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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Biodigestate resulted in increased flower 
numbers. 

• Vermicompost enhanced DPPH and 
carotenoid contents in flowers of 
Twenty yellow variety. 

• Application of V alone increased FRAP, 
TFC, and TPC in flowers of the Dragon 
variety. 

• Different marigold varieties had varying 
antioxidant capacities and production of 
bioactive compounds. 

• X-ray fluorescence (XRF) spectroscopy 
revealed patterns of heavy metal accu-
mulation in marigold flowers.  
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A B S T R A C T   

Marigolds (Tagetes erecta L.) were evaluated for phytoremediation potential of cadmium (Cd) and zinc (Zn) as a 
function of amendment application to soil. Vermicompost (V), biodigestate (Bi), and combined V + Bi (VBi) were 
used as soil amendments in Zn and Cd co-contaminated soils. Application of soil amendments can alter physi-
cochemical properties of soils, particularly pH, EC, CEC and nutrient concentrations. The VBi treatment resulted 
in highest percentage growth rate in biomass (52 %) for the Twenty yellow variety of marigold. Also, in the VBi 
treatment, leaves of Dragon yellow variety exhibited maximal accumulation of Zn and Cd. Flower extracts of 
Twenty yellow in the V treatment had substantial carotenoid content (71.7 mg L− 1) and lowest IC50 value (43.7 
mg L− 1), thus indicating it had highest DPPH free radical scavenging activity. Dragon yellow exhibited highest 
values of ferric reducing antioxidant power (FRAP; 2066 mg L− 1), total flavonoids content (TFC; 64.1 mg L− 1), 
and total phenolics content (TPC; 50.9 mg L− 1). Using X-ray fluorescence (XRF) spectroscopy, the atomic 
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percentages of Zn and Cd in all marigold varieties and treatments showed similar patterns over flower surfaces, 
seeds, and flower petals in descending order. Prime yellow in the V treatment resulted in higher Zn accumulation 
in roots (bioconcentration factor of root value) > 1 and translocation factor value < 1, indicating an enhanced 
ability of the plant for phytostabilization. Application of V altered antioxidant activities and production of 
bioactive compounds as well as enhanced the excluder potential of Cd and Zn, particularly in the Prime yellow 
variety. Application of Bi contributed to increased flower numbers, suggesting that floriculturists cultivating 
marigolds for ornamental purposes may be able to generate revenue in terms of productivity and quality of 
flowers when marigolds are grown on contaminated land.   

1. Introduction 

Significant environmental contamination has occurred in many na-
tions as a result of mining of ore minerals and subsequent release of 
heavy metals [HMs, e.g., cadmium (Cd), lead (Pb), zinc (Zn)] into water 
and soil (Hossen et al., 2021). Over long periods such HMs accumulate in 
soil; hence, they have the potential to interfere with natural soil func-
tions and plant growth and potentially risk human health by contami-
nating food supplies. Heavy metals released into the environment, 
particularly in agricultural areas, necessitate the employment of reme-
diation techniques to minimize and immobilize HMs in soil, while also 
reducing associated health risks via consumption of crops and livestock 
(Wuana and Okieimen, 2011). 

Physical, chemical, and biological technologies have been successful 
in removing HMs from contaminated soil, sediment and water; however, 
many have limitations of high cost, excessively long time periods of 
operation, secondary impacts to the local environment, logistical issues, 
and mechanical complexity (Dhaliwal et al., 2020). Phytoremediation is 
a solar-driven, cost-effective in situ method of removing metals using 
certain green plants including forages, weeds, trees and others. This 
technique has been employed successfully for decades (Chowdhury 
et al., 2018). In recent years, ornamental flowering plants have been 
used for phytoremediation of HMs and other pollutants in soil and water 
(Ikeura et al., 2016; Woraharn et al., 2021). They have been extensively 
cultivated for phytoremediation purposes in both urban and rural areas, 
as they contribute to the creation of multi-functional landscapes as well 
as fulfill ecological, social, and environmental functions in contami-
nated terrestrial and aquatic ecosystems (Rocha et al., 2022). Marigolds 
(Tagetes erecta L.) are a good choice for cultivation on contaminated land 
— they have high potential to be excluders or hyperaccumulators of 
HMs (i.e., accumulate substantial HM concentrations in roots or shoots, 
respectively), and at the same time can be marketed for ornamental and 
other purposes (Chintakovid et al., 2008). Due to their intrinsic value, 
marigold flowers can aid local farmers working contaminated lands to 
earn greater income and provide employment for the duration of the 
harvest season (Chauhan et al., 2022; Kaur et al., 2022). 

Agricultural soils contaminated with HMs often benefit from inputs 
of organic amendments (e.g., biochar, animal manures) and phosphate 
minerals (e.g., hydroxyapatite). These amendments lessen the potential 
toxicity of HMs to crops while enhancing plant tolerance and develop-
ment in harsh environments (Wang et al., 2020). Biodigestate has been 
employed as soil amendment, either alone or with other organic 
amendments for crop cultivation. Application of biodigestate improves 
plant growth and soil physicochemical properties; this amendment is 
also associated with increased antioxidant capacity, total phenolics 
content, and ascorbic acid levels in crop plants. It can therefore aid in 
increasing plant resistance to HM stress (Lee et al., 2020). 

Organic amendments are commonly utilized in phytoremediation 
strategies to facilitate and enhance the capacity of suitable plants to take 
up and accumulate HMs. There is a dearth of research on the efficacy of 
vermicompost in phytoremediation of Cd and Zn co-contaminated soils; 
likewise, reports on the use of biodigestate are lacking. High-producing 
species of marigolds were chosen for the current study in order to pro-
mote phytomanagement by emphasizing incomes (i.e., via sales from 
flower size and numbers or other benefits) in addition to removing HMs 

from contaminated soil. The primary hypothesis of the current study is 
that use of soil organic amendments, either separately or in combina-
tion, affect growth, uptake, and accumulation of Cd and Zn in marigold. 
Such investigations have not been reported elsewhere. Three commer-
cial marigold cultivars (Dragon yellow, Twenty yellow, and Prime yel-
low) were assessed as potential excluder metallophytes for 
phytostabilization. Biodigestate (BioVis), vermicompost and bio-
digestate + vermicompost were evaluated as amendments to Cd- and Zn- 
contaminated soils. Antioxidant capacity and production of selected 
bioactive compounds in marigold flowers were measured. Cadmium and 
Zn concentrations in plant parts and soil were determined via induc-
tively coupled plasma spectrophotometry (ICP-MS); additionally, multi- 
elemental imaging via X-ray fluorescence (XRF) spectrometry was 
employed for quantitatively measuring the elemental distribution in 
surfaces of whole flower tissue, and for localization of elements on 
surfaces of marigold petals and seeds. 

2. Materials and methods 

2.1. Physicochemical properties of soil samples 

Soil material for this study was collected from the Mae Tao River 
Basin, an important agricultural region in the Mae Sot District of Tak 
Province. Soil was collected from locations known to be heavily 
contaminated with HMs (Srisawat et al., 2021). Soil samples were 
collected from depths of 0 to 30 cm. In the laboratory, all samples were 
air-dried, sieved to pass a 2-mm mesh sieve, and thoroughly mixed by 
hand in a plastic container. The composite soil was oven-dried at 70 ◦C 
for one week. Four soil treatments were used in this study: contaminated 
soil (3.15 kg) amended with vermicompost (0.35 kg or 10 % w/w) (V); 
contaminated soil (3.5 kg) amended with biodigestate (BioVis; 1 mL/ 
pot/week) (Bi); contaminated soil (3.15 kg) amended with biodigestate 
(0.5 mL/pot/week) + vermicompost (0.35 kg) (VBi); and contaminated 
soil with no amendment (CT; control soil). Vermicompost was obtained 
from a farm in Nakhon Sawan Province, and the biodigestate was pro-
vided by Biosynthai Biotechnology Co., Ltd. 

Soil pH was measured in a 1:5 soil:water (w/v) suspension using an 
Accumet AP115 pH meter and electrical conductivity (EC) using an EC 
meter (Hanna instruments; HI 993310). For each soil, particle size 
analysis was determined by the hydrometer method (Allen et al., 1974). 
Soil organic matter (SOM) content was measured using the Walkley- 
Black titration (Walkley and Black, 1934). Cation exchange capacity 
(CEC) was determined by leaching with 1 M ammonium acetate 
(NH4C2H3O2) at pH 7 (Ross et al., 2008). Total N was measured using 
the Kjeldahl method (Black, 1965); available P was analyzed by the Bray 
II method (Bray and Kurtz, 1945), followed by analysis on an inductively 
coupled plasma optical emission spectrophotometer (ICP-OES, Varian 
720-ES). Available K was determined by ICP-OES after 1 M NH4OAC 
extraction. Soils were extracted with 0.005 M diethylenetriamine pen-
taacetic acid (DTPA) at pH 7.6 for 15 min and analyzed for Ca, Mg, Cd 
and Zn contents using ICP-OES (APHA, AWWA, WEF, 2005). One-half 
gram of soil sample was microwave digested (ETHOS One; Milestone 
Inc.) with concentrated 70 % HNO3 and 30 % H2O2, after which total 
soil Cd and Zn contents were determined using ICP-OES. NIST 1515 
apple leaves and 2711a Montana soil were used for quality control in 

S. Chunwichit et al.                                                                                                                                                                                                                             



Science of the Total Environment 919 (2024) 170791

3

plant and soil analysis (90–110 % recovery, respectively). 

2.2. Greenhouse study 

Seeds of three cultivars of marigold, including Dragon yellow, 
Twenty yellow, and Prime yellow, were purchased from the AGA Agro 
Co. Ltd., Chiang Mai, Thailand. A uniform size of marigold seeds was 
selected and sterilized for 5 min in 10 % sodium hypochlorite (NaOCl), 
then thoroughly rinsed twice in deionized water (DI). Seeds were 
allowed to germinate for one week in peat moss having HM levels below 
detectable levels. When seedlings reached a height of approximately 5.2 
± 0.6 cm they were transplanted into pots in the greenhouse of Mahidol 
University, Nakhonsawan campus. Temperatures in the greenhouse 
ranged from 27 to 32 ◦C, relative humidity from 65 to 85 %, and light 
intensities from 5000 to 16,000 lx, respectively. 

Each soil treatment was placed into 3.5-L plastic pots in five repli-
cates. All pots were incubated at 25 ◦C in complete darkness for 16 days 
in a climatic chamber (F.lli Della Marca s.r.l, Italy) before moving to the 
greenhouse. At the start of the experiments, DI water was applied to 
attain 70 % water holding capacity (WHC) (Alaboudi et al., 2018). A 
randomized complete block design (RCBD) was used to arrange pots on 
the bench before planting marigolds. A single healthy seedling was 
chosen and cultivated until harvest at approximately three months. All 
pots were supplemented every 15 days with 3 g of Osmocote™ 
controlled-release fertilizer (16-16-16) to maintain adequate levels of 
essential nutrients. Marigolds were irrigated twice daily with a 108.9 mL 
of solution containing 0.064 mg Cd L− 1 and 0.047 mg Zn L− 1. Cadmium 
and Zn concentrations in the solution were similar to those determined 
in the Mae Tao stream located near contaminated soils in the Mae Tao 
River Basin. 

2.3. Cadmium and Zn determination 

Following plant harvest, marigolds were thoroughly rinsed multiple 
times with tap water to remove adhering soil and then rinsed two or 
three times with DI water. Plant material was separated into roots, 
stems, leaves and flowers. Tissue was oven-dried for five days at 70 ◦C, 
ground to a fine powder using a mortar and pestle (IKA; A11 basic), 
sieved through a 1-mm mesh sieve, and weighed. One-half gram of each 
dried plant component was placed in a vessel tube with conc. 37 % 
hydrochloric acid (HCl) and conc. 70 % nitric acid (HNO3) for micro-
wave digestion (ETHOS One; Milestone Inc.). The digested solution was 
analyzed for Cd and Zn using ICP-MS (NexlON 2000; Perkin Elmer, USA) 
(APHA, AWWA, WEF, 2005). A soil sample was collected from each pot 
in order to determine levels of Cd and Zn. Soil material was oven-dried at 
80 ◦C for 7 days, ground with a mortar and pestle and then sieved 
through a 1-mm mesh sieve. One-half gram of dried soil was digested 
with conc. 70 % HNO3 and 30 % hydrogen peroxide (H2O2) using mi-
crowave digestion. Cadmium and Zn concentrations were determined by 
ICP-MS. To ensure accuracy of data, NIST 1515 apple leaves, 2711a 
Montana soil, and reagent blanks were used to calculate percentage 
recovery for plant and soil samples. Percentage recovery of Cd and Zn 
ranged from 91.5 ± 4.5 % to 106.4 ± 21.2 % and 94.3 ± 6.7 % to 108.5 
± 11.3 %, respectively. 

2.4. Elemental mapping and localization in marigold flower tissues 

X-ray fluorescence (XRF) was employed for microchemical mapping 
and element distribution on the entire surface of flowers (3–8 cm 
diameter), while X-ray spectra of flower petal surfaces, and seeds on five 
targeted points (or 5 replicates) were also determined. Plant tissue was 
oven-dried for one week at 40 ◦C before being placed on a type-affixed 
acrylic and analyzed using the X-ray fluorescence analytical microscope 
(XRF; HORIBA Scientific, Indonesia). Distribution and localization of K, 
Ca, P, Fe, Zn, and Cd were analyzed in marigold flowers, and surfaces of 
flower petals and seeds. The X-ray tube was operated at 50 kV, 3932 s 

and 1000 μA and 30–50 kV, 100 s and 1000 μA for the plant flower 
surface, and each specified surface of plant flowers (petal and seed), 
respectively (Taeprayoon et al., 2023). 

2.5. Analysis of bioactive compounds and antioxidant activity in marigold 
flowers 

2.5.1. Bioactive compounds 
Total phenolics content (TPC) in marigold flowers was determined 

by the Folin-Ciocalteu colorimetric method (Tinrat, 2016) with some 
modification, using gallic acid as a standard. Five grams of dried mari-
gold flowers were immersed in 95 % ethanol for 7 d before being 
concentrated in a rotary evaporator. For marigold flower extract, 0.01 g 
of crude extract was dissolved in 1 mL of distilled water. A 96-well 
microplate (ThermoFisher Scientific, Life Technologies Holdings Pte 
Ltd., Singapore) was filled with the mixture, which also included 50 μL 
of fresh Folin-Ciocalteu reagent and 50 μL of marigold flower extract. A 
total of 100 μL of 0.175 M sodium hydroxide (NaOH) was added to the 
mixture and left in the dark for 3 min. Absorbance at 754 nm was 
measured using a microplate reader. TPC content in each extract was 
expressed as mg gallic acid equivalents in 1 g of dried sample, using the 
linear equation based on the standard calibration curve of gallic acid 
(0.05–0.5 mg mL− 1). Each determination was carried out in five 
replicates. 

Total flavonoids content (TFC) in marigold flowers was analyzed by 
the aluminum chloride (AlCl3) colorimetric method (Tinrat, 2016) with 
some modification, using rutin as a standard. The mixture contained 50 
μL of flower extract which was mixed with 350 μL of DI water. Thirty 
microliters of 7.5 % w/v sodium nitrite (NaNO2) were added to the 
mixture, which was placed in the dark for 5 min. After thoroughly 
mixing in 300 μL of 1 % w/v AlCl3 and keeping the mixture in the dark 
for 6 min, 200 μL of 4 % w/v NaOH was added. The solution was 
thoroughly mixed with DI water and brought to 1000 μL, then kept in 
the dark for approximately 15 min. Absorbance at 510 nm was measured 
using the microplate reader. The presence of flavonoids was indicated by 
a yellow color. The TPC value in each extract was expressed as mg rutin 
equivalents in 1 g of dried sample, using a linear equation based on a 
calibration curve of rutin (0.05–0.5 mg mL− 1). Each determination was 
carried out in five replicates. 

Extraction of carotenoids was carried out following Lichtenthaler 
(1987) with some modification. The dried marigold flower (0.2 g) was 
extracted with 10 mL of 80 % acetone, then the solution filtered with 
Whatman No. 42 filter paper. Three milliliters of 80 % acetone were 
added and the solution was centrifuged at 7825 ×g for 5 min. Three 
milliliters of the supernatant were transferred to a cuvette and absor-
bance measured at 663 nm (chlorophyll a), 646 nm (chlorophyll b) and 
470 nm (carotenoids) using a UV–visible spectrophotometer. Pigment 
concentrations were calculated as follows: 

Chlorophyll a
(
mg mL− 1) = (12.5×A663) − (2.79×A646)

Chlorophyll b
(
mg mL− 1) = (21.51×A646) − (5.1×A663)

Chlorophyll T
(
mg mL− 1) = Chlorophyll a+Chlorophyll b  

Carotenoids
(
mg mL− 1) = (1000×A470) − (1.8×Chlorophyll a)

− (85.02×Chlorophyll b)

2.5.2. Antioxidant activity 
The FRAP (ferric reducing antioxidant power) assay was performed 

as described by Benzie and Strain (1996) with some modification. The 
FRAP reagent was initially prepared with 300 mM acetate buffer (pH 
3.6), 10 mM 2,4, 6-tripyridyl-s-triazine (TPTZ) solution in 40 mM HCl, 
and 20 mM FeCl3.6H2O solution in a ratio of 10:1:1 (v/v/v). An aliquot 
of 50 μL marigold flower extract was mixed with 150 μL of the FRAP 
reagent in a 96-well microplate. Absorbance was measured at 596 nm 
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using the microplate reader after incubation in the dark for 30 min. 
Results were expressed as ascorbic acid equivalents in milligram per 
gram dry weight (mg AAE g− 1 DW) based on a calibration curve of 
ascorbic acid (0.1–10 mg mL− 1). Each determination was carried out in 
five replicates. 

For the quantitative measurement of radical scavenging properties, 
the 96-well microplate assay was used. Free radical scavenging ability of 
flower extracts was tested by the DPPH radical scavenging assay as 
described by Fenglin et al. (2004). A stock solution (1 mg mL− 1) of each 
extract was prepared via dilution with ethanol at different concentra-
tions. After preparing a fresh working solution of DPPH in ethanol, an 
aliquot of 100 μL was added to each well following incubation for 30 
min in the dark. The microplate reader was used to measure quenching 
at an absorbance of 517 nm. Each determination was carried out in five 
replicates. Furthermore, IC50 values were used to express the free 
radical-scavenging activities of test samples and the positive control 
(ascorbic acid). DPPH scavenging activity was calculated using the 
following formula.   

2.6. Data analysis 

Plant growth performance attributes including dry biomass of each 
plant part, percentage growth rate in height, root collar diameter (RCD) 
and dry biomass, as well as flower diameter and flower numbers, were 
measured (Köksal et al., 2017; Thongchai et al., 2021).   

The metal translocation factor (TF) index describes how HMs are 
transferred from soil via the root system and into above-ground parts. 
This factor can indicate the potential for phytoremediation of the tested 
plants, as a TF value > 1 indicates that plants may be hyper-
accumulators. The bioconcentration factor (BCF) shows the potential of 
HM accumulation in the specific plant part. 

TF =
HM concentration in shoot (mg/kg)
HM concentration in root (mg/kg)

BCF =
HM concentration in shoot or root (mg/kg)

Extractable HM concentration in soil (mg/kg)

Statistical comparison between sample groups was performed using 
one-way ANOVA followed by Least Significant Difference (p < 0.05). All 
data was expressed as mean ± SD. 

3. Results and discussion 

3.1. Physicochemical properties of soils 

Textures of the V and Bi soils were sandy clay loam and clay loam, 
respectively, whereas VBi and CT soils were loam (Table 1). Loam is a 

typical soil texture at the sampling location and is often ideal for pro-
ductive crop growth (Saengwilai et al., 2020). Soil pH was slightly 
alkaline (pH 7.3–7.6) in both amended and control soils. Certain plant 
types grow satisfactorily in neutral to alkaline soil (pH 7.0–7.3), as 
determined for the V and Bi treatments; in many plants, however, 
growth is hindered in alkaline soil (Gentili et al., 2018). Soil with neutral 
to alkaline pH (e.g., VBi) will not allow substantial leaching of Cd and Zn 
and tend to decrease HM bioavailability (Lu et al., 2020). Soil EC values 
ranged from 0.4 to 0.7 dS m− 1. The highest EC value (V treatment) is 
attributed to enhanced solubility and mobility of minerals as well as 
decomposition of OM and mineralization of compounds (Amouei et al., 
2017). Electrical conductivity in the soils were low, and thus ideal for 
plant growth. Once the amendment and soil were mixed, salinity was 
further diluted. 

Organic matter (OM) content is crucial for supporting plant growth 
and soil health by enhancing soil physicochemical and biolological 
functions. The V and Bi treatments had high OM content, suggesting that 
vermicompost or biodigestate supplements may improve physico-
chemical properties of the affected soil. Vermicomposting uses African 

night crawler (Eudrilus eugeniae (Kinberg)) to decompose organic wastes 
like Chinese cabbage, kale, lettuce, and dairy cattle manure. The bio-
digestate was produced by anaerobic digestion of organic waste (i.e., 
food scraps) and was rich in nutrients. The application of soil amend-
ments increased CEC values modestly in V and Bi soils (9.9 and 10.5 
cmol kg− 1, respectively); CEC levels in VBi and CT soils were lower (8.5 
and 8.7 cmol kg− 1, respectively). The substantial CEC, a result of 
amendment additions, can greatly enhance binding to metallic cations 
including nutrients (Olorunfemi et al., 2016; Yu et al., 2023). Increased 

CEC in the V and Bi soils is likely linked to elevated OM content. A high 
CEC can imply that the soil has a high nutrient content—particularly 
total N and avail. P, as well as a good soil structure and increased mi-
crobial activity, all of which contribute to robust soil ecology. A good 
capacity to retain nutrients is determined in CEC > 10 cmol kg− 1 (for 
example, as demonstrated in Bi treatment), which is suitable for plant 
growth (Chowdhury et al., 2021). Furthermore, CEC is can be employed 
for predicting soil productivity and for recommending actions that can 
reduce the need for costly soil amendments and interventions (Ćirić 
et al., 2023). Additions of organic amendments improve soil water 
holding capacity (WHC) (Herawati et al., 2020); this was revealed by a 
slight increase in WHC in soil amended with the vermicompost and 
biodigestate (Table 1). The capacity of amendments to increase organic 
content and WHC ultimately aids in the immobilization of HMs in the 
soil (Hegade et al., 2023). The recommended soil WHC content for 
optimal agricultural production is approximately 50 %; this level is 
appropriate for optimizing both C and N mineralization (Franzluebbers, 
2020). The amended soils in this study did not raise soil WHC content to 
desired levels, however — values ranged from 34.5 to 37 %. 

The vermicompost treatment increased levels of total N, available P 
and ext. Mg by 1.3×, 2.9× and 1.6×, while biodigestate likewise 
increased total N, avail. P and ext. Mg levels. The ext. Ca concentration 
in the contaminated soil increased only marginally, however, using 

DPPH radical scavenging activity (%) =
(absorbance of control − absorbance of sample)

absorbance of control
× 100   

Percentage growth rate (%) =
Selected growth data after harvest − Selected growth data before harvest

Total days
× 100   
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combined vermicompost and biodigestate. The VBi treatment had the 
lowest P content (48 mg kg− 1); however, a concentration of available P 
in loam soil >26.3 mg kg− 1 is considered sufficient for crop growth 
(Haque et al., 2013). The biodigestate treatment furthermore resulted in 
reduced total Zn and Cd concentrations by approximately 1.6 and 1.7×, 
respectively. In this study, vermicompost and biodigestate were 
considered suitable soil amendments which promote growth and 
development of agricultural crops. Concentrations of extractable Zn and 
Cd, however, were reduced only slightly with amendment application. 
Zinc concentrations in all soil treatments were within the threshold and 
guideline limits for metals in soils (200 mg kg− 1), whereas Cd concen-
trations were in excess of levels specified by MEF (2007). 

3.2. Growth performance of marigolds 

Percentage growth rates in dry biomass of the marigold varieties 
were in the order: Twenty yellow > Prime yellow > Dragon yellow 
(Table 2). Trends in the dry biomass of stems and flowers are likewise 
supported by this data. When compared to data for soil treatments 
among other marigold varieties, Twenty yellow had highest dry biomass 
of stems and highest growth rate in dry biomass values, particularly in 
the VBi treatment (p < 0.05), indicating that dry biomass values of 
marigold shoots were more significant in reflecting growth rate in dry 
biomass. However, only the combined vermicompost and biodigestate 
treatment for the Twenty yellow variety demonstrated appreciable 
growth performance. Although soil in the VBi treatment exhibited lower 
values of desirable growth parameters, it had the highest concentrations 
of ext. Ca and high concentrations of avail. P. The lowest EC and Cd 
values reveal the benefits of the combined vermicompost and bio-
digestate as a diluent, which may improve plant adaptation in 

contaminated soil, ultimately increasing plant growth. 
In contrast to other marigold varieties, leaves of the Twenty yellow 

variety showed significantly high dry biomass (p < 0.05), particularly in 
the Bi treatment, and values for leaves of Prime yellow and Dragon 
yellow were lower (7–11.7 g). Although growth performance of Twenty 
yellow was notable, dry biomass of roots and growth rate in root collar 
diameter (RCD) were somewhat low following application of amend-
ments to soil. Marigold height may not be an accurate reflection of 
growth performance. In comparison to other marigold varieties, Prime 
yellow from all soil treatments had a slightly higher growth rate in 
height. The Bi treatment experienced highest growth rate in height (p <
0.05). Twenty yellow and Dragon yellow had comparable heights 
(46.7–55.2 %). The greater marigold height may have been a result of 
marigold variety and fertilizer or soil amendment application. 

In recent years, biodigestate products have been utilized to increase 
crop productivity and soil fertility (Lee et al., 2020); however, few ac-
counts of its usage in Thailand are documented, despite the fact that this 
nation has an extensive agricultural base and ample resources to pro-
duce biogas along with the nutrient-rich digestate as a by-product. The 
current study is the first in Thailand to apply biodigestate for a phy-
toremediation approach. According to the data provided herein, 
amending contaminated soil with biodigestate is beneficial. Growth rate 
in dry biomass for all varieties was enhanced by 1.1–1.3 times when 
compared to control treatments; these results are indicative of its po-
tential to support plant growth performance. The vermicompost treat-
ment, on the other hand, resulted in lower plant growth performance 
with the exception of Twenty yellow, whose growth rate in dry biomass 
value was marginally greater than in the Bi treatment (50.9 %). BioVis, a 
newly developed product, improves soil physicochemical properties and 
stimulates root germination and production of plant hormones (Enzmart 
Biotech, 2024). According to the current study, robust root extension 
may effectively absorb greater quantities of nutrients and lead to 
enhanced growth performance. 

Marigold varieties did not differ markedly in flower diameter 
(5.3–7.3 cm); however, Dragon yellow had slightly greater flower 
diameter across all treatments (5.8–7.3 cm), with the greatest value in 
the Bi and VBi treatments (p < 0.05). Flower diameters of all marigold 
varieties were comparable to that for the control treatment (p > 0.05); it 
is thus likely that the amendments used in this study did not encourage 
increased flower diameter. The variations in flower diameter among 
marigold species may be caused by plant genotype, which in this study 
were the main effects (Tork et al., 2022), rather than soil amendments or 
HM concentration. Flower size decreased significantly, however, in the 
V treatment for Prime yellow and Dragon yellow (p < 0.05). This implies 
that this vermicompost treatment was ineffective in increasing flower 
size while also failing to mitigate the impacts of the HMs. Heavy metals 
diminish photosynthetic activity by inducing oxidative stress; these re-
sults are in accordance with the results of Aravindhan et al. (2019). 

Dragon yellow in the Bi treatment produced the greatest number of 
marigold flowers (22.2; p < 0.05) compared to other marigold varieties; 
however, the similar flower number in the control treatment (p > 0.05) 
implies that soil amendment had no effect on increasing number of 
flowers. The Twenty yellow variety in all soil amendments had increased 
number of flowers. The Bi treatment (p < 0.05) had highest flower 
numbers; however, the result was only marginally different from other 
amended treatments (p > 0.05). The tested plants produced significantly 
more flower numbers than did marigolds from previous reports 
(American, French, Babuda, Honey, and Sunshine), and the flower size 
of Dragon yellow was comparable to that previously reported for the 
Sunshine variety under the same greenhouse conditions (Thongchai 
et al., 2019). This study indicates that soil P concentration and presence 
of plant hormones (e.g., salicylic acid; unpublished data) in the bio-
digestate are the primary factors influencing flower growth and 
numbers. Clay loam texture typically exhibits better aggregation and 
experiences lower soil drainage and porosity compared to loam and 
sandy loam (Paul and Lee, 1976). Furthermore, good water management 

Table 1 
Physicochemical properties of soils (n = 5).  

Parameter Unit Soil 

V Bi VBi CT 

Texture  Sandy clay 
loam 

Clay loam Loam Loam 

Sand % 47.0 44.0 45.0 45.0 
Silt % 27.6 28.6 28.8 29.6 
Clay % 25.4 27.4 26.2 25.4 
pH  7.3 7.3 7.6 7.5 
EC dS m− 1 0.7 0.5 0.3 0.4 
OM % 3.0 3.0 2.4 2.4 
CEC cmol 

kg− 1 
9.9 10.5 8.5 8.7 

WHC % 37.0 38.3 34.5 35.4 
Total N % 0.15 0.15 0.12 0.12 
Avail. P mg 

kg− 1 
209.0 132.0 48.0 73.0 

Avail. K mg 
kg− 1 

185.0 142.0 106.0 168.0 

Ext. Ca mg 
kg− 1 

4166.0 4127.0 4269.0 4053.0 

Ext. Mg mg 
kg− 1 

375.0 326.0 231.0 231.0 

Total Cd mg 
kg− 1 

22.0 ± 2.1 14.4 ±
1.4 

21.9 ± 1.4 25.0 ± 3.2 

Total Zn mg 
kg− 1 

1003.6 ±
63.6 

676.3 ±
66.4 

1018.5 ±
79.7 

1109.0 ±
107.4 

Ext. Cd mg 
kg− 1 

19.5 ± 1.7 13.4 ±
1.4 

15.6 ± 0.5 15.6 ± 0.4 

Ext. Zn mg 
kg− 1 

938.9 ±
50.2 

656.9 ±
46.1 

773.0 ±
18.6 

810.5 ±
33.9 

V = soil + vermicompost, Bi = soil + biodigestate, VBi = soil + vermicompost +
biodigestate, CT = contaminated soil without amendment (control soil), EC =
electrical conductivity, OM = organic matter, CEC = cation exchange capacity, 
WHC = water holding capacity, N = nitrogen, Avail. P = available phosphorus, 
Avail. K = available potassium, Ext. Ca = extractable calcium, Ext. Mg =
extractable magnesium, Cd = cadmium, Zn = zinc. 
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in pot systems, including avoiding excessive moisture, is a key element 
that for enhancing marigold growth and production (Younis et al., 
2018). 

Determination of flower diameter and number of flowers is one of the 
main goals of the current study. Flower production in contaminated soil 

may serve as a source of income for local villagers; such crops could 
replace current edible crops that are documented to be contaminated 
with HMs. Despite the fact that Zn mining ceased as of 2016, numerous 
villagers in the Mae Tao River Basin have been afflicted with Cd-related 
diseases as a result of long-term consumption of local crops (Taeprayoon 

Table 3 
Zinc and Cd accumulation (mg kg− 1) in plant parts (n = 5).  

Treatment Flower Stem Root Leaf Whole plant 

Zn Cd Zn Cd Zn Cd Zn Cd Zn Cd 

PV 25.1 ± 1.4aG 2.7 ±
0.2aA 

23.4 ±
3.4cDE 

14.4 ±
2.3aCD 

121.3 ±
11.3aA 

65.7 ±
9.4aA 

142.5 ±
36bCD 

13.2 ± 3.3aCD 43.8 ± 3.3cD 22.2 ±
11.2aA 

PBi 24.7 ±
1.2bcG 

1.9 ±
0.2cCD 

28.4 ±
2.9bC 

16.8 ±
3.6aABCD 

89.9 ±
4.8bcCD 

37.0 ±
2.9bcC 

126.0 ±
16bcDE 

9.1 ± 3.3bD 60.3 ±
5.3aABC 

16.5 ±
1.9abBC 

PVBi 26.5 ±
1.1cFG 

2.2 ±
0.4bcBC 

44.0 ±
2.3aB 

15.8 ±
2.1aBCD 

83.0 ±
5.7cDEF 

31.5 ±
2.2cD 

104.9 ± 26cE 7.5 ± 0.9bD 53.5 ±
5.3abCD 

13.1 ±
3.7bBCD 

PCT 27.7 ± 1.8bF 2.5 ±
0.3abAB 

22.4 ±
1.7cE 

13.7 ±
1.2aCDE 

96.1 ±
9.2bC 

40.4 ±
2.8bBC 

179.9 ±
15.4aAB 

9.9 ± 0.7bD 51.0 ±
11.1bcCD 

13.7 ±
3.7bBCD 

TV 35.5 ±
1.4aAB 

2.7 ±
0.3aA 

22.7 ±
1.4bE 

19.5 ± 1.3aA 89.5 ±
3.4aCDE 

44.9 ±
0.5aB 

165.1 ±
52.8aBC 

21.0 ± 5.8aCD 53.2 ±
5.1aCD 

17.8 ±
4.4aAB 

TBi 33.2 ±
1.1aBC 

1.9 ±
0.1bCD 

21.9 ±
1.8bE 

13.4 ±
2.3bDE 

68.9 ±
3.1cG 

25.6 ±
0.4cE 

104.4 ±
21.2bE 

13.1 ±
9.9abCD 

49.7 ±
3.1aCD 

11.4 ±
1.1bCD 

TVBi 34.1 ±
3.7aAB 

2.0 ±
0.4bCD 

49.7 ±
3.4aA 

18.9 ±
3.9aAB 

70.0 ±
6.5cG 

24.4 ±
0.2cE 

119.6 ±
31.6abDE 

11.7 ±
1.2bCD 

45.3 ± 3.2aD 11.3 ±
0.9bCD 

TCT 36.6 ± 3.2aA 2.7 ±
0.1aA 

20 ± 2bE 14.1 ±
1.7bCDE 

79.8 ±
11.5bEF 

30.4 ±
5.6bD 

146.4 ±
36.7abBCD 

13.8 ±
3.7abBCD 

55.2 ±
14aBCD 

14.1 ±
1.9bBCD 

DV 30.6 ±
2.5abDE 

2.6 ±
0.5aA 

27.1 ±
6.1aCD 

17.2 ±
4.3aABC 

106.6 ±
6.5aB 

43.2 ±
2.6aB 

171.7 ±
19.3bBC 

18.9 ±
3.6abABC 

55.5 ±
9.3abBCD 

16.1 ±
3.8abBCD 

DBi 33.0 ±
2.0aBCD 

2.0 ±
0.2cCD 

19.9 ±
0.8bE 

17.1 ±
3aABC 

73.7 ±
10.3bFG 

23.8 ±
3.7cE 

110.6 ±
23.7cDE 

17.7 ±
11.8abABC 

71.8 ±
27.9aA 

12.9 ±
2.7bcBCD 

DVBi 30.8 ±
1.5abCDE 

2.0 ±
0.2bCD 

28.7 ±
4.8aC 

17.1 ±
3aABC 

97.3 ±
7.5aBC 

31.1 ±
1.5bD 

208.7 ±
32.3aA 

24.1 ± 10.8aA 68.4 ±
15.8abAB 

18.0 ±
2.2aAB 

DCT 30.4 ± 1.6bE 1.7 ±
0.1cD 

22.4 ±
5.4abE 

10.9 ± 2.6bE 74.4 ±
6.5bFG 

22.3 ±
0.3cE 

92.1 ± 3.5cE 9.3 ± 1.6bD 48.3 ±
9.2bCD 

10.7 ± 3.3cD 

P = Prime yellow, T = Twenty yellow, D = Dragon yellow, V = soil + vermicompost, Bi = soil + biodigestate, VBi = soil + vermicompost + biodigestate, CT =
contaminated soil without amendment (control). 
Values followed by the same letter are not significantly different (p > 0.05). Small letters represent differences among PTE accumulation in each plant part in all 
treatments within the same species, whereas capital letters represent differences among PTE accumulation in each plant part in all plant species and all treatments. 

Table 2 
Growth performance of the tested marigold varieties (n = 5).  

Treatment Dry biomass Percentage growth rate (%) Flower diameter 
(cm) 

Flower 
number 

Stem (g) Leave (g) Root (g) Flower (g) Height Root collar 
diameter 

Dry biomass 

PV 10.9 ± 2.7aEF 7.0 ± 1.6aD 5.3 ±
0.9bcBCD 

8.2 ± 1.4bC 68 ± 4.9bB 0.7 ± 0.1aAB 34.9 ± 2bcEF 5.3 ± 0.4bE 18.0 ± 3.2bC 

PBi 12.8 ±
2.6aCDE 

7.5 ± 1.8aD 9.3 ± 1.5aA 11.8 ±
1.3aAB 

74.2 ± 4.2aA 0.7 ± 0.1aE 45.9 ±
3.7aBC 

5.5 ± 0.2abCDE 22.2 ± 2.5aA 

PVBi 10.8 ± 0.9aEF 7.5 ± 2.1aD 4.0 ± 0.8cDE 6.4 ± 0.5cD 65.7 ± 5.7bB 0.7 ± 0.1aAB 31.8 ±
1.2cFG 

5.7 ± 0.3aCD 18.0 ± 1.4bC 

PCT 11.7 ± 1aDE 7.7 ± 1.5aD 6.8 ± 1.7bBC 8.5 ± 0.6bC 70.1 ±
1.9abAB 

0.7 ± 0aABC 38.4 ±
3.2bDE 

5.5 ± 0.3abCDE 21.4 ±
1.5aAB 

TV 16.4 ± 5.1abB 12.1 ±
1.9aAB 

4.6 ± 1.5aDE 12.8 ±
1.4aA 

46.7 ± 6bE 0.4 ± 0.1bE 50.9 ±
8.8abAB 

6.5 ± 0.4aB 18.8 ± 2.0aC 

TBi 15.2 ±
3.3bBC 

14.3 ± 2.8aA 3.9 ± 1.4aDE 11.1 ±
0.7bB 

55.2 ± 2.2aC 0.5 ± 0aE 49.3 ±
5.4abAB 

5.9 ± 0.5bC 19.4 ±
1.1aBC 

TVBi 21.2 ± 2.8aA 11.7 ± 1.5aB 3.1 ± 1.7aE 10.8 ±
0.5bB 

53.4 ±
5.7aCD 

0.5 ± 0.1aF 52.0 ± 3.6aA 5.4 ± 0.3bDE 18.6 ± 0.9aC 

TCT 14.3 ±
2.7bBCD 

12 ± 2.5aAB 4.1 ± 1.2aDE 8.7 ± 0.8cC 55.2 ± 3.2aC 0.6 ± 0.1aCDE 43.3 ±
4.9bCD 

5.8 ± 0.3bCD 12.2 ±
1.1bD 

DV 10.7 ± 1.1aEF 11.7 ± 3aAB 5.7 ± 2aBCD 6.2 ± 0.4aD 47 ± 1.7cE 0.6 ± 0aCDE 38.1 ±
4.5aDE 

5.8 ± 0.3bCD 18.0 ± 1.2aC 

DBi 10.7 ± 1.6aEF 10.5 ±
1.4abBC 

7.0 ± 1.7aB 6.6 ± 0.3aD 54.7 ± 4aCD 0.6 ± 0.1aDE 38.6 ±
2.7aDE 

7.3 ± 0.5aA 9.2 ± 0.4cE 

DVBi 6.7 ± 1bG 8.2 ± 1.8bCD 5.1 ± 1.4aCD 6.7 ± 0.8aD 49.7 ±
2.6bcDE 

0.6 ± 0.1aBCD 29.6 ± 4.5bF 7.3 ± 0.2aA 11.2 ±
1.3bDE 

DCT 8.2 ± 1.8bFG 8.9 ± 1.7bCD 2.8 ± 1.1bE 6.3 ± 0.5aD 50.9 ±
2.4bCDE 

0.6 ± 0.1aDE 29.0 ± 2.5bG 7.2 ± 0.2aA 10.8 ±
0.8bDE 

P = Prime yellow, T = Twenty yellow, D = Dragon yellow, V = soil + vermicompost, Bi = soil + biodigestate, VBi = soil + vermicompost + biodigestate, CT =
contaminated soil without amendment (control soil) Values followed by the same letter are not significantly different (p > 0.05). Small letters represent differences 
among growth performance of all treatments within the same species, whereas capital letters represent differences among growth performance of all plant species and 
all treatments. 
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et al., 2023). Cultivation of edible crops, particularly rice, must cease on 
such HM-contaminated land. 

3.3. Cd and Zn accumulation in marigolds and their phytoremediation 
potential 

Marigold organs of the Twenty yellow and Prime yellow varieties 
accumulated Zn in the following order: leaves > roots > flowers >
stems, whereas Cd was accumulated as follows: roots > stems > leaves >
flowers (Table 3). Dragon yellow, however, displayed a different ten-
dency only in leaves, which had a somewhat higher Cd accumulation 
than stems. The combined vermicompost and biogestate significantly 
enhanced Zn and Cd accumulation in leaves (208.7 mg kg− 1 and 24.1 
mg kg− 1, respectively) (p < 0.05). Furthermore, Dragon yellow, Twenty 
yellow, and Prime yellow all experienced substantial Zn and Cd accu-
mulation from the vermicompost treatment (142.5–171.7 mg kg− 1 and 
13.2–21.0 mg kg− 1, respectively). Moustakas et al. (2011) found that Zn 
concentration in marigold leaves increased to 373 mg kg− 1 in plants 
cultivated in soil contaminated with 15 mg kg− 1 Zn, and 205 mg kg− 1 in 
petals in soil contaminated with 15 mg kg− 1 Cd and 5 mg kg− 1 Zn. While 
cultivated in soil containing 15 mg kg− 1 Zn, leaves accumulated up to 
373 mg kg− 1 Zn. In the current study, however, Zn accumulation in 
leaves and flowers was less pronounced. Cadmium accumulation in 
marigold leaves and flowers in all varieties from all treatments had 
lower concentrations, i.e., <1.2–4.9 times and 2.7–4.9 times, respec-
tively, Cd accumulation where marigolds were grown in soil contami-
nated with comparable DTPA-Cd concentrations (32.6–68.4 mg kg− 1) 
(Lal et al., 2008). Marigold leaves and flowers are used extensively in 
many Asian and European countries, particularly India, Thailand, 
Denmark, and Germany, as important foods for humans and livestock, 
cosmetics, medicinal herbs, and ornamental plants. Many reports have 
addressed their potential for hyperaccumulating HMs and other pol-
lutants (Biswal et al., 2021; Chauhan et al., 2022). Given that HMs are 
beneficial for pharmaceutical and food supplements for livestock and 
other biota including humans, it is imperative to investigate HMs in 
above-ground parts of marigolds in order to determine whether there is 
an associated health risk that exceeds the CODEX standard level of 0.4 
mg kg− 1 for edible crops (Chunhabundit, 2016). 

According to Morera et al. (2002), soil organic amendments are used 
for treatment of contaminated soils to stabilize or limit mobility of HMs 
in the rhizosphere; consequently, they can aid in the accumulation of 
HMs in roots, which ultimately leads to a successful phytostabilization 
strategy for excluders. In comparison to other marigold varieties in all 
amendment treatments, Prime yellow with vermicompost application 
enhanced Zn and Cd accumulation, with highest quantities in roots 
(121.3 mg kg− 1 and 65.7 mg kg− 1, respectively; p < 0.05). Several 

researchers have evaluated the potential of P-solubilizing bacteria for 
solubilizing organic forms of P by producing organic acids and reducing 
soil pH, thus enhancing P availability to plants (Alikhani et al., 2017; 
Sharma et al., 2013). Lowest soil pH was measured in the V treatment, 
which supports previous findings. However, a pH value of 7 in the V soil 
did not increase mobility of Cd or Zn. Precipitation of labile Cd and Zn, 
which lowers phytoavailability, occurs primarily in alkaline soil and at 
high P concentration (Bolan et al., 2003). Furthermore, P can form 
complexes with metals that have >6 linkages, which results in formation 
of metal phosphates (Bolan et al., 2003; Sneddon et al., 2006). 

The most significant environmental factors that control Cd ion 
mobility are pH and oxidation-reduction potential. Cadmium is most 
mobile in soils at pH values at or below 5.0; in neutral and alkaline soil 
Cd is rather immobile. At pH values <8.0, it exists as the Cd2+ ion. In 
addition, it may form complex ions such as CdCl+, CdHCO3

+, CdCl42− , Cd 
(OH)3

− , and Cd(OH)4
2− and organic chelates. Monovalent hydroxy ion 

species (e.g., CdOH+) may occur that do not readily occupy cation ex-
change sites. In the alkaline pH range, Cd2+ precipitates as Cd(OH)2 and 
the less soluble CdCO3. In strongly oxidizing environments Cd is likely to 
form minerals such as CdO and CdCO3. Cadmium experiences weak 
adsorption to OM, silicate clays, and oxides unless pH is >6.0. At high 
concentrations, Cd complexes with humic substances or other organic 
molecules. Soil microbial activity is believed to influence the trans-
formations of Cd in soils (Pichtel, 2019). Clay minerals, hydrous oxides, 
and pH are among the most important factors controlling Zn solubility in 
soil. Of lesser importance are precipitation as hydroxide, carbonate, and 
sulfide compounds, and complexation by OM. Zinc can enter some layer 
silicate clays (e.g., montmorillonite) and become immobilized. Soil OM 
is known to be capable of bonding Zn in stable forms (Kabata-Pendias, 
2010). Because Zn is adsorbed by mineral and organic groups, its 
accumulation in surface horizons is fairly common (Pichtel, 2019). 

Vermicompost is a domestic product that is widely used as a soil 
amendment in agricultural fields in Thailand. It is produced from 
various types of organic waste by composting with earthworms. Ver-
micomposting technology is cost-effective and eco-friendly, and pro-
vides OM and macronutrients to soil. Vermicomposting has the 
additional potential for amending HM-contaminated soil for phytor-
emediation (Iwai and Kruapukee, 2017; Jadia and Fulekar, 2008). By 
virtue of its high OM and nutrient content, vermicompost application 
enhances soil quality, organic carbon content, overall soil fertility, plant 
development, and soil microbial activity (Shen et al., 2022). 

The bioconcentration factor for root (BCFR) for Zn was >1 and TF 
values for Zn were <1 for all marigold varieties (Table 4), suggesting 
that they are all excluders for Zn. The highest BCFR value for Zn was in 
the VBi treatment for Dragon yellow (9.6; p < 0.05). Bioconcentration 
factor for root values for Cd were generally <1, with the exception of 

Table 4 
Bioconcentration factor (BCF) and translocation factor (TF) for Cd and Zn (n = 5).  

Treatment BCF for Cd BCF for Zn TFCd TFZn 

Shoot Root Shoot Root 

PV 1.3 ± 0.3aA 0.6 ± 0.2aCD 2.6 ± 0.3bBCD 6.5 ± 1.7bcCDE 2.1 ± 0.3aA 0.4 ± 0.1bBCD 
PBi 1.3 ± 0.1aA 0.6 ± 0.3aBCD 3.3 ± 0.4aA 8.8 ± 1aAB 2.3 ± 0.8aA 0.4 ± 0.0bCD 
PVBi 0.8 ± 0.1bCD 0.3 ± 0.0bD 2.3 ± 0.1bD 4.8 ± 1.3cEF 2.2 ± 0.3aA 0.5 ± 0.1aA 
PCT 0.8 ± 0.1bCD 0.4 ± 0.0bD 2.0 ± 0.2cEF 7.3 ± 1.5abBCD 1.9 ± 0.2aAB 0.3 ± 0.0cE 
TV 1.0 ± 0.1aB 1.0 ± 0.2aABC 2.3 ± 0.3bDE 7.5 ± 2.1aBC 1.1 ± 0.3aC 0.3 ± 0.1aDE 
TBi 1.0 ± 0.1aBC 0.9 ± 0.7aABC 2.9 ± 0.4aBC 7.2 ± 1.3aBCD 1.3 ± 0.5aBC 0.4 ± 0.1aBCD 
TVBi 0.7 ± 0.1bD 0.5 ± 0.1aCD 2.4 ± 0.3bD 5.5 ± 1.6aDEF 1.3 ± 0.2aC 0.5 ± 0.1aABC 
TCT 0.6 ± 0.1bD 0.5 ± 0.1aCD 1.8 ± 0.3cF 6.1 ± 2.4aCDE 1.2 ± 0.4aC 0.3 ± 0.1aDE 
DV 1.0 ± 0.2aD 0.9 ± 0.2abABC 2.5 ± 0.1bCD 7.8 ± 0.2aABC 1.1 ± 0.3aC 0.3 ± 0.0bcDE 
DBi 1.0 ± 0.1aD 1.2 ± 0.8aA 3 ± 0.5aAB 7.7 ± 1.9aABC 1.1 ± 0.8aC 0.4 ± 0.1bBCD 
DVBi 0.8 ± 0.1bD 1.1 ± 0.5aAB 2.4 ± 0.2bD 9.6 ± 2aA 0.8 ± 0.4aC 0.3 ± 0.1cE 
DCT 0.5 ± 0.1cE 0.4 ± 0.1bD 1.7 ± 0.3cF 3.7 ± 0.5bF 1.3 ± 0.1aC 0.5 ± 0.0aAB 

P = Prime yellow, T = Twenty yellow, D = Dragon yellow, V = soil + vermicompost, Bi = soil + biodigestate, VBi = soil + vermicompost + biodigestate, CT =
contaminated soil without amendment (control). Values followed by the same letter are not significantly different (p > 0.05). Small letters represent differences among 
BCF or TF values in each plant part in all treatments within the same species, whereas capital letters represent differences among BCF or TF values in each plant part in 
all plant species and all treatments. 
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Twenty yellow in the V treatment (TF = 1), and in Dragon yellow in the 
VBi treatment (1.1). According to these findings, when vermicompost 
and biodigestate are applied to the contaminated soil, roots of Dragon 
yellow are largely capable of sequestering HMs within their tissue. This 
qualifies the Dragon yellow variety as suitable for phytostabilization in 
soil that is co-contaminated with Zn and Cd. Furthermore, the bio-
concentration factor for shoot (BCFS) values for PTEs were >1, and TF 
values for PTEs were >1 of all tested plants in the V and Bi treatments, 
thus suggesting those plants accumulate substantial PTEs in shoots. In 
this study, none of the plants met the criteria for Zn and Cd hyper-
accumulators, which requires that metals accumulate in shoots at levels 
of at least 10,000 mg kg− 1 and 100 mg kg− 1, respectively (Dai et al., 
2022). 

Previous studies (Boonyapookana et al., 2005; Pedron et al., 2009) 
have indicated that pH of soil contaminated with high quantities of HMs 
(i.e., Mn, Al) is a key factor that influences the dry biomass production of 
roots and shoots of a variety of plant species. This may result in reduced 
nutrient availability, high HM uptake, and eventual HM phytotoxicity. 
Nascimento et al. (2016) reported that many crops, including corn (Zea 
mays L.), and vetiver (Vetiveria zizanioides (L.) Nash) grown in acidic 
soils (pH < 4) contaminated with high concentrations of lead (Pb) 
experienced increased root collar diameter, plant height, and leaf 
structure, and pH adjustment improved those morphological traits. 
Shoots of castor bean (Ricinus communis L.) and sunflower (Helianthus 
annuus L.) species showed toxicity symptoms from high soil Pb con-
centrations, including chlorosis and ensuing necrosis of older leaves, as 
well as loss of the stem. In the current study, no overt phytotoxicity 
symptoms were observed after harvest. 

No significant or slight differences were noted in percentage growth 
rate, in height and diameter of the marigold root collar, or in flower 
diameter between and within plants across all treatments (p > 0.05). 
Furthermore, no overt signs of toxicity in root or leaf traits were 
observed. This may indicate that marigolds have a high degree of 
adaptability and tolerance to harsh environments (Nascimento et al., 
2016). The slightly alkaline soil in this study (pH > 7) also reduced 
phytotoxicity effects. Such soil exhibits lower Cd and Zn mobility, which 
in turn leads to lower bioavailability. Unaltered morphological traits of 
marigolds could potentially be linked with substantial N and P con-
centrations in the amendments, specifically those in the V and Bi 
treatments. These nutrients are necessary for normal synthesis and 
physiological metabolism. Additionally, they help plants to detoxify by 

synthesizing organic acids, certain proteins, and peptides that combine 
and complex with HMs (Shi et al., 2022). 

The XRF spectroscopic results for K, Ca, P, Fe, Zn, and Cd across the 
entire flower surface of the marigold varieties under all treatments are 
shown in Fig. 1 and Table S1. Percentage element concentrations of the 
whole flower surface for all marigold varieties across all treatments were 
in the order: K > Ca > P > Fe > Zn > Cd. In this study, similar patterns of 
percentage element concentrations were detected. Potassium, a very 
mobile element, had the greatest and most even distribution throughout 
the flower surface; in contrast, the relatively immobile element Ca, 
showed much less coverage than K, by roughly 6.4 to 11.1 times. These 
findings corroborate those of a previous study which determined that K 
content predominated in edible flowers of Chrysanthemum, Dianthus, and 
Viola species (Rop et al., 2012). Potassium is the most abundant mineral 
element in plant tissues. For optimal growth, plants require a K con-
centration of 2–5 % of its dry weight, or 20–50 g kg− 1 d.m (Shaibur 
et al., 2008). Edible flowers are generally a rich source of macro- and 
microelements, with K, P, and Fe being particularly abundant. A small 
percentage of somewhat mobile elements (P) and immobile elements 
(Fe, Zn, and Cd) were detected on marigold flower surfaces. Zinc had 
greater percentage element concentrations on flower surfaces than did 
Cd, which was consistent with higher total Zn concentrations compared 
to total Cd concentrations present in whole flower tissue (Table 3). 
Cadmium is toxic and typically occurs in very small quantities in plants, 
whereas Zn is a micronutrient essential for optimal plant growth. Cad-
mium has no biological function and even in low quantities be harmful 
to plants (Dos Santos et al., 2020). The content of Zn in plant tissue is 
commonly >100 times that of Cd (Moustakas et al., 2011). These metals 
were accumulated in high quantities by flowers of Minulus × hybridus 
Magic Yellow and M. didyma (Zn), Minulus × hybridus Magic Red (Fe) 
and Dianthus chinensis Chianti (Cd) (Grzeszczuk et al., 2018). 

Six elements from marigold flower parts—seeds and petals—were 
detected via X-ray spectroscopy, and elemental localization was deter-
mined (Tables S2 and S3). The order of percentage elemental compo-
sition of petals and seeds was: K > Ca > P > Fe > Zn > Cd, which was 
similar to the results of the surface of marigold flowers. The atomic 
percentages of K in marigold petals were higher than those for K in seeds 
across all marigold varieties and treatments. It was furthermore deter-
mined that the atomic percentages of P in seeds were higher than those 
in petals, and atomic percentages of Fe in petals were higher than those 
in seeds, especially in the Prime yellow and Twenty yellow varieties. The 

Fig. 1. XRF spatial distribution of six elements and spectrum in the whole surface of marigold flower and the area target investigated (seed and petal of the flower) 
by XRF analysis. 
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seeds of all crops contain K, Ca, Fe, and Zn. These elements are necessary 
for seed germination, which enables a seedling to emerge and grow its 
first few leaves, even in the absence of additional nutrients (Hicsonmez 
et al., 2012). In the current study, the V treatment had the highest 
atomic percentage of Cd in petals of the Prime Yellow variety when all 
marigold varieties and treatments were taken into account (p < 0.05). 
This data corresponds with the finding that the same treatment had 
highest Cd concentration in whole flower tissue. The current findings 
demonstrate the effectiveness of XRF analysis to quantify HMs in plant 
matrices, as has been previously reported (Byers et al., 2019). 

3.4. Effects of soil amendments on bioactive compounds and antioxidants 
in marigold flowers 

Vermicompost application resulted in highest levels of bioactive 
compounds for flowers of Dragon yellow (TPC, 50.9 mg mL− 1 and TFC, 
64.1 mg mL− 1) (p < 0.05; Table 5) and antioxidant activity (FRAP, 
2066.5 mg mL− 1) (p < 0.05; Table 5), while having modest IC50 value 
(64.7 mg L− 1). Substantial quantities of FRAP, TFC, and TPC were 
detected in the VBi treatment, while the lowest IC50 value was detected 
in the V treatment (43.7 mg L− 1, p < 0.05) for flowers of Twenty yellow. 
In the same treatments, flowers of Twenty yellow exhibited maximum 
carotenoid content (74 and 71.7 mg mL− 1, respectively) (p < 0.05). The 
low IC50 contents were detected in the V and Bi treatments across all 
marigold varieties. Flower color, particularly yellow and orange, indi-
cate a rich supply of antioxidants and a range of bioactive compounds, 
including carotenoids and flavonoids, which provide antioxidant ca-
pacity and protect against the damage induced by free radicals; there-
fore, flowers may be a useful indicator of plants that can adapt and 
survive well in harsh environments (Huang et al., 2022; Song et al., 
2011). 

Application of organic amendments has been shown in numerous 
studies to promote plant growth and development as well as improve 
soil quality. Additionally, employing optimal levels of organic amend-
ments increases levels of antioxidants, bioactive compounds and en-
zymes in flowers (Abdolah zareh et al., 2013; Gonçalves et al., 2019; 
Singh et al., 2004). There is evidence that the humic substances present 
in vermicompost play a significant role in boosting biosynthesis of TPC 
in plants, which improves nutritional value and flavor of the plants and 
increases their ability to withstand harsh environments (Gholami et al., 
2018; Theunissen et al., 2010). Increased Cd uptake and accumulation 
cause stress in plants, however. Reactive oxygen species (ROS) and lipid 

peroxidation have been shown to be indirectly increased by cadmium 
stress, which also decreases plant photosynthesis and antioxidant ac-
tivities and interferes with uptake of essential nutrients. These factors 
ultimately contribute to impaired plant growth and development and 
ultimately cell death (Chen et al., 2021; Hassan et al., 2020). Growing 
hyperaccumulators (i.e., sunflower) on vermicompost-treated lead (Pb) 
and Cd-contaminated soils resulted in higher levels of antioxidant en-
zymes including catalase and superoxide dismutase in plant tissue 
(Mojdehi et al., 2021). Comparing bioactive compound contents and 
antioxidant activity for a Prime yellow variety of contaminated soil 
treated with vermicompost and biodigestate to the control treatment, 
however, showed no discernible effects. This phenomenon could be 
related to response by specific plant genotypes (Kubola et al., 2022). 

Low quantities of total chlorophyll, chlorophyll a and chlorophyll b 
contents in flowers were recorded (0.1 to 0.2, 0.1 to 0.2 and 0.1 to 0.3 
mg L− 1, respectively) (Table 5). This phenomenon is typically observed 
in the petals of different flowers. Plants are able to prevent accumulation 
of chlorophyll in their petals, which would mask the color of the flower. 
Furthermore, loss of chlorophylls during petal development is a key 
characteristic of flowering plants that makes them visually stand out 
against a background of leaves when flowers are ready to reward pol-
linators. On the other hand, leaves contain substantially higher chloro-
phyll concentrations as it is a necessary component of photosynthesis 
(Ohmiya et al., 2014). Marigold petals have relatively low chlorophyll 
content in comparison to other pigments such as betalains, carotenoids, 
and anthocyanins; as a result, as petals mature during flower develop-
ment, their color changes (Tanaka et al., 2008). The results of the cur-
rent study do not support recent findings that vermicompost application 
results in elevated carotenoid contents in plants (Shaabani et al., 2022) – 
carotenoids in the Prime yellow and Dragon yellow varieties in amended 
treatments were below those in the control, and there was no significant 
difference in carotenoid contents between the V and Bi treatments and 
the control treatment for Twenty yellow (p > 0.05). The Twenty yellow 
variety in the Bi treatment also had lower carotenoid content than the 
control (p < 0.05). Reduced levels of photosynthetic pigments such as 
carotenoids and chlorophylls may indicate HM stress (Feng et al., 2023). 
Substantially high values in the percentage growth rate in dry biomass 
across the V and VBi treatments for a Twenty Yellow variety are clearly 
consistent with substantial values in carotenoid concentrations. This 
implies that vermicompost and the combined vermicompost + bio-
digestate could improve plant growth and development, and production 
of bioactive compounds; however, other effects might alter antioxidant 

Table 5 
Antioxidant capacity (DPPH and FRAP, mg mL− 1) and bioactive compounds (TFC and TPC, mg mL− 1; chlorophyll and carotenoids, mg L− 1) of marigold flowers from 
each treatment (n = 5).  

Treatment Antioxidant activity Bioactive compound 

DPPH IC50 FRAP TFC TPC Chlorophyll a Chlorophyll b Total chlorophyll Carotenoids 

PV 80.2 ± 1.9cCD 781.1 ± 63.6bHI 24.4 ± 0.0dJ 19.6 ± 0.8bF 0.1 ± 0.0aBC 0.1 ± 0.0aABC 0.2 ± 0.1aABC 29.1 ± 5.1bD 
PBi 77.6 ± 6.4cCDE 995.6 ± 91.2bGH 30.0 ± 0.1cH 24.2 ± 0.6bF 0.1 ± 0.1aAB 0.2 ± 0.0aA 0.3 ± 0.2aA 44.2 ± 4.5aBC 
PVBi 124.2 ± 6.7bB 1259.6 ± 242.3aEF 39.4 ± 0.7bF 34.4 ± 0.5aD 0.1 ± 0.1aAB 0.2 ± 0.0aAB 0.3 ± 0.1aAB 45.6 ± 12.1aB 
PCT 149.1 ± 13.4aA 1488.3 ± 76.3aCDE 53.8 ± 0.4aB 32.1 ± 5.4aDE 0.1 ± 0.0aABC 0.2 ± 0.0aAB 0.3 ± 0.1aABC 46.6 ± 5.2aB 
TV 43.7 ± 3.5aC 678.8 ± 343.7cI 25.8 ± 0.1dI 26 ± 0.5cEF 0.1 ± 0.0aABC 0.0 ± 0.0aD 0.1 ± 0.1bC 71.7 ± 5.1aA 
TBi 56.5 ± 2.5bG 1143.1 ± 34.8bFG 34.8 ± 0.3cG 34 ± 10.6bcD 0.1 ± 0.0aBC 0.1 ± 0.0aABC 0.2 ± 0.1abABC 34.9 ± 6.2bCD 
TVBi 59.1 ± 7.5bFG 1552.2 ± 89.7aCD 49.4 ± 0.2aD 50.2 ± 1.3aAB 0.2 ± 0.1aA 0.2 ± 0.0aABC 0.3 ± 0.2aA 74.0 ± 17.8aA 
TCT 47.6 ± 7.2bFG 1329.2 ± 50.8abDEF 44.7 ± 0.4bE 38.3 ± 1.6bCD 0.1 ± 0aABC 0.2 ± 0.0aAB 0.2 ± 0.2abABC 64.2 ± 9.5aA 
DV 64.7 ± 1.4cDEF 2066.5 ± 87.4aA 64.1 ± 1.0aA 50.9 ± 9.6aA 0.1 ± 0aBC 0.1 ± 0.0aBCD 0.2 ± 0.1aABC 41.6 ± 4abBC 
DBi 62.8 ± 1.5cEF 1673.4 ± 75.7bBC 53.4 ± 0.5bC 42.7 ± 1.9abBC 0.1 ± 0.0bC 0.1 ± 0.0aD 0.1 ± 0.1aBC 36.8 ± 5.9abBCD 
DVBi 91.4 ± 6.2aC 1827.3 ± 8.4bAC 52.6 ± 0.0bcC 39.7 ± 1.9bCD 0.1 ± 0.0aBC 0.1 ± 0.0aBCD 0.2 ± 0.1aABC 35 ± 2.8bCD 
DCT 76.9 ± 3.4bCDE 1620.9 ± 205.1bBC 52.1 ± 0.0cC 42.9 ± 0.3abBC 0.1 ± 0.0aBC 0.1 ± 0.0aCD 0.2 ± 0.1aABC 43.1 ± 7.2aBC 

P = Prime yellow, T = Twenty yellow, D = Dragon yellow, V = soil + vermicompost, Bi = soil + biodigestate, VBi = soil + vermicompost + biodigestate, CT =
contaminated soil without amendment (control), DPPH = DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity, FRAP = ferric reducing antioxidant 
power, TFC = total flavonoids content, TPC = total phenolics content. 
Values followed by the same letter are not significantly different (p > 0.05). Small letters represent differences among antioxidant activity or bioactive compound 
values in flowers of all treatments within the same species, whereas capital letters represent differences among antioxidant activity or bioactive compound values in 
flowers of all plant species and all treatments. 
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activities and production of bioactive compounds, including plant ge-
notype, environmental conditions, culture techniques, and biotic and 
abiotic stresses (Yusof et al., 2018). 

4. Conclusions 

Soil amendments are important for improving growth performance 
and the production of marigold, particularly in terms of flower size and 
quantity. Quality marigold plants can generate substantial income for 
Thai farmers who cultivate them for commercial purposes. As demon-
strated by the percentage growth rate in dry biomass in all marigold 
varieties across all amended treatments, biodigestate is regarded as a 
promising soil amendment for enhancing plant growth. The increase in 
flower numbers was influenced by all soil amendments, particularly the 
biodigestate treatment for the Prime yellow and Twenty yellow vari-
eties. In this investigation, the Twenty yellow variety displayed appre-
ciable growth performance in all amended treatments, while best 
performance was determined in the VBi treatment, which could indicate 
that HMs had minimal detrimental effects on plants. The production of 
bioactive chemicals from flower extracts increased when vermicompost 
was added to contaminated soils, particularly in the Dragon yellow, 
whereas increased DPPH free radical scavenging activity occurred in 
Twenty yellow varieties. When vermicompost was combined with bio-
digestate, dry biomass of a Twenty yellow variety increased, which is 
consistent with increased carotenoid contents. Furthermore, applying 
vermicompost to a Prime yellow variety increased quantities of Zn and 
Cd that accumulated in roots, which also increased the capacity for 
phytostabilization. Using XRF spectroscopy, a similar pattern was seen 
across all marigold varieties and treatments, revealing the presence of 
atomic percentages of Zn and Cd, respectively, across the whole flower 
surface, seeds and flower petals in descending order. The ICP-MS mea-
surements of total Zn and total Cd values agree with this pattern. 
Marigolds have a strong potential for phytoremediation and bio-
indication of environmental damage, as demonstrated by differences in 
growth performance, HM accumulation, antioxidant capacity, and pro-
duction of bioactive compounds. The application of vermicompost as a 
soil amendment has been shown to impact physicochemical properties 
of soils, including providing substantial amounts of nutrients, and 
enhancing soil pH, EC, and CEC. These factors may alter the antioxidant 
activities and production of bioactive compounds while also raising 
excluder potential of marigolds. 
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