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Environmental pollution caused by heavy metals has long been considered a
relevant threat to ecosystem survival and human health. The use of safer
substitutes for the most toxic heavy metals in many industrial applications is
discussed as a potential way to face this issue. In this regard, Bi has been
proposed for replacing Pb in several production processes. However, few
literature records reported on the effects of Bi on living organisms, particularly
on plants. In this study, garden cress (Lepidium sativum L.) plants were
exposed to different concentrations of Bi nitrate added to soil in growth
chambers for 21 days. Results evidenced the toxic effect of Bi on shoot
growth, regardless of the Bi nitrate concentration in the soil, paralleled by
a similar reduction in the chlorophyll and carotenoid content, a decrease in
the nitrogen balance index values, and an impairment of the photosynthetic
machinery evaluated by chlorophyll fluorescence image analysis. The
presence of Bi in the soil was shown to affect element accumulation in
roots and translocation to shoots, with micronutrient content particularly
reduced in the leaves of Bi-treated plants. A dose-dependent plant
accumulation of Bi to metal concentration in the soil was observed, even if
very low metal bioconcentration ability was highlighted. The reduced Bi
translocation from roots to shoots in plants exposed to increasing Bi
concentrations in the soil is discussed as a possible defense mechanism
likely associated with the observed increase of anthocyan and flavonol
contents and the activation of photoprotection mechanisms preventing
higher damages to the photosynthetic apparatus.
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1 Introduction

The increasing occurrence of heavy metals (HMs) in the
environmental matrices, resulting from industrial processes and
mining activities, and their recognized toxicity on biota are
necessitating the adoption of effective solutions for mitigating
their impact on the ecosystem and human health. In this context,
replacing toxic HMs in industrial processes with safer ones is
considered promising. To enhance the environmental
sustainability of many industrial applications involving lead (Pb),
the utilization of bismuth (Bi) as a Pb substitute has attracted
increasing interest (Rohr, 2002; Esquivel-Gaon et al., 2015). In
this regard, Wang et al. (2019) reported the use of Bi as a
nontoxic replacement for Pb in brass plumbing fixtures, fishing
sinkers, free machining steels, and solders, as well as a metallurgical
additive in the foundry. Bismuth, a minor metal with a natural
abundance 10-fold less than that of antimony (Sb), is considered a
“green metal” given its use for treating many health issues since
ancient times (Udalova et al., 2008; Wang et al., 2019). The
increasing use of Bi among medicinal applications is highly
predictable as Bi has been recognized as a theranostic agent
(Badrigilan et al., 2020). As the use of Bi-containing products is
increasing, a rapid increase in the concentrations of this HM in the
environment has to be expected. In this regard, with respect to Bi
concentrations in natural soil, ranging from 0.13 to 40 μg g−1 D.W.
(Das et al., 2006; Fahey et al., 2008), extremely high values were
reported by Elekes and Busuioc (2010) for a forest soil close to a
highway (Bi concentrations ranged from 930 to 1,891 mg kg−1) and
byWei et al. (2011) near an antimony mine (Bi concentrations up to
1,672 mg kg−1). Soil enrichment in Bi is also predictable as its release
in agriculture through phosphate fertilization is suspected.
Concerning the aquatic compartment, Bi increase can be the
result of the leaching from metal-contaminated soils, as for other
metals (Fu et al., 2010), or the release from wastewater (Amneklev
et al., 2015; Amneklev et al., 2016). Also, the presence of Bi in the
alpine ice was recently reported by Legrand et al. (2023). Finally, Bi
can be found in the environment at high relative concentrations due
to the use of fireworks (Massimi et al., 2021).

Despite the growing interest in the use of Bi, information on the
effects of Bi on biological organisms is not exhaustive. In fact, scarce
literature is actually present on the toxicity of Bi on biota, as reported
by Badrigilan et al. (2020) in human and animal cells and by Murata
et al. (2006) and Omouri et al. (2018) in microbes and earthworms,
respectively. Consistently, only few papers recently focused on the
effects of Bi on plant species. Seed germination and root elongation
were negatively affected by treating perennial ryegrass seeds with Bi
nitrate and citrate (Omouri et al., 2019), while the exposure of
tomato plants to increasing concentrations of Bi nitrate resulted in
enhanced toxicity effects, such as the reduction of shoot and root
biomass (Nagata and Kimoto, 2020). Furthermore, the germination
and root growth of radish seeds were reduced in soil with 30 and
300 mg kg−1 of Bi nitrate (Sudina et al., 2021).

Physiological processes underpinning photosynthetic
machinery in plants are very sensitive to metals (Khan et al.,
2019). Among them, pigment metabolism and the photochemical
efficiency of photosystem II have been long claimed (Aggarwal et al.,
2012; Pietrini et al., 2015). In particular, chlorophyll content is
recognized as an endpoint to assess ecotoxicity in plants, also in

official protocols (ISO/DIS, 20079, 2004; OECD n. 221, 2006a).
Carotenoids and anthocyans and flavonols (flavonoids) have also
been reported as involved in the plant response to metal stress
(Chandra and Kang, 2016; Baskar et al., 2018; Shomali et al., 2022).
In this context, it is worth mentioning that pigment content can be
effectively evaluated in a non-destructive manner by leaf
transmittance and spectral reflectance (Goulas et al., 2004; Croft
and Chen, 2017; Pietrini et al., 2023). As a proxy of the
photosynthetic efficiency, chlorophyll fluorescence parameters are
commonly utilized for detecting toxic effects caused in leaves by
stressors (Moustakas et al., 2021), including metals (Pietrini et al.,
2015; 2017; 2020). In this regard, the suitability of different
chlorophyll fluorescence parameters to highlight the damaging
effect of a stressor is debated in the literature. In fact, the
photochemical efficiency of photosystem II (Fv/Fm), measured in
dark-adapted leaves, is the most used parameter in plant stress
studies, but it is often reported as less sensitive and responsive than
others, as, e.g., the effective quantum yield of PSII photochemistry
(ΦPSII) (Pietrini et al., 2015; Malinská et al., 2020).

Recently, Passatore et al. (2022) observed root growth inhibition,
genotoxic effects, and dose-dependent Bi accumulation in Lepidium
sativum L (garden cress) plantlets after treating the seeds with
different Bi nitrate concentrations. In order to get an insight into
the toxicity effects and accumulation ability in plants, plants of
Lepidium sativum were grown in potted soil supplied with three
different levels of Bi nitrate, chosen among those previously used
(Passatore et al., 2022). Lepidium sativum was utilized, as in the
previous work, being a model plant for ecotoxicological assay
(APAT-RTI CTN_TES 1/2004, 2004; OECD n. 208, 2006b). The
effects at biometric and physiological levels, specifically focusing on
growth, element uptake and translocation, and photosynthetic
performances, were investigated along with the Bi accumulation
in roots and shoots. The results were discussed, highlighting the
main physiological traits involved both in Bi toxicity in plants and in
the defense response likely counteracting the toxic action of the
metal.

2 Materials and methods

2.1 Seed germination and plant growth

Garden cress (L. sativum) seeds (Ingegnoli seed company, Italy)
were sowed in plastic pots (2 L volume, 20 seeds/pot, full seed
germination) filled with soil (select black peat substrate, pH 6, EC
0.3 dS/m, apparent density 100 kg/m3, total porosity 85%,
Klasmann-Deilmann, Germany) and placed in a growth chamber
(temperature 25°C ± 1°C, 16 L/8 D photoperiod, 70% ± 5% humidity,
350 ± 50 µEm2s−1 PPFD). The soil was added or not with Bi nitrate
pentahydrate (Sigma-Aldrich, code 248592, 98% purity) solution to
reach four different Bi nitrate concentrations: 0 mg kg−1, control;
30 mg kg−1; 121 mg kg−1; and 485 mg kg−1. Particular care was taken
to assure that all the soil volume was homogeneously mixed with the
Bi solution. Four pots per thesis were randomly distributed in the
growth chamber. Soil humidity was maintained at 70% water
holding capacity. At the end of the cultivation period (21 days),
after physiological measurements (see Section 2.2), the plants were
harvested, gently washed with distilled water, separated into roots
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and shoots, oven-dried, and weighed for dry weight (DW)
evaluation and further processing for elemental analysis (see
Section 2.3), as described by Passatore et al. (2022).

2.2 Plant physiological performance analysis

2.2.1 Leaf pigment and nitrogen determination
The estimation of leaf nitrogen and pigment contents was

obtained using the leaf-clip portable fluorescence sensor Dualex
Scientific+™ (Force-A, France). According to the following
equations, it provides four indices: the chlorophyll index (Eq. 1)
for leaf chlorophyll concentration in chlorophyll units (Cerovic
et al., 2012); the flavonol index (Eq. 2) for epidermal flavonol
concentration in absorbance units (Abs. unit); the anthocyanin
index (Eq. 3) for epidermal anthocyanin concentration in
absorbance units (Abs. unit), and the Nitrogen Balance Index
(NBI) index (Eq. 4), as the ratio of chlorophyll to flavonol
(Cartelat et al., 2005), which refers to leaf nitrogen content
(Cerovic et al., 2012; Cerovic et al., 2015),

Chlorophyll index � T850 –T710( )/T710, (1)
Flavonol index � log FRFR/FRFUV( ), (2)

Anthocyanin index � log FRFR/FRFG( ), (3)
NBI index � Chlorophyll index/Flavonol index, (4)

where T850 and T710 are the leaf transmittance at 850 nm and
710 nm, respectively; FRF is the far-red fluorescence emission
(>710 nm) excited by red (R, 650 nm), UV (UV, 375 nm), or
green (G, 505 nm) light.

The measurements were taken from at least two representative
fully developed leaves per pot. Two Dualex readings were taken from
the widest portion of the leaf lamina, avoiding major veins. The two
Dualex readings were averaged to represent the leaf value.

2.2.2 Measurements of leaf reflectance and
spectral reflectance indices

Leaf reflectance spectra were acquired in the spectral range of
350–1025 nm using an ASD FieldSpec-3 spectroradiometer
(Analytical Spectral Devices Inc., Colorado, United States), as
reported by Testone et al. (2019), except for respecting a fixed
distance (10 cm) to the plant layer to assure a field of view (FOV) of
approximately 4 cm (using a 25° bare fiber-optic). Five spectra were
then determined to provide a mean spectral value. Three spectral
reflectance indices, namely, pigment-specific simple ratio a (PSSRa),
pigment-specific simple ratio b (PSSRb), and pigment-specific
simple ratio c (PSSRc) (Blackburn et al., 1998), respectively,
associated with the chlorophyll a, chlorophyll b, and carotenoid
content, were derived from the collected data and calculated
according to the following equations, where R is the reflectance
value measured in each band expressed in nm, indicated by the
subscript number:

PSSRa � R800( )/ R680( ),
PSSRb � R800( )/ R635( ),
PSSRc � R800( )/ R470( ).

2.2.3 Chlorophyll fluorescence parameters
Chlorophyll fluorescence measurements were performed to

assess the efficiency of the plant photosynthetic apparatus. In
particular, the maximal quantum yield of PSII photochemistry
(Fv/Fm, as the ratio between variable fluorescence and maximal
fluorescence), the effective quantum yield of PSII photochemistry
(ΦPSII), the quantum yield of regulated non-photochemical energy
loss (ΦNPQ), the quantum yield of non-regulated non-

FIGURE 1
Shoot biomass (g plant-1 dw) in garden cress (Lepidium sativum
L.) plants grown in pots filled with soil supplied with bismuth nitrate
(0 mg kg−1, control; 30 mg kg−1; 121 mg kg−1; and 485 mg kg−1) for
21 days in controlled conditions in a growth chamber. In each
bar, mean data (n = 4, ± S.E.) are shown. Different letters correspond
to statistically different values (Tukey’s test, p ≤ 0.05).

TABLE 1 Chlorophyll index (μg cm−2), anthocyanin index (Abs. unit), flavonol index (Abs. unit), and nitrogen balance index (rel. un.) in leaves of garden cress
(Lepidium sativum L.) plants grown in pots filled with soil supplied with bismuth nitrate (0 mg kg−1, control; 30 mg kg−1; 121 mg kg−1; and 485 mg kg−1) for
21 days in controlled conditions in a growth chamber (mean data± SE; n = 4). In each column, mean values with different letters are significantly different (Tukey’s
test, p ≤ 0.05).

Bi nitrate (mg Kg−1) Chlorophyll index Anthocyanin index Flavonol index NBI

0 19.20 (±0.16) a 0.182 (±0.001) b 0.620 (±0.008) b 31.06 (±0.85) a

30 17.20 (±0.22) b 0.193 (±0.004) ab 0.627 (±0.003) ab 27.51 (±0.80) b

121 16.76 (±0.33) b 0.197 (±0.001) a 0.644 (±0.003) a 26.05 (±0.40) b

485 17.09 (±0.41) b 0.188 (±0.002) ab 0.635 (±0.008) ab 27.08 (±0.82) b
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photochemical energy loss (ΦNO), the photochemical quenching
(qP), the non-photochemical quenching (NPQ), and the electron
transport rate (ETR) were measured on fully developed leaves using
a MAXI-Imaging-PAM (Walz, Germany). The parameters were
measured in 30 min dark-adapted leaves (Fv/Fm) and in leaves
adapted to 310 μmol m−2 s−1 PPFD for at least 5 min to reach a
steady-state condition (ΦPSII, ΦNPQ, ΦNO, NPQ, qP, and ETR)
and calculated as reported by Di Baccio et al. (2017) and Kramer
et al. (2004).

2.3 Ionomic analysis

After collection, shoots and roots were oven-dried at 70°C for
48 h and weighed; 0.02–0.1 g DW of each sample was subjected to
microwave-assisted acid digestion for 30 min at 180°C using a
HNO3/H2O2 mixture (2:1, v/v). The digested solution was then
diluted with deionized water and filtered before elemental analysis.

The concentration of 40 chemical elements, of which only the
concentration of 12 macro- and trace elements is reported and
discussed, was analyzed in replicate with an inductively coupled
plasma mass spectrometer (ICP-MS; model 820-MS; Bruker,
Germany). Element concentrations were divided by the DW of
each sample to obtain mg kg-1 concentrations. Standard deviations
of the replicates were all below 10%. Further details on sample
preparation, elemental analysis, and instrumental conditions are
reported in the work of Passatore et al. (2022) and Astolfi et al.
(2020), respectively. As reported by Zacchini et al. (2009), the
bioconcentration factor (BCF) was calculated as the ratio between

the metal concentration in the plant organ (mg Kg-1) and the metal
concentration in the soil (mg Kg-1); the translocation factor (Tf) was
calculated as the ratio between themetal concentration in plant shoots
(mg Kg-1) and the metal concentration in plant roots (mg Kg−1).

2.4 Statistics

The trial was arranged following the methodologies of the
OECD guidelines for ecotoxicological tests with L. sativum
(OECD n. 208, 2006b). Data reported in tables and figures refer
to at least four replicates for the variant. One-way ANOVA was used
to process normally distributed data to evaluate the effects of Bi
nitrate concentrations on the different parameters using the SPSS
(IL, United States) software tool. The statistical significance of the
mean data was assessed by Tukey’s test (p ≤ 0.05), unless otherwise
stated.

3 Results and discussion

Shoot biomass produced within 21 days of cultivation in soil
supplied with four different Bi nitrate concentrations was evaluated
to investigate the effect of Bi on the growth of L. sativum plants. The
results shown in Figure 1 highlighted that regardless of the Bi
concentration, Bi exposure caused a significant growth reduction,
ranging approximately from 20% to 26% to control. This finding is
in accordance with a previous work on the germination of L. sativum
seeds, where root growth inhibition was observed (Passatore et al.,
2022). To our knowledge, no medium-term experiments with plants
grown in Bi-treated soil are present in the literature. In a short trial
(7 days) with artificially Bi-spiked soil, Omouri et al. (2019)
observed a significant root growth inhibition in ryegrass plants,
but did not find any shoot biomass reduction. A toxic effect on shoot
growth was instead reported by Nagata and Kimoto (2020) after the
treatment of tomato seeds with Bi nitrate in agar. The toxicity of Bi
could be related to DNA damage, as recently reported by Passatore
et al. (2022) on L. sativum seedlings, affecting both gene expression
and primary and secondary metabolisms.

To shed light on the effects of Bi at the physiological level, the
estimation of both the pigment contents and the nitrogen balance
index (NBI, da Silva et al., 2021) was performed using the Dualex
sensor (see Section 2.2.1). In Table 1, a reduction in the total
chlorophyll content in leaves of plants grown in Bi-added soil is
shown. The NBI evidenced a similar trend, being statistically lower
in Bi-treated plants compared to control plants, as expected due to
the well-studied relationship between chlorophyll and leaf nitrogen
content (Sage et al., 1987; Evans, 1989). The reduction of the total
chlorophyll content in Bi-exposed plants paralleled the reduction of
shoot biomass, indicating this trait as a valuable physiological
endpoint for assessing Bi toxicity, as reported for other metals
(Pietrini et al., 2015; Chandra and Kang, 2016) and organic
pollutants (Kummerová et al., 2006; Pietrini et al., 2022). The
suitability of chlorophyll content as a proxy for ecotoxicity
assessment in plants has already been proven (ISO/DIS, 20079,
2004; OECD n. 221, 2006a).

As a protective response to the toxic action of Bi, an overall
increase of anthocyan and flavonol leaf levels in Bi-treated plants to

FIGURE 2
Values of spectral indices, PSSRa- pigment-specific simple ratio
for Chla, PSSRb- pigment-specific simple ratio for Chlb, and PSSRc-
pigment-specific simple ratio for carotenoids, in leaves of garden
cress (Lepidium sativum L.) plants grown in pots filled with peat
substrate supplied with bismuth nitrate (0 mg kg−1, control;
30 mg kg−1; 121 mg kg−1; and 485 mg kg−1) for 21 days in controlled
conditions in a growth chamber (mean data± SE; n = 4). Different
lower-case letters indicate a significant difference in PSSRa among
different bismuth nitrate concentrations, different capital letters
indicate a significant difference in PSSRb among different bismuth
nitrate concentrations, and different Greek letters indicate a significant
difference in PSSRc among different bismuth nitrate concentrations
(Tukey’s test, p ≤ 0.05).
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control was observed (Table 1). As reported in the literature, in
addition to the long-reported functions as screeners of damaging
short-wave solar radiation, flavonoids have been suggested as
playing key functions as antioxidants in stressed plants by
inhibiting the generation and reducing reactive oxygen species
(ROS) once formed (Agati et al., 2012; 2013). In this context, a
role for anthocyans (Ai et al., 2018) and flavonoids (Ferdinando
et al., 2012) as defense compounds against the oxidative attack
caused by HMs has been reported. In this study, the increase in
flavonoid content in response to Bi treatment could be due to a
stimulation of the ROS production by the metal, as observed by
Huang et al. (2022) in the microalga Chlamydomonas reinhardtii
exposed to nanoscale bismuth oxyiodide (nano-BiOI) at a
concentration higher than 25 mg L−1.

Therefore, to further characterize the effects of Bi on pigment
content, leaf reflectance spectra of garden cress plants were
investigated by analyzing some spectral indices (see Section 2.2.2).
As reported by Peñuelas and Filella (1998), leaf surface and internal
structure characteristics, in addition to the concentration and
distribution of biochemical molecules, are mainly responsible for
the leaf reflectance properties. For this reason, leaf reflectance
spectra represent a valuable tool to monitor the physiological
status of plants under different stress conditions (Croft and Chen,
2017). The values of three spectral reflectance indices (PSSRa, PSSRb,
and PSSRc), respectively, associated with chlorophyll a, chlorophyll b,
and carotenoid content, are reported in Figure 2. The reduction in
chlorophyll content in Bi-treated plants, previously highlighted in
Table 1, was also confirmed by the analysis of PSSRa and PSSRb that

decreased similarly, regardless of the Bi concentration, with respect to
the control. A similar trend was observed for the PSSRc index
(Figure 2). As extensively reported (Sun et al., 2022), carotenoids
are not only photosynthetic pigments but also important antioxidants.
In Bi-treated plants, the reduction in carotenoid content can be
ascribed to a damaging effect exerted by the presence of the metal,
likely hampering the plants to eliminate oxygen free radicals in
chloroplasts and, thereby, protect chlorophylls from photooxidative
damage (Guidi et al., 2017).

To get an insight into the possible mechanisms by which Bi
could have affected the photosynthetic machinery in garden cress
plants, the analysis of chlorophyll fluorescence parameters and their
associated images was utilized. Fluorescence image analysis has been
commonly used to evaluate the effects of several HMs on plants,
providing information on the photosynthetic apparatus
performances (Pietrini et al., 2015; 2017; 2020).

In Figure 3, a representative image of chlorophyll fluorescence
parameters (Figure 3A, Fv/Fm, ΦPSII, ΦNPQ, and ΦNO) and
chlorophyll fluorescence data (Figures 3B, C) in garden cress
leaves are presented. Overall, chlorophyll fluorescence images
(Figure 3A) showed that, in dark-adapted leaves, Fv/Fm revealed
an almost homogeneous pattern of distribution, both in control and
Bi-treated plants. Contrarily, in light-adapted leaves, ΦPSII, ΦNPQ,
and ΦNO showed an appreciable heterogeneous pattern of light
utilization and photosynthetic activity, especially in plants exposed
to 121 and 485 mg kg−1 of Bi nitrate. Regarding the photochemical
efficiency of photosystem II (PSII), evaluated by Fv/Fm in dark-
adapted leaves, results showed a slight decreasing trend as the Bi

FIGURE 3
Images of chlorophyll fluorescence parameters (A) and their associated values (B, C) in leaves of garden cress (Lepidium sativum L.) plants grown in
pots filled with soil supplied with bismuth nitrate (0 mg kg−1, control; 30 mg kg−1; 121 mg kg−1; and 485 mg kg−1) for 21 days in controlled conditions in a
growth chamber. Maximum quantum yield of PSII photochemistry (Fv/Fm), the quantum efficiency of PSII photochemistry (ΦPSII), and the quantum yield
of regulated (ΦNPQ) and non-regulated (ΦNO) energy dissipation in PSII are measured with an Imaging-PAMM-series system. The false color code
depicted at the bottomof each image ranges from0.000 (black) to 1.000 (pink). Vertical bars representmeans (n = 4) ± S.E. One-way ANOVAwas applied,
and different letters indicate significant differences (Tukey’s test, p ≤ 0.05).
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concentration increased (Figure 3B). Compared with control (0), the
Fv/Fm ratio at 30, 121, and 485 mg kg−1 of Bi nitrate decreased by
approximately 1, 4, and 6%, respectively. However, it should be
stated that all the Fv/Fm values were in the range of 0.75–0.83,
considered optimal values for many plant species (Maxwell and
Johnson, 2000). In fact, lower values of this parameter indicate that a
proportion of the PSII reaction center is damaged or inactivated,
commonly observed under stress (Baker and Rosenqvist, 2004). In
this regard, Kearns and Turner (2016) reported that the Fv/Fm ratio
was not affected in the macroalgae U. lactuca exposed for 48 h to
50 μg L−1 of Bi. However, it is worth stating that the Fv/Fm ratio is
considered less sensitive and responsive to different stressors in
comparison to the effective quantum yield of PSII photochemistry
(ΦPSII) (Pietrini et al., 2015; Malinská et al., 2020). Therefore, to
deepen the knowledge on the effects of Bi on plant photochemistry,
the evaluation of the balance between the light capture and the
photochemical energy use in plants was performed bymeasuring the

effective quantum yield of PSII photochemistry (ΦPSII), the
quantum yield of regulated non-photochemical energy loss
(ΦNPQ), and the quantum yield of non-regulated non-
photochemical energy loss (ΦNO) (Figures 3B, C). The analysis
of the ΦPSII response, measured in light-adapted leaves, confirmed
the higher sensitivity of this parameter with respect to Fv/Fm. In fact,
compared with control (0), theΦPSII values in plants exposed to 30,
121, and 485 mg kg−1 of Bi nitrate decreased by approximately 7%,
17%, and 26%, respectively (Figure 3B). Regarding the quantum
yield of non-photochemical energy loss, with respect to control, the
regulated process (ΦNPQ) increased by 10%, 25%, and 29% in 30,
121, and 485 mg kg−1 of Bi-treated plants, respectively, while the
non-regulated process (ΦNO) decreased only at the highest Bi
nitrate concentrations by 18% and 11%, respectively. Overall, the
reported data highlight a quick effective photoprotection
mechanism to Bi exposure. In fact, the decrease in the ΦPSII
values can result from a photoprotective increase in thermal
energy dissipation (ΦNPQ) induced by an excess of absorbed
light (Demmig-Adams and Adams, 1992). A non-effective
dissipation of excess excitation energy can result in photo-
oxidative stress, possibly leading to the production of reactive
oxygen species (ROS) (Smirnoff, 1993). Therefore, the increased
dissipation by downregulation of the PSII photochemistry, following
Bi treatments, seems to overcompensate for the decrease ofΦPSII in
such a way that ΦNO decreased. Non-regulated, non-
photochemical quenching (ΦNO) consists of chlorophyll
fluorescence internal conversions and intersystem crossing,
leading to the formation of singlet oxygen (1O2) (Apel and Hirt,
2004; Klughammer and Schreiber, 2008). The decline or similarity to
control ofΦNO values in Bi-treated plants could suggest thatΦNPQ
was active in protecting plants from ROS, likely by reducing the 1O2

production, thus limiting the oxidative attack to the photosynthetic
apparatus (Moustaka et al., 2018).

The reduction of the electron transport rate (ETR)
(Figure 4A), a proxy for photosynthesis, paralleled the
response of ΦPSII in Bi-exposed plants, likely being caused by
the processes affecting excess light energy dissipation (NPQ)
(Kalefetoğlu Macar and Ekmekci, 2009), which, in the form of
harmless heat, protect plants from ROS (Hideg et al., 2008; Roach
et al., 2020). The overall data assessing the status of the
photosynthetic machinery evidenced that the greatest effects
in Bi-exposed plants were observed at 121 and 485 mg kg−1 of
Bi nitrate, concomitantly with the highest decrease of ΦPSII and
ETR (Figures 3B, 4A). However, the highest increase in NPQ
(Figure 4B) resulted in maintaining a high fraction of open PSII
reaction centers (qP), as suggested by the nonstatistical
differences between Bi-treated plants and control plants
(Figure 4B). According to the literature (Lambrev et al., 2012),
this feature is considered a response of maximal photoprotection.
Scarce information is reported about the effect of Bi on the plant
photosynthetic process. Consistent with the reported results,
Prabhavati et al. (2017) highlighted the inhibitory effect on
the photosynthesis of Macrotyloma uniflorum (Lam.) plants
exposed to different Bi concentrations (from 50 to 400 μg g−1).

To evaluate the effects of Bi presence in the soil on the
absorption and translocation of nutrients and trace elements, an
ionomic analysis was performed by ICP-MS on the roots and shoots
of Lepidium plants (Figure 5, 6). The study of the ionome has been

FIGURE 4
Changes in the electron transport rate through PSII (ETR) (A) and
photochemical (qP) and non-photochemical quenching (NPQ) (B) in
leaves of garden cress (Lepidium sativum L.) plants grown in pots filled
with soil supplied with bismuth nitrate (0 mg Kg−1, control;
30 mg Kg−1; 121 mg Kg−1; 485 mg Kg−1) for 21 days in controlled
conditions in growth chamber. Vertical bars represent means (n = 4)
±S.E. One-way ANOVA was applied and different letters indicate
significant difference (Tukey test, p ≤ 0.05).
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long described as a useful tool to simultaneously assess the elemental
composition and its change in response to physiological stimuli in
plants (Salt et al., 2008). Ionomic analysis was performed by
evaluating the concentration of 40 chemical elements in Bi-
treated plants (data not shown). The dataset evaluation allowed
highlighting the modification of the concentration of 12 chemical
elements (9 macro/micronutrients plus non-essential elements such
as Na, Co, and Li) in the roots and shoots of Bi-treated Lepidium
plants. Regarding roots (Figure 5), results put in evidence how the
concentrations of the main macronutrients analyzed (e.g., K, P, Ca,
Mg) were not substantially modified after Bi treatment, while the
uptake of most micronutrients was negatively affected by all the Bi
concentrations tested (e.g., Ni, Cu) or by the highest Bi
concentration in the soil only (e.g., Zn, Mn). Contrary to the

work of Nishimura and Nagata (2021), Fe concentration in roots
was not altered by the presence of Bi in the substrate, likely due to
the differences in both the experimental approaches and the plant
species used. Concerning not essential elements, while Na
concentration was not modified, the uptake of Li and Co was
altered in Bi-exposed plants, with a particular reduction at the
highest Bi concentration.

A data overview on macro-, micro-, and non-essential nutrients
in shoots of Bi-treated plants (Figure 6) highlighted a reduction in
the concentrations of all the elements, except for Na. In particular,
macronutrients P and Ca revealed a near dose-dependent
relationship between content in shoots and Bi level in soil, while
K and Mg concentrations were negatively affected only in plants
grown in soil with 485 mg kg−1 of Bi nitrate. A reduction of the

FIGURE 5
Ionomic profile (ion concentration, g kg−1 dw) in roots of garden cress (Lepidium sativum L.) plants grown in pots filled with soil supplied with
bismuth nitrate (0 mg kg−1, control; 30 mg kg−1; 121 mg kg−1; and 485 mg kg−1) for 21 days in controlled conditions in a growth chamber. In each bar,
mean data (n = 4, ± S.E.) are shown. Different letters correspond to statistically different values (Tukey’s test, p ≤ 0.05, ns = not significant).
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micronutrient (Cu, Fe, Zn, Ni, andMn) concentrations in the shoots
of Bi-exposed plants was also observed, even with different extents
among elements. Finally, non-essential element concentration in
shoots was drastically reduced at the highest Bi level in the soil,
except for Na, which, as observed in roots, was not affected by Bi
treatment.

The analysis of other 28 elements in Lepidium plants exposed to
different Bi concentrations was also performed, and results for roots
(Supplementary Table S1) and shoots (Supplementary Table S2)
were reported. Interestingly, a decreasing trend of element
concentration in roots as a consequence of Bi treatment was
observed for Al, As, and Cd (Supplementary Table S1). At the
shoot level (Supplementary Table S2), this trend was evidenced for
As and Cd. Notably, Al is the third most abundant element on

Earth’s crust, while As and Cd are among the most toxic elements
occurring in metal-contaminated sites. Therefore, further
investigations will be aimed to shed light on the interference of
Bi with the accumulation of these elements in plants.

Taken all together, data on ionomic analysis revealed that Bi
presence in the soil had a higher impact on the uptake and
translocation of micronutrients rather than macronutrients,
where a relevant effect could be observed only for the lower
translocation of K, P, Ca, and Mg from roots to shoots in plants
exposed to the highest Bi concentration. In this regard, it is worth
mentioning the work by Nagata (2015), which highlighted how the
exposure to Bi of Arabidopsis thaliana seedlings notably affected the
expression levels of genes involved in the absorption of several ions,
including Fe, Cu, and Zn. Interestingly, Nagata also put in evidence

FIGURE 6
Ionomic profile (ion concentration, g kg−1 dw) in shoots of garden cress (Lepidium sativum L.) plants grown in pots filled with soil supplied with
bismuth nitrate (0 mg kg−1, control; 30 mg kg−1; 121 mg kg−1; and 485 mg kg−1) for 21 days in controlled conditions in a growth chamber. In each bar,
mean data (n = 4, ± S.E.) are shown. Different letters correspond to statistically different values (Tukey’s test, p ≤ 0.05, ns = not significant).

Frontiers in Environmental Science frontiersin.org08

Pietrini et al. 10.3389/fenvs.2023.1221573

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1221573


that the Bi treatment might disturb iron homeostasis in seedlings,
resulting in a significant increase of iron content in plant roots.
Therefore, even if the experimental conditions of Nagata’s work

were quite different from those utilized in the present experimental
trial (plant species, substrate, and Bi concentrations), the alteration
of the expression profile of genes involved in the element transport
caused by Bi exposure could have been involved in the modification
of the uptake and translocation of some elements, especially
micronutrients, in Bi-treated plants (Figure 5, 6).

The exposure of Lepidium plants to Bi could have negatively
affected the growth of plants by interfering with different physiological
processes. In fact, the reduction of the macronutrient content in shoots
could be associated with the biomass decrease in Bi-treated plants, as
reported in Figure 1, considering the primary role of macronutrients
for plant growth and development (Tripathi et al., 2014). In this
context, the Mg content reduction observed in shoots of Bi-treated
plants could have affected the functionality of the photosynthetic
process by altering the pigment biosynthetic pathway (Table 1).
Moreover, the decrease in micronutrient concentration, especially
occurring in the shoots of Bi-treated plants, could have affected the
physiological status of plants by altering the enzymatic activity, given
the role of these elements (i.e., Cu, Fe, Zn, Ni, and Mn) as cofactors in
many fundamental enzymatic reactions, especially those linked to the
oxidative status of plants (Pandey, 2018). In addition, a role for the
micronutrient content reduction in the impairment of the
photosynthetic machinery can be suggested, given their
participation in many electron chain-related reactions, with a
particular role of Mn in the oxygen-evolving complex (Raymond
and Blankenship, 2008). In the literature, to our knowledge, a role
for Bi in interfering with plant nutrient homeostasis was put in
evidence by Nagata (2015) and Nishimura and Nagata (2021) for
iron. Therefore, in this work, a first report on the possible effect of Bi in
altering the nutrient uptake and translocation in plants was shown. In
this context, a similar feature about the shoot micronutrient content
decrease after metal exposure was reported by Metanat et al. (2019) in
plants treated with Pb, a metal belonging to the same chemical group
(post-transition metals) of Bi.

In Figure 7, the results of ICP-MS analyses revealed that in both
roots and shoots of Bi-exposed plants, a dose-dependent
accumulation of Bi to metal concentration in the soil was
observed. Bi concentration in roots of Bi-treated plants
(Figure 7A) was more than 10-fold higher than in shoots
(Figure 7B). A detectable level of Bi was also observed in control
plants, likely due to metal uptake from impurities of the peat
substrate (data not shown). The low but significant Bi
concentrations found in the shoots (Figure 7B) demonstrated
that, at least in part, Bi entered the root cells, reaching the
vascular tissues to be transported to the aerial parts, possibly
through the transpiration flow. As underlined by Babula et al.
(2010), the mechanisms of Bi transport in plants are still
unknown, and to date, no studies dealing with it have been
reported in the literature. Consistently, few papers discussed the
accumulation of Bi in plants. An increasing concentration of Bi in
garden cress young seedlings to metal concentration in the solution
was shown by Passatore et al. (2022). Similarly, Nagata and Kimoto
(2020) showed that Bi accumulation occurred in tomato seedlings,
probably disturbing iron homeostasis by altering the primary Fe2+

uptake transporter in the roots, as reported for A. thaliana
(Nishimura and Nagata, 2021). Low Bi detection in plants grown
in soil enriched by Bi pellets was instead found by Fahey et al. (2008).
Even if the Bi uptake processes in plants are not fully clarified, it is

FIGURE 7
Bismuth concentration (g Kg−1 dw) in garden cress (Lepidium
sativum L.) plants (A = Bi concentration in shoot; B = Bi concentration
in roots) grown in pots filled with soil supplied with bismuth nitrate
(0 mg Kg−1, control; 30 mg Kg−1; 121 mg Kg−1; 485 mg Kg−1) for
21 days in controlled conditions in growth chamber. In each bar, mean
data (n = 4, ±S.E.) are shown. Different letters correspond to statistical
different values (Tukey test, p ≤ 0.05).

TABLE 2 Bioconcentration factor (shoots and roots) and translocation factor in
garden cress (Lepidium sativum L.) plants grown in pots filled with soil supplied
with bismuth nitrate (0 mg kg−1, control; 30 mg kg−1; 121 mg kg−1; and
485 mg kg−1) for 21 days in controlled conditions in a growth chamber (mean
data; n = 4).

Bi nitrate (mg Kg-1) BCF shoots BCF roots Tf

0 — — 0.432

30 0.053 0.379 0.141

121 0.028 0.502 0.057

485 0.023 0.388 0.060
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known that a suite of soil characteristics can affect the uptake of Bi
by plants, such as pH, organic matter, cation exchange capacity, and
soil texture (Fahey et al., 2008).

The bioconcentration factor (BCF) and the translocation factor (Tf)
are commonly used indices to evaluate the ability of plant species to
accumulatemetals in plants and transfer them in the aerial part (Zacchini
et al., 2009). In Table 2, BCF values for both shoots and roots highlighted
the low capability of garden cress plants to accumulate Bi from the soil, as
evidenced in other plant species (Fahey et al., 2008). As markedly
depending on both metal concentration and agronomical properties
of soil, BCF comparison among different studies is not easy. Anyway,
BCF values in above-ground organs for some non-metal-
hyperaccumulating plants grown in metal-enriched soils have been
reported to be higher than 1 (Wang et al., 2002), even if decreasing
with the increase in the metal concentration in soil, as also observed in
our experiment. Also, at the root level, a 2 to 10 fold higher BCF
compared to that reported in Table 2 has been highlighted for Cd, Cr, Cu,
Ni, Pb, and Zn in barley plants grown in soil amended with sludge
containing different HM concentrations (Soriano-Disla et al., 2014).
Interestingly, the authors reported the root to shoot metal transfer,
fully comparable to the Tf shown in Table 2, ranging from 0.14 to
0.010 for the different metals. Therefore, such data evidenced that the Tf
of Bi found in our experiments is very similar to that reported for Cr, Ni,
and Pb, commonly described as low-mobile elements in plants.
Remarkably, in Table 2, Tf values highlighted that the translocation of
Bi from roots to shoots is progressively lower with the increase in Bi
accumulation in plants. Thismechanism could be ascribed to a protective
response possibly limiting the harmful action exerted by Bi on the
physiological processes occurring in leaves, as observed by Seregin
and Kozhevnikova (2006) for other metals and described as a defense
response against metal toxicity.

4 Conclusion

The overall results of this study put in evidence that plants grown in
Bi-enriched soil underwent a toxicity status, as revealed by the growth
reduction, the lower chlorophyll and carotenoid contents and nitrogen
level (NBI), and the decrease in the effective quantum yield of PSII
photochemistry (ΦPSII). The reduction in nutrient accumulation in
shoots in Bi-treated plants could be associated with these toxic effects,
likely affecting the balance within primary metabolism between growth
and defense processes. Protective mechanisms were also highlighted,
including the overall increase in anthocyan and flavonol levels in leaves,
photoprotectionmechanisms, and, finally, the restriction of Bi transport
from roots to leaves in order to preserve the fundamental physiological
processes occurring in leaves. Interestingly, chlorophyll content, NBI,
and ΦPSII emerged as valuable proxies of Bi toxicity in plants as their
values paralleled the extension of the damaging effects at the growth
level. Overall, the results of this study showed that the extent of damage
in L. sativum is not related to the Bi concentrations both in soil and
plant tissues, providing evidence of the lower toxicity of Bi compared to
other metals. Finally, even if some information about the adverse effects
of Bi in plants is given in this study, the overall mechanism of Bi
phytotoxicity is far from being clarified and requires further studies
(Pietrini et al., 2009).
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