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

• Hydrogen fluoride inhibits microbial 
activity in soil even after natural 
attenuation. 

• Plants are harmed by reactive oxygen 
species produced by pH-neutralized soil. 

• Plants overexpress ABR1 and DREB1A 
in response to acid stress. 

• Plants generate reactive oxygen species 
detoxifiers after hydrogen fluoride 
exposure. 

• pH-neutralized soil can cause pheno-
typic defects and reduce the yield of 
crops.  
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A B S T R A C T   

Accidental chemical leaks and illegal chemical discharges are a global environmental issue. In 2012, a hydrogen 
fluoride leak in Gumi, South Korea, killed several people and contaminated the environment. This leak also led to 
a significant decline in crop yield, even after the soil concentration of hydrogen fluoride decreased to below the 
standard level following natural attenuation. To determine the cause of this decreased plant productivity, we 
designed direct and indirect exposure tests by evaluating the metabolome, transcriptome, and phenome of the 
plants. In an indirect exposure test, soil metabolomics revealed downregulation of metabolites in vitamin B6, 
lipopolysaccharide, osmolyte, and exopolysaccharide metabolism. Next-generation sequencing of the plants 
showed that ABR1 and DREB1A were overexpressed in response to stress. Plant metabolomics demonstrated 
upregulation of folate biosynthesis and nicotinate and nicotinamide metabolism associated with detoxification of 
reactive oxygen species. These results demonstrate impaired metabolism of soil microbes and plants even after 
natural attenuation of hydrogen fluoride in soil. The novel chemical exposure testing used in this study can be 
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applied to identify hidden damage to organisms after natural attenuation of chemicals in soil, as well as bio-
markers for explaining the decline in yield of plants grown in soil near pollutant-emitting industrial facilities.   

1. Introduction 

The development of various industrial facilities has led to a drastic 
increase in the production and consumption of chemicals, increasing the 
risk of chemical accidents and unauthorized discharge of chemicals into 
the environment. Although it is typically expected that most air pol-
lutants emitted into the atmosphere are diluted and degraded through 
air diffusion and photochemical reactions, air pollutants in liquids or 
solid aerosols can damage soils and plants through the gravitational 
sedimentation of aerosol pollutants on the Earth’s surface (Sič et al., 
2015; Yang et al., 2017). 

Hydrogen fluoride (HF) is a colorless gas or liquid that is frequently 
used to remove impurities from semiconductors and other electronic 
products. It is also among the most dangerous inorganic acids, as acci-
dental release of HF causes very serious environmental problems not 
only through underground leakage of liquid chemicals spreading along 
underground plumes, but also by leakage of aerosols propagating 
through the air current. Additionally, HF release can harm human health 
by damaging the eyes, skin, liver, kidneys, and respiratory organs (Lim 
and Lee, 2012). For example, a petroleum plant in Texas released 18 tons 
of HF in 1987, which led to eye irritation and respiratory problems in 
hundreds of people, as well as massive destruction of vegetation near 
residential areas (HSE, 1987). In September 2012, another massive HF 
aerosol leak (8 tons) occurred at a facility in Gumi, South Korea. The 
consequent ecological damage was massive because the ground surface 
was directly polluted by HF aerosols, injuring more than 200 ha of 
neighboring crops and livestock (Yang et al., 2017). A damage investi-
gation was conducted to assess the adverse effects of acute and chronic 
exposure by monitoring the concentration of HF in soils and damage to 
plants and livestock (Jung, 2017). However, farmers continued to report 
declining crop yields, even though the concentration of HF in the soil fell 
to below the standard level. They insisted that the reduction in crop 
yield was a consequence of HF leakage. However, no scientific verifi-
cation tool was available to explain the hidden damage decreasing the 
crop yield because a low HF concentration was expected to have little or 
no impact on soil and plants. 

In previous studies, exposure tests were used to evaluate soil and 
plants by directly exposing organisms to chemicals. For example, the 
Environmental Protection Agency (EPA) in the United States has sug-
gested ecological risk assessment guidelines for acute and chronic 
exposure to chemicals (EPA, 2021). The EPA also introduced a method 
for assessing pesticide toxicity in different organisms after acute or 
chronic exposure. However, guidelines for assessing the indirect 
post-exposure to plants suggested in the current study were not included 
in the EPA. Most studies focused on monitoring the phenotypes and 
concentrations of chemicals accumulated in organisms. Accurately 
diagnosing damage at the genetic and metabolic levels remains difficult 
when the concentration of chemicals in soil falls below the standard 
level. Therefore, we used environmental metabolomics to overcome 
these limitations. Environmental metabolomics is useful for exploring 
the interactions between environmental factors and metabolism in or-
ganisms. It can also be used to explain the biological functions of or-
ganisms at the molecular level. The development of environmental 
metabolomics has led to improvements in the understanding of the 
abiotic and biotic stress responses of organisms (Bundy et al., 2008). 

Metabolomics has been used tostudy the effects of chronic exposure 
to environmental pollutants on various organisms such as plants, mice, 
and humans. For example, the effects of heavy nanoparticles on 
chronically exposed plants were evaluated by focusing on metabolic 
changes in plants due to accumulated pollutants (e.g., cadmium) 
(Andresen et al., 2020). Plants exposed to 10–50 nM of cadmium in 

nutrient solutions for a long period showed accumulation of many 
amino acids in the plant leaves and roots. In addition, a non-targeted 
metabolomics approach was applied to examine metabolic changes in 
humans after long-term exposure to air pollutants, including fine par-
ticulate matter (PM2.5), NO2, and O3 (Nassan et al., 2021). Mass spec-
trometry to quantify the metabolites extracted from human plasma 
revealed 1158 metabolites related to inflammation and oxidative stress. 
Finally, in another study, both targeted and non-targeted metabolomics 
were used to identify metabolic changes in the mouse brain after acute 
and chronic ethanol exposure. Non-targeted metabolomics revealed 
downregulation of fatty acids, glycerophosphocholine, and phospho-
lipids in acute exposure tests and upregulation of amino acids, adeno-
sine, and galactosylceramide in chronic exposure tests. Targeted 
metabolomics showed perturbations in amino acids and accelerated 
purine degradation in chronic exposure tests (Deda et al., 2020). The 
main limitation of previous studies is that they focused on metabolic 
changes in organisms by continuously exposing (direct exposure) the 
organisms to chemicals while neglecting the metabolic changes caused 
by indirect exposure to chemicals. Thus, whether soil organisms and 
plants can still be under stress if they are indirectly exposed to chemicals 
remains unclear. 

It is also unclear whether pH-neutralized soil after acid exposure 
(after natural attenuation) can negatively affect soil ecology. There is no 
literature or experimental design to explain the biological damage to 
plants and soil when the concentration of chemicals falls below standard 
levels after chemical exposure to the soil. Therefore, we used the term 
“indirect exposure” to define a chemical exposure test for plants growing 
in soil where the concentration of a specific chemical has decreased 
below the standard level through natural attenuation, such as by mi-
crobial activity, rainfall, wind flow, chemical adsorption onto the soil 
surface (clay mineral) (García and Borgnino, 2015), and soil chemical 
property changes (pH, electrical conductivity, oxidation-reduction po-
tential). Unlike conventional exposure tests, such as acute and chronic 
exposure tests, we tested chemical exposure of organisms when chemi-
cal toxicity became negligible. We monitored changes in the phenome, 
transcriptome, and metabolome of plants (Arabidopsis thaliana) after 
cultivating them in HF-contaminated soil (direct exposure test) and in 
pH-neutralized soil through natural attenuation after HF contamination 
(indirect exposure test) to examine the relationship between changes in 
soil properties and plant metabolism and detect hidden damage (meta-
bolic disorders) in plants. Metabolomics can be applied to diagnose 
hidden damage at the molecular level and explain why plant produc-
tivity and growth are reduced even in pH-neutralized soil after natural 
attenuation of acids. This research will enable the use of scientific 
methods to evaluate damage to plants or crops grown near industrial 
facilities that discharge hazardous materials, leading to enhanced 
environmental forensics. 

2. Material and methods 

2.1. Direct- & indirect exposure tests and test materials 

Arabidopsis thaliana (ecotype Columbia-0) was used as a model or-
ganism of crops and has been widely used in chemical exposure tests 
(Kolackova et al., 2019; Matich et al., 2019) because its gene function 
and metabolism are similar to those of common plants. To perform 
direct and indirect exposure tests on plants, sprouts of A. thaliana grown 
in clean soil for ten days were transplanted into two separate pots (12 ×
12 cm wide and 5.5 cm tall). In a previous study on the effects of HF on 
plant growth, the phenotype of A. thaliana was negatively affected by 1 g 
HF/kg soil, and the plants did not survive at 10 g HF/kg soil in the 
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pre-test. Therefore, we used 1, 2, and 5 g HF/kg soil to examine how HF 
pollution affects soil and plant metabolism. To contaminate the soil with 
HF, drops of hydrofluoric acid (339261, Sigma-Aldrich, St. Louis, MO, 
USA) were slowly added to the bio-bed soil (No. 2, Farm Hannong, 
Seoul, South Korea) at a final concentration of 1, 2, or 5 g HF/kg soil. For 
the direct-exposure test, sprouts were cultivated in soils immediately 
after contaminating soils with HF. For the indirect exposure test, sprouts 
were cultivated in pH-neutralized soils after seven months of treatment 
with 1, 2, or 5 g HF/kg soil (Fig. 1). Each exposure test was conducted in 
triplicate, with four sprouts per pot. These plants were grown in a 
controlled growth system at 23 ± 2 ◦C with a 16 h/8 h (light/dark) cycle 
under white light (4200 ± 200 lx) and supplied with 25 mL of water per 
pot daily. After 3 weeks of cultivation, tissues from the grown plants 
were sampled to evaluate changes in the phenome, transcriptome, and 
metabolome following direct and indirect exposure. 

2.2. Metabolomics 

To analyze the plant metabolomes, harvested plant tissues (root, 
stem, and leaf) were immediately frozen in a deep freezer (DFU-446, 
Operon, Gimpo, South Korea) at − 80 ◦C. After the tissues were solidi-
fied with liquid nitrogen, they were ground using a mortar and pestle. 
The ground tissue of plant (0.1 g) was mixed with 3 mL of methyl 
alcohol (9093–88, J.T.Baker (Avantor), Radnor, PA, USA) to extract 
metabolites from the plant tissue. The mixture was collected in a glass 
vial (WH-W226060, Wheaton Industries, Millville, NJ, USA), sonicated 
in an ice-cooled bath for 30 min, and filtered using a polyvinylidene 
fluoride syringe filter with a 0.22 µm pore size (SPF0225–1, Woongki 
Science Co., Ltd., Seoul, South Korea). The filtrate was analyzed using 
ultra-high performance liquid chromatography (UHPLC; Ultimate 3000 
UHPLC, Thermo Fisher Scientific, Waltham, MA, USA)-MS (LTQ-Orbi-
trap Velos Pro MS, Thermo Fisher Scientific). To analyze the soil 
metabolome, soils directly and indirectly exposed to HF used for plant 
cultivation were collected. After mixing 10 g of the soil with 40 mL of 
methyl alcohol in a glass vial by vortexing, the mixture was sonicated in 
an ice-cooled bath for 30 min and then filtered using a polyvinylidene 
fluoride filter with a 0.22 µm pore size. The filtrate was dried immedi-
ately using nitrogen gas. Subsequently, 3 mL of 80% aqueous methyl 
alcohol was used to dissolve the dried metabolites attached to the inner 
surface of the vial. The filtrate was analyzed using UHPLC-mass spec-
trometry (MS). The instrumental setup was similar to that described 
previously (Jo et al., 2021) and is described in detail in the Supporting 
Information. Statistical and metabolic pathway analyses were per-
formed as described in a previous study to interpret the LC-MS data 
consisting of the deconvoluted abundance and mass data of ions. The 

raw data from LC-MS were deconvoluted. All peaks were aligned and 
rearranged in high-resolution mode using Progenesis QI (version 3.0; 
Waters, Milford, MA, USA). For multivariate data analysis, partial least 
squares-discriminant analysis (PLS-DA) was performed with Pareto 
scaling using SIMCA (version 16.0; Umetrics, Umea, Sweden). Metabo-
lites with variable importance in projection > 1 were identified. For 
statistical analysis, the relative standard deviation filter, normalization 
by sum, and Pareto scaling were applied, and a t-test was performed to 
extract variables with p-values < 0.05 using MetaboAnalyst 5.0 
(https://www.metaboanalyst.ca). A heat map was constructed to visu-
alize the data. Metabolites were identified using the web server Mas-
sTRIX with the option of 0.01 Da of mass error in the database 
“KEGG/HMDB/LipidMaps without isotopes.” The identified metabolites 
were imported into MetaboAnalyst 5.0. Pathway software to detect 
perturbations in metabolic pathways. 

2.3. Transcriptomics 

Plant samples were ground into a fine powder in liquid nitrogen 
using a mortar and pestle. RNA was extracted from the plants using an 
RNeasy Plant Mini Kit (74904, Qiagen, Hilden, Germany). The absor-
bance values of the RNA samples at 260 and 280 nm were measured 
using a Synergy H1 microplate reader (Synergy H1, Biotek, Winooski, 
VT, USA). The A250/A280 ratio was 2.0 ± 0.05, indicating that the RNA 
was highly pure. Next-generation sequencing of plant RNA was per-
formed using the primers shown in Table 1. A detailed description of this 

Fig. 1. Changes in soil pH after hydrogen fluoride contamination for deter-
mining the point of direct and indirect exposure test. 

Table 1 
Targeted mRNA in plants for transcriptome analysis.  

mRNA Primer sequence 

Integrase-type DNA-binding 
superfamily protein(ABR1) 

F: 5′- 
GAGGATCTAGAAGGAGGGTTTTGTATGTGT-3‘ 
R: 5′- 
GAAGGGATCCATCAGGAGGATGGACTATTA-3′

dehydration response element 
B1A (DREB1A) 

F: 5′-GATCAGCCTGTCTCAATTTC-3‘ 
R: 5′-CTTCTGCCATATTAGCCAAC-3′

Fig. 2. Score plot from the partial least-squares-discriminant analysis (PLS-DA) 
model indicating differentially categorized metabolites in direct exposure soil 
(orange), indirect exposure soil (purple), direct exposure root (green), indirect 
exposure root (dark brown), direct exposure leaf-stem (yellow), and indirect 
exposure leaf-stem (red) groups (Q2 = 0.479; R2X [1] = 0.294; R2X [2] 
= 0.139). 
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procedure is provided in the Supporting Information. 

2.4. Phenotype analysis 

To assess the physical stress responses of plants, the size of the leaf 
and weight of the plant body were measured. For size measurement, the 
largest leaf was selected, and the length (from one end to the other) and 
width (perpendicular to the length) were measured. For weight mea-
surements, the fresh weight (moisture) of the shoot system (stem-leaf) 
was measured. After drying at 105 ℃ for one day, the dried weight of 
the shoot system was re-measured. 

3. Results & discussion 

Metabolic changes related to plant damage can be observed in the 
soil, root, and shoot systems of plants directly exposed to acidic condi-
tions. However, whether pH-neutralized soil after HF exposure causes 
damage to plants and leads to metabolic changes in the soil and plants in 
the indirect exposure group is unclear. Therefore, PLS-DA was per-
formed to identify statistically significant variables useful as biomarkers 
of damage to plants (Fig. 2). 

Overall, PLS-DA of more than 100 metabolites showed distinct sep-
arations of the soil, root, and leaf-stem samples in the direct and indirect 
exposure groups. The results of statistical analysis showed that the in-
dependent variables R2X [1] and R2X [2] had values of 0.294 and 0.139, 
respectively. The predictive variance (Q2) was 0.479. 

Significant metabolites were identified based on the following 
screening criteria: variable importance in projection > 1 and p value 
< 0.05. To illustrate the intensity difference in metabolites between the 
control and HF exposure groups (L, M, H), the normalized intensities of 
screened metabolites were distinguished and compared to those of the 
control group using clustering, as shown in Fig. 3. The clustering dis-
tribution of metabolites was divided into UP and DOWN areas, indi-
cating upregulated and downregulated metabolites compared to the 
control (metabolome in clean soil used for plant growth or plant tissues 
grown in clean soil), respectively. In the soil, roots, and stem-leaves, 
upregulated metabolites were activated and downregulated metabo-
lites were inhibited in the HF exposure group. PLS-DA and heat map 
analysis of the functional metabolite profiles showed that the 

concentrations of functional metabolites were altered following both 
direct and indirect HF exposure. 

To better understand the metabolic changes following HF exposure, 
particularly after indirect exposure, up- and downregulated metabolites 
were putatively identified using the web server. 

MassTRIX. As show in Table 2, metabolites associated with different 
types of stress were identified in both soil and plant metabolism, indi-
cating that pH-neutralized soil (natural attenuation) exposed to HF can 
still exert stress on plants. Specific information on the metabolic changes 
associated with overcoming plant damage is presented in Table 2 and  
Fig. 4. 

Soil metabolomics in the direct exposure test showed that dihy-
droceramide, L-glutamine, and D-glucose 1-phosphate were upregu-
lated, whereas aminoacetaldehyde was downregulated compared to the 
control (Table 2). Upregulation of dihydroceramide in soil leads to 
activation of the sphingolipid signaling pathway or sphingolipid meta-
bolism. Sphingolipids are among the main components of eukaryotic 
membrane lipids in the outer leaflet of the plasma membrane and are 
involved in membrane integrity, regulation, and cell survival (An et al., 
2011). They also play important roles in signal transduction in response 
to cellular stress, including heat and high-energy radiation. In addition, 
upregulation of dihydroceramide is closely related to oxidative stress in 
eukaryotes. Once oxidative chemicals damage the cell genome or un-
saturated fatty acids, the concentration of dihydroceramide increases to 
protect the cells from oxidative damage. Given that oxidative stress in-
duces the production of dihydroceramide, cellular oxidation induced by 
HF contamination may lead to accumulation of dihydroceramide in the 
cells of soil microorganisms (An et al., 2011). Upregulation of L-gluta-
mine indicates activation of arginine and aminoacyl-tRNA biosynthesis, 
which means a bacterial acid-resistant response that increases the syn-
thesis of amino acids and proteins as a source of amino acids and energy 
derived from catabolic reactions in bacteria (Lu, 2006). Thus, intracel-
lular acidification induced by acid stress triggers bacteria to synthesize 
more proteins to repair DNA damage such as depurination and depyr-
imidination (Calhoun and Kwon, 2011; Guan and Liu, 2020). As another 
acid-resistant response of bacteria, increased biosynthesis and con-
sumption of organic acids were detected as upregulation of starch and 
sucrose metabolism. When soil microbes encounter acid stress, they can 
improve and activate complex metabolic regulation by activating the 

Fig. 3. Heat map analysis of metabolites differentially (up- or down-) regulated in the exposure group compared to the control: L (low concentration exposure): 1 g 
HF/kg soil, M (medium concentration exposure): 2 g HF/kg soil; H (High concentration exposure): 5 g HF/kg soil. Normalized intensities of metabolites (variable 
importance in projection >1 and p < 0.05) are presented. A darker red color indicates a higher intensity. A darker blue color indicates a lower intensity. 
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glycolytic pathway to alter enzyme concentrations (Guan et al., 2014). 
Therefore, bacteria accelerate glycolysis and activate proton pumps to 
expel protons derived from HF as an adaptive response to acid stress 
(Even et al., 2003). The results of root metabolome analysis in the direct 
exposure test showed that N-acetyl-L-citrulline in arginine biosynthesis 
was upregulated and 3-ureidopropionate in pantothenate and CoA 
biosynthesis was downregulated (Table 2). N-Acetyl-L-citrulline is an 
intermediate produced after conversion of 2-oxoglutarate to N-acety-
lornithine in the arginine biosynthetic pathway. Arginine biosynthesis is 

associated with several metabolic pathways, such as pyrimidine and 
polyamine biosynthesis (Winter et al., 2015). L-Arginine, an important 
amino acid in plant biology, is found at higher levels in the roots than in 
the shoots. This metabolite is necessary for cell growth, protein syn-
thesis, and development and is a precursor of polyamines and nitric 
oxide, which are related to physiological activation, growth, and abiotic 
stress (Caspi, 2006; Yang and Gao, 2007). The stress-induced response of 
polyamines following activation of arginine is thought to include resis-
tance to water stress and damage to nucleic acids and membranes (Chen 

Table 2 
Metabolites identified in direct and indirect exposure groups; “Up” or “Down” in the “Regulation” category indicates up- or downregulated metabolites compared to 
the control.  

Soil metabolism 

Regulation 
Exposure 
test 

Rt (min) 
_m/za t.statb p-value 

Mass error 
(ppm)c Metabolite Metabolism Function 

Up 
Direct 

13.58_ 
330.2989 -19.055 4.47E-05 4.14 

Dihydroceramide 
(enzyme) Sphingolipid signaling oxidative stress 

1.30_ 
185.0280 

-6.3156 0.003215 23.24 L-Glutamine Biosynthesis of arginine & 
aminoacyl-tRNA 

Restoration of depurination 
and depyrimidination of DNA 

1.10_ 
283.0253 

-6.8189 0.0024181 -22.47 D-Glucose 1-phosphate Starch and sucrose 
metabolism 

Activation of 
Proton expelling pump 

Indirect 
13.25_ 
573.4082 -3.2981 0.008039 -2.63 Echinenone Carotenoid biosynthesis Potential antioxidants 

Down 

Direct 
0.44_ 
98.0156 4.6223 0.009864 -156.39 Aminoacetaldehyde 

Taurine and hypotaurine 
metabolism  

Indirect 

0.73_ 
201.0065 

23.356 4.69E-10 46.59 D-Erythrose 4-phosphate Vitamin B6 metabolism Plant-pathogen resistance 

15.60_ 
608.0850 

4.2119 0.0017945 6.32 
UDP-N-acetyl-alpha-D- 
glucosamine 

Lipopolysaccharide (LPS) 
biosynthesis 

Plant-pathogen 
induced systemic resistance 
(ISR) 

0.73_ 
185.0289 7.2664 2.71E-05 8.81 Hydroxyisourate Proline and amino acid 

Plant-water stress tolerance 
/promoting plant growth 

0.73_ 
185.0289 

7.2664 2.71E-05 18.38 L-Glutamine Amino acid metabolism  

15.35_ 
567.0695 

4.114 0.0020972 -12.70 UDP-glucose Starch and sucrose 
metabolism 

Plant-water stress  

Root metabolism 

Regulation 
Exposure 
test Rt (min)_m/za t.statb p-value 

Mass error 
(ppm)c Metabolite Metabolism Function 

Up 

Direct 8.55_240.1014 -2.9061 0.043847 -24.67 N-Acetyl-L-citrulline Arginine biosynthesis 
Abiotic stress and 
controlling nitrogen 
assimilation 

Indirect 8.95_455.3470 -4.1708 0.0019154 5.635 
3-Dehydro-6- 
deoxoteasterone or 
cathasterone 

Brassinosteroid 
biosynthesis 

Responsive to stress 

Down 
Direct 1.09_171.0154 2.9517 0.041897 7.318 3-Ureidopropionate Pantothenate and CoA 

biosynthesis  

Indirect 11.94_273.2660 2.2637 0.047068 -30.45 ent-Kaurene 
Diterpenoid 
biosynthesis   

Stem-leaf metabolism 

Regulation 
Exposure 
test Rt (min)_m/za t.statb 

p- 
value 

Mass error 
(ppm)c Metabolite Metabolism Function 

Up 

Direct 

1.33_116.0700 -3.4515 0.0260 5.21 L-Proline 
Aminoacyl-tRNA 
biosynthesis 

Triggering 
phytochelation 

0.71_381.0783 -2.7879 0.0191 2.81 cellobiose Starch and sucrose 
metabolism 

Carbon supply 

12.24_349.1679 -2.6959 0.0224 27.69 13(S)-HPOT Alpha-linolenic acid 
metabolism 

Restoration of cell 
membrane damage 

Indirect 

12.74_295.2262 -4.4507 0.0012 1.935 
8-[(1 R,2 R)− 3-Oxo-2- 
cyclopentyl]octanoate   

9.81_251.1007 -4.1951 0.0018 14.75 12-Oxo-9(Z)-dodecenoic acid   
0.74_256.0809 -4.9661 0.0005 90.31 4a-Hydroxytetrahydrobiopterin Folate biosynthesis ROS detoxification 

0.94_256.1022 -2.9002 0.0158 12.38 Nicotinamide-beta-riboside 
Nicotinate & 
Nicotinamide 
metabolism 

ROS detoxification 

Down 

Direct 15.64_871.5720 3.4113 0.0269 1.37 Pheophytin a 
Porphyrin and 
chlorophyll metabolism  

Indirect 
10.45_154.9070 2.7214 0.0215 568.36 Oxaloacetate Carbon fixation in 

photosynthetic 
organisms 

Carbon fixation 
3.12_130.0076 2.5345 0.0296 10.42 L-Alanine 

a Rt (min)_m/z: retention time(min)_mass to charge. b t.stat: calculated value from the t-test. c Mass error: (theoretical mass-measured mass)/theoretical mass × 106 
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Fig. 4. Normalized peak intensities of representative metabolites in indirect exposure group; Plant soil: (a) echinenone, (b) hydroxyisourate, (c) L-glutamine, (d) 
UDP-glucose, (e) UDP-N-acetyl-alpha-D-glucosamine; plant root: (f) 3-dehydro-6-deoxoteasterone cathasterone, (g) diterpenoid biosynthesis; plant stem-leaf: (h) 13 
(S)-HPOT, (i) cellobiose, (j) 12-oxo-9(Z)-dodecenoic acid, (k) nicotinamide-beta-riboside, (l) 4a-hydroxytetrahydrobiopterin, (m) 8-[(1 R,2 R)− 3-oxo-2-cyclopentyl] 
octanoate, (n) L-alanine, (o) oxaloacetate. Error bars represent 95% confidence interval. 

J. Jo et al.                                                                                                                                                                                                                                        



Journal of Hazardous Materials 437 (2022) 129323

7

et al., 2018). This is because the protons generated from acid contami-
nation accumulate in the xylem along the apoplast route (free intercel-
lular space) in the roots, leading to metabolic disturbances and damage 
(Kvesitadze et al., 2006). 

According to the results of stem-leaf metabolomics in the direct 
exposure test, L-proline was upregulated (Table 2). Proline is over-
produced in response to abiotic stress (Hayat et al., 2012), as it acts as a 
metal chelator against heavy metal accumulation. Once the soil becomes 
acidic after HF contamination, exchangeable or carbonate heavy metals 
on the soil surface dissolve into pore water between the soil particles, 
leading to physiological disorders through the accumulation of protons 
and heavy metals in plants. This stress stimulates excessive proline 
production in plants and triggers the formation of phytochelatin, a 
metal-binding peptide commonly found in plants (Hirata et al., 2005). 
As a stress defense mechanism, phytochelatins bind to heavy metals and 
accumulate in plant vacuoles to inactivate the metals. Therefore, 
increased proline production in plants exposed to acidic soils achieves 
efficient detoxification using coordination complexes between heavy 
metals and phytochelatins (Scheidegger et al., 2012). 

As described above, stress caused by environmental pollutants likely 
causes an imbalance in plant metabolism, which adversely affects the 
external development of plants. Phenotypic outcomes refer to the visible 
appearance caused by a stressful environment, such as growth activation 
or repression, and are affected by changes in plant metabolism, as 
demonstrated in a previous study (Wu et al., 2021). Phenotypic mea-
surements of the direct-exposure group showed reductions in the size, 
fresh weight (moisture content), and dry weight (plant productivity) 
compared to those in controls, as shown in Fig. 5. As the concentration of 

HF in the soil increased, the phenotypic measurements also decreased. 
This may be because of overproduction of specific metabolites involved 
in defense, such as L-proline and N-acetyl-L-citrulline, rather than 
because of the synthesis of the primary metabolites required for growth. 
In addition, plants that sense chemical damage to leaf tissues tend to 
close their stomata to prevent the inflow of toxic chemicals, which may 
also disrupt evapotranspiration and moisture deficiency by reducing the 
osmotic potential. 

The results of soil metabolomics following the indirect exposure test 
showed that echinenone was upregulated and D-erythrose-4-phosphate, 
UDP-N-acetyl-alpha-D-glucosamine, hydroxyisourate, L-glutamine, and 
UDP-glucose were downregulated (Table 2 and Fig. 4). D-erythrose-4- 
phosphate, an important compound in vitamin B6 metabolism that 
regulates metabolic processes in plants (Palacios et al., 2014), was 
detected in the soil after indirect exposure to HF. According to a pre-
vious study (Yoo and Sang, 2017), if the plant cannot produce vitamins 
because of nutritional deficiencies, it can replenish vitamins by inter-
acting with rhizosphere microbes (Campbell et al., 2006; Miyamoto 
et al., 2002) and increase resistance to various pathogens (Boubakri 
et al., 2016). Thus, downregulation of vitamin B6 metabolism indicates 
that the plants are susceptible to pathogen infection because of an 
insufficient supply of vitamin B6 by rhizosphere microbes. Down-
regulation of UDP-N-acetyl-alpha-D-glucosamine in the soil indicates 
inhibition of lipopolysaccharide (LPS) biosynthesis by plant 
growth-promoting rhizobacteria (PGPR). Decreased concentrations of 
LPS in the soil also indicate that the plants are highly susceptible to 
pathogen infection (Yoo and Sang, 2017). PGPR can perceive pathogens 
approaching plants by using LPS to send signals to plants for the immune 

Fig. 4. (continued). 
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system to fight pathogen invasion (known as induced systemic resis-
tance) (Bakker et al., 2007; Jones and Dangl, 2006; Okmen and Doeh-
lemann, 2014; Pieterse et al., 2014). LPS is a typical microbe-associated 
molecular pattern that induces induced systemic resistance in A. thaliana 
against pathogen invasion (Loon et al., 1998; Meziane et al., 2005). 
Remarkably, downregulation of PGPR function in soil causes plants to 
consume excessive energy. According to the allocation and fitness costs 
theory (Heil, 1999), when a plant is stressed, it consumes large amounts 
of energy required for defense, resulting in reduced growth because the 
energy required for plant growth is insufficient (Yoo and Sang, 2017). 
PGPR can reduce energy loss in plants by inducing pathogen-induced 
systemic resistance to help plants consume minimum energy only 
when pathogens attempt to invade plants by sending danger signals to 
indicate that pathogens are approaching plants. Similar to the changes 
in the plant phenotype in the direct exposure group, the phenotypic 
measurements of plants in the indirect exposure group decreased. As 
shown in Fig. 5, plants in soil contaminated with 1 g HF/kg soil in the 
indirect exposure group showed full recovery of the phenotype with 
higher phenotypic measurements (weight and length) than those in the 
direct exposure group. Similar results were observed in plants grown in 
soils with 2 g HF/kg soil, but the values of phenotypic measurements of 
the indirect exposure group did not reach 100% of those of the control 

group, indicating incomplete physical recovery with a decrease in plant 
yield, size, and moisture even though the plants were grown in 
pH-neutralized soil after HF contamination. At the highest concentration 
of HF contamination (5 g HF/kg soil), plants in both the direct and in-
direct groups were under extreme stress and showed serious phenotypic 
defects. These results demonstrate that plants can tolerate and overcome 
stressful conditions up to 2 g HF/kg soil. However, their survival is 
greatly reduced in 5 g HF/kg soil even when the soil pH is neutral after 
HF contamination. This observation suggests that reduced PGPR func-
tions, such as pathogen signaling, can cause plants to unnecessarily 
waste energy required for growth, leading to lower yields (Fig. 5). The 
downregulation of hydroxyisourate in proline metabolism and L-gluta-
mine in amino acid metabolism suggests that water stress occurred in 
plants. Osmolytes, such as proline and amino acids, released by PGPR 
can induce tolerance to water stress or promote plant growth (Vur-
ukonda et al., 2016). This may be because the acid contamination in soil 
causes the loss of inorganic ions bound to clay minerals (cation exchange 
capacity), leading to a reduced soil water-holding capacity and 
increased water stress in plants. Furthermore, the downregulation of 
UDP-glucose in starch and sucrose metabolism supports that water stress 
occurred in the plants. Exopolysaccharides are carbohydrate polymers 
(starch, dextrin, cellulose, and gum) released from PGPR and are 

Fig. 5. Phenotype results (box chart) of plants exposed to 1, 2, or 5 g HF/kg soil in direct and indirect exposure tests; (a) dried weight and fresh weight were 
determined as the mass of the plant. Length and width of the largest leaves of the plants were also measured. All measured values of plant phenotypes in direct and 
indirect exposure test were transformed to relative percentages compared to the standard of control (100%). (b) Images of plants grown for 3 weeks in pH-neutralized 
soil after HF exposure (indirect exposure); plants grown in 2 and 5 g HF/kg soil were smaller than control plants (indirect exposure test). 

J. Jo et al.                                                                                                                                                                                                                                        



Journal of Hazardous Materials 437 (2022) 129323

9

involved in coagulating soil particles around roots to increase the 
water-holding capacity (Critchley, 2019). Therefore, soil saturated with 
exopolysaccharides helps plants maintain a high water potential or 
delay water evaporation (Choudhary et al., 2015). Thus, a lack of starch 
(including exopolysaccharides) in the soil can make it difficult for plants 
to absorb sufficient water. Decreased PGPR function, such as tolerance 
to water stress and water-holding capacity, makes it difficult for plants 
to conserve water in the plant body, resulting in a reduced fresh weight 
(Fig. 5). 

Transcriptomic alterations result in metabolic alterations and 
observable phenotypic traits in an organism. Changes in mRNA 
expression in response to stress are important biomarkers of ecological 
stress in plants. Next-generation sequencing analysis revealed that the 
mRNA expression levels of ABR1 (integrase-type DNA-binding super-
family protein) and DREB1A (dehydration responsive element binding 
protein 1A) were altered in plants exposed to HF. Water stress caused by 
reduced PGPR function also corresponded to upregulation of ABR1 to 
enhance tolerance to drought in plants in the direct exposure group 
(Pandey et al., 2005) in Fig. 6. 

Root metabolomics in the indirect exposure test revealed upregula-
tion of 3-dehydro-6-deoxoteasterone and cathasterone, which are 
involved in BR biosynthesis (Table 2 and Fig. 4). BRs are poly-
hydroxysteroids (also known as plant steroid hormones) that are 
strongly related to other phytohormones, such as abscisic acid, auxin, 
cytokinin, and polyamine, which are stimulated by abiotic stress. These 
hormones regulate various physiological processes such as cell division, 
reproduction, and root development (Khan et al., 2012). Therefore, 
upregulated BRs can represent stress responses in plants, including in 
those grown in pH-neutralized soil after HF exposure. Metabolic changes 
in the stem and leaves of plants in the indirect exposure group were 
influenced by the reduced function of PGPR in soil metabolism. As 
described above, reduced PGPR function makes plant highly sensitive to 
pathogen infection and water (drought) stress. These stress conditions 
corresponded to the results of plant metabolomics, in which upregula-
tion of cellobiose in starch and sucrose metabolism was found in the 
stems and leaves of plants in the indirect exposure group (Table 2 and 
Fig. 4). As a water-saving strategy, plants under osmotic or drought 
stress often close their stomata and reduce evapotranspiration to retain 
stored water. This also leads to inactivation of photosynthetic carbon 
fixation and the depletion of electron acceptors, such as NAD+ and 
NADP+, followed by ROS accumulation because of the excessive elec-
tron transition to oxygen in plants (Carvalho, 2008). The ability of plants 
to resist ROS attack was demonstrated by upregulation of 13(S)-HPOT, 
8-[(1 R,2 R)− 3-oxo-2-cyclopentyl]octanoate, and 12-oxo-9(Z)-dode-
cenic acid in alpha-linolenic acid metabolism. Unsaturated fatty acids, 

such as alpha-linolenic acid, are important components of the cell 
membrane for the synthesis of glycerolipids and extracellular barriers 
including cutin and suberin. These factors can regulate oxidative stress 
and plant stress signaling (He and Ding, 2020). Upregulated unsaturated 
fatty acids can consume ROS, including free radicals (hydroxyl radicals 
and superoxide anions) and nonradicals (hydrogen peroxide and singlet 
oxygen). Because excess ROS can cause electrolyte leakage and damage 
lipids and nucleic acids, plants attempt to decrease the proportion of 
linoleic acid to stiffen the cell membrane but increase linolenic acid 
rather than narrowing the physical distance between C-H chains in the 
membrane (Winter et al., 2015). This is because the intermolecular van 
der Waals forces of alpha-linolenic (18:3) acids are stronger than those 
of linoleic (18:2) acids. Upregulation of 4a-hydroxytetrahydrobiopterin 
in plants indicates activation of folate biosynthesis (Table 2 and Fig. 4) 
(Gorelova et al., 2017). Folate, a natural form of vitamin B9, is critical 
for plant development because it provides a methyl group to form 
essential components such as chlorophyll, lipids, and proteins. Increased 
folate production in plants is also a response to biotic or abiotic stresses 
(Wittek et al., 2015). Genes regulating folate production and con-
sumption are also activated during oxidative stress in A. thaliana (Baxter 
et al., 2007; Wittek et al., 2015). As described above, water causes 
stomatal closure, leading to the generation of singlet oxygen or ROS in 
the plasma membrane, mitochondria, and chloroplasts (Baxter et al., 
2007; Blokhina and Fagerstedt, 2010; Foyer, 1994; Heyno et al., 2011). 
ROS can be reduced and detoxified by electron donors, such as NADPH, 
which is produced by upregulation of folate biosynthesis. Upregulation 
of nicotinamide-b-riboside indicates the activation of nicotinate and 
nicotinamide metabolism, which allows electron acceptors such as 
NAD+ to accept excess electrons, thereby stabilizing the peroxidation of 
ROS in plants. Overexpression of ABR1 in both the direct and indirect 
exposure groups indicates that plants grown in pH-neutralized soils were 
still under physiological stress after the natural attenuation of HF 
(Fig. 6). DREBs are also transcriptomes that regulate various abiotic 
stress-responsive genes. Interestingly, the expression of DREB1A was 
increased in the indirect exposure group but decreased in the direct 
exposure group. Although DREB1A overexpression can improve plant 
tolerance to drought, it can also cause dwarfing and delayed flowering 
(Kudo et al., 2017; Lata and Prasad, 2011). The generation and scav-
enging of ROS are also related to the expression of DREB1A, as DREB1A 
genes can induce enzymes involved in antioxidant defense systems 
(Kohan-Baghkheirati et al., 2018). The increase in DREB1A expression 
in the indirect exposure group indicates an improved tolerance of plants 
to abiotic and ROS stresses. However, the reason for the decreased 
expression of DREB1A in the direct exposure group remains unclear. The 
direct and indirect exposure groups contained different concentrations 

Fig. 6. Plant mRNA expression levels of ABR1 and DREB1A in direct and indirect exposure groups: mRNA expression of three replicates in each group was measured 
and presented using box plots. 
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Fig. 7. Integrated metabolic pathways explaining hidden damage in plants caused by indirect-exposure after natural attenuation of HF; blue and red colors represent 
metabolites that were down- and upregulated compared to the control in Table 2 and Fig. 4, respectively. 
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of protons and fluoride ions in the soil. The concentration of ions in the 
soil was higher in the direct exposure group than in the indirect exposure 
group, which may have determined the downregulation and upregula-
tion of DREB1A, respectively. However, further studies are required to 
resolve this issue. 

The plant and its soil metabolomics in this study showed that 
neutralized soil after HF exposure (after natural attenuation of HF) can 
reduce the beneficial functions of PGPR (downregulation of metabolites 
in vitamin B6, LPS, osmolyte, and exopolysaccharide metabolism), in-
crease water stress (drought stress), cause osmotic disorder with sto-
matal closure, and increase susceptibility to pathogens, as shown in  
Fig. 7 and Table 2. Under stress conditions, plants close their stomata to 
conserve water; however, because the tricarboxylic acid cycle is inac-
tivated after indirect exposure to HF, stomatal closure eventually leads 
to downregulation of photosynthesis (carbon fixation) and a deficiency 
of electron acceptors such as NAD+ or NADP+. This shortage of electron 
acceptors results in an excessive transition of electrons to oxygen, 
leading to increased ROS generation. For survival, plants overexpress 
transcripts such as ABR1 and DREB1A and upregulate the biosynthesis of 
BR hormones in response to stress (Singh et al., 2017). Upregulated 
metabolites in folate biosynthesis and nicotinate nicotinamide meta-
bolism helped to stabilize ROS by serving as electron donors to and 
acceptors from ROS, respectively (Qi et al., 2018). In addition, upre-
gulation of alpha-linolenic acid metabolism was predicted to reduce 
ROS stress. Despite these survival efforts, decreased PGPR function and 
increased energy consumption for defense against ROS damage resulted 
in reduced growth and development (e.g., reduction in plant weight, 
size, and moisture) in plants (Fig. 7). Unlike conventional research and 
the U.S. EPA guidelines covering acute or chronic exposure testing in 
which organisms are directly exposed to chemicals, we revealed that 
detoxified acidic pollutants indirectly damaged plant metabolism by 
modifying the soil environment. We uncovered hidden damage in soil 
and plant metabolism that has previously been neglected. Our results 
also emphasize the need for more research on the quality and safety of 
crops grown in soil recovered from chemical pollution because the soil is 
unsuitable for plant growth even when the bioaccumulation and 
bioavailability of pollutants in organisms is reduced. The effects of 
metabolic defects in plants on humans require further analysis. 

4. Conclusion 

Direct and indirect exposure tests were performed to monitor 
changes in the metabolome, transcriptome, and phenome of plants 
grown under HF conditions. Significant growth inhibition was observed 
in both the direct and indirect exposure groups, demonstrating that even 
in pH-neutralized soils, plants may be under extreme stress, including 
after natural attenuation of HF in the soil. Specifically, soil metab-
olomics showed that the moisture content, size, and productivity of 
plants were reduced by decreased beneficial functions of PGPR, such as 
vitamin B6, LPS, osmolytes, and exopolysaccharide metabolism. The 
results of plant transcriptomics also revealed growth inhibition, as 
indicated by overexpression of ABR1 and DREB1A in response to stress. 
Folate biosynthesis and nicotinate and nicotinamide metabolism were 
upregulated in response to ROS-induced oxidative stress. 

Acute and chronic exposure experiments have traditionally been 
performed by directly exposing organisms to substances over long pe-
riods. However, we indirectly exposed plants to detoxified chemicals in 
the soil after natural attenuation of HF. Even after natural attenuation of 
HF, neutralized soil can still exert stress on plants, negatively affect plant 
growth, and reduce plant productivity. Although we did not quantita-
tively examine the putative biomarkers, the semi-quantified metabolites 
can be used to assess hidden damage to crops grown in pH-neutralized 
soil following HF contamination near industrial facilities that emit 
hazardous chemicals. The effects of metabolic abnormalities in crops on 
humans should be examined in further studies. The technique proposed 
in this study will advance environmental epidemiology research 

(environmental forensics), as well as refine policies concerning the risk 
assessment and disaster management of HF leaks. 
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Environmental Implication 

Hydrogen fluoride is widely used in industrial facilities to clean 
impurities on semiconductors, leading to accidental HF leaks worldwide 
in many countries. Exposure to HF leaks can cause massive soil 
ecosystem devastation, even after the soil appears to have recovered 
from the HF leak. Crop yields are still decreased after the HF level 
returns to its basal level through natural attenuation. The approach used 
in this study revealed this decreased yield was caused by reductions in 
the microbial activity and water-holding capacity of soil. Our method 
can be utilized to improve environmental forensics. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

This work was supported by Korea Environment Industry and 
Technology Institute (KEITI) through the Chemical Accident Prevention 
Technology Development Project, funded by the Korea Ministry of 
Environment (MOE) (2020001960001). This study was also supported 
by grants from the Intramural Research Program of the Korea Institute of 
Science and Technology (KIST) (2E31093). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2022.129323. 

References 

An, D., Na, C., Bielawski, J., Hannun, Y.A., Kasper, D.L., 2011. Membrane sphingolipids 
as essential molecular signals for Bacteroides survival in the intestine. Proc Natl 
Acad Sci U S A. 108 Suppl 1, 4666–4671. https://doi.org/10.1073/pnas.10015011 
07. 

Andresen, E., Lyubenova, L., Hubacek, T., Bokhari, S.N.H., Matouskova, S., 
Mijovilovich, A., Rohovec, J., Kupper, H., 2020. Chronic exposure of soybean plants 
to nanomolar cadmium reveals specific additional high-affinity targets of cadmium 
toxicity. J. Exp. Bot. 71 (4), 1628–1644. https://doi.org/10.1093/jxb/erz530. 

Bakker, P.A.H.M., Pieters, C.M.J., Loon, L.Cv, 2007. Induced Systemic Resistance by 
Fluorescent Pseudomonas spp. Phytopathology 97 (2). https://doi.org/10.1094/ 
PHYTO-97-2-0239. 

Baxter, C.J., Redestig, H., Schauer, N., Repsilber, D., Patil, K.R., Nielsen, J., Selbig, J., 
Liu, J., Fernie, A.R., Sweetlove, L.J., 2007. The metabolic response of heterotrophic 
Arabidopsis cells to oxidative stress. Plant Physiol. 143 (1), 312–325. https://doi. 
org/10.1104/pp.106.090431. 

Blokhina, O., Fagerstedt, K.V., 2010. Reactive oxygen species and nitric oxide in plant 
mitochondria: origin and redundant regulatory systems. Physiol. Plant 138 (4), 
447–462. https://doi.org/10.1111/j.1399-3054.2009.01340.x. 

Boubakri, H., Gargouri, M., Mliki, A., Brini, F., Chong, J., Jbara, M., 2016. Vitamins for 
enhancing plant resistance. Planta 244 (3), 529–543. https://doi.org/10.1007/ 
s00425-016-2552-0. 

J. Jo et al.                                                                                                                                                                                                                                        

https://doi.org/10.1016/j.jhazmat.2022.129323
https://doi.org/10.1073/pnas.1001501107
https://doi.org/10.1073/pnas.1001501107
https://doi.org/10.1093/jxb/erz530
https://doi.org/10.1094/PHYTO-97-2-0239
https://doi.org/10.1094/PHYTO-97-2-0239
https://doi.org/10.1104/pp.106.090431
https://doi.org/10.1104/pp.106.090431
https://doi.org/10.1111/j.1399-3054.2009.01340.x
https://doi.org/10.1007/s00425-016-2552-0
https://doi.org/10.1007/s00425-016-2552-0


Journal of Hazardous Materials 437 (2022) 129323

12

Bundy, J.G., Davey, M.P., Viant, M.R., 2008. Environmental metabolomics: a critical 
review and future perspectives. Metabolomics 5 (1), 3–21. https://doi.org/10.1007/ 
s11306-008-0152-0. 

Calhoun, L.N., Kwon, Y.M., 2011. Structure, function and regulation of the DNA-binding 
protein Dps and its role in acid and oxidative stress resistance in Escherichia coli: a 
review. J. Appl. Microbiol 110 (2), 375–386. https://doi.org/10.1111/j.1365- 
2672.2010.04890.x. 

Campbell, G.R.O., Taga, M.E., Mistry, K., Lloret, J., Anderson, P.J., Roth, J.R., Walker, G. 
C., 2006. Sinorhizobium meliloti bluB is necessary for production of 5,6-dimethyl-
benzimidazole, the lower ligand of B12. PNAS 103 (12), 4634–4639. https://doi. 
org/10.1073/pnas.0509384103. 

Carvalho, M.H.Cd, 2008. Drought stress and reactive oxygen species Production, 
scavenging and signaling. Plant Signal Behav. 3 (3), 156–165. https://doi.org/ 
10.4161/psb.3.3.5536. 

Caspi, R., 2006. MetaCyc Pathway: L-arginine biosynthesis III (via N-acetyl-L-citrulline). 
https://biocyc.org/META/new-image?object=PWY-5154 (accessed 20 Sep 2021). 

Chen, D., Shao, Q., Yin, L., Younis, A., Zheng, B., 2018. Polyamine function in plants: 
metabolism, regulation on development, and roles in abiotic stress responses. Front 
Plant Sci. 9, 1945. https://doi.org/10.3389/fpls.2018.01945. 

Choudhary, D.K., Kasotia, A., Jain, S., Vaishnav, A., Kumari, S., Sharma, K.P., Varma, A., 
2015. Bacterial-mediated tolerance and resistance to plants under abiotic and biotic 
stresses. J. Plant Growth Regul. 35 (1), 276–300. https://doi.org/10.1007/s00344- 
015-9521-x. 

Critchley, L., 2019. The Applications of Carbohydrate Polymers. AZO NANO. 
https://www.azonano.com/article.aspx?ArticleID=5292. 

Deda, O., Virgiliou, C., Armitage, E.G., Orfanidis, A., Taitzoglou, I., Wilson, I.D., 
Loftus, N., Gika, H.G., 2020. Metabolic Phenotyping Study of Mouse Brains 
Following Acute or Chronic Exposures to Ethanol. J. Proteome Res 19 (10), 
4071–4081. https://doi.org/10.1021/acs.jproteome.0c00440. 

EPA, 2021. Technical Overview of Ecological Risk Assessment - Analysis Phase: 
Ecological Effects Characterization. https://www.epa.gov/pesticide-science 
-and-assessing-pesticide-risks/technical-overview-ecological-risk-assessment-0 
(accessed. 

Even, S., Lindley, N.D., Cocaign-Bousquet, M., 2003. Transcriptional, translational and 
metabolic regulation of glycolysis in Lactococcus lactis subsp. cremoris MG 1363 
grown in continuous acidic cultures. Microbiol. (Read. ) 149 (Pt 7), 1935–1944. 
https://doi.org/10.1099/mic.0.26146-0. 

Foyer, C.H., 1994. In: Foyer, C.H., Mullineaux, P.M. (Eds.), Causes of Photooxidative 
Stress and Amelioration of Defense Systems in Plants, 2nd edition.,. CRC Press. 

García, M.G., Borgnino, L., 2015. Fluoride in the Context of the Environment, in: Preedy, 
V.R. (Ed.) Fluorine: Chemistry, Analysis, Function and Effects. Royal Society of 
Chemistry, pp. 3–21. https://doi.org/10.1039/9781782628507–00003. 

Gorelova, V., Ambach, L., Rebeille, F., Stove, C., Van Der Straeten, D., 2017. Folates in 
Plants: Research Advances and Progress in Crop Biofortification. Front Chem. 5, 21. 
https://doi.org/10.3389/fchem.2017.00021. 

Guan, N., Liu, L., 2020. Microbial response to acid stress: mechanisms and applications. 
Appl. Microbiol Biotechnol. 104 (1), 51–65. https://doi.org/10.1007/s00253-019- 
10226-1. 

Guan, N., Shin, H.D., Chen, R.R., Li, J., Liu, L., Du, G., Chen, J., 2014. Understanding of 
how Propionibacterium acidipropionici respond to propionic acid stress at the level 
of proteomics. Sci. Rep. 4, 6951. https://doi.org/10.1038/srep06951. 

Hayat, S., Hayat, Q., Alyemeni, N.A., Wani, A.S., Pichtel, J., Ahmad, A., 2012. Role of 
proline under changing environments: a review. Plant Signal Behav. 7 (11), 
1456–1466. https://doi.org/10.4161/psb.21949. 

He, M., Ding, N.Z., 2020. Plant unsaturated fatty acids: multiple roles in stress response. 
Front Plant Sci. 11, 562785 https://doi.org/10.3389/fpls.2020.562785. 

Heil, M., 1999. Systemic acquired resistance: available information and open ecological 
questions. J. Ecol. 87, 341–346. https://doi.org/10.1046/j.1365-2745.1999.00359. 
x. 

Heyno, E., Mary, V., Schopfer, P., Krieger-Liszkay, A., 2011. Oxygen activation at the 
plasma membrane: relation between superoxide and hydroxyl radical production by 
isolated membranes. Planta 234 (1), 35–45. https://doi.org/10.1007/s00425-011- 
1379-y. 

Hirata, K., Tsuji, N., Miyamoto, K., 2005. Biosynthetic regulation of phytochelatins, 
heavy metal-binding peptides. J. Biosci. Bioeng. 100 (6), 593–599. https://doi.org/ 
10.1263/jbb.100.593. 

HSE, 1987. Release of Hydrofluoric acid from Marathon Petroleum Refinery, Texas, USA. 
30th October 1987. Health and Safety Executive. https://www.hse.gov.uk/comah/ 
sragtech/casemarathon87.htm. 

Jo, J., Ahn, Y., Pandi, K., Pyo, H., Kim, N., Yun, S.-T., Kim, M., Lee, J., Choi, J., 2021. 
Assessment of soil contamination by gas cloud generated from chemical fire using 
metabolic profiling and associated bacterial communities. Minerals 11 (4). https:// 
doi.org/10.3390/min11040372. 

Jones, J.D., Dangl, J.L., 2006. The plant immune system. Nature 444 (7117), 323–329. 
https://doi.org/10.1038/nature05286. 

Jung, K., 2017. Critical assessment of the 2012 gumi chemical spill: an adaptive 
governance approach. Case Study Ser. 1. Korea Inst. Public Adm. 1–25. 

Khan, N.A., Nazar, R., Iqbal, N., Anjum, N.A., 2012. Phytohormones and Abiotic Stress 
Tolerance in Plants. Springer,. https://doi.org/10.1007/978-3-642-25829-9. 

Kohan-Baghkheirati, E., Bagherieh-Najjar, M., Abdolzadeh, A., Geisler-Lee, J., 2018. 
Altered DREB1A gene expression in arabidopsis thaliana affects root growth. 
Antioxid. Enzym. Act., Response Salin. but Not. Cold J. Genet Resour. 4 (2), 90–104. 
https://doi.org/10.22080/jgr.2019.15528.1117. 

Kolackova, M., Moulick, A., Kopel, P., Dvorak, M., Adam, V., Klejdus, B., Huska, D., 
2019. Antioxidant, gene expression and metabolomics fingerprint analysis of 
Arabidopsis thaliana treated by foliar spraying of ZnSe quantum dots and their 

growth inhibition of Agrobacterium tumefaciens. J. Hazard Mater. 365, 932–941. 
https://doi.org/10.1016/j.jhazmat.2018.11.065. 

Kudo, M., Kidokoro, S., Yoshida, T., Mizoi, J., Todaka, D., Fernie, A.R., Shinozaki, K., 
Yamaguchi-Shinozaki, K., 2017. Double overexpression of DREB and PIF 
transcription factors improves drought stress tolerance and cell elongation in 
transgenic plants. Plant Biotechnol. J. 15 (4), 458–471. https://doi.org/10.1111/ 
pbi.12644. 

Kvesitadze, G., Khatisashvili, G., Sadunishvili, G., Ramsden, J.J., 2006. Biochemical 
Mechanisms of Detoxification in Higher Plants. Springer. 

Lata, C., Prasad, M., 2011. Role of DREBs in regulation of abiotic stress responses in 
plants. J. Exp. Bot. 62 (14), 4731–4748. https://doi.org/10.1093/jxb/err210. 

Lim, H.S., Lee, K., 2012. Health care plan for hydrogen fluoride spill, Gumi, Korea. 
J. Korean Med Sci. 27 (11), 1283–1284. https://doi.org/10.3346/ 
jkms.2012.27.11.1283. 

Loon, L.Cv, Bakker, P.A., Pieterse, C.M., 1998. Systemic resistance induced by 
rhizosphere bacteria. Annu. Rev. Phytopathol. 36. https://doi.org/10.1146/ 
annurev.phyto.36.1.453. 

Lu, C.D., 2006. Pathways and regulation of bacterial arginine metabolism and 
perspectives for obtaining arginine overproducing strains. Appl. Microbiol 
Biotechnol. 70 (3), 261–272. https://doi.org/10.1007/s00253-005-0308-z. 

Matich, E.K., Chavez Soria, N.G., Aga, D.S., Atilla-Gokcumen, G.E., 2019. Applications of 
metabolomics in assessing ecological effects of emerging contaminants and 
pollutants on plants. J. Hazard Mater. 373, 527–535. https://doi.org/10.1016/j. 
jhazmat.2019.02.084. 

Meziane, H., Sluis, I.V.D., Loon, L.C.V., Höfte, M., Bakker, P., 2005. Determinants of 
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