); @Zimuth= 220; Inclination = 15.8;

Roll = 0.2); D (Azimuth= 40; Inclination = 15.8; R& 0.2).



Fig. 4. Different 3D profiles of peroxidase activity meesdiin roots oZea mayss a
function of concentration-time-exposures in roatsam in aluminium (A#) solution.
Coordinate references were: A (Azimuth= 310; Inafion = 15.8; Roll = 0.2); B

(Azimuth= 319; Inclination = 81.0; Roll = 0.8); @Zimuth= 220; Inclination = 15.8;

Roll = 0.2); D (Azimuth= 40; Inclination = 15.8; R& 0.2).



Table 1.Comparative values of LOEC f@ea maydgor different contaminants and

endpoints studied in the present work.

Toxicant Compartment LOEC for LOEC for Peroxidase activity
Biomass* as afunction of time or
concentration
Concentration Time- Concentration-
Concentration Time
(Ppm)
(min - ppm) (ppm - min)

Arsenic Roots 0.04 90 - 0.02 0.002 -72
Leaves 0.04 180 - 0.02 0.005-72

Aluminium Roots 0.4 90-04 0.02 -720
Leaves 0.4 180-0.4 0.05 - 2880

*2880 minute (48 hour) exposure-time.








