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Chromium (VI) accumulation in different plant
organs of Lacy Phacelia (Phacelia tanacetifolia
Benth.): Implications for phytoremediation

Hava Seyma INCI""

Abstract

Lacy Phacelia (Phacelia tanacetifolia Benth.) is a very beneficial nectar source for honeybees, contributing to

their foraging activities and honey production. Chromium (Cr) is a toxic metal that may be taken up by plants
through roots and accumulates in different organs. The accumulation of Cr in nectars can affect nectar production
and subsequently bee health. This study investigated whether Lacy Phacelia accumulates Cr in different plant
organs. A pot experiment was conducted under controlled conditions with five different Cr concentrations (0,
5,10, 20 and 40 mg kg”). The plants were grown for 110 days, and Cr, manganese (Mn) and iron (Fe) contents
accumulated in different plant organs (root, leaf, stem, flower and stamen) were examined. Similalry, the impact of
different Cr concentrations on plant height, stem diameter, and dry weights of root, stem, leaf, and flower was also
recorded. The highest and lowest Cr(VI) accumulation was recorded in roots and flowers respectively. The mean Cr
concentration in different organs was, i.e., root (7.13 mg kg*1)>|eaf (3.25 mg kg*1)>stem (253 mg kg”)>ﬂovver
(1.62 mg kg”):stamen (1.54 mg kg”).Translocation factor was <1 in all Cr concentrations, indicating that it

is not a suitable candidate for phytoremediaiton. The Mn concentration in different organs generally increased
with increasing Cr concentrations, while Fe concentration, plant height, and dry weights of root, stem, and

flower decreased. Lacy Phacelia should not be grown on Cr-contaminated soils for agricultural purposes or
phytoremediation. The accumulation of Cr in the stamens may possibily contaminate bee products obtained
through the bees collecting nectar from Lacy Phacelia grown on Cr-contaminated soils. The transfer of Cr from
Lacy Phacelia plants grown on Cr-contaminated soils to honeybee and honey products should be investigated in
future studies to safeguard honeybee health.
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Introduction

Heavy metals are metallic elements that cause significant
damage to human health and the environment because
of their high density, potential toxicity, and capacity to
accumulate in living organisms. Heavy metal is defined
in the literature to describe soil contamination and char-
acterized as elements with a density of >5 g cm™® [1].
Chromium (Cr), with 7.19 g cm™2 density, is regarded as
the most potent pollutant in the ecosystem among heavy
metals [2, 3]. It is a natural element of soil consisting of
rocks and volcanic ash [4]. Cr may exist in several oxi-
dation states ranging from -2 to +6. However, the most
prevalent and stable forms of in the natural environment
are hexavalent chromate Cr(VI) and trivalent chromite
Cr(III) [5]. The Cr(VI) is used in various industrial opera-
tions, including electroplating, textile dyeing, leather
processing and tanning, and steel manufacturing. Con-
sequently, this results in the creation of waste materials
containing Cr, which subsequently causes environmental
pollution [6]. The Cr(VI) is 10-100 times more harmful
than Cr(III), which can cause allergies and skin problems
[7]. Moreover, Cr(VI) is easily soluble in soil and causes
toxicity to animals and plants [8, 9]. Nevertheless, Cr is
designated as a class 1 carcinogen by the International
Agency for Research on Cancer [10]. Cr(VI) is regarded
as a dangerous ion due to its high solubility, which leads
to contamination of groundwater and transmission to the
food chain. It has been reported that the permissible Cr
concentration in soils and plants by WHO is 100 mg kg™*
and 1.30 mg kg™, respectively [11, 12], respectively, while
Ibrahim et al. [13] reported that this value is 2.30 mg kg™*
for plants (WHO/FAO).

Cr toxicity causes ultra-structural changes in the cell
membrane and chloroplast, damages root cells, reduces
pigment content, causes leaves’ chlorosis, disrupts min-
eral nutrition, and reduces plant growth [7]. Generally,
the movement of Cr from the roots to the aboveground
parts of a plant is restricted and influenced by its specific
chemical composition in the plant tissue [14]. Cr(VI) is
converted to Cr(IIl) in plant tissues, which tends to bind
to cell walls, preventing further transport of Cr within
plant tissues [9]. Therefore, Cr concentration in roots is
sometimes 100 times higher than in shoots [15].

Heavy metal pollution from fertilizers used in agricul-
tural production (along with all other chromium con-
tamination risks) is quite important in Tirkiye [16, 17].
While unconscious fertilization is common in the coun-
try [18], excessive use of phosphatic fertilizers causes Cr
and cadmium (Cd) accumulation in soil [19].

The interaction among metals in the soil is important
for determining the metal contents and yield. Several
studies have indicated that Cr affects the concentration
and absorption of manganese (Mn) in plants. Further-
more, Cr toxicity is known to develop the symptoms of

Page 2 of 10

iron (Fe) deficiency [20]. Moreover, it has been reported
that Cr toxicity significantly reduced extractable Fe and
raised the Mn in the soil [20]. Coexistence of Cr with
vital plant nutrients in soil and plant cells may result in
antagonistic interactions that have a negative impact on
plant health and nutrients’ absorption [14, 21]. Excessive
Cr has been shown to reduce the number of sites avail-
able for adsorption and create insoluble compounds in
the rhizosphere. This, in turn, impedes the accumulation
of essential nutrients including Fe, copper (Cu), and cal-
cium (Ca) [21].

Lacy Phacelia (Phacelia tanacetifolia Benth.) is an
annual, long-day plant in the Hydrophillaceae fam-
ily originating from North America [22]. It is widely
acknowledged as one of the leading honey-producing
plants globally, primarily because it serves as a crucial
supply of pollen and nectar for honeybees [23]. Various
parts of this plant are used as fresh animal feed, dried
animal feed, as well as for making silage. Additionally,
they may also be employed as green fertilizers after the
flowering stage. Due to the large quantity of pollen and
nectar found in its flowers, it is used as a source for nour-
ishment for bees [24].

Metals’ accumulation in floral organs (anthers, nectar,
and pistils) varies depending on the type and amount of
the heavy metal. However, plants transport the absorbed
metals to their floral organs, including pollen and nec-
tar [25]. Heavy metals’ transport from vegetative organs
affects the reproductive function and viability of pollen
[26, 27]. Metal accumulation in flowering plants may
negatively impact plant reproductive performance indi-
rectly by changing the foraging behaviour of pollinators
[28, 29]. Pollen has been proposed as a useful bioindica-
tor of heavy metal pollution because it is more sensitive
to pollutants than the vegetative parts [30].

Several earlier studies have investigated the impacts
of Cd, Pb, Zn, As, and Cu on the development of Lacy
Phacelia [31-33]. However, no studies have examined the
effect and accumulation of Cr in different plant organs
of Lacy Phacelia. Therefore, the major objective of this
study was to determine the Cr accumulation in different
plant organs (root, stem, leaf, flower, and stamen) of Lacy
Phacelia. Furthermore, the accumulation of Fe and Mn
was also investigated. The results would help to identify
the phytoremediation potential of Lacy Phacelia and pos-
sible implications for honeybee health.

Materials and methods

This study was conducted under controlled conditions
(climate room) at Bing6l University Faculty of Agricul-
ture (Bingol/Turkey) during 2022. Lacy Phacelia seeds
were obtained from a commercial company. Commer-
cially available K,Cr,0O, (Merck) was used as Cr source
in the study. The soil used in the study was taken from
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Table 1 Chemical properties of the soil used in the experiemnt

pH 6.98
EC(uscm™) 1514
Organic matter (%) 048
Caco; (%) 22
Cr(mgkg™") 262
Extractable Cr (mg kg™ ") 0.06

Fe (mg kg™ ") 202533
Extractable Fe (mg kg™") 19.8
Mn (mg kg™ ") 75.77

Extractable Mn (mg kg™ ") 21.15

Bingol University campus (38°54'0” N- 40°29’18” E). The
chemical properties of the soil used in the experiment are
presented in Table 1.

Plant cultivation and chromium treatments

Lacy Phacelia seedlings were grown for 5 weeks in trays.
Afterwards, seedlings were transferred to pots contain-
ing 2 kg of soil (neutral, non-saline and calcareous). The
experiment was established according to completely ran-
domized design with four replicaitons. The Cr concentra-
tions were selected based on its phytotoxic reported for
different plant species (10-100 mg kg™' Cr) [8]. The Cr
concentrations included in the study were 0, 5, 10, 20 and
40 mg kg™!. Chromium concentrations calculated based
on the dry weight of the soil were weighed and added to
the soil once. The soil was irrigated for 4-5 days and then
the seedlings were transferred to the pots. The pots were
irrigated to field capacity until harvest. A single plant was
grown in each pot.
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Stamen collection

Stamen collection started with the first flower appear-
ance on the plants and terminated when the flowers
started to dry (24 days). Stamens were collected daily at
the same time of the day. Stamens were collected with
clean scissors using a new paper for each pot and stored
in glass bottles (Fig. 1).

Harvesting

The experiment started with seed germination and ter-
minated with the blooming of the flowers. The plants
were grown for a total of 110 days. Plant height and stem
diameter were measured before harvesting. The above-
ground parts of the plants were cut separately into flow-
ers, stems, and leaves. Afterwards, pot soil was taken out
in a clean basin and the roots were removed, sorted, and
washed. All plant organs were dried in an oven at 70 °C
for 24 h. The dried plant organs were weighed using a
precision scale (g) and prepared for analysis by grinding
in a mill.

Determination of Cr, Fe and Mn concentrations

The plant samples prepared for analysis were burnt with
nitric acid (HNOj;) in a microwave digestion system [34].
The concentrations of Cr, Fe and Mn were determined
by NexION 2000 ICP-MS (Inductively Coupled Plasma-
Mass Spectrometer) (PerkinElmer Inc., Shelton, Con-
necticut, USA) after filtration and necessary dilution.
Concentrations were calculated by substituting the values
in Eq. 1.

Cr/Fe/Mn mg kg~ 'in plant = It x F (1)

Fig. 1 Collection and storing of stamens
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Table 2 Chromium accumulation (mg kg™ ') in different plant organs (root, stem, leaf, flower and stamen) of Lacy Phacelia grown

under different chromium concentrations

Crdose Root Stem Leaf Flower Stamen Mean
(mgkg™)

0 0.39+0.06 d** 0.04+0.00 d** 0.08+0.02 d** 0.09+0.01 d** 0.03+£0.01 c** 0.13D**
5 3.10£065 ¢ 0.29+0.05 cd 0.27+0.03 cd 0.50+0.07 ¢ 059+0.05 ¢ 0.95CD
10 436+0.78 C 1.19+£0.08 ¢ 0.76+0.00 c 045+0.14 ¢ 1.50+005b 1.65C
20 9.22+0.12b 448+037Db 493+020b 1.96+021b 1.78+047 b 4.47B
40 1857+125a 664+123a 10.22+0.59 a 510+0317a 379+£069a 8.87A
Mean 7.13 A** 2.53BC 3.25B 1.62C 1.54C

LSD g0 152 097 048 036 0.79

** = significant at p <0.01, Uppercase letters show significant differences between the means of plant organs and doses, whereas lowercase letters show differences

between Cr concentrations for the same organ

It =value of the plant solution adjusted according to the
witness solution, and F = dilution factor/sample quantity.

The average LOD (limit of detection) and LOQ (limit
of quantitation) values were 1.7-5.4 pg/L for Cr, 1.9—
6.24 pg/L for Fe, and 1.04—4.01 pg/L for Mn. The recov-
ery percentage (R %) is critical as it denotes the ratio of
the the measured resultd to the theoretical value [35].
The R % values for Cr, Fe and Mn were 99.1%, 100.02%
and 97.5%, respectively.

Translocation factor (TF)

Translocation Factor (TF) expresses the extent of metal
uptake by plants. TF is an indicator of the movement of
heavy metals from the root to the shoot and calculated
by the ratio of heavy metal concentration in the stem of
the plant to that in the root (Eq. 2) [36]. Bioconcentration
Factor (BCF) quantifies the accumulation of a chemical
substance within an organism in relation to its concen-
tration in the surrounding environment, usually water
or soil. The BCF was calculated as the ratio of the heavy
metal concentration in the plant (root or shoot) to the
heavy metal concentration in the soil (Eq. 3) [37].

TF = Shoot Cr concentration/Root Cr concentration (2)

BCF = (CI‘ )shoot or root/(tOtal Cr) (3)

soil

Statistical analysis

The collected data were subjected to analysis of variance
(ANOVA) using JMP (2018) statistical software program
[38]. Treatment means were then compared accord-
ing to the least significant difference (LSD) test at 95%
probability.

Results

Chromiuim accumulation (mg kg") and translocation
factor

The distribution of Cr concentrations (mg kg™') in
plant organs (root, stem, leaf, flower, stamen) after
Cr (VI) treatment is shown in Table 2. Average Cr

Table 3 Translocation factor (TF) and bioconcentration factor
(BCF) values of Lacy Phacelia plants grown under different
chromium concentrations

Cr concentrations (mg TF (Translocation BCF Root BCF
kg™") Factor) Shoot
0 0.16 C** 0.15 E** 0.09
E%*
5 013D 040C 021D
10 022B 034D 031C
20 036 A 0418 0.58 A
40 035A 044 A 0458

** = significant at p<0.01, Uppercase letters show significant differences
between Cr concentrations for the relevant trait

accumulation among different organs was in the order,
root > leaf > stem > flower = stamen.

The ANOVA indicated that different Cr concentrations
significantly (p<0.01) affected Cr acumulation among all
plant organs (Table 2). The highest Cr accumulation was
recorded in roots, while the lowest was noted in flowers
and stamens. Chromium accumulation increased in dif-
ferent plant organs with the increase in Cr doses. The
lowest Cr accumulation in roots, stems, leaves, flow-
ers and stamens was recorded in 0 mg kg! Cr treatment
while the highest Cr accumulation was recorded in 40 mg
kg™ Cr treatment (Table 2).

Translocation factor (TF) and bioconcentration fac-
tor (BCF) values (for root and shoot) of Phacelia plants
are presented in Table 3. The highest TF values (0.36 and
0.35) were calculated for 20 and 40 mg kg™' concentra-
tions, whereas the lowest value was noted for 5 mg kg™
The TF was <1 for all Cr concentrations used in the cur-
rent study (Table 3). Root BCF values varied between
0.15 and 0.44, while shoot BCF values varied between
0.09 and 0.58. BCF values were <1 in all Cr concentra-
tions included in the study (Table 3).

Fe concentration (mg kg")

Different plant organs significantly differed (p<0.01)
for Fe uptake (Table 4). The highest Fe concentration
was measured in the roots, while the lowest was mea-
sured in the stem. Similarly, the highest and the lowest
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Table 4 Iron concentrations (mg kg™') in different plant organs (root, stem, leaf, flower and stamen) of Lacy Phacelia grown under

various chromium concentrations

Crdose Root Stem Leaf Flower Stamen Mean
(mgkg™)

0 166.34+4.85a** 56.32+14.37a** 13747 +26.79a** 151.62+14.38™ 122.594+15.99a* 126.87 A**
5 130.57+6.71b 44.17+11.98ab 74.04+10.02b 7951+8.17 55.22+4.82ab 76.70B

10 112.55+17.82bc 28.65+4.72bc 53.00+882b 66.22+0.27 39.04+5.73b 59.89BC
20 94.36+22.66C 18.55+091c 5141+7.92b 65.52+0.94 14.04+0.06b 48.78CD
40 94.98+14.05¢ 15.12+0.93c 12.14+321c 54.20+841 6.03+0.05b 36.50D
Mean 119.76 A** 32.56D 65.61BC 83.42B 47.38CD

LSD g0 29.75 18.06 3858 - 67.54

** = significant at p<0.01, * = significant at p <0.05**, ns=non-significant. Uppercase letters show significant differences between the plant organs and Cr doses,
whereas lowercase letters show significant differences between Cr doses for the same organ

Table 5 Manganese concentrations (mg kg™') in different plant organs (root, stem, leaf, flower and stamen) of Lacy Phacelia grown

under various chromium concentrations

Crdose Root Stem Leaf Flower Stamen Mean
(mgkg™")

0 7154046 a** 25534047 b** 12.63+£0.88 e** 33.06+6.06 b* 4330+633™ 24.34 C**
5 4.67+0.80 bc 20.57+£5.96 ¢ 19.59+2.86d 3134+447b 56.47+6.59 26.53BC
10 354+085c¢ 23.96+1.98 bc 2528+438c¢ 31.65+1.11 b 3949+357 24.78 C
20 487+034b 2627+1.09b 29.40+2.60b 41.10£1.52 ab 49.24+042 30.18AB
40 4.09+0.23 bc 3337+425a 3848+457a 51.26+401 a 40.08+0.14 3346 A
Mean 4.86D** 25.94C 25.08 C 37.68B 4571 A

LSD 05 121 453 411 11.59 -

** = significant at p<0.01, * = significant at p <0.05**, ns=non-significant. Uppercase letters show significant differences between the plant organs and Cr doses;
Lowercase letters show significant differences between Cr doses for the same organ

Fe concentration were recorded for 0 mg kg™! and 40 mg
kg'! Cr treatments, respectively. Fe concentration
decreased with the increase in Cr doses. Generally, Fe
concentration decreased in roots, stems, leaves and sta-
mens as Cr doses increased, but did not cause a statisti-
cally significant change in flowers (Table 4).

Mn concentration (mg kg'1)

Different plant organs and Cr doses significantly (» <0.01)
differed for Mn concentrations. The highest Mn concen-
tration was determined in the stamens while the lowest
Mn concentration was determined in the roots. The high-
est Mn concentration was determined in 40 mg kg™ Cr
treatment while the lowest Mn concentration was deter-
mined in 0 mg kg™! Cr treatment. At higher Cr doses,
Mn concentrations increased in roots, stems, leaves and
flowers, while there was no statistically significant change
in stamens (Table 5).

Effects of cr treatment on Fe and Mn concentrations in
plant organs

The Fe and Mn concentrations in the plant organs were
analyzed after Cr exposure. The data obtained (normal-
ized between 0 and 1) were graphed using the Python
Seaborn library to interpret the association between
Cr with Fe and Mn. The Cr showed antagonistic rela-
tionship with Fe and Mn in the roots at 5 and 10 mg

kg? Cr concentrations. Similarly, Cr and Mn showed
antagonistic relationship with Fe under 20 mg kg™ Cr
concentration (Fig. 2a). Likewise, Cr showed antagonis-
tic relationship with Fe and Mn accumulation in stem
at 5 mg kg! Cr concentraiton. The Cr and Mn showed
antagonistic relationship with Fe under 10, 20 and 40 mg
kg Cr concentrations (Fig. 2b). Cr and Mn showed an
antagonistic relationship with Fe in leaves under all
Cr concnetrations. Mn concentration increased with
increasing Cr concentration, but Fe concentration
decreased in parallel with this increase (Fig. 2c).

In flowers, Cr showed antagonistic relationship with
Fe and Mn under 5 mg kg™ Cr concentration. The Cr
showed antagonistic relationship with Fe under 10 mg
kg? Cr concentration, while Mn remained unaffected
by this relationship. Cr and Mn showed antagonistic
relationship with Fe under 20 and 40 mg kg Cr con-
centrations (Fig. 2d). In the stamens, Cr and Mn showed
antagonistic relationship with Fe under 5 mg kg™ Cr con-
centration. Similarly, Cr showed antagonistic relationship
with Fe and Mn under 10 and 40 mg kg Cr concentra-
tions, while Mn remained unaffected by this relationship.
Likewsie, Cr and Mn showed antagonistic relationship
with Fe under 20 mg kg! Cr concentration (Fig. 2e).
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Fig. 2 Relationship of Cr accumulation with Fe and Mn concentrations in the root (a), stem (b), leaf (c), flower (d) and stamens (e) of Lacy Phacelia grown

under different chromium concentrations

Effects of cr treatment on morphological attributes

Plant height of Phacelia was negatively affected by Cr
stress and a regular decrease in plant height was observed
in parallel with increasing Cr concentrations. The high-
est and the lowest plant height was recorded for 0 and
40 mg kg~! Cr concentrations, respectively. Stem diam-
eter remained unaffected by Cr concentrations included
in the study. Root dry weight was negatively affected by

all Cr concentrations. Similarly, stem dry weight was
negatively affected by Cr concentrations and linearly
decreased with increase concentrations. Leaf dry weight
remained unaffected by different Cr concentrations
included in the study. Flower dry weight was negatively
affected by Cr concentrations with the highest and the
lowest weight recorded for 0 and in 40 mg kg™! Cr con-
centrations, respectively (Table 6).
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Table 6 Effects of cr exposure on some morphological properties of Lacy phacelia

Crdose Plant Plant stem diam- Root dry weight Stemdry weight  Leaf dry weight  Flower dry
(mgkg™") height (cm) eter (mm) (9) (9) (9) weight (g)

0 115.00+10.52 A** 323+0.05™ 0.36£0.05 A* 264+0.58 A* 151+061™ 1.39+033 A**
5 11525+ 1158 A 332+0.31 0.24+0.06 B 243+048 AB 1.69+0.27 1.07+0.40 AB
10 10225+6.18 B 303+£033 0.23+0.04 8B 1.83+0.44 BC 1.21£033 1.01+0.108B

20 93.25+2.06 B 3.03+0.27 0.22+0.07 8B 1.55+0.69C 1.17+£048 0.77+0.20 BC
40 91.50+3428B 293+0.31 0.22+0.07 8B 148+052C 0.89+0.17 046+0.12C
LSD 005 12,62 - 0.09 074 - 037

** = significant at p<0.01, * = significant at p<0.05**, ns=non-significant. Uppercase letters show significant differences between Cr concentrations for the

examined traits

Discussion
This study aimed to investigate the impact of vari-
ous Cr concentrations on morphological attributes of
Lacy Phacelia plants, Cr(VI) accumulation in the roots,
stems, leaves, flowers, and stamens, and relationship of
tested Cr concentrations with Fe and Mn. Cr accumu-
lation among different plant organs was in the order,
root >leaf > stem > flower =stamen. The highest and the
lowest Cr accumulation was recorded in the roots and
flowers, respectively. Chromium transfer from roots to
above-ground organs generally vary with plant species,
content and valence forms of Cr in soil [39]. Higher Cr
was accumulated in the roots of Lacy Phacelia plants
compared to shoots in the current study. Plant roots may
produce organic acids such as malate and citrate, which
increase the solubility of metals and convert inorganic Cr
into organic complexes that can be readily taken up by
plants [40—42]. Similarly, higher Cr accumulation in root
cell vacuoles causes limited Cr translocation to shoots
[43]. In addition, Cr translocation to shoots depends on
its chemical form within plant tissues [44]. Cr(III) cannot
be translocated to aboveground plant parts as it bind to
the cell wall, whereas Cr(VI) can be easily translocated
[45]. Sejad et al. [46] reported that Nonea edgeworthii A.
DC and Onosma hispida Wall. ex G. Don species accu-
mulated 94.0 and 60.67 and 125.0 and 34.67 mg kg™ Cr
in their roots and shoots, with TF values of 0.65 and 0.28,
respectively. Similarly, Leersia hexandra accumulated
Cr in root cell wall and leaf vacuoles [47]. Likewise, Cr
localization study revealed that Coptis chinensis accumu-
lated the least amount of Cr in petioles, while the high-
est accumulation was noted in roots and rhizomes [48].
Similarly, Capsicum annum accumulated the highest Cr
in the roots (roots >leaves > shoots > fruit) [49]. Cr accu-
mulation has been observed in root cells of several crops,
including Vicia faba [50] and Brassica napus [51, 52].
Unfortunately, Cr was transferred from the roots to the
above-ground organs of the Lacy Phacelia plant in the
current study, especially to the flowers and stamens that
add importance to the plant. Approximately 5 times more
Cr was accumulated in the flowers and 20 times more in
the stamens compared to the control even at the low-
est Cr concentraion. Cr toxicity has not been previously

studied in Lacy Phacelia, which limits the interpreta-
tion of the results of current study. Evidence indicates
that excess heavy metals in soil can be taken up by non-
hyperaccumulator plants and subsequently translocated
to floral organs [53]. However, adaptation mechanisms of
non-hyperaccumulator plants that can translocate heavy
metals into their reproductive organs and associated
consequences are unclear due to limited information on
the translocation of metals and metalloids to the flowers
[25]. Heavy metals accumulated in pollen can adversely
affect the germination and development of pollen [54].
Plants grown in Ni-contaminated soil accumulated more
Ni in floral rewards than non-treated plants. Moreover,
Ni concentration was higher in pollen (400%) than in
nectar (100%) of Ni-treated plants compared to those
grown without Ni treatment [55]. Selenium (Se) can be
accumulated in the floral rewards of R. sativus and sub-
sequently collected by pollinators [56]. Short-term expo-
sure to Pb, Ni, Zn, and Cu-contaminated soil can lead to
increased metal contents in floral organs (pistils, anthers)
and rewards (nectar and pollen) of the non-hyperaccu-
mulator Cucurbita pepo, suggesting that it can transfer
heavy metals to floral parts [25]. The transfer of metals
such as Ni, Zn, Cu, and Pb from soil to floral rewards
(pollen, nectar) can have ecological consequences by cre-
ating reproduction problems in plants because of heavy
metals’ toxicity to pollinators [28]. The results of the cur-
rent study indicated that Lacy Phacelia can transfer Cr
from soil to stamens, which raises the question whether
metal accumulion in the floral organs can cause nega-
tive physiological consequences for plant reproduction.
Since excess heavy metals are toxic to plants [57], their
accumulation in reproductive parts of plants may cause
reproduction problems.

The TF and BCF values were <1 under all Cr concen-
trations included in the current study. TF values>1 indi-
cate that plants efficiently transfer metals from the roots
to the above-ground parts [58]. BCF is divided into four
categories, i.e., <0.01 plants with no accumulator prop-
erties, 0.01-0.1 plants with low accumulator properties,
0.1-1.0 plants with moderate accumulator properties,
1-10 plants with high accumulator properties or hyper-
accumulators [59, 60].
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The effects of various Cr concentraations on Fe and Mn
accumulation in Lacy Phacelia plants were also investi-
gated in the current study. Cr accumulation in plant tis-
sues increased with increasing Cr concentrations applied
(Table 2); however, Fe concentration decreased (Table 4).
Although Mn concentration did not change statistically
(p>0.01) in 0, 5, and 10 mg kg~! Cr concentrations, it lin-
early increased with increase in Cr concentration from
20 to 40 mg kg™! Cr (Table 5). Interactions among ele-
ments can be both antagonistic and synergistic, and their
unbalanced reactions can cause chemical stress in plants.
Antagonism and/or synergism interactions may also
refer to the capacity of an element to inhibit or induce
the uptake of other elements in plants [8]. Synergistic
interactions between Cr and some elements (Fe, Ca, Mn,
Cu, Mg) have been observed in some cases [61]. High Cr
concentrations are known to reduce Fe, S, and P content
in some plant species [62, 63]. Plant biomass (dry root,
dry stem, dry leaf, and dry flower) of Lacy phacelia was
negatively affected by increased Cr exposure in the cur-
rent study. The highest Cr concentration decreased plant
height, root dry weight, stem dry weight and flower dry
weight by 20%, 38%, 44%, and 67%, respectively com-
pared to control (Table 6). Cr toxicity leads to reduced
plant growth [7]. In Brassica juncea L., plant height
decreased by about 50% because of Cr treatment [64].
The biomass and length of the shoot were also decreased
upon exposure to the high content of Cr(VI) in lemon-
grass [65]. Cr treatments had a negative effect on the
morphological characteristics (shoot length, shoot and
root fresh and dry weights) of Ipomoea carnea Jacq. Root
growth arrest/inhibition caused by Cr toxicity may be
mainly due to inhibition of root cell division and func-
tion [66]. Cr(VI) treatments were toxic to plant growth
and biomass production in Arabidopsis thaliana [67]. In
tomato plants, Cr reduced root dry weight by 16% com-
pared to the control [68]. The root length, and dry root
weight of Zea mays L. plants subjected to Cr (VI) treat-
ment were drastically reduced [69]. Growth and biomass
of Suaeda maritimar L. were significantly affected by Cr
exposure [70].

Conclusion

Lacy Phacelia was grown under five different Cr
doses and accumulation of Cr, Fe and Mn in dif-
ferent plant organs, and morphological attributes
were studied. Lacy Phacelia accumulated Cr in the
roots and translocated it to the above-ground organs
(root > leaf > stem > flower = stamen). Furthermore, plant
TF and BCF were <1 at all Cr doses, indicating that Lacy
phacelia is not suitable for phytoremediation. Although
the highest Cr dose applied (40 mg kg™') did not exceed
the WHO permissible limit for soils (100 mg kg™!), a
significant amount (3.79 mg kg™ !) of Cr translocated to
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the stamens, exceeding the permissible limit (1.30 mg
kg™1/2.30 mg kg™!). As a result, Cr(VI) was translocated
to all organs of Lacy Phacelia, raising the possibility of Cr
contamination of bee products through pollen collected
by bees. Furthermore, Cr exposure caused a decrease
in plant biomass (dry root 38%, dry stem 44% and dry
flower 67%). Considering all these circumstances, it may
not be appropriate to recommend phacelia cultivation for
bee products, fodder, or phytoremediation in Cr-contam-
inated areas. Furthermore, Lacy Phacelia cultivation for
forage purposes in Cr-contaminated areas will be nega-
tively affected.

Abbreviations
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