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Abstract

The built indoor environment, including domestic housing and commercial offices, has significantly
lower air quality relative to ambient outdoor air. Methods of air purification typically rely on traditional
mechanical filtration methods such as heating, ventilation and air conditioning systems (HVAC), which
are energetically intensive and require routine maintenance to ensure adequate filtration. To reduce
energy demands and to improve urban sustainability, phytoremediation technologies have emerged
as a promising method for the remediation of indoor air quality. Due to the need to identify and
optimise sustainable methods to improve air quality, we present a comprehensive review on the
mechanisms for plant-driven and microbial-driven removal of gaseous contaminants (i.e. volatile
organic compounds) is warranted. The literature indicates that indoor air phytoremediation systems
rely on complex of both the biological aspects (plant parts, substrate, microbial community, substrate
moisture) and abiotic factors (airflow, moisture content), however it is evident that the method for
optimal application of these factors within systems is currently significantly understudied, especially
in relation to research done in-situ. The authors recommend future research directions should be
targeted at plant biochemical analysis of phytoremediation systems exposed to real world pollutants

like petroleum vapour, vehicle emissions, and mixed synthetic furnishings of-gassing, as well as the



dynamics of the substrate microbial community within root systems. The assessment and developed
understanding of these key areas are not only essential for the progression of the field of research but

also for continued wide spread adoption for these phytoremediation systems.
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1. Indoor air pollution

The rise in globalisation and increasing population size has led to densely populated urban spaces
where modern dwellers typically spend 80% of their time within indoor urban centres for both housing
and business (Morawska et al., 2020). Due to elevated levels of indoor-sourced contaminants, such as
volatile organic compounds (VOCs), indoor air pollutant levels are consistently 3—5 times higher than
outdoors (Jafari et al., 2015). Indoor exposure to certain VOC contaminants has become a significant
health concern worldwide (Ninya et al., 2022), with short-term exposure known to cause respiratory
and dermatological health issues, as well as psychological discomfort (Jansz, 2011). Due to the highly
sealed nature of modern buildings, chronic long-term exposure to these pollutants can result in
increased pulmonary pathology, nasopharyngeal, and lung cancer (J. M. Adams et al., 2001). This
phenomenon has been coined as ‘sick building syndrome’ which is the term used to describe scenarios
where individuals in a building experience immediate health and comfort issues that seem to be
related to the time they spend in the building, yet no specific cause can be determined (Sarkhosh et
al., 2021). The recent global pandemic of COVID-19 has only amplified this issue as large proportions
of the global population were required to spend up to 100% of their time indoors during mandatory
lockdowns (Ninya et al., 2022). High indoor occupancy rates are also an issue for the urban work force,
as the majority of urban commercial structures often rely on HVAC systems to regulate the indoor
environment (Wargocki, 2011). HVAC systems commonly incorporate air filters with minimum
efficiency reporting values (MERV) of 8-13, which are effective for particulate matter (PM) removal
but are incapable of gaseous pollutant filtration (Z. Wang et al., 2004). It is therefore essential that
energy-efficient solutions capable of addressing this indoor air quality (IAQ) issue be investigated in
order to reduce the current health burden. Plant-based air pollution remediation systems are finding

increasing attention as potential candidates for indoor air quality management.

1.1 Phytoremediation of indoor air pollution

Plant-based air pollutant removal systems function much like bio-scrubbers, bio-trickling filters and
industrial biofilters (Burgess et al., 2001; Delhoménie & Heitz, 2005; Iranpour et al., 2005; Revah &
Morgan-Sagastume, 2005), which dissolve or otherwise capture air pollutants into an aqueous phase,
that can then be metabolized or sequestered by microbial or other biological activity. Plant-based
green wall biofilters utilise plants and their rhizosphere (the 1-3mm thick region of substrate
immediately surrounding root surfaces) microbial communities to metabolise gaseous contaminants
and convert toxic chemicals to a nutrient source for both the plant and the associated microbial

community(lrga et al., 2018; Pettit et al., 2018a; F. Torpy et al., 2017). The remediation properties of
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plants and their rhizosphere have a high potential to remove VOCs from sealed environments.
Compared to alternative solutions to pollutant removal, phytoremediation is considered a sustainable,

cost-effective, and eco-friendly technology (Irga et al., 2018).

Whilst plant mediated remediation of NOy, CO;, CO and PM have been demonstrated, most air
phytoremediation research has been focussed on the removal of VOCs (Matheson et al., 2023; Pettit
et al., 2018a). It is generally understood that the great majority of VOC removal is performed by the
actions of substrate microorganisms, with the plant playing a role to support the microflora (Aydogan
& Montoya, 2011; Wei et al., 2017).Nonetheless, there is evidence of some VOC removal by the plants
themselves in passive systems, based on the absorption of pollutants into plant cells, which are
consequently sequestered, metabolised or transferred to other plant parts and thus degraded (Giese
et al.,, 1994; Komives & Gullner, 2005). Therefore, understanding the metabolic pathways of VOC
degradation by plants may be of value for developing further improvements to phytoremediation

systems for indoor air purification.

Air purification via botanical biofiltration was established by NASA scientists (B. C. Wolverton et al.,
1984), while investigating potted plants for their innate ability to phytoremediate toxic compounds,
they found passive potted plant systems to significantly reduce ambient VOC concentrations within
model spacecraft that were used by NASA. Since these initial studies a plethora of literature
investigating the removal of VOCs by a number of different plant species has been published in the
field, dominance of certain plant species in phytoremediation research is often owing to their
resilience to indoor environments and growing conditions (Brilli et al., 2018), as well as their popularity

due to their aesthetic qualities (Dravigne et al., 2008).

Phytoremediation systems for the indoor environment are currently categorised into two forms:
passive and active systems. Passive remediation systems rely primarily on the diffusion of indoor
pollutants to complete absorption and purification (Bandehali et al., 2021; Y. Han et al., 2022; Teiri et
al., 2022). The limitations of this system are obvious, as the concentration of pollutants in indoor
environments is generally low, passive systems have a limited capacity to remediate indoor air
(Bandehali et al., 2021; Y. Han et al., 2022; Teiri et al., 2022). While it is likely that the microbial
community residing in the rhizosphere is responsible for the majority of chemical removal in these
systems, there is some evidence of endophytic and epiphytic bacteria in/on the leaves assisting in
gaseous contaminant removal (Barac et al., 2004; De Kempeneer et al., 2004; Khaksar et al., 2016;

Knief et al., 2012).

Active bioremediation systems have been developed to address the pollutant diffusion rate limitations

of passive systems and have been studied extensively in recent years (for a detailed review, see
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Matheson et al. (2023)). Active systems combine plants and their substrates with a mechanical
ventilation system, directing the polluted airstream through the rhizosphere and foliage (Bandehali et
al.,, 2021; Gonzalez-Martin et al., 2021; Moya et al., 2019; Pettit et al., 2018b; Teiri et al., 2022),
resulting in greatly enhanced filtration efficiency. As the primary removal mechanism (i.e. the
substrate) is being directly supplied with polluted air, the above-ground plant parts in active systems
play a smaller role in their pollutant removal efficiency (Gonzalez-Martin et al., 2021). Therefore, the
metabolic pathways employed by rhizospheric microbial communities are the primary driver of

pollutant remediation by these systems.

To date, there have been few published studies demonstrating the pollutant removal efficiency of
phytoremediation systems in realistic indoor environment (Mannan & Al-Ghamdi, 2021). However,
these studies have provided a proof of concept for these systems, (Z. Wang & Zhang, 2011), revealed
satisfactory single pass removal efficiencies of an active green wall prototype for formaldehyde and
toluene (90% and ~33%; respectively, for 4 days) within real office building conditions. Pettit et al.,
(2019), tested a piolet scale active green wall against a compartmentalised HVAC system containing a
MERYV H13 rated filter within a school classroom located in Chaoyang District Beijing, China. The piolet
green wall was shown to outperform the control HVAC system removing 72.5% more TVOCs over the
experimental period. Considering these preliminary studies, the amount of commercially available
botanical indoor air filtration systems such as, the Naava (Naturvention, Finland) interior air filter
system, is continuing to increase every year. While the commercial desire for these indoor air
phytoremediation systems is promising, to date, reviews on the underlying the key mechanisms for
degradation within these systems, and how VOCs enter plant-based systems to become degraded, are
less common. The objective of the current review is thus to present information on the
phytoremediation of common air pollutants, and to identify the main factors influencing the efficacy

of botanical air purification.
The review has several objectives,

1. outline the pathways and mechanisms of different plant organs in phytoremediation, with a
focus on the foliage and the root rhizosphere.

2. provide an analysis of the remediation performance of the microbiota and the plant in
phytoremediation.

3. Provide a detailed overview of the metabolic pathways employed by plant rhizosphere
bacteria to degrade a range of gaseous contaminants.

4. Provide potential solutions to improving indoor air purification rates.
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2. Degradation of VOCs in phytosystems

2.1 VOC uptake processes

To date, most studies determining the drawdown potential of phytoremediation systems for gaseous
air pollutants have been conducted in static sealed chambers (Dela Cruz et al., 2014; Irga et al., 2018;
K. J. Kim et al., 2018). The rhizosphere microbial community has been credited with the bulk of VOC
degradation efficiency, but many studies have found that the aboveground phytomass, the

rhizosphere, and the substrate itself all play specific roles in the removal of VOCs (Figure 1).
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Figure 1. Mechanisms of plant-microorganism synergistic degradation of VOCs. Image by author

For example, one of the first studies to suggest the microbial activity in the rhizosphere was
contributing to VOC removal by Wolverton et al. (1993) demonstrated a removal of formaldehyde and
xylene by 50.5% and 67%, respectively. Similarly, Xu et al. (2011)recorded similar soil contributions in
a comparative experiment using the plant species Chlorophytum comosum, Aloe vera and
Epipremnum aureum. It was later documented by Kim et al. (2018) that the removal of formaldehyde
was increased 10-fold during the night, suggesting that photosynthesis driven plant respiration was

not a major contributor to the removal of gaseous formaldehyde. Thus, there is evidence for at least
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some VOC removal by the phytomass, whether above or below ground, at least for passive systems

tested by the abovementioned studies.

The aboveground portions of the plant involved in phytoremediation are primarily the foliage, where
the specific plant responses are largely driven by the properties of each individual pollutant, such as
dipole moment and molecular mass (Pettit et al., 2019). While there is the potential for epiphytic
bacteria to metabolise some VOCs on the plant leaf surface(Kandel et al., 2017), the primary
mechanism for plant foliage-mediated removal of gaseous contaminants is thought to be absorption
into the plant tissue through stomates (gas exchange) (Ugrekhelidze et al., 1997) and adsorption to
the waxy cuticle of the plant leaf (Treesubsuntorn & Thiravetyan, 2012). As stated previously, the rate
of stomatal uptake is dependent on the concentration gradient between the leaf and atmosphere
(Oikawa & Lerdau, 2013). The chemical structure and properties of the VOC may thus affect the rate
of transport within the plant as interactions with mesophyll and stomatal resistance may differ
(Wesely & Hicks, 2000). However, there are some studies that have suggested that epiphytic bacteria
(communities that reside on the external surfaces of plant tissue) can contribute to the removal of
pollutants by driving a VOC intracellular gradient (Seco et al., 2007). Internal plant metabolism
maintains a concentration gradient and ensures continuous uptake for VOCs, and the lipophilicity or
hydrophilicity (specific Kow) of various VOCs within the leaves allows for certain chemicals to pass
through the cell structure and into the cytoplasm (Matsui, 2016), where they are thought to be
detoxified by participating in glycosylation, glutathionylation and reductive oxidation reactions (Karl

et al., 2010; Tani et al., 2013).

In addition to the physiochemical properties of plant structures that can influence VOC removal,
abiotic environmental factors such as relative humidity, light intensity and temperature can all act on
both the plant and the contaminant to create an environment where adsorption, absorption or
adhesion rates are affected. Chemical contaminants that are either dry or wet deposited onto leaf
surfaces accumulate (Treesubsuntorn & Thiravetyan, 2012) and can be incorporated into the leaf’s
waxy cuticle for either uptake by the plant or utilisation by any endophytic or epiphytic bacteria
(Hoérmann et al., 2018; Seco et al., 2007; Zuo et al., 2022a). However, there is conflicting literature
regarding the waxy cuticle’s role in phytoremediation. Yeats & Rose (2013) hypothesised that toluene
is only retained in the plant cuticle and does not undergo any translocation within the leaf tissue, or

degradation, contradicting previous work (Ugrekhelidze et al., 1997).
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2.2 Translocation of VOCs in plant tissues

There are currently two primary modes of translocation of VOCs in plants, depending on the direction
of VOC flow relative to the aboveground and belowground plant parts. The first mode of transport is
from the above-ground plant parts to the roots via the phloem after the absorption of gaseous
contaminants by the leaves (Su & Liang, 2015). VOCs are consequently transported out of the plant to
the rhizosphere and surrounding soil. This has been observed by Liang et al. (2019)who exposed
tomato plants and hanging orchids to carbon labelled 3.1 Formaldehyde (HCHO), detecting the
labelled VOC in the root zone, despite only having foliar exposure to the gaseous contaminant (Liang
et al., 2019). Once again, these results have not been consistently found in all plants, with wheat not
displaying labelled HCHO in the root zone after foliar exposure (Liang et al. 2019). It is currently unclear
exactly how leaf-to-rhizosphere transport occurs, and why it differs amongst plant types. Further

studies with a wider range of plant and chemical species are thus required.

The most studied mode of VOC transport in plants is upward transport from the roots to the leaves
via the xylem (Pettit et al., 2020; Schréder & Collins, 2002). Flow through the xylem is an integral part
of plant growth (K. J. Kim et al., 2020), and is driven by evapotranspiration, where substrate moisture
is absorbed by the roots and exported via the stomata during transpiration (Schréder & Collins, 2002).
It is therefore likely that pollutants that have become solubilised in the substrate are drawn into the
roots in the same way (Kim et al. 2020). Interestingly, most studies have not observed the re-emission
of substrate absorbed VOCs from the leaves, evidence that contaminants absorbed through the roots
are either degraded or stored in plant tissue. A study by Briggs et al. (1982) developed a mathematical
model referred to as “transpiration stream concentration factor” that can be used to quantify the
uptake of compounds by plants through the roots, stems and leaves ((Dominici et al., 2021). This
model indicates that chemical transport for compounds from the rhizosphere to other plant parts will
occur via transpiration flow for compounds with log Kow™~2, with VOC lipophilicity also affecting
transport efficiency (Mankiewicz et al., 2022; Mura et al., 2005). Nevertheless, high log K.w compounds
may block the plant's transport process and thus be trapped in the plant's stem by components with

an affinity for the VOC molecules, such as lignin (Llewellyn & Dixon, 2011).

Currently, no study has determined the relative contribution of these two transportation routes to the
purification of pollutants from polluted air. Due to the still quantitatively unknown importance of
transport throughout the plant system to gross VOC removal, further research into this field is

warranted, and may lead to technological advancement that improves phytoremediation efficiency.
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2.3 Belowground degradation — plant contribution

The primary mechanism for the removal of VOCs is broadly believed to be through microbial
degradation in the rhizosphere (Bais et al., 2006; Cheng et al., 2019; Philippot et al., 2013). However,
there is also some evidence that substrate-located VOCs can also be remediated by plant activity. This
may occur through absorption of substrate moisture containing dissolved VOCs into root systems and
thence transport through the transpiration flow from the roots to the above-ground plant parts and
xylem cell wall or cellulose-based interactions (i.e. ion exchange) (Darlington et al., 2001; Dolan &
Glynn, 1997; Llewellyn & Dixon, 2011; Pilon-Smits, 2005; J. Yang et al., 2009). Pollutants that diffuse
into substrates may enter the cytoplasm of root cells via the plasma membrane driven by transpiration
flows, diffusive transport and/or microbially facilitated transport (McCorquodale-Bauer et al., 2023).
Additionally, VOCs have been observed to bind to lignin in the cell walls of roots and humus,
subsequently leading to their sequestration and conversion into insoluble compounds (B. X. Y. Lee et
al., 2020). This process has been implicated in decreasing the mobility of pollutants in the soil, which
reduces leaching and prevents contaminants from entering ground water systems and the food chain

(Lee et al., 2021).

The physical characteristics of plant roots may also lead to species differences in VOC removal rates
due to varying complexity of root matrices, root exudate properties, and variations in the rhizosphere
microbial community among different plant species (Bais et al., 2006; Moya et al., 2019). Extensive
research has demonstrated that plants can utilize their root systems to exude carbohydrates, amino
acids, and organic acids into the rhizosphere, thereby facilitating the stabilisation and equilibrium of
microbial communities (Hitsch et al., 2002; Martinez-Lavanchy et al., 2015). This process is
particularly critical in the context of phytoremediation systems, where wetland plants have been
documented to facilitate oxygen transport to their roots through specialised aerenchyma structures,
thereby enhancing aerobic microbial activity (WieRner et al., 2005). Additionally, root system
architecture has also been identified as a key factor influencing the efficacy of bioremediation
processes (Fatima et al.,, 2017; lori et al., 2017; Pettit et al., 2017). These well-developed root
architectures provide increased surface area for interaction with contaminated soils, optimize water
absorption, and confer higher tolerance to environmental stress(lori et al., 2017). This principle of root
system dynamics can further inform strategies for phytoremediation of airborne pollutants, as
illustrated by Pettit et al., (2017), who found that plants like C. comosum, characterized by shallow
fibrous root structures, exhibit improved pollutant removal efficacy in active green wall applications.
Due to the often-symbiotic relationship between individual plant species and their rhizospheric

microbial communities, it can be difficult to differentiate between the metabolic effects of the plant
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and the rhizospheric microbial community. The role of rhizosphere microorganisms in bio- and-

phytoremediation will be described in the following section.

2.4 Belowground degradation — substrate and rhizospheric microbial contributions

Substrate properties can have a profound impact on the adsorptive capacity for VOCs (Ruiz et al.,
1998), with pH and organic carbon content thought to be of significance (Insam & Seewald, 2010). It
has been previously demonstrated that manipulating the substrate in both potted plants and active
green walls can alter the VOC remediation potential of plant (Orwell et al., 2006; Panke-Buisse et al.,
2015; Pettit et al., 2018b; Rappert & Miiller, 2005). In addition to the physical and chemical properties,
substrate choice can serve to benefit or limit the rhizospheric microbiome, either improving or

reducing VOC interception and degradation (Pettit et al., 2018b).

Plant-rhizosphere interactions occur through chemical signalling and the provision of carbon
resources through exudates and other rhizo-deposits, generated through photosynthesis (Bais et al.,
2006). Due to the close relationship between plants and their rhizospheric microbial communities, the
bacterial composition of the rhizosphere is distinct from the surrounding bulk soil and the rhizospheric
microenvironment is often reported to enrich certain microbial functions including denitrification and
methanol oxidation (Ling et al., 2022). Generally, all rhizospheric bacterial communities have been
found to be capable of degrading gaseous VOCs (Rappert & Miller, 2005)and through exposure to
contaminants, VOC-degrading species are selectively enhanced, resulting in higher rates of
degradation on subsequent exposure. While there are certain bacterial species that possess well
known metabolic pathways for VOC degradation, it has been observed in active green walls that
bacterial abundance and composition shifts with geographical region (Fleck et al., 2020), indicating
variability in rhizospheric communities with known VOC degrading capabilities. As such, there may be
the potential for bacterial enrichment or biostimulation of active green wall systems to promote
gaseous VOC degradation, although this has received limited attention (Rappert & Miiller, 2005;
Shahriari Moghadam et al., 2017; Y. Yang et al., 2020). A study conducted by Yang et al., (2020)
observed a 288.8% increase in HCHO removal after inoculating Vigna radiata with soils that had been
previously exposed to the VOC. However, in the same study, the increased removal of HCHO by Aloe
vera was only 24.9% using the same soil inoculation (Y. Yang et al. 2020) suggesting the efficacy of
biostimulation varies with plant species. It may be plausible that Aloe vera could not sustain the
bacterial communities (i.e. abundance of specific VOC-degrading bacteria) in the soil as effectively as
Vigna radiata and therefore did not perform as well. Variable effects associated biostimulation in
green wall systems is currently critically understudied. Some studies outside of the VOC remediation

field have associated plant microbial community inoculations as a technique to alter plant flowering
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time and improve plant fitness under drought conditions , due to the symbiotic relationship of plant
and microbial biomes it is plausible that whole-microbial community innoculations with VOC
degrading bacteria may be a promising technique to further optimise VOC removal of plant based

green wall systems (Lau et al., 2012; Panke-Buisse et al., 2015).

Rhizoremediation is a process describing the synergistic interaction between plants and
microorganisms to remediate contaminants in soil matrices (Bhatia et al., 2011; Kuiper et al., 2004)
This process has received considerable attention and research in the fields of water and soil pollution.
The primary rhizospheric microorganisms involved bacteria and fungi. Dominant rhizospheric
microbial groups are represented by phyla such as Firmicutes, Proteobacteria, Actinobacteria, and
genera like Bacillus, Pseudomonas, and Arthrobacter (Agarwal et al., 2020; Pires et al., 2017) Plant
Growth-Promoting Rhizobacteria (PGPR) are a category of beneficial rhizobacteria that have become
a focal point of recent studies for their role in promoting plant growth (Bhatia et al., 2011; Kloepper
& Schroth, 1978). In the context of phytoremediation, PGPR may also provide effective solutions for
plant detoxification and maintaining plant health during the remediation of pollutants (Bhatia et al.,
2011; Thouron et al., 2017; L. Zhao et al., 2021a). PGPR contribute to plant defence against pathogens
(Guo et al., 2004; Raj et al., 2003), facilitate nutrient absorption from the soil (Cakmakgi et al., 2006;
Siddiqui, 2001), and participate in the decomposition and synthesis of pollutants (Glick, 1995). Some
Research has indicated that the strategic augmentation of PGPR can enhance the efficiency of
removing polycyclic aromatic hydrocarbons (PAHs) and creosote(X. D. Huang et al., 2004a, 2004b).
The underlying mechanisms may involve the modulation of plant hormones, including auxin,
gibberellin, cytokinin, and ethylene pathways—and to reduce stress ethylene levels by consuming 1-
aminocyclopropane-1-carboxylate (ACC), thus promoting plant germination and growth (Hall et al.,
1996; Reed & Glick, 2005; Safronova et al., 2006). Regarding VOC remediation, hydrocarbon-degrading
bacteria are a focal point of study. It has been observed that hydrocarbon-degrading bacteria naturally
occur in low proportions (0.1%) in the environment, and even in areas with severe contamination,
their abundance ranges from only 1% to 10% (Ferradji et al., 2014; Mnif et al., 2014; Nazina et al.,
2005; Varjani et al., 2015). Nonetheless, many studies have emphasized that bioremediation is a
collaborative process involving multiple microbial species (Fatima et al., 2017), as the degradation
capacity of a single bacterial strain is limited and substrate-specific, necessitating the involvement of
diverse microbial consortia for efficient enzymatic activity (Alkhatib et al., 2011; Mukred et al., 2008).
Detailed information on common air pollutants and their associated microbial communities can be

found in Supplementary table 1.

Fungi can constitute a crucial element of the bioremediation process within contaminated sites as well

(Baldantoni et al., 2017; L. Zhao et al., 2021a). The Basidiomycota and Ascomycota represent the two



275
276
277
278
279
280
281
282
283
284
285
286

287
288
289
290
291
292
293
294
295

296

297
298
299
300
301
302
303
304
305
306
307

most commonly encountered groups of fungi in pollutant remediation(Agarwal et al., 2020). Despite
this, there remains a substantial research gap regarding the role of fungi in bioremediation, especially
concerning air pollutants. It has been observed (Gadd, 2010) that arbuscular mycorrhizal fungi (AMF)
are abundant in highly polluted, nutrient-deficient soils, exhibiting resilience in harsh environments.
These fungi have been theorised to facilitate detoxification by altering metal availability in the soil and
aiding plants in water and nutrient uptake under stress conditions (Agarwal et al., 2020; Alka et al.,
2020; Gadd, 2010). (Purohit et al., 2018a)confirmed that fungi enhance nutrient acquisition by plants
in lead-contaminated soils. A potential mechanism for fungal remediation of soil pollutants,
particularly PAHs, involves the production of ligninolytic enzymes capable of degrading these
compounds (Baldantoni et al., 2017; Purohit et al., 2018b; L. Zhao et al., 2021a). Thus, the role of fungi
in bioremediation warrants further attention, especially in exploring air pollution remediation, as fungi

may offer additional degradation pathways.

There is also a possibility that certain microorganisms with specific metabolic pathways for VOC
degradation could be used for single-species inoculation of plant substrates. For example, a study by
(Khaksar et al., 2016) found that the bacterium Bacillus cereus (strain ERBP) increased HCHO removal
by nearly 3-fold over uninoculated media, and consequently ameliorated plant formaldehyde stress.
While this research suggests promising potential, the study was limited in that the strain was
introduced into a sterile substrate. It is therefore likely that in practise, the biostimulation of a more
complex system, such as an already functional rhizosphere, would elicit different outcomes, especially
due to competition with indigenous microorganisms and the challenges of adapting to the new

environment (Kaminsky et al., 2019; King & Bell, 2022).

2.5 Plant and Microbial Enzyme-Gene Networks in Phytoremediation Response

In most bioremediation environments, pollutants typically do not exist as single entities; instead, they
are often present as complex mixtures, all degrade concurrently within the environment (Cerniglia,
1992a, 1992b; Fatima et al., 2017; Heitkamp & Cerniglia, 1987; Ka"stner & Mahro, 1996). This
complexity makes it highly challenging to monitor each compound and further explore the
degradation pathways, especially when attempting to understand how microbial communities
interact and coordinate in bioremediation(Agarwal et al., 2020; Fatima et al., 2017; Khan et al., 2013).
Research has demonstrated that interactions such as competition or synergy among pollutants can
occur when plants and microorganisms are involved in bioremediation, leading to variations in
degradation efficiency (Cerniglia, 1992a, 1992b; Ferradji et al., 2014; Ka"stner & Mahro, 1996; Ma et
al.,, 2016; Mnif et al., 2014; Nazina et al., 2005; Rahman et al., 2003; Varjani et al., 2015). Further

analysis reveals that the enzymes mediating these processes play a pivotal role (Alvarez-Cohen &
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Speitel, 2001; Schaffner et al., 2002). Some enzymes exhibit high specificity, being capable of
degrading only particular pollutants, while others can act on a broader range of substrates (Alvarez-
Cohen & Speitel, 2001; Kennedy & Law, 1999; Tegge, 1984). Despite variations in microbial species,
key enzymes responsible for degradation are often conserved (Alvarez-Cohen & Speitel, 2001; Bollag,
1992; Gianfreda & Rao, 2004). For example, laccase is capable of breaking down phenols (Ullah et al.,
2000), PAHs (Dodor et al., 2004), polychlorinated biphenyls (PCBs)(Novotn~ et al., 1997). Utilizing this
characteristic, enzymes with broader compatibility can be considered for genetic modification to
enhance the efficiency of phytoremediation (Bhatia et al., 2011; Fatima et al., 2017; Rahman et al.,
2003; Varjani, 2017a). However, in natural ecosystems, the growth of target microorganisms is often
constrained by factors such as microbial competition, cooperation, and environmental limitations,
making it difficult to substantially increase their abundance even in polluted soils (Agarwal et al., 2020;
Baldwin et al., 2003; Bhatia et al., 2011; Cerniglia, 1992a, 1992b; Fatima et al., 2017; Tallis et al., 2011).
Furthermore, applying genetic engineering technologies may play a role in accurately monitoring the
activity and responses of different enzymes to varying levels of pollutants (Agarwal et al., 2020;
Ducrocq et al., 1999; Ghosh et al., 2018; Janke et al., 1981; Khan et al., 2013; S.-Y. Lee et al., 1996;
Mesarch et al., 2000; Yousaf et al., 2011). Techniques such as gene sequencing and PCR allow for a
more detailed understanding of these enzymes (Baek & Kenerley, 1998; Borneman et al., 1996;
Ducrocq et al., 1999; Ghosh et al., 2018; Kurata et al., 2001; S.-Y. Lee et al., 1996; Raeymaekers, 1998).
The specific sequence probes enable tracking of degradation processes during bioremediation, which
is crucial for unraveling the complexities of bioremediation mechanisms (Agarwal et al., 2020;
Borneman et al., 1996; Ghosh et al., 2018; Purohit et al., 2018a; Yousaf et al., 2011). While the majority
of studies focus on rhizospheric microbes and their enzymes, plants themselves also play a role

through specific enzymatic reactions and gene sequences.

One of the plant mediated detoxification processes that has been proposed is through enzymatic
reactions predominantly occuring in the chloroplasts and cytosol of plant cells (Canaval et al., 2020;
Omasa et al., 2000; Takagi et al., 2016; TANI & MOCHIZUKI, 2021; B. C. Wolverton et al., 1989; Yamane
& Tani, 2024; Yamauchi et al., 2011). Pollutants are initially transformed through enzymatic catalysis,
such as oxidation by cytochrome P450 monooxygenases, reduction by dehydrogenases, or hydrolysis
by esterases (Coleman et al.,, 1997; Sandermann, 1994; Schéaffner et al., 2002). Following this,
conjugation reactions occur, in which glutathione-S-transferases or glycosyltransferases facilitate the
attachment of glutathione or sugars to the metabolites, reducing their toxicity (Coleman et al., 1997,
Sandermann, 1994; Schaffner et al., 2002). Subsequently, these intermediates may be conjugated with
glutathione or sugars through the action of glutathione-S-transferases (GSTs) or glycosyltransferases,

thereby detoxifying and neutralizing less toxic compounds (Coleman et al., 1997; Muramoto et al.,
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2015; Sandermann, 1994; Schaffner et al., 2002; Yamane & Tani, 2024). Most of these transformed
molecules are either polymerized or stored within vacuoles, where they participate in further
metabolic reactions (Coleman et al., 1997; Omasa et al., 2000; Sandermann, 1994; Schaffner et al.,
2002; TANI & MOCHIZUKI, 2021; Yamane & Tani, 2024). Metabolites that cannot be further degraded
or detoxified are expelled from the cell through ATP- or proton-dependent transporters or via

exocytosis (Coleman et al., 1997; Sandermann, 1994; Schaffner et al., 2002).

Supplementary table 2 provides a comprehensive overview of the key enzymes involved in various
enzymatic reactions and their corresponding genetic information. Overall, during the bioremediation
process, it is evident that microorganisms work in synergy with plants (Agarwal et al., 2020; Baldwin
et al., 2003; Bhatia et al., 2011; Fatima et al., 2017; Tallis et al., 2011; L. Zhao et al., 2021a). The
degradation of various pollutants often necessitates the involvement of multiple microbial
communities, which cooperate to break down contaminants into nutrients and non-toxic substances.
Plants play an active role in this process by releasing root exudates, which help to shape microbial
community dynamics and enhance degradation efficiency. The degradation of specific compounds is
primarily determined by specialized enzymes, which are derived from both microorganisms and plants
(Agarwal et al., 2020; Fatima et al., 2017; Khan et al., 2013). These enzymes are adaptable, with their
activity being influenced by environmental conditions such as pH and temperature, and their activity
can be further enhanced through manipulating microbial communities or employing genetic
engineering techniques. Therefore, a thorough understanding of the specific enzymes involved in the
breakdown of various substances, as well as the genetic information that regulates these enzymes, is

essential.

3. Removal of common gaseous VOCs

3.1 Formaldehyde (HCHO)

The stomata of plant leaves appear to be responsible for the majority of HCHO uptake, after which it
may be at least partially converted into non-toxic substances through plant metabolism or
concentrated within the stem, or otherwise expelled through the root system (K. J. Kim et al., 2010).
While plant metabolism can remove gaseous HCHO, it requires the use of several enzymes and
metabolic processes (Y. Han et al., 2022; Rachmadiarti et al., 2019; L. Wang et al., 2020). There is
evidence, however, that the majority of HCOH degradation occurs in the rhizosphere after downwards
transport by the plant (Aydogan & Montoya, 2011; K. J. Kim et al., 2010; Panyametheekul et al., 2019;
Salthammer et al., 2010; Xu et al., 2011).
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HCHO detoxification in plants depends on C1 metabolism (Iba, 2002), where HCHO is oxidised and
converted to formate by the enzymes glutathione-dependent formaldehyde dehydrogenase (FDH)
and S-formylglutathione hydrolase (SFGH) (Giese et al., 1994). Formate then enters the chloroplasts
and mitochondria, where it is further oxidised to CO,. The CO; is diffused into the cytoplasm or

assimilated into glucose and fructose through the Calvin cycle (Sun et al., 2015)(Figure 2).

Plant metabolism of removing gaseous
HCHO
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Figure 2. The chemical processes for the degradation of formaldehyde (HCHO) by plant. Image by

author.

Currently, the metabolites of formaldehyde degradation differ between studies (S. Zhao et al., 2019),
and it is unclear whether these are biological or methodological effects. Through the use of
radiolabeled formaldehyde, researchers have elucidated the complete pathway by which indoor
plants catalyze formaldehyde, sequentially converting it into sugars, amino acids, cell wall components,
and other natural compounds (Giese et al., 1994; Schaffner et al., 2002). Studies have demonstrated
that the FDH (formaldehyde dehydrogenase) gene sequence in plants exhibits high homology with
those found in microorganisms and animals, indicating that FDH is a precursor within the large alcohol
dehydrogenase gene family (Fliegmann & Sandermann, 1997; Schaffner et al., 2002). In Chlorophytum
species  foliage, it has been confirmed that formaldehyde detoxification relies on a glutathione-

dependent formaldehyde dehydrogenase (FDH; EC 1.2.1.1), which serves as a critical enzyme in this
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process (Giese et al., 1994; Schaffner et al., 2002). Further studies have confirmed similar findings in
other common indoor plants, such as Ficus, Schefflera, and Spathiphyllum (Schaffner et al., 2002). In
Ficus benjamina, sucrose is mainly produced (Schmitz et al., 2000), while other studies have found
that the primary metabolite of foliar HCOH exposure is mainly glucose (Seco et al., 2007). In the case
of Epipremnum aureum, most of the leaf metabolites are composed of fructose, less than half of the

metabolites in the stems are fructose, and in the roots, sucrose is mainly produced (Irga et al., 2018).

In a study conducted by Zuo et al. (2022), it was observed that during the purification of HCHO by
plant leaves, the concentration of CO, would increase, either as a biproduct of HCHO degradation, or
because of plants being unable to photosynthesise as effectively while dealing with HCHO metabolism.

This raises the question of gas interference in the purification process of VOCs by plant processes.

3.2 PAHs & BTEX

Benzene, xylene, toluene, and ethylbenzene (BTEX) are main components of air pollution, primarily
arising from the combustion and evaporation of petroleum-based products (Atashgahi et al., 2018;
Fatima et al., 2017; Y. Huang et al., 2013; Li et al., 2013; Yan et al.,, 2019; Y. Zhang et al., 2021).
Consequently, when addressing the bioremediation of air pollutants, particularly in underground part,
it is essential to consider petroleum-derived contaminants. Soil pollutants stemming from petroleum
combustion, wildfires, and other air pollution sources are primarily characterized by PAHs and BTEX
(Yanetal., 2019;Y. Zhang et al., 2021; L. Zhao et al., 2021a). PAHs are high molecular weight polycyclic
hydrocarbons that, compared to the low molecular weight of BTEX, exhibit greater resistance to
environmental degradation and absorption (Bihari et al., 2006; C. Zhao et al., 2021; L. Zhao et al,,
2021a, 2021b). BTEX is more volatile and mobile within air and soil, whereas PAHs exhibit a tendency
to adsorb onto soil particles, leading to prolonged retention(Y. Huang et al., 2013; Li et al., 2013; L.
Zhao et al., 2021b). The degradation of PAHs involves a cooperative metabolic process between plants
and soil microorganisms, which utilize enzymatic reactions to break down these compounds (H. Zhang
et al., 2020; L. Zhao et al., 2021b)(figure 3). A few microbial species can also degrade PAHs directly (H.
Zhang et al., 2020). The breakdown of PAHs is typically initiated through oxidation reactions, which
convert complex polycyclic structures into smaller molecular units (e.g., BTEX), which are
subsequently broken down via similar pathways into nutrients, CO,, and H,O (Varjani, 2017b; L. Zhao
et al., 2021b). It is important to note that during the co-remediation of PAHs by plants and microbes,
compounds with lower molecular weights are degraded preferentially, whereas larger, benzene-ring-
rich structures exhibit lower degradation efficiency (Atlas, 1981; Fatima et al., 2018; Glick, 2010;
Salanitro, 2001; Sessitsch et al., 2013). This might be due to the stronger adsorption affinity of these
high-molecular-weight PAHs to soil particles (Chen et al., 2018; L. Zhao et al., 2021b).
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in phytoremediation research, BTEX are aromatic hydrophobic VOCs that have been frequently
studied due to their relative toxicity and problematic concentrations in indoor air (Gong et al., 2019;
Jindrova et al., 2002; Sriprapat & Thiravetyan, 2013; F. R. Torpy, Irga, Brennan, et al., 2013). While
there have been many studies on the degradation of BTEX by potted plants (Fooladi et al., 2019; Gong
et al., 2019; Orwell et al., 2004), few to date have explored the physiological processes involved in the
degradation of BTEX in plant cells (Sriprapat, Boraphech, et al., 2014; Sriprapat & Thiravetyan, 2013).
Some studies have hypothesised that due to structural similarity, there are similar enzymatic
pathways for the degradation of all BTEX compounds (Orwell et al., 2006; Pettit et al., 2018a). It has
been proposed that BTEX and possibly other aromatic VOCs may have competitive or synergistic
relationships during plant absorption (Irga et al., 2018; Setsungnern et al., 2019). Toluene has been
shown to be absorbed by the stomata and cuticles on plant leaves (K. T. Han & Ruan, 2020), where it
was hypothesised that it was translocated to the roots for metabolism by rhizospheric bacteria. Leaf
cuticles also have some toluene absorption capacity, which is thought to lead to subsequent leaf
uptake (Wei et al., 2017), although other studies have found that toluene may be stored in the cuticle

without participating in any reactions (Hormann et al., 2018).
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Figure 3. Degradation pathways of PAHs and BTEX in in phytosynthetic microbial remediation
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As depicted in Figure 3, BTEX are first oxidised in the plant with the enzymatic hydrolysis of the
aromatic ring (Varjani, 2017b). The transformation of BTEX within plants is essentially dependent on
the activity of the relevant enzymes, where the transformation rate can be influenced by a variety of
factors such as penetration rate, localisation site, type of reaction catalysed, oxidising enzyme activity
and specificity and the chemical properties of the hydrocarbon (Ugrekhelidze et al.,, 1997).
Setsungnern et al., (2019) found that the CYP90B1 enzyme increased 2-8-fold relative to a blank
control when C. comosum was exposed to increasing concentrations of benzene gas, evidence that
CYP90B1 enzyme is at least one of the critical enzymes for plant-mediated aromatic VOC degradation
(Setsungnern et al., 2019). In related transgenic plant experiments, overexpression of genes in the
presence of benzene has been demonstrated, e.g. ferredoxin-NADP reductase (FNR), glutathione s-
transferase Theta 1 (GSTT1), glutathione synthase (GS) and homologous phytate transferase (HPT)
(Setsungnern et al. 2019). Additionally, after translocation to the roots, benzene, toluene,
ethylbenzene and xylene degradation is initiated with the facilitation of mono- and dioxygenases (Y.
Yang et al., 2020), and thus follow similar pathways to those previously mentioned. While the
metabolic process of BTEX degradation is understood in plants, there is an absence of detailed
literature that describes and documents the upregulation of BTEX degrading genes and enzymes in

laboratory and field settings, and thus further research in this area would be of value.

3.3 Halogenated hydrocarbons

Halogenated hydrocarbons such as tetrachloroethylene and trichlorethylene (TCE) are common
volatile industry pollutants commonly used within textile processing, degreasing and dry cleaning
(Burken & Schnoor, 1997; Nwoko, 2010; T. Shang et al., 2004). While they readily volatilise into the
atmosphere, the majority of literature concerning the phytoremediation of these compounds is
associated with plants ability to remove them from environmental matrices such as soil and water
(Gordon et al., n.d.; Moccia et al., 2017a; Newman et al., 1997; T. Shang et al., 2004; T. Q. Shang et al.,
2001; T. Q. Shang & Gordon, 2002; Y. Zhang et al., 2013). These studies associate removal via
phytodegradation mainly operated through plant hormone metabolism utilising cytochrome P450
monoxygenases and dehalogenases and following the green liver model proposed bySandermann
(1994). The halogenated hydrocarbons are transformed through oxidation and conjugated with
carbohydrates, gluthione and carboxylic acids via Glycosyltransferases, glutathione-S-transferases,
carboxylic acids and acyltransferases before being compartmentalised within plant cells vacuoles or
apoplast through exocytosis, ATP binding cassette (ABC) and multi drug and toxic compound extrusion
(MATE) transporters (Susarla et al., 2002), here the transformed compounds can enter other plant

biological processes or be excreted (Moccia et al., 2017b; Schaffner et al., 2002). While these
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metabolic processes are seemingly well understood within literature, the studies almost solely
investigate pollutant removal from soil and water matrices rather than air contamination. There is also
a lack of recent publications on the topic, leaving the understanding of these processes within recent

phytoremediation technologies such as active green walls, highly understudied.
4 Factors affecting VOC removal

Phytoremediation for gaseous contaminants, especially within the indoor environment, is a rapidly
expanding field of research. However, it remains unclear what characteristics of botanical systems
have the greatest influence on VOC removal rates. Thus, a comprehensive summary of the relevant
phytoremediation studies and the characteristics studies that were found to be related to VOC

removal has been detailed below (Table 1).

The main factors that affect biofiltration performance thus appear to relate to: plant selection
(Aydogan & Montoya, 2011; K. J. Kim et al., 2010; Muhammad et al., 2019; Paull et al., 2019; Sxbg et
al., 2012), light availability and photosynthetic potential (Dominici et al., 2021; Y. Huang et al., 2016;
Lin et al., 2013; Sun et al., 2015; Treesubsuntorn & Thiravetyan, 2018; Wannomai et al., 2019), airflow
for active systems (Abdo et al., 2019; Mankiewicz et al., 2022; Pettit et al., 2019; Yoon & Park, 2002),
temperature and humidity (Gubb et al., 2018; Podrova et al., 2020; Poorova & Vranayova, 2021; Ruiz
et al., 1998), substrate composition and performance (Mankiewicz et al., 2022; Pettit et al., 2018b),
and substrate moisture content and irrigation (Barac et al., 2004; B. X. Y. Lee et al., 2020; Mankiewicz

et al., 2022)(Figure 4).

These influencing factors have been shown to indirectly affect bioremediation efficiency by altering
the chemical and physical characteristics of soil, thereby impacting the living conditions of plants and
microorganisms (Boopathy, 2000; Fatima et al., 2017; Klein et al., 2010; Mohan et al., 2006). However,
recent studies have uncovered more profound mechanisms behind these effects, particularly
concerning microbial communities (G. O. Adams et al., 2014, 2015; J. M. Adams et al., 2001; Afzal et
al., 2014; Agarwal et al., 2020; Boopathy, 2000; Klein et al., 2010; Shukla et al., 2010). For instance,
changes in soil properties often lead to fluctuations in the availability of essential nutrients—such as
nitrogen, phosphorus, and iron—especially in polluted environments ((Agarwal et al., 2020; Fatima et
al., 2017; Foght et al., 1996; Fulekar et al., 2009). This can lead to conditions where nutrient
concentrations are either excessively high or markedly depleted (Agarwal et al., 2020; Alka et al., 2020;
Foght et al., 1996; Fulekar et al., 2009). Such variations impair the nutrient uptake by plants,
potentially reducing the effectiveness of phytoremediation or even leading to plant death (Fatima et

al., 2017; Foght et al., 1996). These nutrient shifts can also restructure microbial community structures,
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causing changes in microbial populations. Temperature is another factor; within the temperature
range suitable for plant growth, the efficiency of biodegradation typically decreases as temperatures
drop (Fatima et al., 2017; Srivastava et al., 2014). This reduction is attributed to the temperature
sensitivity of enzymatic reactions and the tendency of most microorganisms to thrive in warmer
conditions (Fatima et al., 2017; Srivastava et al., 2014). Soil moisture is additionally important; while
many plants can tolerate varying moisture levels, the stability of microbial communities requires a
narrower range (around 25%) (Das & Chandran, 2011; Fatima et al., 2017). Saturated soils, or
substrates with poor aeration, can further restrict air circulation, inhibiting the activity of aerobic
microorganisms (Fatima et al., 2017; Khan et al., 2013). Additionally, compacted soils can make it more

challenging to separate and remove organic pollutants (Fatima et al., 2017; Mohan et al., 2006).

- The main factors that affect biofiltration performance
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Figure 4. Various factors influence the potential of botanical systems to phytoremediated gaseous

VOCs. Image by author.

An understudied factor affecting VOC removal performance is the effect of repeated exposure. As the
mechanism for removal is primarily rhizosphere-driven, repeated exposure to gaseous contaminants
will selectively up-regulate the microbial populations that are capable of processing those specific
pollutants. For example, Jen et al. (1995)noted a 4-fold increase in carbon-labelled toluene after
repeated exposure. Similarly, in a study conducted byKim et al. (2011), toluene was removed at

significantly greater rates in 27 out of 28 plant species after repeated exposure. Therefore, it is
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essential to consider the influence of repeated exposure when assessing the removal potential of
botanical systems for gaseous VOCs as experimentation may be confounded by repeated exposures,
leading to an over estimation of performance, particularly in the absence of independent replication.
Studies that assess the effect of repeat exposure on the degradation of a range of VOCs should also
consider the time taken for microbial reset in the plant rhizosphere, and how this differs between

plant species and VOC exposures.
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Table 1. Summary of literature on different types of bioremediation, for various VOCs (TVOCs = total ambient VOCs)

Authors & Year  Type of System Plant Species Plant part Pollutant Removal Rate/ % Driving Factor
. Rhizosphere and 50% removal at 1444 pg/m*/h/pot Light . .o
Hydroponic . o 3 Temperature and relative humidity
Irga et al., 2013 Syngonium podophyllum subtrate Benzene 50% removal at 739 pg/m’/h/pot .
plant . . 3 Substrate composition and performance
microoganisms 50% removal at 519 pg/m’/h/pot . L
Substrate moisture content and irrigation
Botanical component
Philodendron scandens Methvl cthvl Light
Active  Green  Philodendron scandens ‘Brazil’ Aerial parts and Y Y o) : Airflow, Temperature and relative
Torpy et al. 2018 ; . . ketone 56.6 + 0.86% in 8 hours Lo
Wall Asplenium antiquum rhizosphere (MEK) humidity
Syngonium podophyllum Substrate composition and performance
Substrate moisture content and irrigation
Active  Green Aerial parts and Airflow
Ibrahim et al. 2021 Epipremnum aureum - p TVOCs 54.5%, 65.42%, 46% In 16 minutes ~ Temperature and relative humidity
Wall rhizosphere o
Substrate composition and performance
Light
Sudrez-Caceres et . Aerial parts and o o Airflow
al. 2021 Green Wall Nephrolepis exaltata thizosphere TVOCs 12.8%-77.3% In 3 hours Substrate composition and performance
Repeated exposure
Chamaedorea seifrizii
Scindapsus aureus
Sansevieria trifasciata Botanical component
Treesubsuntorn et Leaf onl Philodendron domesticum Leaves (stomata, Benzene rlr;zlii)erigl 02\736':12 dgmslol/g of plant Airflow
al., 2013 Y Ixoraebarbata craib cuticle wax) Ys. Temperature and relative humidity
Monster acuminate Repeated exposure
Epipremnum aureum
Dracaena sanderiana
Hoérmann et al Dieffenbachia maculate Toluene Eiogtﬁ?lcal somponent
. . o . B Q2
2018 Potted Plant iiazljffhysllzg ;\:;ilgl; Aerial part 2-ethylhexanol 14-15Lh"'m Airflow
paragi Repeated exposure
Lo Stomata and 21 1 Light
Kondo et al, 1995  Potted Plant Nerium indicum thizosphere Formaldehyde 103 ng dm™> h™'.ppb Airflow
Dracaena, Epipremnum aureum, Dracaena  Leaves Botanical component
marginata, Schefflera rhizosphere  and B Light
Orwell etal., 2004 Potted Plant Spathiphyllum ‘Petite’,  Spathiphyllum  subtrate Benzene 12 =27 ppm/day Temperature and relative humidity
‘Sensation’, Howea forsteriana microoganisms Repeated exposure
Rhizosphere and Toluene Airflow
Orwell et al., 2006  Potted Plant Spathiphyllum, Dracaena subtrate 0.68 — 1014 mg/m*day
. . m- Xylene Repeated exposure
microoganisms
B Stomatal pathways: Benzene 80%;
enzene, o). o .
Sriprapat et al Stomate and  Toluene Toluene 76%; Ethylbenzene 75%;  Light
”  Potted Plant Zamioculcas zamiifolia . > and Xylene 73%. Temperature and relative humidity
2013 cuticle Ethylbenzene, . o . N
Xylene Non-stomatal —pathways: 20%, Substrate moisture content and irrigation

23%, 25%, and 26%, respectively.



Teiri et al., 2018

Torpy et al., 2013

Treesubsuntorn et
al., 2012

Wood et al., 2002

Zhou et al., 2011

Zuo et al., 2022

Aydogan &

Montoya, 2011

Kim et al., 2010

Kim et al., 2014

Kim et al., 2016

Potted Plant

Potted Plant

Potted Plant

Potted Plant

Potted Plant

Potted Plant

Potted Plant

Potted Plant

Potted Plant

Potted Plant

Chamaedorea elegans

Spathiphyllum wallisi

Chamaedorea seifrizii, Scindapsus aureus,
Sansevieria trifasciata, Philodendron
domesticum, Ixoraebarbata craib, Monster
acuminate, Epipremnumaureum and
Dracaena sanderiana

Howea forsteriana, Spathiphyllum wallisii
and Dracaena deremensis

30 species fromArceae, Agavaceae and
Liliaceae families

Epipremnum aureum and Rohdea japonica

Hedera helix, Chrysanthemum
morifolium,Dalea compacta, Epipremnum
aureum

86 different plant species representing
general classes (fern, woody foliage plants,
herbaceous, Korean native and herbs)

Fatsia japonica and Dracaena fragrans

Schefflera

benghalensis

actinophylla ~ and  Ficus

Rhizosphere and
subtrate
microoganisms
Rhizosphere and

subtrate
microoganisms

Leaves
(cuticle wax)

Rhizosphere

Plant morphology

Aerial parts and
rhizosphere

Aerial parts and
rhizosphere

Aerial parts and
rhizosphere

Roots

Plant stem with
rhizosphere

Formaldehyde

Benzene

Benzene

Benzene and n-

hexane

Formaldehyde

Formaldehyde

Formaldehyde

Formaldehyde

Toluene, Xylene

Toluene, xylene

1.47 mg/m*h

Bio stimulation increased removal
rates by around 27%

Removal at 72h range from 43 —
77% depending on species.

367 — 4032 mg/m*/day/

2.21 — 4.60 mg/m? over 7 days

The underground part and the aerial
part of E. aureum was 0.152 and
0.163 mg-m >h"', respectively, and
the rate of purification of
formaldehyde was 68.6% and
73.8%, respectively.

The underground part and the aerial
part of R. japonica was 0.136 and
0.131 mg'm>-h" !, and the rate of
purification of formaldehyde was
61.1% and 58.9%, respectively.
Formaldehyde removal of activated
carbon (AC),clay and growstone in
a pot under wet conditions, were at
about 98%, 62.6% and 62.3%,
respectively,for a 10h period
expanded.

6.64 pg/m® in Sh
(O.japonica)
0.13 pg/m? in 5h (D.deremensis)

N/A
both S. actinophylla and F.
benghalensis, average toluene

transported ratio via the stem and
by direct diffusion from the air into
the medium was 47 and 53 %, and

Light

Airflow

Temperature and relative humidity
Substrate composition and performance
Substrate moisture content and irrigation
Light

Substrate composition and performance
Repeated exposure

Botanical component

Light

Airflow

Temperature and relative humidity
Substrate composition and performance
Botanical component

Light

Airflow

Substrate composition and performance
Botanical component

Botanical component

Airflow

Temperature and relative humidity
Substrate composition and performance
Repeated exposure

Botanical component

Airflow

Substrate composition and performance
Substrate moisture content and irrigation

Botanical component

Light

Temperature and relative humidity
Substrate composition and performance
Botanical component

Airflow

Substrate composition and performance
Repeated exposure

Botanical component

Airflow

Substrate composition and performance
Repeated exposure
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the ratios of m,p-xylene transported
was 60 and 40 %. The ratio of o-
xylene transported via the stem and
by direct diffusion from the air into
the medium was 61 and 39 % in
both species.

31.37% removal under 1:1 LED

Light

Setsungnern et al,  Hydroponic Chlorophytum comosum Ac?rlal parts - and Benzene light. 24.75% removal under Temperature and relative humidity
2017 plant rhizosphere ;
fluorescent light Repeated exposure
Alternanthera  bettzickiana, — Drimiopsis
botryoides, Aloe vera, Chlorophytum
comosum, Aglaonema commutatum,
Cordyline fruticosa, Philodendron . . About 77% removal in 72h
. : L ) , Cuticle wax, aerial
Sriprapat et al., Potted Plant martianum , Sansevieria hyacinthoides arts and Toluene, (Toluene) across 12 plants. Botanical component
2014 Aglaonema Ehizos here Ethylbenzene About 70% removal at 72h P
rotundum, Fittonia albivenis s P (Ethylbenzene) across 12 plant.
Muehlenbeckia platyclada, Tradescantia
spathacea, Guzmania lingulata, Zamioculcas
zamiifolia,and Cyperus alternifolius
Epipremnum aureum, Chlorophytum .
Sriprapat et al Hydroponic comosum, Syngonium podophyllum, Hedera  Aerial parts and Botanical componen t
” . ’ o . Benzene 25.3 — 34 pmol m>h! Substrate composition and performance
2016 plant helix, Dracaena godseffiana and Nicotiana  rhizosphere
Repeated exposure
tabacum
Su & Liang, 2015 Hydroponic Chlorophytum comosum Plant leaves and Formaldehyde 135 pg/h/plant (maximum) Substrate composition and performance
plant roots Repeated exposure
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5 Performance enhancement

5.1 Passive green walls

The major limitation of passive systems remains as the limited rate at which pollutants diffuse from
indoor ambient air into the plants functional removal zones, while the primary resolution for this rate
limiting step is the provision of adequate air circulation through indoor zones containing these systems
(Soreanu, 2015)there have been a few potential performance enhancement techniques proposed
within literature to increase natural phytoremediation capabilities of these systems. With the absence
of active airflow, the process of translocation of VOCs through plant foliage to the rhizosphere is
paramount for delivery of pollutants towards plants primary removal zones (Irga et al., 2013), thus
some have proposed the selection of specific plants species which show highest removal rates for
desired pollutants. (Sriprapat, Suksabye, et al., 2014)investigated airborne uptake of toluene and
ethylbenzene by 12 ornamental plants revealing highest removal by Sansevieria trifasciata and
Chlorophytum comosum respectively. It was proposed that the higher hexadecenoic acid contents
within plants waxy cuticle may be involved in increased uptake of these aromatic hydrocarbons.
Rhizospheric biostimulation has also been proposed as a possibly effective method for performance
enhancement, Torpy et al., (2013) investigated the removal of benzene by potted systems both with
and without an added biostimulate solution. While effective biostimulation was observed with
increased benzene removal rates of ~15%, repeated exposure has also been observed to result in
increased performance due to the natural up-regulation of VOC degrading bacteria, by giving them a
competitive advantage over non-VOC degrading species (De Kempeneer et al., 2004; Khaksar et al.,
2016; Sriprapat & Thiravetyan, 2016). While this body of work has demonstrated the potential of
performance enhancement of natural phytoremediation of passive green walls, the application of
active airflow remains the most effective abiotic factor that has increased the performance of

phytoremediation systems.

5.2 Active green walls

Active airflow through the substrate provides a direct delivery of gaseous contaminants to the roots
and rhizosphere, as well as a physical matrix for particle impaction and the solubilisation of VOCs and
other gaseous pollutants (J. M. Kim et al., 2008; Orwell et al., 2006; Paull et al., 2018; Wood et al.,
2002). In active green walls, the direction of airflow is fixed — either from ambient, across the foliage

and into the substrate, or from ambient and into the substrate, and then out via the foliage (Abdo et
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al., 2019; Darlington & Dixon, 1999; Irga et al., 2017). It has been hypothesised that the direction of
airflow may not have a measurable effect on performance, however there are some concerns that
drawing air through the plant foliage first may bring moist air into the ducting behind the walls and
promote the development of problematic biofilms (Abdo et al., 2019; Darlington & Dixon, 1999; Pettit
et al., 2020; F. Torpy et al., 2017).

While active airflow allows for pollutants to be directly exposed to the rhizosphere, the second most
important factor is moisture and irrigation (Delhoménie & Heitz, 2005). The provision of adequate
moisture not only maintains normal physiological activity of the plants, but also contributes to removal
of pollutants (Keller, 1986; Panyametheekul et al., 2019). Plants and their rhizospheric communities
depend on water for major metabolic mechanisms such as CO, assimilation, photosynthesis, nutrient
transport, productivity, production and cell membrane stability (Gonzalez & Gonzalez-Vilar, 2006).
During exposure to gaseous contaminants, the cell membranes of plant tissues are affected by water
loss (Gonzalez and Gonzélez-Vilar 2006), which may result in diminished performance with reduced
water availability for the plants. Additionally, water content in the substrate can help to maintain
microbial carrying capacity and retain the metabolic cross-feeding processes which have been

hypothesised to assist in contaminant remediation (Willey et al., 2008).

In the absence of appropriate moisture, active green walls will have a substantially reduced capacity
for remediating contaminants. A dry substrate will not only impact plant performance, but will also
create excessive airflow channels, reducing the residence time of pollutants and filtration efficiencies
(Pettit et al., 2018b). Additionally, depending on the composition of the substrate, critically low
moisture content over an extended period of time can cause some substrates to become hydrophobic
that will resist rehydration (Sabo et al., 1993; Thompson et al., 1996), leading to problematic
maintenance. In contrast, excessive watering can also inhibit airflow with the substrate matrix,
creating anaerobic zones for microbes (Young & Ritz, 2000), reducing the relative surface area for gas
exchange (Abdo et al., 2019), increasing the pressure drop across the substrate “filter’ (Abdo et al.,
2019), contribute to substrate compaction and generally reduce the lifespan of the green wall. It has
therefore been recommended that green wall substrate moisture content should be maintained

between 40-60% by weight, depending on plant species (Irga et al., 2023).

6 Advancements in air Phytoremediation

There are several avenues of research that show promising results for the further enhancement of

phytoremediation technology, however in their current form they are complex and potentially
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expensive. One such method is the application of exogenous phytohormones, such as methyl
jasmonate (MelA) which has been shown to increase benzene removal in the plant Zamioculcas
zamiifolia by affecting the production of indoleacetic acid (I1AA) (Khaksar et al., 2017). Similarly, the
application of biologically active 24-epibrassinolide (EBR) in the plant Chlorophytum comosum has
been shown to increase the removal of benzene by affecting the expression of related reductases and
genes, enhancing the activity of glutathione synthase, and leading to an increase in NADPH
biosynthesis (Setsungnern et al., 2019). The application of exogenous phytohormones clearly warrants

further investigation.

Another alternative technology to increase phytoremediation potential is the application of genetic
modification (GM) which has been used extensively in agriculture and has yielded significant
performance enhancement (Herdt, 2006; Panesar & Marwaha, 2013; Ray, 2020). It has been
suggested that GM technology can be applied to green walls to improve indoor air quality for urban
dwellers (Lee et al., 2015), with some studies on transgenic plants already showing promising results.
A study on Petunia sp. which expressed FALDH from Arabiopsis was observed to have a 26% increased
removal rate for HCHO (Lee et al. 2015), which was higher than the removal rates of several other
common indoor plants (K. J. Kim et al., 2010). In another study, transgenic Petunia sp. carrying the
CYP2E1 gene from mammalian cells showed significantly improved HCHO removal and resistance,
likely due to its increased ability to oxidise VOCs (Man et al., 2015). The main concerns regarding
transgenic plants targeted at VOC removal relate to their costs and the challenges with registering
their use in the general environment. If these challenges can be overcome, there may be significant

potential for performance enhancement from this area.

7 Conclusions and future work

Phytoremediation has been demonstrated as an effective way to remediate indoor air pollutants while
improving other environmental qualities such as humidity and thermal comfort. While our
understanding of the physical, physiochemical and metabolic pathways for VOC degradation are
increasing, there is a distinct lack of literature that directly investigates these factors. While the plant
rhizosphere and substrate-based microorganisms have proved to be essential for the reduction of
most air pollutants, our understanding of the between-microbe interactions in the rhizosphere is
lacking. Overall, evidence shows that phytoremediation relies on the complex interactions of
biological systems (plant parts, substrate, microbial community, substrate moisture etc) and abiotic
factors (mechanically assisted airflow, moisture content etc). While there are many promising findings
to date, further research is needed to optimise this technology within our indoor environments. To

further validate the efficacy of these systems, research should focus on the ideal inclusion of both
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biotic and abiotic factors, specifically, plant biochemical analysis of phytoremediation systems
exposed to real world pollutants, petroleum vapour, vehicle emissions, and mixed synthetic
furnishings of-gassing, as well as how this effect the dynamics of the substrate microbial community
within root systems. Continued contributions within this field, especially in relation to studies
performed in-situ and active green wall technology, will serve to further promote these systems as a
priority sustainable building practice for the reduction of indoor air pollution and associated human

health impacts.

Conflict of interest

The authors declare that they have no known competing personal or financial interests that could

have influence the current research.

Acknowledgments
LL drafted the original manuscript, SM, RF, WK, TB, FT and PJ wrote and edited the final manuscript.
This project was financially supported by an Australian Research Council Grant DE210100755
The authors acknowledge the biorender drawing platform as well, by providing material graphics to
help create the images in the article.
References
1. Abdo, P., Huynh, B. P,, Irga, P. J., & Torpy, F. R. (2019). Evaluation of air flow through an active
green  wall biofilter. Urban  Forestry & Urban  Greening, 41, 75-84.
https://doi.org/10.1016/j.ufug.2019.03.013
2. Adams, G. O, Fufeyin, P. T., Okoro, S. E., & Ehinomen, |. (2015). Bioremediation, biostimulation
and bioaugmention: a review. International Journal of Environmental Bioremediation &
Biodegradation, 3(1), 28-39.
3. Adams, G. O., Tawari-Fufeyin, P., Igelenyah, E., & Oduke, E. (2014). Bioremediation of spent oil
contaminated soils using poultry litter. Research Journal in Engineering and Applied Sciences,

3(2), 124-130.



655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

10.

11.

12.

Adams, J. M., Constable, J. V. H., Guenther, A. B., & Zimmerman, P. (2001). An estimate of natural
volatile organic compound emissions from vegetation since the last glacial maximum.
Chemosphere. Global Change Science, 3(1), 73-91. https://doi.org/10.1016/51465-
9972(00)00023-4

Afzal, M., Khan, Q. M., & Sessitsch, A. (2014). Endophytic bacteria: prospects and applications
for the phytoremediation of organic pollutants. Chemosphere, 117, 232-242.

Agarwal, P., Giri, B. S., & Rani, R. (2020). Unravelling the Role of Rhizospheric Plant-Microbe
Synergy in Phytoremediation: A Genomic Perspective. Current Genomics, 21(5), 334—-342.
https://doi.org/10.2174/1389202921999200623133240

Alka, S., Shahir, S., Ibrahim, N., Chai, T.-T., Bahari, Z. M., & Abd Manan, F. (2020). The role of plant
growth promoting bacteria on arsenic removal: A review of existing perspectives. Environmental
Technology & Innovation, 17, 100602.

Alkhatib, M. F., Alam, M. Z., Muyibi, S. A., & Husain, I. A. F. (2011). An isolated bacterial
consortium for crude oil biodegradation. African Journal of Biotechnology, 10(81), 18763—18767.
Alvarez-Cohen, L., & Speitel, G. E. (2001). Kinetics of aerobic cometabolism of chlorinated
solvents. In Biodegradation (Vol. 12).

Atashgahi, S., Hornung, B., Van Der Waals, M. J., Da Rocha, U. N., Hugenholtz, F., Nijsse, B.,
Molenaar, D., Van Spanning, R., Stams, A. J. M., Gerritse, J., & Smidt, H. (2018). A benzene-
degrading nitrate-reducing microbial consortium displays aerobic and anaerobic benzene
degradation pathways. Scientific Reports, 8(1). https://doi.org/10.1038/s41598-018-22617-x
Atlas, R. M. (1981). Microbial Degradation of Petroleum Hydrocarbons: an Environmental
Perspective. In MICROBIOLoGICAL REVIEWS (Vol. 45, Issue 1).

Aydogan, A., & Montoya, L. D. (2011). Formaldehyde removal by common indoor plant species
and various growing media. Atmospheric  Environment, 45(16), 2675-2682.

https://doi.org/10.1016/j.atmosenv.2011.02.062



680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

13.

14.

15.

16.

17.

18.

19.

20.

Baek, J.-M., & Kenerley, C. M. (1998). Detection and enumeration of a genetically modified
fungus in soil environments by quantitative competitive polymerase chain reaction. FEMS
Microbiology Ecology, 25(4), 419-428.

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., & Vivanco, J. M. (2006). The role of root exudates in
rhizosphere interactions with plants and other organisms. Annual Review of Plant Biology, 57,
233-266. https://doi.org/10.1146/annurev.arplant.57.032905.105159

Baldantoni, D., Morelli, R., Bellino, A., Prati, M. V., Alfani, A., & De Nicola, F. (2017). Anthracene
and benzo(a)pyrene degradation in soil is favoured by compost amendment: Perspectives for a
bioremediation  approach. Journal of Hazardous  Materials, 339, 395-400.
https://doi.org/https://doi.org/10.1016/j.jhazmat.2017.06.043

Baldwin, B. R., Nakatsu, C. H., & Nies, L. (2003). Detection and enumeration of aromatic
oxygenase genes by multiplex and real-time PCR. Applied and Environmental Microbiology,
69(6), 3350-3358. https://doi.org/10.1128/AEM.69.6.3350-3358.2003

Bandehali, S., Miri, T., Onyeaka, H., & Kumar, P. (2021). Current state of indoor air
phytoremediation using potted plants and green walls. In Atmosphere (Vol. 12, Issue 4). MDPI
AG. https://doi.org/10.3390/atmos12040473

Barac, T., Taghavi, S., Borremans, B., Provoost, A., Oeyen, L., Colpaert, J. V., Vangronsveld, J., &
Van Der Lelie, D. (2004). Engineered endophytic bacteria improve phytoremediation of water-
soluble, volatile, organic pollutants. Nature Biotechnology, 22(5), 583-588.
https://doi.org/10.1038/nbt960

Bhatia, D., Divya, B., & Kumar, M. D. (2011). Plant-Microbe Interaction with Enhanced
Bioremediation. In Article in Research Journal of Biotechnology (Vol. 6, Issue 4).
https://www.researchgate.net/publication/281560342

Bihari, N., Fafand, M., Hamer, B., & Kralj-Bilen, B. (2006). PAH content, toxicity and genotoxicity
of coastal marine sediments from the Rovinj area, Northern Adriatic, Croatia. Science of the Total

Environment, 366(2-3), 602—611.



706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bollag, J. M. (1992). Decontaminating soil with enzymes. Environmental Science & Technology,
26(10), 1876—-1881. https://doi.org/10.1021/es00034a002

Boopathy, R. (2000). Factors limiting bioremediation technologies. Bioresource Technology,
74(1), 63-67. https://doi.org/10.1016/50960-8524(99)00144-3

Borneman, J., Skroch, P. W., O’Sullivan, K. M., Palus, J. A., Rumjanek, N. G., Jansen, J. L., Nienhuis,
J., & Triplett, E. W. (1996). Molecular microbial diversity of an agricultural soil in Wisconsin.
Applied and Environmental Microbiology, 62(6), 1935-1943.

Briggs, G. G., Bromilow, R. H., & Evans, A. A. (1982). Relationships between lipophilicity and root
uptake and translocation of non-ionised chemicals by barley. Pesticide Science, 13(5), 495-504.
https://doi.org/10.1002/ps.2780130506

Brilli, F., Fares, S., Ghirardo, A., de Visser, P., Calatayud, V., Muiioz, A., Annesi-Maesano, |.,
Sebastiani, F., Alivernini, A., Varriale, V., & Menghini, F. (2018). Plants for Sustainable
Improvement of Indoor Air Quality. Trends in Plant Science, 23(6), 507-512.
https://doi.org/10.1016/j.tplants.2018.03.004

Burgess, J. E., Parsons, S. A., & Stuetz, R. M. (2001). Developments in odour control and waste
gas treatment biotechnology: a review. Biotechnology Advances, 19(1), 35-63.
https://doi.org/10.1016/50734-9750(00)00058-6

Burken, J. G., & Schnoor, J. L. (1997). Uptake and Metabolism of Atrazine by Poplar Trees.
Environmental Science & Technology, 31(5), 1399-1406. https://doi.org/10.1021/es960629v
Cakmakgi, R., Donmez, F., Aydin, A., & Sahin, F. (2006). Growth promotion of plants by plant
growth-promoting rhizobacteria under greenhouse and two different field soil conditions. Soil
Biology and Biochemistry, 38(6), 1482—1487. https://doi.org/10.1016/j.s0ilbio.2005.09.019
Canaval, E., Millet, D. B., Zimmer, |., Nosenko, T., Georgii, E., Partoll, E. M., Fischer, L., Alwe, H.
D., Kulmala, M., Karl, T., Schnitzler, J.-P., & Hansel, A. (2020). Rapid conversion of isoprene
photooxidation products in terrestrial plants. Communications Earth & Environment, 1(1), 44.

https://doi.org/10.1038/s43247-020-00041-2



732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cerniglia, C. E. (1992a). Biodegradation of polycyclic aromatic hydrocarbons. In Biodegradation
(Vol. 3).

Cerniglia, C. E. (1992b). Biodegradation of polycyclic aromatic hydrocarbons. In Biodegradation
(Vol. 3).

Chen, Y., Zhang, J., Zhang, F., Liu, X., & Zhou, M. (2018). Contamination and health risk
assessment of PAHs in farmland soils of the Yinma River Basin, China. Ecotoxicology and
Environmental Safety, 156, 383—-390.
https://doi.org/https://doi.org/10.1016/j.ecoenv.2018.03.020

Cheng, L., Zhou, Q., & Yu, B. (2019). Responses and roles of roots, microbes, and degrading genes
in rhizosphere during phytoremediation of petroleum hydrocarbons contaminated soil.
International Journal of Phytoremediation, 21(12), 1161-1169.
https://doi.org/10.1080/15226514.2019.1612841

Coleman, J., Blake-Kalff, M., & Davies, E. (1997). Detoxification of xenobiotics by plants: chemical
modification and vacuolar compartmentation. Trends in Plant Science, 2(4), 144—151.
Darlington, A. B., Dat, J. F., & Dixon, M. A. (2001). The biofiltration of indoor air: Air flux and
temperature influences the removal of toluene, ethylbenzene, and xylene. Environmental
Science and Technology, 35(1), 240-246. https://doi.org/10.1021/es0010507

Darlington, A. B., & Dixon, M. A. (1999). Acetone removal kinetics by an indoor biofilter. SAE
Technical Papers, 724. https://doi.org/10.4271/1999-01-2069

Das, N., & Chandran, P. (2011). Microbial degradation of petroleum hydrocarbon contaminants:
an overview. Biotechnology Research International, 2011(1), 941810.

De Kempeneer, L., Sercu, B., Vanbrabant, W., Van Langenhove, H., & Verstraete, W. (2004).
Bioaugmentation of the phyllosphere for the removal of toluene from indoor air. Applied

Microbiology and Biotechnology, 64(2), 284—288. https://doi.org/10.1007/s00253-003-1415-3



756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

39.

40.

41.

42.

43,

44,

45.

46.

47.

Dela Cruz, M., Christensen, J. H., Thomsen, J. D., & Miiller, R. (2014). Can ornamental potted
plants remove volatile organic compounds from indoor air? — a review. Environmental Science
and Pollution Research, 21(24), 13909-13928. https://doi.org/10.1007/s11356-014-3240-x
Delhoménie, M. C., & Heitz, M. (2005). Biofiltration of air: A review. Critical Reviews in
Biotechnology, 25(1-2), 53-72. https://doi.org/10.1080/07388550590935814

Dodor, D. E., Hwang, H. M., & Ekunwe, S. I. N. (2004). Oxidation of anthracene and
benzo[a]pyrene by immobilized laccase from Trametes versicolor. Enzyme and Microbial
Technology, 35(2-3), 210-217. https://doi.org/10.1016/j.enzmictec.2004.04.007

Dolan, T. C., & Glynn, B. A. (1997). New treatment technologies and some significant regulatory
changes. In Environmental Claims Journal (Vol. 10, Issue 1, pp. 113-122).
https://doi.org/10.1080/10406029709379293

Dominici, L., Fleck, R., Gill, R. L., Pettit, T. J., Irga, P. J., Comino, E., & Torpy, F. R. (2021). Analysis
of lighting conditions of indoor living walls: Effects on CO2 removal. Journal of Building
Engineering, 44(June), 102961. https://doi.org/10.1016/j.jobe.2021.102961

Dravigne, A., Waliczek, T. M., Lineberger, R. D., & Zajicek, J. M. (2008). The Effect of Live Plants
and Window Views of Green Spaces on Employee Perceptions of Job Satisfaction. In
HORTSCIENCE (Vol. 43, Issue 1).

Ducrocq, V., Pandard, P., Hallier-Soulier, S., Thybaud, E., & Truffaut, N. (1999). The use of
guantitative PCR, plant and earthworm bioassays, plating and chemical analysis to monitor 4-
chlorobiphenyl biodegradation in soil microcosms. Applied Soil Ecology, 12(1), 15-27.

Fatima, K., Imran, A., Amin, I., Khan, Q. M., & Afzal, M. (2018). Successful phytoremediation of
crude-oil contaminated soil at an oil exploration and production company by plants-bacterial
synergism. International Journal of Phytoremediation, 20(7), 675—681.
https://doi.org/10.1080/15226514.2017.1413331

Fatima, K., Imran, A., Naveed, M., & Afzal, M. (2017). Plant-bacteria synergism: An innovative

approach for the remediation of crude oil-contaminated soils. In Soil and Environment (Vol. 36,



782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

48.

49.

50.

51.

52.

53.

54.

55.

Issue 2, pp. 93-113). Soil Science Society of Pakistan(SSSP).
https://doi.org/10.25252/SE/17/51346

Ferradji, F. Z., Mnif, S., Badis, A., Rebbani, S., Fodil, D., Eddouaouda, K., & Sayadi, S. (2014).
Naphthalene and crude oil degradation by biosurfactant producing Streptomyces spp. isolated
from Mitidja plain soil (North of Algeria). International Biodeterioration and Biodegradation, 86,
300-308. https://doi.org/10.1016/].ibiod.2013.10.003

Fleck, R., Gill, R. L., Pettit, T., Irga, P. J., Williams, N. L. R., Seymour, J. R., & Torpy, F. R. (2020).
Characterisation of fungal and bacterial dynamics in an active green wall used for indoor air
pollutant removal. Building and Environment, 179, 106987.
https://doi.org/10.1016/j.buildenv.2020.106987

Fliegmann, J., & Sandermann, H. (1997). Maize glutathione-dependent formaldehyde
dehydrogenase cDNA: a novel plant gene of detoxification. Plant Molecular Biology, 34, 843—
854.

Foght, J. M., Westlake, D. W. 5, Johnson2, W. M., & Ridgway3, H. F. (1996). Environmental
gasoline-utilizing isolates and clinical isolates of Pseudomonas aeruginosa are taxonomically
indistinguishable by chernotaxonornic and molecular techniques. In Microbiology (Vol. 142).
Fooladi, M., Moogouei, R., Jozi, S. A., Golbabaei, F., & Tajadod, G. (2019). Phytoremediation of
BTEX from indoor air by Hyrcanian plants. Environmental Health Engineering and Management,
6(4), 233-240. https://doi.org/10.15171/ehem.2019.26

Fulekar, M. H., Singh, A., & Bhaduri, A. M. (2009). Genetic engineering strategies for enhancing
phytoremediation of heavy metals. African Journal of Biotechnology, 8(4).

Gadd, G. M. (2010). Metals, minerals and microbes: geomicrobiology and bioremediation.
Microbiology, 156(3), 609-643.

Ghosh, P. K., Maiti, T. K., Pramanik, K., Ghosh, S. K., Mitra, S., & De, T. K. (2018). The role of
arsenic resistant Bacillus aryabhattai MCC3374 in promotion of rice seedlings growth and

alleviation of arsenic phytotoxicity. Chemosphere, 211, 407-419.



808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

56.

57.

58.

59.

60.

61.

62.

63.

64.

Gianfreda, L., & Rao, M. A. (2004). Potential of extra cellular enzymes in remediation of polluted
soils: A review. Enzyme and  Microbial Technology, 35(4), 339-354,
https://doi.org/10.1016/j.enzmictec.2004.05.006

Giese, M., Bauer-Doranth, U., Langebartels, C., & Sandermann, H. (1994). Detoxification of
formaldehyde by the spider plant (Chlorophytum comosum L.) and by soybean (Glycine max L.)
cell-suspension cultures. Plant Physiology, 104(4), 1301-1309.
https://doi.org/10.1104/pp.104.4.1301

Glick, B. R. (1995). The enhancement of plant growth by free-living bacteria. Canadian Journal of
Microbiology, 41(2), 109-117. https://doi.org/10.1139/m95-015

Glick, B. R. (2010). Using soil bacteria to facilitate phytoremediation. In Biotechnology Advances
(Vol. 28, Issue 3, pp. 367-374). https://doi.org/10.1016/j.biotechadv.2010.02.001

Gong, Y., Zhou, T., Wang, P., Lin, Y., Zheng, R., Zhao, Y., & Xu, B. (2019). Fundamentals of
ornamental plants in removing benzene in indoor air. Atmosphere, 10(4).
https://doi.org/10.3390/ATM0S10040221

Gonzalez, L., & Gonzalez-Vilar, M. (2006). Determination of Relative Water Content. Handbook
of Plant Ecophysiology Techniques, 207—212. https://doi.org/10.1007/0-306-48057-3_14
Gonzalez-Martin, J., Kraakman, N. J. R., Pérez, C., Lebrero, R., & Mufioz, R. (2021). A state—of-
the-art review on indoor air pollution and strategies for indoor air pollution control. In
Chemosphere (Vol. 262). Elsevier Ltd. https://doi.org/10.1016/j.chemosphere.2020.128376
Gordon, M., Choe, N., Duffy, J., Ekuan, G., Heilman, P., Muiznieks, 1., Ruszaj, M., Shurtleff, B. B.,
Strand, S., Wilmoth, J., & Newmanl, L. A. (n.d.). Phytoremediation of Trichloroethylene with
Hybrid Poplars. http://ehpnetl.niehs.nih.gov/docs/1998/Suppl-4/

Gubb, C., Blanusa, T., Griffiths, A., & Pfrang, C. (2018). Can houseplants improve indoor air quality
by removing CO2 and increasing relative humidity? Air Quality, Atmosphere and Health, 11(10),

1191-1201. https://doi.org/10.1007/5s11869-018-0618-9



833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

65.

66.

67.

68.

69.

70.

71.

72.

Guo, J. H,, Qi, H. Y, Guo, Y. H,, Ge, H. L., Gong, L. Y., Zhang, L. X., & Sun, P. H. (2004). Biocontrol
of tomato wilt by plant growth-promoting rhizobacteria. Biological Control, 29(1), 66—72.
https://doi.org/10.1016/51049-9644(03)00124-5

Hall, J. A,, Peirson, D., Ghosh, S., & Glick R., B. (1996). Root Elongation in Various Agronomic
Crops by the Plant Growth Promoting Rhizobacterium Pseudomonas Putida GR12-2. Israel
Journal of Plant Sciences, 44(1), 37-42. https://doi.org/10.1080/07929978.1996.10676631

Han, K. T., & Ruan, L. W. (2020). Effects of indoor plants on air quality: a systematic review. In
Environmental Science and Pollution Research (Vol. 27, Issue 14). Environmental Science and
Pollution Research. https://doi.org/10.1007/s11356-020-08174-9

Han, Y., Lee, J., Haiping, G., Kim, K. H., Wanxi, P., Bhardwaj, N., Oh, J. M., & Brown, R. J. C. (2022).
Plant-based remediation of air pollution: A review. In Journal of Environmental Management
(Vol. 301). Academic Press. https://doi.org/10.1016/j.jenvman.2021.113860

Heitkamp, M. A., & Cerniglia, C. E. (1987). Effects of chemical structure and exposure on the
microbial degradation of polycyclic aromatic hydrocarbons in freshwater and estuarine
ecosystems. Environmental Toxicology and Chemistry, 6(7), 535-546.
https://doi.org/10.1002/etc.5620060706

Herdt, R. W. (2006). Biotechnology in agriculture. Annual Review of Environment and Resources,
31, 265-295. https://doi.org/10.1146/annurev.energy.31.031405.091314

Hormann, V., Brenske, K. R., & Ulrichs, C. (2018). Assessment of filtration efficiency and
physiological responses of selected plant species to indoor air pollutants (toluene and 2-
ethylhexanol) under chamber conditions. Environmental Science and Pollution Research, 25(1),
447-458. https://doi.org/10.1007/s11356-017-0453-9

Huang, X. D., El-Alawi, Y., Penrose, D. M., Glick, B. R., & Greenberg, B. M. (2004a). A multi-process
phytoremediation system for removal of polycyclic aromatic hydrocarbons from contaminated

soils. Environmental Pollution, 130(3), 465—476. https://doi.org/10.1016/j.envpol.2003.09.031



858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

73.

74.

75.

76.

77.

78.

79.

80.

Huang, X. D., El-Alawi, Y., Penrose, D. M., Glick, B. R., & Greenberg, B. M. (2004b). A multi-process
phytoremediation system for removal of polycyclic aromatic hydrocarbons from contaminated
soils. Environmental Pollution, 130(3), 465-476. https://doi.org/10.1016/j.envpol.2003.09.031
Huang, Y., Ho, S. S. H,, Niu, R., Xu, L., Lu, Y., Cao, J., & Lee, S. (2016). Removal of indoor volatile
organic compounds via photocatalytic oxidation: A short review and prospect. Molecules, 21(1).
https://doi.org/10.3390/molecules21010056

Huang, Y., Wei, J., Song, J., Chen, M., & Luo, Y. (2013). Determination of low levels of polycyclic
aromatic hydrocarbons in soil by high performance liquid chromatography with tandem
fluorescence and diode-array detectors. Chemosphere, 92(8), 1010-1016.
https://doi.org/10.1016/j.chemosphere.2013.03.035

Hatsch, B. W., Augustin, J., & Merbach, W. (2002). Plant rhizodeposition - An important source
for carbon turnover in soils. Journal of Plant Nutrition and Soil Science, 165(4), 397-407.
https://doi.org/10.1002/1522-2624(200208)165:4<397::AID-JPLN397>3.0.C0O;2-C

Iba, K. (2002). Acclimative response to temperature stress in higher plants: Approaches of gene
engineering for temperature tolerance. Annual Review of Plant Biology, 53, 225-245.
https://doi.org/10.1146/annurev.arplant.53.100201.160729

Insam, H., & Seewald, M. S. A. (2010). Volatile organic compounds (VOCs) in soils. In Biology and
Fertility of Soils (Vol. 46, Issue 3, pp. 199-213). https://doi.org/10.1007/s00374-010-0442-3
lori, V., Pietrini, F., Bianconi, D., Mughini, G., Massacci, A., & Zacchini, M. (2017). Analysis of
biometric, physiological, and biochemical traits to evaluate the cadmium phytoremediation
ability of eucalypt plants under hydroponics. [Forest, 10(2), 416-421.
https://doi.org/10.3832/ifor2129-009

Iranpour, R., Cox, H. H. J., Deshusses, M. A., & Schroeder, E. D. (2005). Literature review of air
pollution control biofilters and biotrickling filters for odor and volatile organic compound

removal. Environmental Progress, 24(3), 254-267. https://doi.org/10.1002/ep.10077



883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

81.

82.

83.

84.

85.

86.

87.

88.

89.

Irga, P. J., Morgan, A., Fleck, R., & Torpy, F. R. (2023). Phytoremediation of indoor air pollutants
from construction and transport by a moveable active green wall system. Atmospheric Pollution
Research, 14(10). https://doi.org/10.1016/j.apr.2023.101896

Irga, P. J., Paull, N. J., Abdo, P., & Torpy, F. R. (2017). An assessment of the atmospheric particle
removal efficiency of an in-room botanical biofilter system. Building and Environment, 115(3),
281-290. https://doi.org/10.1016/j.buildenv.2017.01.035

Irga, P.J., Pettit, T. J., & Torpy, F. R. (2018). The phytoremediation of indoor air pollution: a review
on the technology development from the potted plant through to functional green wall biofilters.
Reviews in Environmental  Science and Bio/Technology, 17(2), 395-415.
https://doi.org/10.1007/s11157-018-9465-2

Irga, P. J,, Torpy, F. R., & Burchett, M. D. (2013). Can hydroculture be used to enhance the
performance of indoor plants for the removal of air pollutants? Atmospheric Environment, 77,
267-271. https://doi.org/10.1016/j.atmosenv.2013.04.078

Jafari, M. J., Khajevandi, A. A., Najarkola, S. A. M., Yekaninejad, M. S., Pourhoseingholi, M. A,,
Omidi, L., & Kalantary, S. (2015). Association of sick building syndrome with indoor air
parameters. Tanaffos, 14(1), 55-62.

Janke, D., Pohl, R., & Fritsche, W. (1981). Regulation of phenol degradation in Pseudomonas
putida. Zeitschrift Fiir Allgemeine Mikrobiologie, 21(4), 295-303.

Jansz, J. (2011). Introduction to Sick Building Syndrome. In Sick Building Syndrome (Vol. 1, Issue
69, pp. 1-24). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-17919-8 1

Jen, M. S., Hoylman, A. M., Edwards, N. T., & Walton, B. T. (1995). Experimental method to
measure gaseous uptake of 14C-toluene by foliage. Environmental and Experimental Botany,
35(3), 389-398. https://doi.org/10.1016/0098-8472(95)00007-4

Jindrova, E., Chocova, M., Demnerova, K., & Brenner, V. (2002). Bacterial Aerobic Degradation of
Benzene, Toluene, Ethylbenzene and Xylene. Folia Microbiologica, 47(2), 83-93.

https://doi.org/10.1007/BF02817664



909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

90.

91.

92.

93.

94.

95.

96.

97.

Ka“stner, M. K., & Mahro, - B. (1996). Microbial degradation of polycyclic aromatic hydrocarbons
in soils affected by the organic matrix of compost. In Appl Microbiol Biotechnol (Vol. 44).
Springer-Verlag.

Kaminsky, L. M., Trexler, R. V., Malik, R. J., Hockett, K. L., & Bell, T. H. (2019). The Inherent
Conflicts in Developing Soil Microbial Inoculants. In Trends in Biotechnology (Vol. 37, Issue 2, pp.
140-151). Elsevier Ltd. https://doi.org/10.1016/j.tibtech.2018.11.011

Kandel, S. L., Joubert, P. M., & Doty, S. L. (2017). Bacterial endophyte colonization and
distribution within plants. Microorganismes, 5(4), 9-11.
https://doi.org/10.3390/microorganisms5040077

Karl, T., Harley, P., Emmons, L., Thornton, B., Guenther, A., Basu, C., Turnipseed, A., & Jardine, K.
(2010). Efficient Atmospheric Cleansing of Oxidized Organic Trace Gases by Vegetation. Science,
330(6005), 816—819. https://doi.org/10.1126/science.1192534

Keller, T. (1986). The electrical conductivity of Norway spruce needle diffusate as affected by
certain air pollutants. Tree Physiology, 1(1), 85—94. https://doi.org/10.1093/treephys/1.1.85
Kennedy, J. F., & Law, J. D. (1999). Industrial Enzymes and their Applications; H. Uhlig, E.M.
Linsmaier-Bednar; John Wiley & Sons, Inc., New York, 1998, 454 pages, ISBN 0-471-19660-6,
£80.00. Carbohydrate Polymers, 40(4), 301. https://doi.org/https://doi.org/10.1016/S0144-
8617(99)00095-8

Khaksar, G., Treesubsuntorn, C., & Thiravetyan, P. (2016). Endophytic Bacillus cereus ERBP-
Clitoria ternatea interactions: Potentials for the enhancement of gaseous formaldehyde
removal. Environmental and Experimental Botany, 126, 10-20.
https://doi.org/10.1016/j.envexpbot.2016.02.009

Khaksar, G., Treesubsuntorn, C., & Thiravetyan, P. (2017). Impact of endophytic colonization
patterns on Zamioculcas zamiifolia stress response and in regulating ROS, tryptophan and IAA
levels under airborne formaldehyde and formaldehyde-contaminated soil conditions. Plant

Physiology and Biochemistry, 114, 1-9. https://doi.org/10.1016/j.plaphy.2017.02.016



935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

98. Khan, S., Afzal, M., Igbal, S., & Khan, Q. M. (2013). Plant-bacteria partnerships for the
remediation of hydrocarbon contaminated soils. In Chemosphere (Vol. 90, Issue 4, pp. 1317-
1332). Elsevier Ltd. https://doi.org/10.1016/j.chemosphere.2012.09.045

99. Kim, J. M., Le, N. T, Chung, B. S., Park, J. H., Bae, J. W., Madsen, E. L., & Jeon, C. O. (2008).
Influence of soil components on the biodegradation of benzene, toluene, ethylbenzene, and o-,
m-, and p-xylenes by the newly isolated bacterium Pseudoxanthomonas spadix BD-a59. Applied
and Environmental Microbiology, 74(23), 7313-7320. https://doi.org/10.1128/AEM.01695-08

100. Kim, K. J., Khalekuzzaman, M., Suh, J. N., Kim, H. J., Shagol, C., Kim, H. H., & Kim, H. J. (2018).
Phytoremediation of volatile organic compounds by indoor plants: a review. Horticulture
Environment and Biotechnology, 59(2), 143-157. https://doi.org/10.1007/s13580-018-0032-0

101. Kim, K. J., Lim, Y. W,, Kim, H. H., Il Jeong, M., Lee, D. W., Song, J. S., Kim, H. D., Yoo, E. H,,
Jeong, S.J., Han, S. W., & Kays, S. J. (2010). Variation in Formaldehyde Removal Efficiency among
Indoor Plant Species. Hortscience, 45(10), 1489-1495.
http://vt.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwVZ09CsMwDIVF9y6Fdu4FDP53
PleGHiAXsKxozNT7k-
fSoRk1aRF6n0BPInrmJH5c)mousM29d5RRrL4k4KtHfHK8 3Xz5UaXbb_TurzW-W1-
zwDMBhE2uduqOYKWW5bilg8QZ1EANOQIMOMMDDGSULWWQVpOTWqyTnXSOol70LWNnfH9
8_WWyQEc-yh3

102. Kim, K. J., Shagol, C. C., Torpy, F. R., Pettit, T., & Irga, P. J. (2020). Plant physiological
mechanisms of air treatment. From Biofiltration to Promising Options in Gaseous Fluxes
Biotreatment: Recent Developments, New Trends, Advances, and Opportunities, 219-244.
https://doi.org/10.1016/B978-0-12-819064-7.00011-X

103. Kim, K. J., Yoo, E. H,, Jeong, M. Il, Song, J. S., Lee, S. Y., & Kays, S. J. (2011). Changes in the
phytoremediation potential of indoor plants with exposure to toluene. HortScience, 46(12),

1646-1649. https://doi.org/10.21273/hortsci.46.12.1646



960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

104. King, W. L., & Bell, T. H. (2022). Can dispersal be leveraged to improve microbial inoculant
success? In Trends in Biotechnology (Vol. 40, Issue 1, pp. 12-21). Elsevier Ltd.
https://doi.org/10.1016/j.tibtech.2021.04.008

105. Klein, B., Bouriat, P., Goulas, P., & Grimaud, R. (2010). Behavior of Marinobacter
hydrocarbonoclasticus SP17 cells during initiation of biofilm formation at the alkane-water
interface. Biotechnology and Bioengineering, 105(3), 461-468.
https://doi.org/10.1002/bit.22577

106. Kloepper, J., & Schroth, M. N. (1978). Plant growth-promoting rhizobacteria on radishes. IV
international conference on plant pathogenic bacteria. France, 2, 879-882.

107.  Knief, C., Delmotte, N., Chaffron, S., Stark, M., Innerebner, G., Wassmann, R., Von Mering,
C., & Vorholt, J. A. (2012). Metaproteogenomic analysis of microbial communities in the
phyllosphere  and  rhizosphere  of rice. ISME Journal, 6(7), 1378-1390.
https://doi.org/10.1038/ismej.2011.192

108. Komives, T., & Gullner, G. (2005). Phase | xenobiotic metabolic systems in plants. Zeitschrift
Fur Naturforschung - Section C Journal of Biosciences, 60(3—4), 179-185.

109. Kuiper, I., Lagendijk, E. L., Bloemberg, G. V., & Lugtenberg, B. J. J. (2004). Rhizoremediation:
A Beneficial Plant-Microbe Interaction. Molecular Plant-Microbe Interactions®, 17(1), 6-15.
https://doi.org/10.1094/MPMI.2004.17.1.6

110. Kurata, S., Kanagawa, T., Yamada, K., Torimura, M., Yokomaku, T., Kamagata, Y., & Kurane,
R. (2001). Fluorescent quenching-based quantitative detection of specific DNA/RNA using a
BODIPY® FL-labeled probe or primer. Nucleic Acids Research, 29(6), e34—e34.

111. lLau, J. A, Lennon, J. T., Kellogg, W. K., & Karl, D. M. (2012). Rapid responses of soil
microorganisms improve plant fitness in novel environments. 109, 14058-14062.

https://doi.org/10.5061/dryad.qc537



984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

112. Lee, B. X. Y., Hadibarata, T., & Yuniarto, A. (2020). Phytoremediation Mechanisms in Air
Pollution Control: a Review. Water, Air, and  Soil  Pollution, 231(8).
https://doi.org/10.1007/s11270-020-04813-6

113. Lee, H.,Jun, Z.,, & Zahra, Z. (2021). Phytoremediation: The sustainable strategy for improving
indoor and outdoor air quality. In Environments - MDPI (Vol. 8, Issue 11). MDPL.
https://doi.org/10.3390/environments8110118

114. lee, S. Y., Lee, J. L, Kim, J. H., & Kim, K. J. (2015). Enhanced removal of exogenous
formaldehyde gas by AtFALDH-transgenic petunia. Horticulture Environment and Biotechnology,
56(2), 247-254. https://doi.org/10.1007/s13580-015-0087-0

115. Lee, S.-Y., Bollinger, J., Bezdicek, D., & Ogram, A. (1996). Estimation of the abundance of an
uncultured soil bacterial strain by a competitive quantitative PCR method. Applied and
Environmental Microbiology, 62(10), 3787-3793.

116. Li,S., Turaga, U., Shrestha, B., Anderson, T. A., Ramkumar, S. S., Green, M. J., Das, S., & Cafias-
Carrell, J. E. (2013). Mobility of polyaromatic hydrocarbons (PAHs) in soil in the presence of
carbon  nanotubes.  Ecotoxicology = and  Environmental  Safety, 96, 168-174.
https://doi.org/10.1016/j.ecoenv.2013.07.005

117.  Liang, H., Zhao, S., Liu, K., & Su, Y. (2019). Roles of reactive oxygen species and antioxidant
enzymes on formaldehyde removal from air by plants. Journal of Environmental Science and
Health - Part A Toxic/Hazardous Substances and Environmental Engineering, 54(3), 193-201.
https://doi.org/10.1080/10934529.2018.1544477

118. Lin, K. H., Huang, M. Y., Huang, W. D., Hsu, M. H., Yang, Z. W., & Yang, C. M. (2013). The
effects of red, blue, and white light-emitting diodes on the growth, development, and edible
quality of hydroponically grown lettuce (Lactuca sativa L. var. capitata). Scientia Horticulturae,
150, 86-91. https://doi.org/10.1016/j.scienta.2012.10.002

119. Ling, N., Wang, T., & Kuzyakov, Y. (2022). Rhizosphere bacteriome structure and functions.

Nature Communications, 13(1). https://doi.org/10.1038/s41467-022-28448-9



1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

120. Llewellyn, D., & Dixon, M. (2011). Can Plants Really Improve Indoor Air Quality? In
Comprehensive Biotechnology, Second Edition (Second Edi, Vol. 4, Issue December 2011).
Elsevier B.V. https://doi.org/10.1016/B978-0-08-088504-9.00325-1

121. Ma, )., Zhang, W,, Chen, Y., Zhang, S., Feng, Q., Hou, H., & Chen, F. (2016). Spatial variability
of PAHs and microbial community structure in surrounding surficial soil of coal-fired power
plants in Xuzhou, China. International Journal of Environmental Research and Public Health,
13(9). https://doi.org/10.3390/ijerph13090878

122. Man, W,, Taihe, X,, Yaling, S., Yingying, H., Yixuan, H., & Yang, S. (2015). The Physiological
Mechanism of Improved Formaldehyde Resistance in Petunia hybrida Harboring a Mammalian
cyp2el Gene. Horticultural Plant Journal, 1(1), 48-54. https://doi.org/10.16420/j.issn.2095-
9885.2015-0005

123.  Mankiewicz, P., Borsuk, A., Ciardullo, C., Hénaff, E., & Dyson, A. (2022). Developing design
criteria for active green wall bioremediation performance: Growth media selection shapes plant
physiology, water and air flow patterns. Energy and Buildings, 260, 111913.
https://doi.org/10.1016/j.enbuild.2022.111913

124. Mannan, M., & Al-Ghamdi, S. G. (2021). Active Botanical Biofiltration in Built Environment to
Maintain Indoor Air Quality. In Frontiers in Built Environment (Vol. 7). Frontiers Media S.A.
https://doi.org/10.3389/fbuil.2021.672102

125. Martinez-Lavanchy, P. M., Chen, Z., Liinsmann, V., Marin-Cevada, V., Vilchez-Vargas, R.,
Pieper, D. H., Reiche, N., Kappelmeyer, U., Imparato, V., Junca, H., Nijenhuis, 1., Mdller, J. A,,
Kuschk, P., & Heipieper, H. J. (2015). Microbial toluene removal in hypoxic model constructed
wetlands occurs predominantly via the ring monooxygenation pathway. Applied and
Environmental Microbiology, 81(18), 6241-6252. https://doi.org/10.1128/AEM.01822-15

126. Matheson, S., Fleck, R., Irga, P. J., & Torpy, F. R. (2023). Phytoremediation for the indoor

environment: a state-of-the-art review. In Reviews in Environmental Science and Biotechnology



1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

(Vol. 22, Issue 1, pp. 249-280). Springer Science and Business Media B.V.
https://doi.org/10.1007/s11157-023-09644-5

127.  Matsui, K. (2016). A portion of plant airborne communication is endorsed by uptake and
metabolism of volatile organic compounds. Current Opinion in Plant Biology, 32, 24-30.
https://doi.org/10.1016/j.pbi.2016.05.005

128.  McCorquodale-Bauer, K., Grosshans, R., Zvomuya, F., & Cicek, N. (2023). Critical review of
phytoremediation for the removal of antibiotics and antibiotic resistance genes in wastewater.
In Science of the Total Environment (Vol. 870). Elsevier B.V.
https://doi.org/10.1016/j.scitotenv.2023.161876

129. Mesarch, M. B., Nakatsu, C. H., & Nies, L. (2000). Development of catechol 2, 3-dioxygenase-
specific primers for monitoring bioremediation by competitive quantitative PCR. Applied and
Environmental Microbiology, 66(2), 678—683.

130. Mnif, S., Sayadi, S., & Chamkha, M. (2014). Biodegradative potential and characterization of
a novel aromatic-degrading bacterium isolated from a geothermal oil field under saline and
thermophilic conditions. International Biodeterioration and Biodegradation, 86, 258-264.
https://doi.org/10.1016/j.ibiod.2013.09.015

131.  Moccia, E., Intiso, A., Cicatelli, A., Proto, A., Guarino, F., lannece, P., Castiglione, S., & Rossi,
F. (2017a). Use of Zea mays L. in phytoremediation of trichloroethylene. Environmental Science
and Pollution Research, 24(12), 11053-11060. https://doi.org/10.1007/s11356-016-7570-8

132. Moccia, E., Intiso, A., Cicatelli, A., Proto, A., Guarino, F., lannece, P., Castiglione, S., & Rossi,
F. (2017b). Use of Zea mays L. in phytoremediation of trichloroethylene. Environmental Science
and Pollution Research, 24, 11053-11060.

133. Mohan, S. V., Kisa, T., Ohkuma, T., Kanaly, R. A., & Shimizu, Y. (2006). Bioremediation
technologies for treatment of PAH-contaminated soil and strategies to enhance process
efficiency. In Reviews in Environmental Science and Biotechnology (Vol. 5, Issue 4, pp. 347-374).

https://doi.org/10.1007/s11157-006-0004-1



1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

134. Morawska, L., Tang, J. W., Bahnfleth, W., Bluyssen, P. M., Boerstra, A., Buonanno, G., Cao, J.,
Dancer, S., Floto, A., Franchimon, F., Haworth, C., Hogeling, J., Isaxon, C., Jimenez, J. L., Kurnitski,
J., Li, Y., Loomans, M., Marks, G., Marr, L. C., ... Yao, M. (2020). How can airborne transmission of
COVID-19 indoors be minimised? In Environment International (Vol. 142). Elsevier Ltd.
https://doi.org/10.1016/j.envint.2020.105832

135. Moya, T. A, van den Dobbelsteen, A., Ottelé, M., & Bluyssen, P. M. (2019). A review of green
systems within the indoor environment. In Indoor and Built Environment (Vol. 28, Issue 3, pp.
298-309). SAGE Publications Ltd. https://doi.org/10.1177/1420326X18783042

136. Muhammad, S., Wuyts, K., & Samson, R. (2019). Atmospheric net particle accumulation on
96 plant species with contrasting morphological and anatomical leaf characteristics in a common
garden  experiment.  Atmospheric  Environment,  202(January  2019), 328-344.
https://doi.org/10.1016/j.atmosenv.2019.01.015

137. Mukred, A., Hamid, A., Hamzah, A., & Yusoff, W. (2008). Development of Three Bacteria
Consortium for the Bioremediation of Crude Petroleum-oil in Contaminated Water. Online
Journal of Biological Sciences, 8. https://doi.org/10.3844/0jbsci.2008.73.79

138. Mura, A, Medda, R., Longu, S., Floris, G., Rinaldi, A. C., & Padiglia, A. (2005). A
Ca2+/calmodulin-binding peroxidase from Euphorbia latex: Novel aspects of calcium-hydrogen
peroxide cross-talk in the regulation of plant defenses. Biochemistry, 44(43), 14120-14130.
https://doi.org/10.1021/bi0513251

139. Muramoto, S., Matsubara, Y., Mwenda, C. M., Koeduka, T., Sakami, T., Tani, A., & Matsui, K.
(2015). Glutathionylation and reduction of methacrolein in tomato plants account for its
absorption from the vapor phase. Plant Physiology, 169(3), 1744-1754.
https://doi.org/10.1104/pp.15.01045

140. Nazina, T. N., Sokolova, D. S., Grigoryan, A. A., Shestakova, N. M., Mikhailova, E. M.,
Poltaraus, A. B., Tourova, T. P., Lysenko, A. M., Osipov, G. A., & Belyaev, S. S. (2005). Geobacillus

jurassicus sp. nov., a new thermophilic bacterium isolated from a high-temperature petroleum



1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

reservoir, and the validation of the Geobacillus species. Systematic and Applied Microbiology,
28(1), 43-53. https://doi.org/10.1016/j.syapm.2004.09.001

141. Newman, L. A, Strand, S. E., Choe, N., Duffy, J., Ekuan, G., Ruszaj, M., Shurtleff, B. B.,
Wilmoth, J., Heilman, P., & Gordon, M. P. (1997). Uptake and Biotransformation of
Trichloroethylene by Hybrid Poplars. Environmental Science & Technology, 31(4), 1062—-1067.
https://doi.org/10.1021/es960564w

142.  Ninya, N., Vallecillos, L., Marcé, R. M., & Borrull, F. (2022). Evaluation of air quality in indoor
and outdoor environments: Impact of anti-COVID-19 measures. Science of the Total
Environment, 836(May). https://doi.org/10.1016/j.scitotenv.2022.155611

143.  Novotn®~, (~, Vyas, B. R. M., Erbanova, P., Kubatova, A., & ~a~ek, V. (1997). Removal of PCBs
by Various White Rot Fungi in Liquid Cultures. In Folia Microbiol (Vol. 42, Issue 2).

144. Nwoko, C. 0. (2010). Trends in phytoremediation of toxic elemental and organic pollutants.
African Journal of Biotechnology, 9(37), 6010—6016. https://doi.org/10.5897/AJB09.061

145. Oikawa, P. Y., & Lerdau, M. T. (2013). Catabolism of volatile organic compounds influences
plant survival. Trends in Plant Science, 18(12), 695-703.
https://doi.org/10.1016/j.tplants.2013.08.011

146. Omasa, K., Tobe, K., Hosomi, M., & Kobayashi, M. (2000). Absorption of Ozone and Seven
Organic Pollutants by Populus nigra and Camellia sasanqua. Environmental Science &
Technology, 34(12), 2498-2500. https://doi.org/10.1021/es991285m

147.  Orwell, R. L., Wood, R. A,, Burchett, M. D., Tarran, J., & Torpy, F. (2006). The potted-plant
microcosm substantially reduces indoor air VOC pollution: Il. Laboratory study. Water, Air, and
Soil Pollution, 177(1-4), 59-80. https://doi.org/10.1007/s11270-006-9092-3

148.  Orwell, R. L., Wood, R. L., Tarran, J., Torpy, F., & Burchett, M. D. (2004). Removal of benzene
by the indoor plant/substrate microcosm and implications for air quality. Water, Air, and Soil

Pollution, 157(1-4), 193-207. https://doi.org/10.1023/B:WATE.0000038896.55713.5b



1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

149. Panesar, P. S., & Marwaha, S. S. (2013). Biotechnology in agriculture and food processing:
Opportunities and challenges. In Biotechnology in Agriculture and Food Processing:
Opportunities and Challenges. https://doi.org/10.1201/b15271

150. Panke-Buisse, K., Poole, A. C., Goodrich, J. K., Ley, R. E., & Kao-Kniffin, J. (2015). Selection on
soil microbiomes reveals reproducible impacts on plant function. ISME Journal, 9, 980-989.
https://doi.org/10.1038/ismej.2014.196

151. Panyametheekul, S., Rattanapun, T., Morris, J., & Ongwandee, M. (2019). Foliage houseplant
responses to low formaldehyde levels. Building and Environment, 147(October 2018), 67-76.
https://doi.org/10.1016/j.buildenv.2018.09.053

152.  Paull, N.J., Irga, P. )., & Torpy, F. R. (2018). Active green wall plant health tolerance to diesel
smoke exposure. Environmental Pollution, 240, 448-456.
https://doi.org/10.1016/j.envpol.2018.05.004

153.  Paull, N. J,, Irga, P. J., & Torpy, F. R. (2019). Active botanical biofiltration of air pollutants
using Australian native plants. Air Quality, Atmosphere & Health, 12(12), 1427-1439.
https://doi.org/10.1007/5s11869-019-00758-w

154.  Pettit, T., Irga, P. J., Abdo, P., & Torpy, F. R. (2017). Do the plants in functional green walls
contribute to their ability to filter particulate matter? Building and Environment, 125, 299-307.
https://doi.org/10.1016/j.buildenv.2017.09.004

155.  Pettit, T., Irga, P. )., & Torpy, F. R. (2018a). Functional green wall development for increasing
air pollutant phytoremediation: Substrate development with coconut coir and activated carbon.
Journal of Hazardous Materials, 360, 594—603. https://doi.org/10.1016/j.jhazmat.2018.08.048

156.  Pettit, T., Irga, P. J., & Torpy, F. R. (2018b). Towards practical indoor air phytoremediation: A
review. Chemosphere, 208, 960-974. https://doi.org/10.1016/j.chemosphere.2018.06.048

157.  Pettit, T., Irga, P.J., & Torpy, F. R. (2019). The in situ pilot-scale phytoremediation of airborne
VOCs and particulate matter with an active green wall. Air Quality, Atmosphere and Health,

12(1), 33—-44. https://doi.org/10.1007/s11869-018-0628-7



1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

158.  Pettit, T., Irga, P. J., & Torpy, F. R. (2020). The evolution of botanical biofilters: Developing
practical phytoremediation of air pollution for the built environment. In iCRBE Procedia (pp. 116—
129). https://doi.org/10.32438/icrbe.202012

159. Philippot, L., Raaijmakers, J. M., Lemanceau, P., & Van Der Putten, W. H. (2013). Going back
to the roots: The microbial ecology of the rhizosphere. Nature Reviews Microbiology, 11(11),
789-799. https://doi.org/10.1038/nrmicro3109

160. Pilon-Smits, E. (2005). Phytoremediation. In Annual Review of Plant Biology (Vol. 56, pp. 15—
39). https://doi.org/10.1146/annurev.arplant.56.032604.144214

161. Pires, C., Franco, A. R., Pereira, S. I. A., Henriques, I., Correia, A., Magan, N., & Castro, P. M.
L. (2017). Metal(loid)-Contaminated Soils as a Source of Culturable Heterotrophic Aerobic
Bacteria for Remediation Applications. Geomicrobiology Journal, 34(9), 760-768.
https://doi.org/10.1080/01490451.2016.1261968

162.  Podrova, Z., Turcovska, A., Kapalo, P., & Vranayov3, Z. (2020). The Effect of Green Walls on
Humidity, Air Temperature, Co2 and Well-Being of People. Environmental Sciences Proceedings,
2(1), 56. https://doi.org/10.3390/environsciproc2020002056

163. Poorova, Z., & Vranayova, Z. (2021). Humidity, Air Temperature, CO2 and Well-Being of
People with and Without Green Wall. In Lecture Notes in Civil Engineering: Vol. 100 LNCE (pp.
336-346). https://doi.org/10.1007/978-3-030-57340-9_41

164.  Purohit, J., Chattopadhyay, A., Biswas, M. K., & Singh, N. K. (2018a). Mycoremediation of
agricultural soil: bioprospection for sustainable development. Mycoremediation and
Environmental Sustainability: Volume 2, 91-120.

165.  Purohit, J., Chattopadhyay, A., Biswas, M. K., & Singh, N. K. (2018b). Mycoremediation of
agricultural soil: bioprospection for sustainable development. Mycoremediation and
Environmental Sustainability: Volume 2, 91-120.

166. Rachmadiarti, F., Purnomo, T., Azizah, D. N., & Fascavitri, A. (2019). Nature Environment and

Pollution Technology An International Quarterly Scientific Journal Syzigium oleina and Wedelia



1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

trilobata for Phytoremediation of Lead Pollution in the Atmosphere. 18, 157-162.
www.neptjournal.com

167. Raeymaekers, L. (1998). Quantitative PCR. Clinical Applications of PCR, 27-38.

168. Rahman, K.S. M., Rahman, T.J., Kourkoutas, Y., Petsas, |., Marchant, R., & Banat, I. M. (2003).
Enhanced bioremediation of n-alkane in petroleum sludge using bacterial consortium amended
with  rhamnolipid and micronutrients. Bioresource Technology, 90(2), 159-168.
https://doi.org/10.1016/S0960-8524(03)00114-7

169. Raj, S. N., Deepak, S. A., Basavaraju, P., Shetty, H. S., Reddy, M. S., & Kloepper, J. W. (2003).
Comparative performance of formulations of plant growth promoting rhizobacteria in growth
promotion and suppression of downy mildew in pearl millet. In Crop Protection (Vol. 22).

170. Rappert, S., & Miller, R. (2005). Microbial degradation of selected odorous substances.
Waste Management, 25(9), 940-954. https://doi.org/10.1016/j.wasman.2005.07.015

171.  Ray, R. C. (2020). Microbial Biotechnology in Agriculture and Aquaculture — An Overview.
Microbial  Biotechnology in Agriculture and Aquaculture, Vol. 1, 1, 11-40.
https://doi.org/10.1201/9781482280302-5

172. Reed, M. L. E., & Glick, B. R. (2005). Growth of canola (Brassica napus) in the presence of
plant growth-promoting bacteria and either copper or polycyclic aromatic hydrocarbons.
Canadian Journal of Microbiology, 51(12), 1061-1069. https://doi.org/10.1139/w05-094

173. Revah, S., & Morgan-Sagastume, J. M. (2005). Methods of Odor and VOC Control. In
Biotechnology for Odor and Air Pollution Control (pp. 29-63). Springer-Verlag.
https://doi.org/10.1007/3-540-27007-8 3

174.  Ruiz, J., Bilbao, R., & Murillo, M. B. (1998). Adsorption of Different VOC onto Soil Minerals
from Gas Phase: Influence of Mineral, Type of VOC, and Air Humidity. Environmental Science &
Technology, 32(8), 1079-1084. https://doi.org/10.1021/es9704996

175.  Sabo, F., Fischer, K., & Motz, U. (1993). Development and testing of high-efficiency biofilters.

A AND WMA ANNUAL MEETING, 3, 93-TP.



1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

176. Sabg, A., Popek, R., Nawrot, B., Hanslin, H. M., Gawronska, H., & Gawronski, S. W. (2012).
Plant species differences in particulate matter accumulation on leaf surfaces. Science of the Total
Environment, 427-428, 347-354. https://doi.org/10.1016/j.scitotenv.2012.03.084

177. Safronova, V. I., Stepanok, V. V., Engqvist, G. L., Alekseyev, Y. V., & Belimov, A. A. (2006).
Root-associated bacteria containing 1-aminocyclopropane-1-carboxylate deaminase improve
growth and nutrient uptake by pea genotypes cultivated in cadmium supplemented soil. Biology
and Fertility of Soils, 42(3), 267-272. https://doi.org/10.1007/s00374-005-0024-y

178.  Salanitro, J. P. (2001). Bioremediation of petroleum hydrocarbons in soil.

179. Salthammer, T., Mentese, S., & Marutzky, R. (2010). Formaldehyde in the indoor
environment. Chemical Reviews, 110(4), 2536—2572. https://doi.org/10.1021/cr800399g

180. Sandermann, H. (1994). Higher plant metabolism of xenobiotics: the “green liver” concept.
Pharmacogenetics, 4(5), 225-241. https://doi.org/10.1097/00008571-199410000-00001

181.  Sarkhosh, M., Najafpoor, A. A., Alidadi, H., Shamsara, J., Amiri, H., Andrea, T., & Kariminejad,
F. (2021). Indoor Air Quality associations with sick building syndrome: An application of decision
tree technology. Building and Environment, 188.
https://doi.org/10.1016/j.buildenv.2020.107446

182.  Schéffner, A., Messner, B., Langebartels, C., & Sandermann, H. (2002). Genes and enzymes
for in-planta phytoremediation of air, water and soil. Acta Biotechnologica, 22(1-2), 141-151.
https://doi.org/10.1002/1521-3846(200205)22:1/2<141::AID-ABI0141>3.0.CO;2-7

183.  Schmitz, H., Hilgers, U., & Weidner, M. (2000). Assimilation and metabolism of formaldehyde
by leaves appear unlikely to be of value for indoor air purification. New Phytologist, 147(2), 307-
315. https://doi.org/10.1046/j.1469-8137.2000.00701.x

184.  Schroder, P., & Collins, C. (2002). Conjugating enzymes involved in xenobiotic metabolism of
organic xenobiotics in plants. International Journal of Phytoremediation, 4(4), 247-265.

https://doi.org/10.1080/15226510208500086



1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

185.  Seco, R., Pefiuelas, J., & Filella, I. (2007). Short-chain oxygenated VOCs: Emission and uptake
by plants and atmospheric sources, sinks, and concentrations. Atmospheric Environment, 41(12),
2477-2499. https://doi.org/10.1016/j.atmosenv.2006.11.029

186. Sessitsch, A., Kuffner, M., Kidd, P., Vangronsveld, J., Wenzel, W. W., Fallmann, K., &
Puschenreiter, M. (2013). The role of plant-associated bacteria in the mobilization and
phytoextraction of trace elements in contaminated soils. In Soil Biology and Biochemistry (Vol.
60, pp. 182—-194). https://doi.org/10.1016/].s0ilbio.2013.01.012

187.  Setsungnern, A., Treesubsuntorn, C., & Thiravetyan, P. (2019). Exogenous 24-epibrassinolide
enhanced benzene detoxification in Chlorophytum comosum via overexpression and
conjugation by glutathione. Science of the Total Environment, 662, 805-815.
https://doi.org/10.1016/j.scitotenv.2019.01.258

188.  Shahriari Moghadam, M., Kool, F., & Nasrabadi, M. (2017). Phytoremediation of air organic
pollution (Phenol) using hydroponic system. In Journal of Air Pollution and Health (Vol. 2, Issue
4).

189. Shang, T., Newman, L., & Gordon, M. (2004). Fate of Trichloroethylene in Terrestrial Plants
(pp. 529-560). https://doi.org/10.1002/047127304X.ch17

190. Shang, T. Q., Doty, S. L., Wilson, A. M., Howald, W. N., & Gordon, M. P. (2001).
Trichloroethylene oxidative metabolism in plants: the trichloroethanol pathway. Phytochemistry,
58(7), 1055-1065. https://doi.org/10.1016/5S0031-9422(01)00369-7

191. Shang, T. Q., & Gordon, M. P. (2002). Transformation of [] trichloroethylene by poplar
suspension cells. Chemosphere, 47(9), 957-962. https://doi.org/10.1016/50045-6535(02)00036-
X

192.  Shukla, K. P., Singh, N. K., & Sharma, S. (2010). Bioremediation: developments, current

practices and perspectives. Genet Eng Biotechnol J, 3, 1-20.



1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

193.  Siddiqui, Z. (2001). Effects of rhizobacteria and root symbionts on the reproduction of
Meloidogyne javanica and growth of chickpea. Bioresource Technology, 79(1), 41-45.
https://doi.org/10.1016/50960-8524(01)00036-0

194. Soreanu, G. (2015). Biotechnologies for improving indoor air quality.
https://doi.org/10.1016/B978-0-08-100546-0.00012-1

195.  Sriprapat, W., Boraphech, P., & Thiravetyan, P. (2014). Factors affecting xylene-
contaminated air removal by the ornamental plant Zamioculcas zamiifolia. Environmental
Science and Pollution Research, 21(4), 2603-2610. https://doi.org/10.1007/s11356-013-2175-y

196.  Sriprapat, W., Suksabye, P., Areephak, S., Klantup, P., Waraha, A., Sawattan, A., &
Thiravetyan, P. (2014). Uptake of toluene and ethylbenzene by plants: Removal of volatile indoor
air contaminants.  Ecotoxicology = and Environmental Safety, 102(1), 147-151.
https://doi.org/10.1016/j.ecoenv.2014.01.032

197.  Sriprapat, W., & Thiravetyan, P. (2013). Phytoremediation of BTEX from indoor air by
zamioculcas zamiifolia. Water, Air, and Soil Pollution, 224(3). https://doi.org/10.1007/s11270-
013-1482-8

198.  Sriprapat, W., & Thiravetyan, P. (2016). Efficacy of ornamental plants for benzene removal
from contaminated air and water: Effect of plant associated bacteria. International
Biodeterioration and Biodegradation, 113, 262-268.
https://doi.org/10.1016/j.ibiod.2016.03.001

199. Srivastava, J., Naraian, R., Kalra, S. J. S., & Chandra, H. (2014). Advances in microbial
bioremediation and the factors influencing the process. International Journal of Environmental
Science and Technology, 11, 1787-1800.

200. Su, Y., &Liang, Y. (2015). Foliar uptake and translocation of formaldehyde with Bracket plants
(Chlorophytum  comosum).  Journal of Hazardous  Materials, 291, 120-128.

https://doi.org/10.1016/j.jhazmat.2015.03.001



1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

201.  Sun, H.,Zhang, W., Tang, L., Han, S., Wang, X., Zhou, S., Li, K., & Chen, L. (2015). Investigation
of the role of the calvin cycle and C1 metabolism during HCHO metabolism in gaseous HCHO-
treated petunia under light and dark conditions using 13C-NMR. Phytochemical Analysis, 26(3),
226-235. https://doi.org/10.1002/pca.2556

202. Susarla, S., Medina, V. F., & McCutcheon, S. C. (2002). Phytoremediation: An ecological
solution to organic chemical contamination. Ecological Engineering, 18(5), 647—-658.
https://doi.org/https://doi.org/10.1016/50925-8574(02)00026-5

203. Takagi, D., Ifuku, K., Ikeda, K., Inoue, K. I., Park, P., Tamoi, M., Inoue, H., Sakamoto, K., Saito,
R., & Miyake, C. (2016). Suppression of Chloroplastic Alkenal/One Oxidoreductase Represses the
Carbon Catabolic Pathway in Arabidopsis Leaves during Night . Plant Physiology, 170(4), 2024—
2039. https://doi.org/10.1104/pp.15.01572

204. Tallis, M., Taylor, G., Sinnett, D., & Freer-Smith, P. (2011). Estimating the removal of
atmospheric particulate pollution by the urban tree canopy of London, under current and future
environments. Landscape and Urban Planning, 103(2), 129-138.
https://doi.org/10.1016/j.landurbplan.2011.07.003

205. TANI, A., & MOCHIZUKI, T. (2021). Review: Exchanges of volatile organic compounds
between terrestrial ecosystems and the atmosphere. Journal of Agricultural Meteorology, 77(1),
66—80. https://doi.org/10.2480/agrmet.D-20-00025

206. Tani, A, Tobe, S., & Shimizu, S. (2013). Leaf uptake of methyl ethyl ketone and croton
aldehyde by Castanopsis sieboldii and Viburnum odoratissimum saplings. Atmospheric
Environment, 70, 300-306. https://doi.org/10.1016/j.atmosenv.2012.12.043

207. Tegge, G. (1984). Godfrey, T., and J. Reichelt (Editors): Industrial Enzymology - The
Application of Enzymes in Industry (Industrielle Enzymologie - Die Anwendung von Enzymen in
der Industrie). Published in the UK by MacMillan Publ., Ltd., Byfleet, Surrey 1983, in USA and
Canada by the Nature Press, New York 3983. 582p., £ 40.00; US $ 77.00. Starch - Stérke, 36(1),

34-34. https://doi.org/10.1002/star.19840360111



1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

208.  Teiri, H., Hajizadeh, Y., & Azhdarpoor, A. (2022). A review of different phytoremediation
methods and critical factors for purification of common indoor air pollutants: an approach with
sensitive analysis. In Air Quality, Atmosphere and Health (Vol. 15, Issue 3, pp. 373—-391). Springer
Science and Business Media B.V. https://doi.org/10.1007/s11869-021-01118-3

209. Thompson, D., Sterne, L., Bell, J., Parker, W., & Lye, A. (1996). Pilot scale investigation of
sustainable BTEX removal with a compost biofilter. Proceedings of the 1996 Air & Waste
Management Association’s 89th Annual Meeting & Exhibition.

210. Thouron, L., Seigneur, C., Kim, Y., Legorgeu, C., Roustan, Y., & Bruge, B. (2017). Simulation of
trace metals and PAH atmospheric pollution over Greater Paris: Concentrations and deposition
on urban surfaces. Atmospheric Environment, 167, 360-376.
https://doi.org/10.1016/j.atmosenv.2017.08.027

211. Torpy, F. R, Irga, P. )., Brennan, J., & Burchett, M. D. (2013). Do indoor plants contribute to
the aeromycota in city buildings? Aerobiologia, 29(3), 321-331. https://doi.org/10.1007/s10453-
012-9282-y

212.  Torpy, F. R, Irga, P. J., Moldovan, D., Tarran, J., & Burchett, M. D. (2013). Characterization
and Biostimulation of benzene biodegradation in the potting-mix of indoor plants. Journal of
Applied Horticulture, 15(1), 10-15. https://doi.org/10.37855/jah.2013.v15i01.02

213.  Torpy, F., Zavattaro, M., & Irga, P. (2017). Green wall technology for the phytoremediation
of indoor air: a system for the reduction of high CO2 concentrations. Air Quality, Atmosphere
and Health, 10(5), 575-585. https://doi.org/10.1007/s11869-016-0452-x

214. Treesubsuntorn, C., & Thiravetyan, P. (2012). Removal of benzene from indoor air by
Dracaena sanderiana: Effect of wax and stomata. Atmospheric Environment, 57, 317-321.
https://doi.org/10.1016/j.atmosenv.2012.04.016

215.  Treesubsuntorn, C., & Thiravetyan, P. (2018). Botanical biofilter for indoor toluene removal

and reduction of carbon dioxide emission under low light intensity by using mixed C3 and CAM



1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

plants. Journal of Cleaner Production, 194, 94-100.
https://doi.org/10.1016/j.jclepro.2018.05.141

216.  Ugrekhelidze, D., Korte, F., & Kvesitadze, G. (1997). Uptake and transformation of benzene
and toluene by plant leaves. Ecotoxicology and Environmental Safety, 37(1), 24-29.
https://doi.org/10.1006/eesa.1996.1512

217. Ullah, M. A,, Kadhim, H., Rastall, R. A., & Evans, C. S. (2000). Evaluation of solid substrates
for enzyme production by Coriolus versicolor , for use in bioremediation of chlorophenols in
aqueous effluents. Applied Microbiology and Biotechnology, 54(6), 832-837.
https://doi.org/10.1007/s002530000466

218. Varjani, S. J. (2017a). Microbial degradation of petroleum hydrocarbons. In Bioresource
Technology (Vol. 223, pp. 277-286). Elsevier Ltd.
https://doi.org/10.1016/j.biortech.2016.10.037

219. Varjani, S. J. (2017b). Microbial degradation of petroleum hydrocarbons. Bioresource
Technology, 223, 277-286. https://doi.org/10.1016/j.biortech.2016.10.037

220. Varjani, S. )., Rana, D. P., Jain, A. K., Bateja, S., & Upasani, V. N. (2015). Synergistic ex-situ
biodegradation of crude oil by halotolerant bacterial consortium of indigenous strains isolated
from on shore sites of Gujarat, India. International Biodeterioration and Biodegradation, 103,
116-124. https://doi.org/10.1016/].ibiod.2015.03.030

221. Wang, L., Sheng, Q., Zhang, Y., Xu, J., Zhang, H., & Zhu, Z. (2020). Tolerance of fifteen
hydroponic ornamental plant species to formaldehyde stress. Environmental Pollution, 265.
https://doi.org/10.1016/j.envpol.2020.115003

222. Wang, Z., Bai, Z,, Yu, H., Zhang, J., & Zhu, T. (2004). Regulatory standards related to building
energy conservation and indoor-air-quality during rapid urbanization in China. Energy and

Buildings, 36(12), 1299-1308. https://doi.org/10.1016/j.enbuild.2003.09.013



1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

223. Wang, Z., & Zhang, J. S. (2011). Characterization and performance evaluation of a full-scale
activated carbon-based dynamic botanical air filtration system for improving indoor air quality.
Building and Environment, 46(3), 758—768. https://doi.org/10.1016/j.buildenv.2010.10.008

224.  Wannomai, T., Kemacheevakul, P., & Thiravetyan, P. (2019). Removal of trimethylamine
from indoor air using potted plants under light and dark conditions. Aerosol and Air Quality
Research, 19(5), 1105-1113. https://doi.org/10.4209/aaqr.2018.09.0334

225.  Wargocki, P. (2011). Productivity and Health Effects of High Indoor Air Quality. In
Encyclopedia of Environmental Health (Vol. 38, Issue 11, pp. 688-693). Elsevier.
https://doi.org/10.1016/B978-0-444-52272-6.00270-1

226.  Wei, X,, Lyu, S, Yu, Y., Wang, Z., Liu, H., Pan, D., & Chen, J. (2017). Phylloremediation of air
pollutants: Exploiting the potential of plant leaves and leaf-associated microbes. In Frontiers in
Plant Science (Vol. 8). Frontiers Media S.A. https://doi.org/10.3389/fpls.2017.01318

227. Wesely, M. L., & Hicks, B. B. (2000). A review of the current status of knowledge on dry
deposition. Atmospheric Environment, 34(12-14), 2261-2282. https://doi.org/10.1016/51352-
2310(99)00467-7

228.  WieRner, A., Kappelmeyer, U., Kuschk, P., & Kastner, M. (2005). Influence of the redox
condition dynamics on the removal efficiency of a laboratory-scale constructed wetland. Water
Research, 39(1), 248-256. https://doi.org/10.1016/j.watres.2004.08.032

229.  Willey, J. M., Sherwood, L. M., & Woolverton, C. J. (2008). Prescott, Harley and Klein's
Microbiology 7th. New York, NY, 10020, 1088.

230.  Wolverton, B. C., Johnson, A., & Bounds, K. (1989). Interior landscape plants for indoor air
pollution abatement.

231.  Wolverton, B. C., Mcdonald, R. C., & Watkins, E. A. (1984). Foliage plants for removing indoor
air pollutants from energy-efficient homes. Economic Botany, 38(2), 224-228.

https://doi.org/10.1007/BF02858837



1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

232. Wolverton, B., & Wolverton, J. (1993). Plants and soil microorganisms: removal of
formaldehyde, xylene, and ammonia from the indoor environment. In Journal of the mississippi
academy of sciences (Vol. 38, Issue 2, pp. 11-15).
http://www.wolvertonenvironmental.com/MsAcad-93.pdf

233. Wood, R. A,, Orwell, R. L., Tarran, J., Torpy, F., & Burchett, M. (2002). Potted-plant/growth
media interactions and capacities for removal of volatiles from indoor air. Journal of Horticultural
Science and Biotechnology, 77(1), 120-129. https://doi.org/10.1080/14620316.2002.11511467

234.  Xu, Z., Wang, L., & Hou, H. (2011). Formaldehyde removal by potted plant-soil systems.
Journal of Hazardous Materials, 192(1), 314-318.
https://doi.org/10.1016/j.jhazmat.2011.05.020

235.  Yamane, M., & Tani, A. (2024). An absorption model of volatile organic compound by plant
leaf: The most influential site in the absorption pathway. Atmospheric Environment: X, 23,
100274. https://doi.org/https://doi.org/10.1016/j.aea0a.2024.100274

236.  Yamauchi, Y., Hasegawa, A., Taninaka, A., Mizutani, M., & Sugimoto, Y. (2011). NADPH-
dependent Reductases Involved in the Detoxification of Reactive Carbonylsin Plants * . Journal
of Biological Chemistry, 286(9), 6999—7009. https://doi.org/10.1074/jbc.M110.202226

237.  Yan,D.,Wu,S,, Zhou, S., Tong, G, Li, F., Wang, Y., & Li, B. (2019). Characteristics, sources and
health risk assessment of airborne particulate PAHs in Chinese cities: A review. Environmental
Pollution, 248, 804—814. https://doi.org/https://doi.org/10.1016/j.envpol.2019.02.068

238.  Yang, J., Kloepper, J. W., & Ryu, C. M. (2009). Rhizosphere bacteria help plants tolerate
abiotic stress. In Trends in Plant Science (Vol. 14, Issue 1, pp. 1-4).
https://doi.org/10.1016/j.tplants.2008.10.004

239. Yang, VY., Su, Y., & Zhao, S. (2020). An efficient plant—-microbe phytoremediation method to
remove formaldehyde from air. Environmental Chemistry Letters, 18(1), 197-206.

https://doi.org/10.1007/5s10311-019-00922-9



1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

240. Yeats, T. H., & Rose, J. K. C. (2013). The formation and function of plant cuticles. Plant
Physiology, 163(1), 5-20. https://doi.org/10.1104/pp.113.222737

241.  Yoon, |. K., & Park, C. H. (2002). Effects of gas flow rate, inlet concentration and temperature
on biofiltration of volatile organic compounds in a peat-packed biofilter. Journal of Bioscience
and Bioengineering, 93(2), 165—169. https://doi.org/10.1016/51389-1723(02)80009-3

242.  Young, I. M., & Ritz, K. (2000). Tillage, habitat space and function of soil microbes. Soil and
Tillage Research, 53(3—4), 201-213. https://doi.org/10.1016/5S0167-1987(99)00106-3

243. Yousaf, S., Afzal, M., Reichenauer, T. G., Brady, C. L., & Sessitsch, A. (2011). Hydrocarbon
degradation, plant colonization and gene expression of alkane degradation genes by endophytic
Enterobacter ludwigii strains. Environmental Pollution, 159(10), 2675—-2683.

244.  Zhang, H., Wang, )., Bao, H., Li, J., & Wu, F. (2020). Polycyclic Aromatic Hydrocarbons in Urban
Soils of Zhengzhou City, China: Occurrence, Source and Human Health Evaluation. Bulletin of
Environmental Contamination and Toxicology, 105(3), 446-452.
https://doi.org/10.1007/s00128-020-02982-y

245.  Zhang, Y., Chen, H,, Liu, C., Chen, R., Wang, Y., & Teng, Y. (2021). Developing an integrated
framework for source apportionment and source-specific health risk assessment of PAHs in soils:
Application to a typical cold region in China. Journal of Hazardous Materials, 415, 125730.
https://doi.org/https://doi.org/10.1016/j.jhazmat.2021.125730

246. Zhang, V., Liu, )., Zhou, Y., Gong, T., Wang, J., & Ge, Y. (2013). Enhanced phytoremediation of
mixed heavy metal (mercury)-organic pollutants (trichloroethylene) with transgenic alfalfa co-
expressing glutathione S-transferase and human P450 2E1. Journal of Hazardous Materials, 260,
1100-1107. https://doi.org/10.1016/j.jhazmat.2013.06.065

247.  Zhao, C., Xu, J., Shang, D., Zhang, Y., Zhang, J., Xie, H., Kong, Q., & Wang, Q. (2021).
Application of constructed wetlands in the PAH remediation of surface water: A review. Science
of The Total Environment, 780, 146605.

https://doi.org/https://doi.org/10.1016/].scitotenv.2021.146605



1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

248.  Zhao, L., Lyu, C.,, & Li, Y. (2021a). Analysis of factors influencing plant—-microbe combined
remediation of soil contaminated by polycyclic aromatic hydrocarbons. In Sustainability
(Switzerland) (Vol. 13, Issue 19). MDPI. https://doi.org/10.3390/su131910695

249.  Zhao, L., Lyu, C., & Li, Y. (2021b). Analysis of factors influencing plant—-microbe combined
remediation of soil contaminated by polycyclic aromatic hydrocarbons. Sustainability, 13(19),
10695.

250. Zhao,S., Su, Y., & Liang, H. (2019). Efficiency and mechanism of formaldehyde removal from
air by two wild plants; Plantago asiatica L. and Taraxacum mongolicum Hand.-Mazz. Journal of
Environmental Health Science and Engineering, 17(2), 141-150.
https://doi.org/10.1007/s40201-018-00335-w

251.  Zuo, L., Wu, D,, Yu, L., & Yuan, Y. (2022a). Phytoremediation of formaldehyde by the stems
of Epipremnum aureum and Rohdea japonica. Environmental Science and Pollution Research,
29(8), 11445-11454. https://doi.org/10.1007/s11356-021-16571-x

252.  Zuo, L., Wu, D,, Yu, L., & Yuan, Y. (2022b). Phytoremediation of formaldehyde by the stems
of Epipremnum aureum and Rohdea japonica. Environmental Science and Pollution Research,

29(8), 11445-11454. https://doi.org/10.1007/s11356-021-16571-x



Supplementary

Table 1. Synergistic microbial species and degradation pathways for bioremediation of different pollutants.

Synergistic Microorganisms

Target Pollutant

Degradation pathways

Source from

References

Comamonas testosteroni R5, Toluene Aerobic and anaerobic Freshwater ((Fliegmann &
Methylibium petroleiphilum, sediments Sandermann, 1997;
Ralstonia pickettii PKO1, , Soil Kukolr & Olsen, 1990;
Burkholderia vietnamensis G4 Martinez-Lavanchy et
al., 2015; Nakatsu et
al., 2006; Teramoto et
al., 1999)
Xanthomonadaceae family petroleum hydrocarbon Aerobes Freshwater (Cerqueira et al., 2011;
sediments Martinez-Lavanchy et
, Soil al., 2015; Myeong et al.,
2008)
Magnetospirillum sp. strain TS-6  Toluene Anaerobic Freshwater (Geelhoed et al., 2009;
sediments Martinez-Lavanchy et
, Soil al., 2015)
Biphenyl Aromatic pollutants Aerobic and anaerobic Soil (Baldwin et al., 2003)

dioxygenase(Comamonas
testosteroni , Pseudomonas sp.,
Rhodococcus sp., Burkholderia
sp.,)

Isopropylbenzene and
ethylbenzene
Dioxygenases(Rhodococcus
erythropolis , Pseudomonas sp.)
Naphthalene
dioxygenase(Pseudomonas sp.,
Burkholderia sp., Alcaligenes
faecalis, Cycloclasticus sp.,
Neptunomonas naphthovorans,
Rhodococcus sp.,)
Toluene/benzene/chlorobenzene
Dioxygenase(Pseudomonas
putida, Pseudomonas sp.)
Toluene
monooxygenase(Pseudomonas
putida, Pseudomonas sp.)

Ring hydroxylating




monooxygenases(Pseudomonas

sp., Ralstonia picketti,
Burkholderia cepacian)
Phenol

hydroxylase(Pseudomonas
putida, Comamonas testosteroni
, Comamonas sp., Burkholderia
cepacian, Ralstonia sp.)

Family: Nevskiaceae, VOCs Aerobic and anaerobic Soil of Active (Fleck et al., 2020;
Patulibacter- green wall Mikkonen et al., 2018;
aceae and Xanthobacteraceae Russell et al., 2014)

the genera: Devosia,

Prosthecomicrobium and

Hyphomicrobium

e Table2. Enzyme types involved in bioremediation of different pollutants and potential genetic information.

Pollutants source Primary enzymes Primer to detect catabolic genes Microorganisms or plants References
Toluene side-chain xylene  monooxygenase  (xyIM-AETO1-F/-R),  toluene The families Xanthomon- (Martinez-

monooxygenases (pathway dioxygenase (TOD-AET18-F/-R), catechol-2,3-dioxygenase adaceae, Comamonadaceae, and  Lavanchy et al.,

1lin (EXDO-AET18-F/-R) , toluene monooxygenase (TMO- Burkholderiaceae 2015)

Fig) AET14-F/-R), phenol hydroxylase (PHE-AET14-F/-R),

soluble diiron catechol-2,3-dioxygenase isolate(EXDO-AET14-F/-R)

monooxygenases, (

pathways 2, 3, and 4 in

Fig)

Rieske  non-heme iron

oxygenases, (pathway5in

Fig)

toluene 4-

monooxygenase (pathway

4)

extradiol dioxygenases
benzoyl-CoA (pathway 6)




Aromatic biphenyl dioxygenase Naphthalene dioxygenase(NAH-F/-R), Toluene Biphenyl (Baldwin et al.,
pollutants dioxygenase(TOD-F/-R), Xylene monooxygenase(TOL-F/-R), dioxygenase(Comamonas 2003)
Biphenyl dioxygenase(BPH1-F/-R, BPH2-F/-R,BPH3-F/(3/4)-R  testosteroni , Pseudomonas sp.,
Toluene  monooxygenase(RMO-F/-R,RDEG-F/-R), Phenol Rhodococcus sp., Burkholderia
monooxygenase(PHE-F/-R) sp.,)

naphthalene dioxygenase Isopropylbenzene and
ethylbenzene
Dioxygenases(Rhodococcus
erythropolis , Pseudomonas sp.)

toluene dioxygenase Naphthalene
dioxygenase(Pseudomonas  sp.,
Burkholderia sp., Alcaligenes
faecalis, Cycloclasticus sp.,
Neptunomonas naphthovorans,
Rhodococcus sp.,)

toluene/xylene Toluene/benzene/chlorobenzene
monooxygenase Dioxygenase(Pseudomonas
putida, Pseudomonas sp.)




phenol monooxygenase

ring-hydroxylating toluene
monooxygenase

Toluene
monooxygenase(Pseudomonas
putida, Pseudomonas sp.)

Ring hydroxylating
monooxygenases(Pseudomonas
sp., Ralstonia picketti,

Burkholderia cepacian)

Phenol
hydroxylase(Pseudomonas
putida, Comamonas testosteroni
, Comamonas sp., Burkholderia
cepacian, Ralstonia sp.)

Exogenous organic

Transformation

Maize Fdh cDNA (J. Fliegmann and H. Sandermann, 1997,

The chloroplasts and cytosol of

(Fliegmann &

chemicals phase(Cytochrome  P450 Plant Mol Biol 34: 843+854) plant cells Sandermann,
monooxygenases, 1997; Yamane &
esterases, reductases, Tani, 2024)
dehalogenases)
Conjugation
phase(Glycosyltransferases,
glutathione-S-transferases,
acyltransferases)

Formaldehyde Glutathionedependent Chlorophytum, (Mitter et al.,
formaldehyde various common indoor plants, 2013)

dehydrogenase (FDH; EC
1.2.1.1)

including  Ficus  benjamina,
Schefflera arboricola and
Spathiphyllum wallisii

Pentachlorophenol,
PAHs such as
pyrene or
benzo[a]pyren,

trinitrotoluene,

various industrial
chemicals and

Cytochrome P450
monooxygenases,
glutathione-S-transferases,
glucosyl-O-transferases and

acyltransferases

an amino acid

signature

motif

WAPQXXXXXHXXXXXFVTHCGWNSXXEXXXXGVPMXXXPFFGDQ

(single letter amino acid code)

Mainly wheat and soybean cell
culture cells

(Ayangbenro &
Babalola, 2017;
Checcucci et al.,
2017; Gupta &
Diwan, 2017;
Mishra et al,,
2017)




many plant
protection agents

Phenols and
anilines, DDT or
herbicide
metabolites

pentachlorophenol

conjugating O-
glucosyltransferase,
soybean isoenzyme, N-

glucosyltransferase

conjugating the amino
group of3,4-
dichloroaniline , O-

glucosyltransferases

an amino acid signature motif
WAPQXXXXXHXXXXXFVTHCGWNSXXEXXXXGVPMXXXPFFGDQ
(single letter amino acid code)

Mainly wheat and soybean cell
culture cells

(Khare et al.,
2018; Lata et al.,
2018;
Madhaiyan et
al., 2007; Wan
etal., 2012)

pentachlorophenol,
different
trichlorophenols,

2,2-(bis)-4-
chlorophenyl-acetic
acid, 3-

chloroaniline, 3,4-
dichloroaniline or
4-chlorothiophenol

glucosyltransferases,
glutathione-S-transferase
and cytochrome  P450
monoxygenase

e rglucosyl-
transferase UGT75D1 from Arabidopsis expressed in yeast

a large subset ofplant species
including several algae and
mosses

(Flocco et al,
2004; Ghosh et
al., 2018;
Saleem et al,
2018)

enzyme,

as potential
xenobiotic
substrates, and
indole-3-acetic acid
as a potential
endogenous
substrate
Reactive carbonyls, predominant NADPH- cDNA encoding an alkenal/one oxidoreductase (AOR) Cucumber leaves, Arabidopsis (Yamauchi et
acrolein, dependent acrolein- catalyzing reduction of an o, [3-unsaturated bond al., 2011)
saturated reducing enzyme, a
aldehydes and homolog of Arabidopsis
methylglyoxal as (At1g23740), aldo-keto
well as unsaturated reductase (At2g37770) and
aldehydes aldehyde reductases
(At1g54870 and
At3g04000)
Isoprene alkenal/ one AORchl, AORcyt-l, and AORcyt-Il genes Terrestrial plants (Canaval et al.,
oxidoreductase (AOR) 2020)
methacrolein NADPH-dependent cDNA encoding an alkenal/one oxidoreductase (AOR) Tomato leaves (Solanum (Muramoto et
(MACR) catalyzing reduction lycopersicum) al., 2015)




Lipid-derived chloroplast-localized 387-bp fragment of the AtAOR cDNA (59- chloroplasts of Arabidopsis (Takagi et al.,
reactive carbonyl alkenal/one caccgagcgagaaagcattggaag-39 and 59-gcgtcaaagacaacatcgta-  (Arabidopsis thaliana) in dark 2016)
species (RCS) oxidoreductase (AtAOR) 39) enviroment
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