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Abstract

Soils with high cadmium (Cd) content can be decontaminated with phytoremediation. In this work, we aimed at adding
nitrogen (N) fertilizer for enhancing the vitality of our test plant, oregano (Origanum vulgare). In a pristine soil, we added
Cd at 0, 20, and 40 mg kg~ soil (thereafter Cd0, Cd20, and Cd40) and two N rates at 0 and 340 kg N ha™! (thereafter NO
and N1) in a 75-day pot experiment. We found that oregano dry weight increased significantly from 4.95 at control to 7.34 g
pot~! at Cd40N1 (a 148% increase). This indicated that the benefit of added N surpassed the negative effects of the Cd-borne
stress. All other treatments had non-significant differences compared to the control. Cadmium content in oregano aerial
biomass was zero in the unamended treatments, raised to 0.35 mg kg~! at Cd40NO, and to 1.11 mg kg™! at Cd40N1. Further,
we assessed the plant’s performance in regard to its potential use as a phytoremediation species. We calculated the Cd soil-
to-plant transfer coefficient (TC; maximum was 0.042) and the root-to-shoot translocation factor (TF; maximum 0.171).
Both indices exhibited the failure of oregano as a potential hyperaccumulator. However, our findings rather confirmed our
scientific hypotheses that N addition to soil boosted plant’s ability to accumulate Cd (as indicated in the significant twofold
increase in shoot content of Cd and the 7.8-fold increase in TF at Cd40N1 compared to Cd40NO). We conclude that boosted
vigor by added N is a promising method for enhancing phytoremediation of Cd-contaminated soils, but further field tests
are necessary regarding oregano to verify those findings.
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1 Introduction
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shaheen @uni-wuppertal.de Cadmium is a mobile metal in the soil-plant interface;
hence, it can be bioaccumulated at high concentrations in
plant species (Zhao et al. 2021; Yang et al. 2023). Thus, the

toxicity symptoms in plants are related to the distraction of
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essential physiological functions, such as the reduced pho-
tosynthetic rate, alteration in protein structure, and adverse
effects in water uptake (Dong et al. 2019; Zhao et al. 2021,
Ali et al. 2022; El Rasafi et al. 2022).

Cadmium has lower solubility in alkaline soils than in
acidic; however, even in alkaline pH values, it can still be
readily absorbed by plants (Kicinska et al. 2022). Factors
that may affect Cd uptake by plants include genotype, plant
age, and vigor (Usman et al. 2023; Haider et al. 2021). Plants
in order to alleviate Cd stress develop defense strategies
which may be either exclusion mechanisms (to decrease Cd
uptake) or tolerance mechanisms (Huang et al. 2020; Haider
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et al. 2021). A plant that exhibits the ability to translocate
significant concentrations of Cd from roots to aerial parts
may be a good candidate as a phytoremediation species.
Oregano (Origanum vulgare L.) is a species known for its
tolerance in abiotic stresses. Hence, it has been used in the
recent past as a candidate species for the phytoremediation
of soils contaminated with Pb (Thalassinos et al. 2023) and
Cr(VI) (Levizou et al. 2019; Thalassinos et al. 2022). For
the further examination of its behavior toward Cd uptake,
some factors affecting this process should be studied and
evaluated—especially factors that may increase the plant’s
ability to absorb soil Cd without affecting the metal’s chemi-
cal mobility in the soil-plant interface although there are
still elements to be elucidated. One such factor may be the
addition of ample quantities of N in soil. Cd uptake by the
test plant may thus be affected by two mechanisms: (a) plant
vigor is increased and this may increase Cd uptake; (b) Cd
geochemical fractionation may be altered, its mobility may
be increased, and thus Cd uptake by the test plant. There
is a research gap regarding which of the two mechanisms
would be more effective in the interaction of Cd in oregano.
For the evaluation of this second mechanism, there should
be an examination of the geochemical fractionation of Cd.

The level of contamination by potentially toxic metals
(among which, Cd) is mainly referred to total (or pseudo-
total) concentrations. However, this cannot safely give an
indication of the environmental risks toxic elements may
have because their phyto-availability is dependent upon
their fractionation among various availability “pools” in
soil. Some of these pools permit Cd to be highly phyto-
available (e.g., the soluble and exchangeable species).
Thus, the method of sequential extraction is often used to
investigate the fate of soil Cd (Silveira et al. 2006; Vollpre-
cht et al. 2020). The sequential extraction which is widely
used includes the soluble/exchangeable Cd (fraction 1; F1),
carbonate-bound (F2), Fe/Mn oxides-bound (F3), organic
matter-bound (F4), and residual (F5) (Tessier et al. 1979;
Liang et al. 2014; Shaheen and Rinklebe 2015).

Hence, we hypothesize that the added N to Cd-contam-
inated soil could have an effect in the alteration of the geo-
chemical fractionation and phytoavailability of Cd due to
the fact that the changes in forms of N are rapid and result
in, or caused by, alterations of soil characteristics. Also
those changes in Cd behavior with added N could be trig-
gered by the increased plant vitality boosted by the amended
macronutrient. For example, soil pH is depressed in nitri-
fication, i.e., during the oxidation of N_HIH4-N toward
NY0;-N, a process creating 2 mol H* per mol of oxidized
N, and is expected in normal aerated soils within weeks
of N addition. Also, the added N could help to boost the
plant’s vigor and ability to accumulate Cd, which presum-
ably may lead to enhanced Cd phytoextraction. To the best
of our knowledge, the two described potential mechanisms
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we test as part of our hypothesis have not been thoroughly
investigated and thus need to be further elucidated, a fact
that stresses the novelty of our study. For example, in a
review by Kulsum et al. (2023), N was not among the nutri-
ents studied as those having a known interaction with Cd in
the soil-plant interface. To test our hypotheses and fill the
research gab, we aimed in this study to (a) test the effect of
added N in Cd geochemical behavior in soil; (b) evaluate
the effect of Cd in relation to added N to oregano physi-
ological responses and uptake; (c) examine oregano as a
potential candidate plant species for the phytoremediation
of Cd-contaminated soils.

2 Materials and Methods
2.1 Experimental Design

For the experiment, soil from the University Farm at
Velestino was used. The soil was loamy (sand =45.2%,
clay=16.0%), had a pH of 7.79, electrical conductivity (EC)
of 673 uS cm™!, equivalent CaC0O;=10.4%, and organic
carbon=1.5%. Details on the characterization analyses are
reported in Thalassinos et al. (2021). Also pseudo-total con-
tent of Cd was 0.61 mg kg™'.

The soil was divided in three equal parts, which were
added with increasing doses of Cd: the first was left una-
mended (thereafter named “Cd0”); the second was amended
with 20 mg Cd kg™! soil (“Cd20”), and the remaining soil
with 40 mg Cd kg~! (“Cd40”). Cadmium was added as its
nitrate salt (Cd(NO;),.4H,0): For the spiking, 10.97 g of
this Cd salt was solubilized in 500 mL of d. H,O, and 2.5 mL.
of this spiking solution was added to 1 kg of soil to form
Cd20 and 5 mL to 1 kg of soil to form Cd40. Spiking was
done once. The spiked soils were placed into plastic bags,
moisture was also added equal to 2/3 of the soil’s water hold-
ing capacity, and they were thoroughly mixed every day for
1 month.

With these amendments, a small amount of NO5;-N was
unavoidably added, equivalent to 40 kg N ha™! (or 10 mg
N kg~! soil). This was properly accounted for in the subse-
quent step of treatment preparations. Each of the three soils
was further divided into two parts: the first of these was left
without any amendments (thereafter named “NO”), while
the second was added with N at a rate equivalent to 300 kg
N ha™! (or 120 mg N kg~ soil; thereafter named “N17). In
order to make sure that all NO treatments would account for
the same amount of N which was added in the highest Cd
treatments, we also added N so that all NO treatments would
have 40 kg N ha™'. In all the treatments with the added N,
we had 340 kg N ha™'.

Amendments are shown in detail in Table S1 (Sup-
plementary material). This resulted in the following 6
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treatments: (a) CAONO (no added Cd, no added N); (b)
CdON1 (no Cd, added N at 340 kg N ha_l); Cd20NO
(added Cd at 20 mg kg_l, no N); Cd20N1 (added Cd at
20 mg kg~!, added N at 340 kg ha™'); Cd40NO (added
Cd at 40 mg kg'l, no N); and Cd40N1 (added Cd at
40 mg kg™!, added N at 340 kg ha™!). The N amendment
was done with the application of a solution of NH,NO;
(further details are shown in Table S1). In this two-factor
design (one factor being added Cd, and the other added
N), there were 10 replicates, and mixtures were placed
in 60 plastic bags (2 N rates X 3 Cd rates X 10 replicates)
containing 1 kg of soil each.

The bags were mixed thoroughly, and then soils were
placed in pots, where they were brought to a moisture of
ca. 2/3 of their water holding capacity and left to equili-
brate for one month, before plants were established. In the
meantime, oregano (Origanum vulgare) seeds were placed
in seed beds prepared with the unamended soil. When soil
mixtures in pots had sufficient time to equilibrate, plants
had grown to a height of 7 cm. They were then trans-
planted to the 60 pots, one plant per pot. That day, the
11th of April 2019, was considered the beginning of the
experiment. Plants were left to grow for 75 days until the
24th of June 2019. The pots were left in open-air condi-
tions for the course of the experiment, watered at regular
intervals so that they maintain their moisture content, and
translocated regularly in order to compensate for any dif-
ferences in ambient conditions (temperature and light).

On Day 75, aerial biomass of the test plant in the pots
was harvested by being cut at 2 cm above soil surface.
Biomass was immediately (i.e., while fresh) separated
into leaves and shoots, weighed (so that fresh weight
may be recorded), and placed into preweighed paper bags.
Then, soils in the pots were sampled by taking 3 cores of
soil per pot. The cores removed soil from the whole depth
of the pots so that sample uniformity may be ensured. The
three subsamples per pot were mixed into one composite
sample, placed in paper bags and taken to air-dry. Imme-
diately after soil sampling, roots were carefully removed
from pots and delicately washed under running tap water
in order to make sure that there were no adhered soil par-
ticles to them. Roots were then washed with d. H,O and
placed into pre-weighed paper bags. All bags containing
the collected plant material (leaves, shoots, and roots)
were placed into a forced-draught oven at 70 °C for 48 h
until no further weight loss. After that, they were weighed
(so that dry weight may be recorded), ground to fine
powder using a non-metallic mill and placed into plastic
containers ready for analysis. Soils, when air-drying was
complete, were sieved through a 2-mm sieve and placed
into plastic containers ready for analysis.
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2.2 Measurements and Analyses
2.2.1 Soil Analyses

We measured pH (at a soil suspension of a ratio of 1-to-2.5
with d. H,O) (pH Meter pH 526 WTW) and EC (at a soil
suspension of a ratio of 1-to-5 with d. H,O) (Metrohm 712
Conductometer). Also the pseudo-total Cd concentrations
were determined with aqua regia (1 of soil digested with
15 mL of concentrated HCI:HNOj; at a ratio of 1:3 for 5 h
at 140 °C). Analyses were performed according to Rowel
(1994). Samples were also subjected to a 5-step sequential
extraction to fractionate Cd in the soil into five geochemical
forms, where fraction 1 (F1) was the soluble and exchange-
able Cd, F2 was the carbonate-bound Cd, F3 was the Fe/
Mn oxides-bound Cd, F4 the organically bound Cd, and F5
was the residual fraction of Cd. The protocol was performed
according to the method of Tessier et al. (1979), as modified
by Sanchez-Martin et al. (2007) and used by others (e.g.,
Shaheen and Rinklebe 2015). The full details of the five-step
chemical fractionation procedure are shown in the supple-
mentary material (Table S2).

2.2.2 Plant Analyses

The photosynthetic pigments were extracted from 15 mature
leaves per treatment (one sample per plant) just before the
final harvest. The extraction was performed in 80% acetone,
followed by a 10 min at 4000 rpm centrifugation, and finally
the absorbance of the supernatant was read with a dual-beam
spectrophotometer (SHIMATZU, UV-1900) at 720, 663, 646
and 470 nm. The equations of Lichtenthaler and Wellburn
(1983) were used to calculate the concentrations of chloro-
phyll a and b, as well as the carotenoids.

The same sampling scheme was followed for the deter-
mination of leaf concentration of malondialdehyde (MDA).
Fresh leaves (0.4 g) were homogenized in 5 mL of 0.1%
(w/v) trichloroacetic acid and then centrifuged at 5000 rpm
for 10 min. The supernatant (0.5 mL) was mixed with 4 mL
of 20% trichloroacetic acid containing 0.5% thiobarbitu-
ric acid, heated in a water bath at 95 °C for 30 min, and
subsequently cooled in ice. After a second centrifugation
at 5000 rpm for 10 min, the supernatant was subjected to
absorbance measurements at 532 nm (for MDA) and 600 nm
(for nonspecific absorption). The latter was subtracted from
the 532 nm values and then the MDA concentration was
calculated with the use of 155 mM~! cm™ extinction coef-
ficient (Fu and Huang 2001).

From the ground plant material, 0.5 g was weighed
into porcelain crucibles and dry-ashed at 500 °C for 5 h,
and the ash was extracted with 20 mL 20% HCl to a final
volume of 50 mL (Jones 1991). The levels of Cd were
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determined in all extracts (both in soil and plant) with
atomic absorption spectrometry (Perkin Elmer A3300).

2.2.3 Plant Indices

We determined the following indices, as per Antoniadis
et al. (2017):

TC = Cd concentration in aerial plant biomass

Cdp seudo — total concentration in soil

where TC = Transfer coefficient (unitless).

TF = Cd concentration in aerial plant biomass

Cd concentration in plant roots

where TF = Translocation factor (unitless).
The following two indices are used as per Thalassinos
et al. (2023):

Uptake of Cd
= Cd concentration in aerial plant biomass(mg kg_l)

x Weight of aerial biomass (g plant pot™")

where Uptake is in unit of pg Cd in plant per pot or pg Cd
in plant per kg soil.

Number of harvests to decrease soil Cd concentration
to half of the current concentration (unitless):

103 x Uptake x 0.5

Number of harvests = — :
Cd pseudo — total concentration in soil

where 10 is for unit conversion from pg to mg.

2.3 Statistical Analysis and Quality Control

Data quality control was addressed with the systematic use
of blanks (to account for any laboratory contamination) and
soil and plant reference materials (to account for required
measurement precision). The percentage of recovery of
extracted Cd from the soil and plant reference materials
ranged between 92 and 108%. All analyses were performed
in triplicates and acceptable coefficient of variation was
less than 15%. The primary and the secondary (i.e., indices)
experimental data underwent a two-way ANOVA (analysis
of variance) for the identification of significant differences
at the level of 95% (p <0.05); the first factor was added N
and the second added Cd. Also data underwent a post hoc
analysis according to Duncan.

3 Results and Discussion

3.1 Effects of Cd/N Levels on Cd Fate and Potential
Mobility in Soil

The 5-step Cd fractionation revealed that the unamended
control of no added Cd, both with and without added N,
had Cd in the residual fraction of F5 (CdONO was 0.88 and
CdON1 0.81 mg kg~!; no significantly different). In the treat-
ment added with 20 mg kg~! Cd, the F1 fraction increased
significantly compared to the control, and in the 40-mg kg™
treatment it further increased significantly both in the treat-
ments of added and no added N (Table 1). However, the
percentage of the distribution of F1 to the total extractable
Cd was non-significantly different between the treatment of
20 mg kg~! of added Cd (i.e., 9%) and that of 40 mg kg™!

Table 1 Effects of Cd/N levels

[ftects F1 F2 F3 F4 F5 p= TF1-F5

on Cd distribution among the

geochemical fractions CdONO  0.00 aA 0.00 aA 0.00 aA 0.00 aA 0.88 aB <0.001%** 0.88 a
Cd20NO 1.69bA  8.78bB 0.06 aA 0.18 aA 8.74 aB <0.001%** 19.45b
Cd40NO  2.85 cA 15.13cB 0.61cA 0.79 bA 16.39 bB <0.001%** 3577 ¢
CdON1  0.00 aA 0.00 aA 0.00 aA 0.00 aA 0.82 aB <0.001%** 0.82a
Cd20N1 1.68 bA 7.77 bB 0.28 bA 0.00 aA 7.91 aB <0.001%*% 17.64 b
Cd40N1 2.98 cA 17.11cB 0.66cA 0.99 bA 16.24 bB 0.014* 37.97¢
p= <0.001%%  <0.001%%% <0.001%%*% <0.001%%* <0.00]%%* <0.001 %

F1 (water-soluble and exchangeable), F2 (bound onto carbonates), F3 (bound onto Fe/Mn oxides), F4
(bound onto organic matter); and F5 (residual). CdO=no added Cd; Cd20=Cd added at 20 mg kg‘l soil;
Cd40=Cd added at 40 mg kg™! soil. NO=no added N; N1 =added N at a rate equivalent to 340 kg ha™!

Different small letters within columns denote significant differences at the level of p <0.05. Different capi-
tal letters within lines denote significant differences at the level of p <0.05

*Significant at the level of p <0.05

**%Significant at the level of p<0.001
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(8%, Table S3, Supplementary material). As for the second
fraction, F2 (carbonate-bound Cd), it was the highest along
with the residual (F5) among the five extractable Cd spe-
cies: In all Cd-added treatments, F2 was significantly higher
compared to F1, F3, and F4, and similarly high to F5 (i.e.,
F2 and F5 did not differ significantly).

Indeed, in the treatments added with 20 and 40 mg kg_l,
both F2 and F5 accounted for 42-46% of the total Cd—
percentages did no differ significantly for F2 and F5 in all
four Cd20NO, Cd20N1, Cd40NO, and Cd40N1 treatments
(Table S2). Thus, at all added Cd treatments, the fraction
of Cd being carbonate-bound (F2) was ca. 45% of the total
soil Cd, while the residual (F5) was another 45%, with the
rest 10% being distributed at F1, F3, and F4. This means
that Cd had a particularly high mobility in soil, and thus
phytoavailability, contrary to the case of other heavy metals,
where F5 (the most highly inert fraction) is usually the domi-
nant among the 5 evaluated fractions (Rinklebe and Shaheen
2014). The high portion of Cd in the non-residual fractions
(55%) indicates its high potential mobility in soil, particu-
larly the anthropogenically contaminated and spiked soils,
which is in agreement with other studies (Lair et al. 2008;
Rinklebe and Shaheen 2014; Kubier et al. 2019; Lashen
et al. 2022). For example, Rinklebe and Shaheen (2014)
found that Cd was abundant in the non-residual fractions
and accounted for 89.7-96.8% of the total Cd in 39 soil sam-
ples collected from 7 soil profiles repressing floodplain soils
along the Elbe River in Germany. The high abundance of Cd
in the non-residual fractions could be due to its high affinity
to carbonates especially in alkaline soils like ours (Kubier
et al. 2019). The retention of added Cd in the carbonate frac-
tion is not unexpected in a soil with a very high total CaCO,
content such as this studied here. The presence of added Cd
at F2 (and to some extend also in the most highly mobile
fraction of F1) shows the increased risk of its uptake by the
plant (Devi and Bhattacharyya 2018; Asmoay et al. 2019).

The percentage of Cd found in the residual fraction is
not unexpected either, although soil Cd was spiked into
soil, as residual does not account for Cd embedded into
the primary soil minerals, but rather for Cd transferred
to soil pools inaccessible to plants (Ahmadipour et al.
2014; Lima et al. 2023). These could include interlayer
areas in clay particles. The one month of soil incubation
before the introduction of plants and the commencement
of the experiment served the exact purpose of allowing
sufficient time for added Cd to be distributed to the vari-
ous geochemical soil fractions. Over time, metallic ele-
ments, such as Cd, tend to be re-distributed in less mobile
soil pools. Thus, it is expected that the residual fraction
will increase over time. E.g., Verna et al. (2023) reported
that over 50% of a multi-element-contaminated soil was
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found to have Cd in its residual form, none of which was
embedded in crystalline structures of primary soil min-
erals. Likewise, Liu et al. (2023), studying a skarn-type
copper tailing, reported that residual Cd was found in its
residual form. It is, however, noteworthy, that in studies
where Cd has been spiked prior to the experimentation, Cd
residual species is lower than when deposited over time:
e.g., Dhaliwal et al. (2023) and Hamid et al. (2020) both
found that Cd residual form in Cd-spiked soils was ca. 10%
of that added. In our work, for comparison, the added Cd
was re-distributed in the residual form at higher percent-
age (45%). There are two possible reasons for this: (a)
alkaline soil pH, which reduces Cd solubility by causing
enhanced electrostatic attraction of Cd with soil colloids
and by encouraging the formation of the insoluble metal
hydroxide species; (b) the equilibration time prior to the
commencement of the experimentation, which included
vigorous soil mixing, which would lead the added Cd to
interact more thoroughly with the sol matrix. It must also
be added that the satisfactory recovery of Cd as measured
in the 5 geochemical species of up to 90% of that added
bears evidence of the quality assurance of this finding.

Hence, the fractionation analysis indicates that Cd
mobility in soil (which also affected Cd uptake by oreg-
ano, as will be discussed later) was not related to any geo-
chemical changes of Cd in the level of the studied soil.
This seems to disprove the first hypothesis of this work
(i.e., any alterations in Cd mobility are soil-related due to
geochemical changes induced by added N) and rather gives
evidence to the second hypothesis (i.e., Cd mobility altera-
tions are plant-related). An additional evidence that Cd
behavior was not dictated by soil chemical changes is the
fact that soil pH was with no significant differences among
treatments (Table S4, Supplementary material). Added N
could have induced a reduction in pH due to nitrification,
and that could possibly cause an increase in Cd mobility.
If this was the case, we would expect a re-distribution in
the fractionation, an effect that was not actually observed.

The summation of the five fractions (XF1-F5) of
extracted Cd (Table 1) was very close to the pseudo-
total content, as extracted by aqua regia (Table 2), a
finding indicating the satisfactory recovery of the used
sequential extraction procedure. With aqua regia, the
measured Cd was close to that added: it was found to be
18.32 at Cd20NO and 17.21 mg kg~! at Cd20N1 (not sig-
nificantly different between them), and 35.00 (Cd40NO)
34.49 mg kg_1 (Cd40N1) (again, with no differences
between the two). It is likely that these findings concern-
ing the distribution of Cd in the 5 soil fractions would be
different if tested soil differed in particle size distribution
and pH.
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Table 2 Total content of Cd in soil, leaves and roots in oregano, as well as indices

Soil (mg kg’l) Leaves (mg kg’l) Roots (mg kg’l) TC TF Uptake (pg pot’l) Harvests
CdONO 0.53 a 0.00 a 0.57 a 0.000 a 0.000 a 0.000 a -
Cd20NO 18.32b 0.61 a 6.28b 0.028 abc 0.112 be 1.764 bc 6314 a
Cd40NO 35.00c 0.56 a 16.52 ¢ 0.008 ab 0.022 ab 1.276 ab 51,378 ¢
CdON1 0.69 a 0.00 a 0.50 a 0.000 a 0.000 a 0.000 a -
Cd20N1 17.21b 0.65 a 7.74b 0.042 ¢ 0.069 ab 1.926 be 7747 ab
Cd40N1 34.49 ¢ 1.11b 8.33 ¢ 0.032 be 0.171c 3.022 ¢ 10,351 b
p= <0.001%** <0.001%** 0.003%%* 0.012%* 0.002%%* <0.001%** <0.033*

Transfer coefficient (TC=Cd in leaves/total Cd in soil), translocation factor (TF=Cd in leaves/Cd in roots), Cd uptake (amount of Cd absorbed
from the 1-kg soil within the pot by oregano in pg Cd), and the number of harvests required to halve the current Cd soil content

Different small letters within columns denote significant differences at the level of p <0.05. Different capital letters within lines denote signifi-

cant differences at the level of p <0.05
*Significant at the level of p <0.05
**Significant at the level of p <0.01
***Significant at the level of p <0.001

3.2 Effects of Cd Levels and N Fertilizer
on the Oregano Growth Parameters

Shoot dry weights did not show any significant differences
among treatments, ranging from 2.15 g (at CdONO) to 3.02 g
(at Cd20NO) (Fig. 1). As for the leaves, all treatments had
similar dry weights compared to the control (CdONO), rang-
ing from 2.24 to 3.22 g, except for Cd40N1 which was found
to be significantly higher than all other treatments (4.61 g,
p <0.05). Root dry biomass was also significantly higher at
Cd40N1 compared to all other treatments with 3.05 g, with
the only exception of Cd20NO (2.32 g) and Cd20N1 (2.72 g),
which showed no significant differences with Cd40N1.
Nitrogen content in plant ranged from 0.63 to 0.82% in the
six treatments, but the differences among them were not sig-
nificant (Table S4; supplementary material).

Thus, in aerial plant biomass, added Cd did not seem
to have any particular toxic effects (the factor “Cd” had a

non-significant effect; p=0.737), not even in the highest
addition of 40 mg Cd kg™, a dosage 13 times higher than
the maximum allowable Cd concentration according to the
Directive 86/278/EC (1986). The increased biomass with
added N in the high Cd additions shows that the beneficial
effect of N was more dominant than any negative Cd effects,
which were not even expressed in the test plant. The result
that N-bearing materials may mask any potential adverse
effects on the biomass of test plants concurs with findings
from the literature, as is the case with Wang et al. (2023).
However, in most such cases, the studied materials that
apply N also increase the Cd retention capacity—as in the
previously mentioned work, where the added material was
biochar. Thus, it is not entirely clear if the increased bio-
mass is caused by added N or by the decreased Cd avail-
ability. Similar results have been reported in a maize culti-
vation, where added N (100 mg of urea kg~! soil) led to the
minimization of toxic effects of Cd (added at 20 mg kg™!

" CdONO | Cd20NO | Cd40NO | CdON1

Cd20N1  Cd40N1

Fig. 1 Dry weights (in g per pot) of shoots, leaves and roots of oreg-
ano in the various experimental treatments. Different letters within
each plant part denote statistically significant differences among treat-
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ments. According to two-way ANOVA results both N addition and
Cd levels, as well as their interaction, were statistically significant
factors at p <0.05. Error bars indicate standard error
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as CdCl,)—a finding recorded in growth rate, chlorophyll
content, and photosynthetic rate. In that same work, added
N in soil increased Cd translocation to aerial tissues (An
et al. 2022). Similar were the results reported for Panicum
maximum in an experiment of soilless culture, where N was
added as a nutrient solution with a ratio of NH,-to-NO; of
1 (as was the case in our work), added N at 15 mM and
added Cd as high as 1.0 mM: it was reported that Cd upward
translocation was increased (de Sousa and Monteiro 2019).

There is another possible mechanism that could explain
this plant behavior, i.e., phytohormesis. Shahid et al. (2020)
in their review defined phytohormesis as a stimulation
in plant growth at additions of otherwise toxic elements,
including Cd. Associated plant toxicity reduction mecha-
nisms are shown to include the activation of plant physi-
ological tolerance reactions after Cd-induced “overproduc-
tion of reactive oxygen species (ROS), and interplay between
phytohormones and Cd-mediated ROS production toward
plant growth” (Shahid et al. 2020).

The total chlorophyll content of oregano leaves was
found significantly increased in all N-addition treatments
compared with CdONO, irrespective of the amount of Cd
amended to the soil (Fig. 2). Interestingly, Cd40NO also
showed higher values than the other Cd20NO treatments,
but similar to Cd20N1 and Cd40N1. The statistical analysis
revealed that N supplementation, Cd levels, and their inter-
action were significant factors in shaping the chlorophylls
profile. The MDA concentration in oregano leaves was kept
in the same low level in all treatments. A slightly higher
content was obvious in the N-added treatments, yet statisti-
cal analysis revealed no significant differences.

The results of the present work demonstrated that N
addition to the soil promotes the biosynthesis of photosyn-
thetic pigments in oregano. Total chlorophyll content as
well as carotenoid content (data not shown) responded with

A 5 ° b b

Chlorophyll a+b, ug cm”

A CdONO  Cd20NO Cd40NO CdON1

Cd20N1 Cd40N1

Fig.2 The concentration of A total chlorophylls and B malondi-
aldehyde (MDA) of oregano leaves (n=15). Different letters in (A)
denote statistically significant differences among treatments. Absence
of post hoc letters (in graph B) indicates that there were no significant
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increased values to N addition irrespective of the presence
of Cd in the soil. It is well-documented that Cd interferes
and inhibits chlorophyll biosynthesis, among other physi-
ological processes, such as nutrient uptake, water relations,
and enzyme activity (Waheed et al. 2022; Das et al. 1997).
Consequently, the reduction of the concentration of photo-
synthetic pigments is a common symptom in plants growing
in Cd-enriched soils. Dressler et al. (2014) reported that soil
Cd of similar levels to ours lowered total chlorophyll con-
tent, and carotenoid content in Echium vulgare, similarly to
Eruca sativa (Waheed et al. 2022) and Dittrichia viscosa
(Fernandez et al. 2013). However, Manousaki and Kalo-
gerakis (2009) found that 20 ppm Cd did not affected the
chlorophyll content of Atriplex halimus, a salt-tolerant Medi-
terranean scrub. On the contrary, an increase was observed
under Cd and salinity stress, corroborating our results in the
Cd40NO treatment.

Leaf MDA has been typically used in stress-related studies
as a lipid peroxidation marker. The formation of MDA is the
product of enzymatic and non-enzymatic lipid peroxidation
processes caused by reactive oxygen species, usually maxi-
mized by stress conditions (Morales and Munné-Bosch 2019).
In the present study, the levels of leaf MDA were low and non-
different among treatments. Cadmium stress has been shown
to trigger MDA accumulation, as evidenced by the two-fold
increase in peppers (Kaya et al. 2023) and Eruca sativa
(Waheed et al. 2022) grown under Cd levels similar to ours.
Oregano has been reported to respond to high salinity with an
increase in MDA content (Tanaka et al. 2018). The results of
our study may indicate either the absence of oxidative stress,
thus MDA response, or the relaxation phase of MDA increase.
Concerning the latter, there is a new concept focusing on the
protective role of MDA under stress through the activation
of plant defense genes (Morales and Munné-Bosch 2019).
In this process, MDA has been found to transiently increase

MDA content, nmoles g fresh weight

Cd20N1 Cd40N1

) CdONO  Cd20NO Cd40NO CdON1

differences among treatments. According to two-way ANOVA results
both N addition and Cd levels, as well as their interaction were sta-
tistically significant factors at p <0.05. The absence of letters in (B)
denote no significant differences. Error bars indicate standard error

@ Springer



918

G.Thalassinos et al.

activating the ROS scavengers. Then a relaxation of MDA
content occurs as the successful dissipation of ROS disappears
the signs of damage (Tounekti et al. 2011). Under this frame-
work, low MDA levels may represent an efficient antioxidant
protection of oregano leaf.

There seem to be, among others, three main plant defense
mechanisms against Cd toxicity, i.e., root exudation, Cd
exclusion, and Cd speciation. The first is related to the pro-
cess under which tolerant plants release substances from
their roots that can help in Cd exclusion and detoxification.
The second to plants that can limit the uptake of Cd into
their cells through the use of transition metal transporters.
And the former to plants that bind Cd with carboxylic acids
or metal binding peptides like phytochelatins (Sebastian
et al. 2018). Also plants can boost their defense by regulat-
ing endogenous Ca* levels, which helps in enhancing Cd
tolerance due to the chemical similarity of the two metals
(Cheng et al. 2021).

3.3 Effects of Cd Levels and N Fertilizer on Cd
Accumulation and Translocation by Oregano
(Phytoremediation Indices)

Cadmium content in leaves was zero in the treatments with
no added Cd (CdONO and CdON1), and increased in the
treatments of added Cd at 20 mg kg~ (0.61 at Cd20NO and
0.65 mg kg~! at Cd20N1), although the differences were
not significant. At Cd40N1, Cd content further increased
to 1.11 mg kg™, exhibiting significant difference (p < 0.05)
with all the other experimental treatments. This rather
novel finding reveals that added N increased plant capacity
to absorb Cd to aerial biomass. In the literature, there are
reports where increased plant vigor through various prac-
tices (chemical or biological, e.g., Labudda et al. 2022) lead
to increased tolerance toward toxic metals, but our work, to
the best of our knowledge, is the first to report increased Cd
concentration with added N.

In order to further assess the accumulation of Cd to our
test plant, we measured Cd content in leaves per fresh bio-
mass. We aimed to assess if fresh leaves were safe to be
consumed by humans by making comparisons with the
maximum allowable concentrations as set by the Directive
EC/2006/1881 (2006): Under the category “herbs”, (the
closest relative category for oregano) is 0.050 mg Cd kg™! of
fresh weight, equivalent to 0.50 mg Cd kg™' dry weight for
a moisture content of 90%. This limit was overcome even in
the treatment of added Cd at 20 mg kg~!, while at Cd40N1
Cd was twice as high as the limit value. On the other hand,
added N seemed to have the opposite effect in Cd concentra-
tion, as Cd at Cd40N1 was lower than at Cd40NO (actually,
it was almost halved). This likely means that the presence
of N assisted Cd in its upward translocation—a discussion
that will be related to TF.

@ Springer

As for the soil-to-plant transfer (quantified by the TC),
it was calculated in order to assist us in categorizing our
test plant as a potential phytoremediation species. Although
there is not a clear threshold set in the literature, usually
hyperaccumulators are expected to have TC close to, or even
higher than, unity. In our case, TC was much lower than that.
In the treatments without N addition, TC decreased with
added Cd, a trend that was not unexpected, as explained
by Antoniadis et al. (2017): A toxic element added to soil
cannot be absorbed by a plant linearly when applied at high
concentrations, as plant tends to decrease its uptake ability
gradually with increased exposure. On the other hand, it is
noteworthy that TC increased at Cd40N1. Actually, it was
nearly doubled, and it was retained without significant differ-
ences compared to the high values of Cd20NO and Cd20N]1.
The TC values were higher at Cd20NO than at Cd40NO, and
at Cd20N1 than at Cd40N1, but Cd20NO (TC =0.028) did
not differ from Cd20N1 (0.042); similarly, Cd40NO (0.008)
did not differ from Cd40N1 (0.032).

Also comparing the treatments added with Cd at 20 and
at 40 mg kg_l, both with and without N, differences were
found to be non-significant. The highest value of TC was
that of Cd20N1, which was significantly different from
Cd40NO and the two control treatments without added Cd.
In similar works, the trend is rather the opposite when fac-
tors that increase ion exchange capacity of the soil are added
(Usman et al. 2023). This shows that added N makes the
plant capable of retaining its ability for high Cd uptake even
at high additions through soil. This is likely associated to the
increased vitality of the test plant due to amble nutrition.

As for the TF, in the non-added-N regime, in the treatment
with 40 mg kg~! added Cd (Cd40N0 =0.022), it was not dif-
ferent from that at Cd20NO (0.112). However, the N-added
treatment (Cd40N1=0.171) had a significantly different
TF compared to Cd40NO (0.022). In order for a plant to be
characterize as a hyperaccumulator, TF must be higher than
unity—i.e., the test plant should utilize Cd as a nutrient rather
than as a toxic substance. Thus, oregano was far from achiev-
ing this threshold. As in the case of TC, it is noteworthy
that at Cd40N1 added N led to significant increase (a ca.
fivefold increase) compared to the treatment without added
N (Cd40NO). This confirms the significant acceleration of the
upward translocation of Cd from roots to the aerial biomass.
It must also be added that the requirement for TF > 1 is rarely
ever reported for plants tested in growth experiments with
soil (Wang et al. 2022), as was the case here.

Uptake (amount of Cd in plant per pot, i.e., pg of plant Cd
pot_l) increased from zero (in the two Cd-unamended treat-
ments) to its highest value of 3.022 pg Cd at Cd40N1. This
value was significantly different from the two unamended
treatments and from Cd40NO (1.276), but not different from
Cd20NO (1.764) and Cd20N1 (1.926). In our evaluation
related to the number of harvests needed to halve the current
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soil Cd concentration, we found that in the treatment with
Cd added at 40 mg kg~', the addition of N caused a signifi-
cant fivefold decrease in the number of necessary harvests
(from ca. 51,000 to 10,000), confirming the beneficial effect
of added N, as also explored earlier in the discussion. How-
ever, there must be added that the numbers are so high that
rather make the option of phytoremediation through the use
of oregano a non-attractive option. In another similar work,
Antoniadis et al. (2021), regarding 12 wild species in Ger-
many, found that the amount of harvests required to halve
current soil Cd were one-to-two orders of magnitude lower
than those reported here. This comes rather as a confirmation
that oregano is not to be treated as a Cd hyperaccumulator.
Compared to other tested plant species, oregano indeed
did not fare well. For example, Min et al. (2022) tested cot-
ton and found a TC of 1.10, while Chen et al. (2015) meas-
ured TF for the same species above 1, although added Cd
was at low rates of 1.26 mg kg™!. Also, soybean was tested
by El-Esawi et al. (2020) and Li et al. (2019). Both works
found that TC was high enough to qualify their tested spe-
cies as a hyperaccumulator, but it was reduced when soils
were amended with stabilizing materials. Moreover, Li et al.
(2022) tested rapeseed and found that, when intercropped
with wheat, its TC of 0.97 decreased considerably leading to
the phyto-stabilization of Cd. Similarly, Shahid et al. (2019)
tested flax, which was found to decrease its TC by 31%.

4 Conclusions

Oregano in this study did not have the characteristics of a
typical Cd hyperaccumulator plant, as judged by TC and TF.
However, the application through soil of generous doses of N
led to a significant increase in Cd uptake, and also increased
translocation to plant aerial parts, without any decline in the
rate of uptake with added Cd from 20 to 40 mg kg~'. The
hypothesis that this increased uptake capacity of plant could
be related to alteration of the soil geochemical Cd behavior
was examined with the fractionation of Cd. This evaluation
revealed that no significant changes in soil Cd pools were
found, indicating that Cd-boosted uptake with added N was
entirely a plant-related effect. In conclusion, our findings
open the possibility of exploring the effect of increased plant
vitality (as assessed by plant growth and plant physiologi-
cal parameters) and vigor as part of a technique to boost the
uptake of PTEs, accelerating thus the phytoremediation pro-
cess, without necessarily altering their geochemical behavior
in soil. Thus, enhanced plant vitality through N fertilization
can function toward materializing phytoremediation efforts.
However, the viability of phytoremediation is doubtful given
the high amount of harvests of oregano required to decrease
soil Cd content. It is possible that due to the practical dif-
ficulty of such scheme, a paradigm shift may be considered
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toward phytomanagement of contaminated soils with the use
of non-edible crops, rather than phytoremediation.
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