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ABSTRACT

In this communication, we review our work over two decades on air-pollutant-philic plants that can grow with air pol-
lutants as the sole nutrient source. We believe that such plants are instrumental in mitigating air pollution. Our target air
pollutant has been atmospheric nitrogen dioxide (NO,), and our work on this subject has consisted of three parts: Varia-
tion in plants’ abilities to mitigate air pollutants among naturally occurring plants, genetic improvement of plants’ abili-
ties to mitigate air pollutants, and the plant vitalization effect of NO,. So far, an estimation of the half-life of nitrogen
derived from NO, uptake in plants belonging to the 217 taxa studied to date has shown no plants to be naturally occur-
ring air-pollutant-philic. However, we found that an enormous difference exists in plants’ ability to uptake and assimi-
late atmospheric NO,. Future studies on the causes of this process may provide an important clue to aid the genetic
production of plants that are effectively air-pollutant-philic. Both genetic engineering of the genes involved in the pri-
mary nitrate metabolism and genetic modification by ion-beam irradiation failed to make plants air-pollutant-philic, but
mutants obtained in these studies will prove useful in revealing those genes critical in doing so. During our study on
air-pollutant-philic plants, we unexpectedly discovered that prolonged exposure of plants to a sufficient level of NO,
activates the uptake and metabolism of nutrients that fuel plant growth and development. We named this phenomenon
“the plant vitalization effect of NO,” (PVEON). Investigations into the mechanisms and genes involved in PVEON will
provide an important clue to making plants air-pollutant-philic in the future.

Keywords: Air-Pollutant-Philic Plants; Air Remediation; Genetic Modification; Nitrogen Dioxide (NO,);
Plant Vitalization Effect of NO,

1. Introduction hydrocarbons, including NMHCs, photochemically pro-
duce hydroxyl radicals (highly reactive molecules con-
taining a single unpaired electron), which react with ni-
trogen oxides (NO,) to produce photooxidative ozone.
NO, and oxidants remain in the lower atmosphere (tro-
posphere) and are very toxic gases for animals, including
humans, as well as for plants [6]. Gaseous pollutants
such as NOj, once emitted, disperse into the atmosphere
rapidly. Centralized treatment of these scattered pollut-
ants is energy (equivalent to the entropy) intensive and
costly. In contrast, plants are driven by solar energy, are
self-reproducing, and can concentrate and detoxify pol-
lutants. Therefore, plants should prove to be very useful

.. I b ohted in helping to clean up dispersed, ambient pollutants. In
dioxide (NO,) as a target pollutant. The weighted aver- fact, we know that plants do uptake NO, [7-11] and in-

age O,f NO, concentration in mt;es from over 141 coun- corporate its nitrogen into organic nitrogenous com-
tries is reported to be 50.6 pg/m’ (=27 ppb) [3]. The cur- pounds [12-15]

rent WHO air quality guideline value (annual mean) for

Over two decades ago, we started research investigating
air-pollutant-philic plants that can grow with air pollut-
ants as the sole nutrient source [1,2]. We thought (and
still think) that such plants are critical for mitigation of
air pollution. Our idea is a critical response to the need to
cope with harsh air pollution worldwide and is a viable
possibility due to plants’ natural ability as a sink of vari-
ous air pollutants. Although we still have much ground to
cover and are not as far along as we had had hoped, we
have made some progress in the research of air-pollutant-
philic plants.

We have primarily focused on atmospheric nitrogen

NO is 40 pg/m’ (=21 ppb) [4]. _ 2. Variation in Plants’ Abilities to Mitigate
The air in polluted urban areas of Japan contains about Air Pollutants among Naturally Occurring

0.05 ppm of NO,, a similar or even higher amount of ni- Plants

trogen oxide (NO), and 0.1 ppm of non-methane hydro-

carbons (NMHC:s) [5]. Methane and other volatile organic Learning to what extent naturally occurring plants are (or
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are not) air-pollutant-philic is important. We therefore
investigated the uptake and assimilation of NO, in 217
taxa of naturally occurring plants that included 107
woody plants, 60 cultivated herbaceous plants, and 50
wild herbaceous plants collected from roadsides.

Plants were fumigated in a fumigation chamber at 22°C
+ 0.3°C, 70% + 4% relative humidity, and an atmospheric
level of 0.03% to 0.04% CO, for 8 h during daytime
(09:00 - 17:00) under fluorescent lights (70 pmol photons
m>s') with 4 = 0.4 ppm “NO, (51.6 atom% "N).
Leaves were then cut from fumigated plants, washed
with tap water and then with distilled water, and lyophi-
lized. Lyophilized leaves were then analyzed for the '*N
plus N content and the percentage of "°N in the samples
was determined using an EA-MS analyzer in which an
elemental analyzer (EA/NA; Fisons Instruments, Milano,
Italy) interfaced with a mass spectrometer (Delta C;
Thermo Finnigan, Bremen, Germany), as described pre-
viously [16]. From these two values, total (**N plus °N)
nitrogen derived from NO, in the leaves of fumigated
plants (mg N/g dry weight) was determined (designated
TNNO,). Parts of the lyophilized leaves were subjected
to Kjeldahl digestion [17,18], and the reduced or
Kjeldahl nitrogen fraction was obtained. The "N plus
N content and the percentage of "N in the Kjeldahl
fraction were then analyzed. From these values, reduced
nitrogen derived from NO, in the leaves of fumigated
plants (mg N/g dry weight) was determined (designated
RNNO,). TNNO, (mg N/g dry wt), RNNO, (mg N/g dry
weight), and the ratio of RNNO,/RN (%) respectively
give a measure of the ability of plants to act as a sink for
NO,, that of the ability of plants to metabolize (assimi-
late) NO,, and of the contribution of NO, as a nitrogen
source.

Details of the data on 217 taxa have been published

[16,19], and here we briefly discuss some points in rela-
tion to the air-pollutant-philic plants. Among the 217
taxa, the RNNO, differed by a factor of 657 between the
highest (Eucalyptus viminalis, 6.57) and lowest (Tilland-
sia ionantha and Tillandsia caput-medusae, 0.01). These
two species belong to the Myrtaceae and Bromeliaceae
family, respectively. The Myrtaceae seems to include
plants with a high ability to assimilate NO, (see below),
and plants of the Bromeliaceae have less of an ability to
assimilate NO,. The other two species of the Bromeli-
aceae also showed low values for RNNO,: 0.02 and 0.12
in Tillandsia usneoides and Tillandsia geminiflora, re-
spectively.

The RNNO,/RN differed about 85-fold between the
highest (Magnolia kobus, 12.7%) and lowest (Codiaeum
variegatum, 0.15%). These two species belong to the
Magnoliaceae and Euphorbiaceae family, respectively.
The 217 taxa examined included no other species of the
Magnoliaceae. One species of the 217 taxa, belonging to
the Euphorbiaceae, Sapium sebiferum, showed a particu-
larly high value of RNNO,/RN (10.1) [16].

Among the 217 taxa, six woody species, one cultivated
herbaceous species, and two wild herbaceous species col-
lected from roadsides were found to have RNNO, greater
than 4 and RNNO,/RN values greater than or close to 9
as shown in Table 1. These nine species may have more
potential to be air-pollutant-philic specimens than those
examined in the 217 taxa examined to date.

Since the fumigation in our study described above
lasted for 8 h, RNNO,/RN values reflect the turnover rate
of reduced nitrogen in plants. Turnover of reduced nitro-
gen is considered to be first order as in the case of pro-
teins [20]. A simple exponential curve was fitted to the
RNNOy/RN data to generate a first-order rated constant:
K. The half-life of the reduced nitrogen was calculated as

Table 1. Nine species with high values of reduced nitrogen derived from NO, (RNNQO,) and the corresponding percentage of

RNNO; in the total reduced nitrogen (RNNO,/RN).

Species RNNO, (mgN/g dry wt) RNNO2/RN (%) Family
Woody species

Eucalyptus viminalis 6.57 12.5 Myrtaceae
Populus nigra 5.14 10.7 Salicaceae
Magnolia kobus 4.92 12.7 Magnoliaceae
Robinia pseudoacacia 4.73 8.7 Leguminosae
Eucalyptus grandis 4.57 8.5 Myrtaceae
Eucalyptus globulus 4.08 9.4 Myrtaceae
Cultivated herbaceous species

Nicotiana tabacum 5.72 114 Solanaceae
Wild herbaceous species

Erechtites hieracifolia 5.72 10.1 Compositae
Crassocephalum crepidioides 5.07 9.2 Compositae

Copyright © 2012 SciRes.
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t;» = In(2)/k. In the aforementioned nine species, the
half-life of reduced nitrogen for M. kobus with the high-
est RNNO,/RN value (see Table 1) was calculated to be
approximately 40 h. This value is comparable to the
half-life of Cullin-associated and neddylation-dissociated
1 (CANDI; 30 h) and that of Transport inhibitor res-
ponse 1 (TIR1; 10 h) proteins [20]. However, assuming a
linear dependence of the turnover rate on the concentra-
tion of NO,, the half-life of the reduced nitrogen at 0.04
ppm is estimated to be 4000 h. More recently, we found
that 14% of TNNO, was derived from NO, in cucumber
(Cucumis sativus) plants grown under natural lighting
in the presence of 100 = 50 ppb NO, for 5 weeks [21].
Using these values and the assumptions described above,
the half-life of total nitrogen in cucumber was estimated
to be 1000 h. Obviously, these calculations of half-lives
of nitrogen-derived from NO, in the selected species
indicates that no naturally occurring plants studied to
date are air-pollutant-philic. However, the existence of
great differences in both RNNO, and RNNO,/RN is
encouraging for the fabrication of air-pollutant-philic
plants. Investigations on the causes for the differences
in these parameters between species or how the me-
tabolism of NO, differs between species may provide
an important clue to improve plants’ abilities to assimi-
late NO, and hence to make plants air-pollutant-philic
agents.

In the 217 taxa examined, the RNNO, value varied
among the individuals of a species [16]. This variation
was more pronounced in the wild herbaceous and woody
plants than in the cultivated herbaceous plants. Among
wild herbaceous plants (19 individuals), the variation
was 26.2-fold in Solidago altissima, 21.4-fold in Rumex
acetosella, and 17.6-fold in Crassocephalum crepidi-
oides. In woody plants, the corresponding value was
11.9-fold in M. kobus, 10.6-fold in Euonymus japonicus,
and 6.7-fold in Prunus cerasoides [16]. Understanding
differences among individuals of the same species in
their abilities to assimilate NO, is also important in
terms of genetically constructing air-pollutant-philic
plants.

We attempted selection of “mutant” lines of Rhodo-
dendron mucronatum, which is widely used as roadside
trees and can be propagated by cuttings [22]. R. mucro-
natum was ranked 105™ among the 217 taxa in RNNO.,.
In 1996, 1452 different cutting lines of R. mucronatum
(referred to as the “96-plants”) were fumigated with 4
ppm >N, for 8 h, and TNNO, in the leaves was deter-
mined. A 56-fold difference was observed between the
individuals with the highest and lowest capacities. We
propagated approximately 100 lines (designated the “97-
plants”) each from the high-, middle-, and low-capacity
groups, and assayed them for TNNO, in the following
year. The maximum variation in TNNO, was 5.6 times.

Copyright © 2012 SciRes.

In 1998, 227 lines propagated from the 96-plants and 95
lines from the 97-plants (the “98-plants”) were assayed
for TNNO,. The variations in TNNQO, in the 97- and 98-
plants were maximally 4.9 and 5.2 times, respectively.
The reason(s) for the disappearance of the initial large
variation in TNNO, remains unclear.

3. Genetic Improvement of Plants’ Abilities
to Mitigate Air Pollutants

Foliar uptake of NO, is believed to occur via stomatal
and nonstomatal pathways as a gas or as nitrite or nitrate
[11]. However, the precise mechanisms remain unclear.
Most NO, molecules taken up into plants are converted,
either chemically or enzymatically, to nitrate and nitrite,
assimilated to ammonia, and incorporated into amino
acids and other organic nitrogenous compounds through
the primary nitrate assimilation pathway [12-15]. In the
primary nitrate pathway, nitrate is converted to nitrite by
a two-electron reduction catalyzed by the nitrate reduce-
tase (NR), the first enzyme. The second enzyme, nitrite
reductase (NiR), catalyzes a six-electron reduction to
convert nitrite to ammonia. Ammonia thus formed is in-
corporated into glutamic acid to form glutamine by the
glutamine synthetase (GS), the third enzyme. Therefore,
engineering of these genes should be instrumental to im-
prove metabolism of NO, and help make plants air-pol-
lutant-philic.

To date we have produced transgenic plants of Ara-
bidopsis thaliana (Cruciferae), a model species that over-
expresses any one of the three genes of the primary ni-
trate reduction pathway [17]. We have also produced
transgenic plants of Rhaphiolepis umbellata (Rosaceae)
that overexpress the NiR gene [23]. R. umbellata is a
very popular roadside shrub in Japan. Finally, we pro-
duced mutants of Ficus pumila (Moraceae) using an
ion-beam-irradiation technique [24], an emerging method
to produce various mutants [25]. F. pumila is an ever-
green climber that is sometimes used to cover the walls
of houses and buildings. Data on the uptake and assimi-
lation of NO, by these three genetically modified plants
are shown in Table 2.

The uptake of NO, in transgenic R. umbellata and
ion-beam-irradiated F. pumila was 1.8 to 1.9 times
greater compared with their respective control plants
(Table 2). Although these increases in the uptake of NO,
may not be enough to make these plants air-pollutant-
philic, note that engineering of the NiR gene and ion-
beam irradiation in F. pumila did improve the plants’
abilities to uptake NO,. Future studies investigating what
causes the increase in uptake of NO, in these modified
plants may provide some information that is helpful in
making plants air-pollutant-philic.

The assimilation of NO; in transgenic A. thaliana and
R. umbellata, and ion-beam-irradiated F. pumila, was 1.6 -
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Table 2. Total nitrogen derived from NO, (TNNO,) and reduced nitrogen derived from NO, (RNNQO,) in transgenic Arabi-
dopsis thaliana and Rhaphiolepis umbellata plants, and plants regenerated from ion-beam-irradiated explants of Ficus pumila.

NO; uptake (TNNO, ugN/gDW)

NO, assimilation (RNNO, pgN/gDW)

Transgenic or

Transgenic or

irradiated n Wild type Fold irradiated n Wild type n Fold
Arabidopsis thaliana - - - - 1650 = 140™ 5 1018+80 3 1.6
Rhaphiolepis umbellate 333 1 1742 +4.0 1.9 282 1 170.1 1 1.7
Ficus pumila 635+ 160" 9 457 £ 108 10 1.8 519 +83™ 6 293+ 72 3 1.8

A. thaliana, R. umbellate, and F. pumila were fumigated with 4 ppm NO, for 8 h under artificial light [17] wit*h 0.2 ppm*I*\JOz for 1 week under natural light [23],
or with 1 ppm ""N-labeled NO, for 8 h under artificial light [24], respectively. Data represent the mean + SD. 'P < 0.05, P < 0.01.

1.8 times greater compared with their respective control
plants (Table 2). Thus, gene engineering of the NiR gene
and ion-beam irradiation improved plants’ abilities to
assimilate NO,. This finding was in contrast to the ef-
fects of overexpressing NR and GS (see below). In trans-
genic A. thaliana, a 1.5-time increase in NiR enzyme
activity was observed as compared to the control [17].
The increase in the ability of assimilating NO, in trans-
genic A. thaliana can therefore be attributed to the in-
crease in NiR activity. However, no such increase in NiR
activity was observed in ion-beam-irradiated F. pumila
[24]. This implies that genetic change(s) other than ma-
nipulation of the NiR gene may be capable of improving
the assimilation of NO,. Future studies on the molecular
causes of improved NO, assimilation in ion-beam-irra-
diated F. pumila may provide a clue to help create air-
pollutant-philic plants.

In the case of the overexpression of NR and GS in A.
thaliana, no significant increases in the uptake or as-
similation of NO, was observed despite respective en-
zyme activities having been increased by 1.8- and
1.5-fold compared to the controls [17]. Taken together
with the above results on NiR overexpresssion, NiR, but
not NR or GS, is a controlling enzyme of NO, assimila-
tion in plants. This conclusion was supported by the de-
termination of the flux control coefficient, a measure of
the effect of change in a single enzyme activity on flux
[26,27] as described previously [17].

4. Plant Vitalization Effect of NO,

During our study on air-pollutant-philic plants, we un-
expectedly discovered that prolonged exposure of plants
to a sufficient level of NO, activates the uptake and me-
tabolism of nutrients that fuel plant growth and devel-
opment [28]. We named this phenomenon the plant vi-
talization effect of NO, (PVEON).

In the literature, atmospheric NO, has been regarded
as being either detrimental [15,29] or beneficial [30,31]
to plants depending on the plant’s nitrogen nutrient con-
ditions. Recent reports that NO, stimulates or fails to
stimulate the growth of a particular plant [32,33] suggest
that this debate is still active. We speculate that a cause

Copyright © 2012 SciRes.

for this discrepancy may be that the response of plant
growth to NO; is highly dependent on the target species,
and thus both the concentration of NO, and duration of
exposure to NO, need to be optimized for each plant
species to observe the PVEON.

The PVEON was first found in Nicotiana plum-
baginifolia [28], and then in other species such as cu-
cumber, kenaf, lettuce, pumpkin, and tomato (Table 3)
[21,28,34, 35]. Shoot biomass in NO,-exposed plants
(+NO,) was 1.4- to 2.4-fold greater than that in non-ex-
posed (-NOy) plants. A. thaliana showed PVEON and its
increase in shoot biomass in response to this effect dif-
fered between the accessions Columbia and C24 (1.6-
and 2.3-fold, respectively) compared to no-exposure plants
when plants were exposed to 50 ppb NO, for 3 weeks
[35]. The optimal NO, concentration for the PVEON
varied from 50 to 200 ppb depending on the species. The
duration of exposure to NO, was changed from 3 to 12
weeks as a function of target species (Table 3). The in-
crease in shoot biomass in response to PVEON was al-
ways accompanied by an increase in total leaf area in all
plant species studied to date. In Nicotiana plumbaginifo-
lia, the contents per shoot of C, N, S, P, K, Ca, Mg, free
amino acids and crude proteins were almost doubled in
+NO, plants compared with -NO, plants [28].

In tomato (cv. Micro-Tom), the PVEON significantly
increases the yield of fruits (Table 3). This increase in
fruit yield was accompanied by acceleration of flowering
time by 3.2 days and an increase in flower number per
plant of up to 60%. Not surprisingly, the average weight
of a tomato fruit was not significantly different between
+NO; plants and -NO; plants, but the number of fruits on
a plant was distinctly increased in the former [35]. Thus,
the PVEON increases fruit yield via stimulation of flow-
ering in tomato. This is in sharp contrast to Spierings’
[36] report that exposure of Moneymaker tomato plants
to NO, at 250 ppb during the entire growth period of
about 4 months caused a 22% decrease in fruit yield. In
addition, Spierings [36] found that NO, was detrimental
to the vegetative growth of Moneymaker; fumigation
with NO, increased the height of very young plants, but
resulted in smaller leaves and shorter petioles, and
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Table 3. Effects of exposure to NO, on the yield of shoot biomass or fruit.

Species NO; (ppb)  Exposure duration (weeks) ~ Shoot biomass (mg/plant)  Fruit yield (g/plant) n Fold
Cucumis sativus (cucumber)’

-NO, <5 5 370+ 90 - 3

+NO, 100 £ 50 5 620+ 110" - 3 1.7+03
Cucurbita moschata (pumpkin)?

-NO, <5 5 5300 £ 100 - 3

+NO, 200 £ 50 5 8300 + 1000" - 3 1.6+02
Helianthus annuus (sunflower)®

-NO, <5 6 1760 £ 810 - 3

+NO, 200 £ 50 6 3550 30" - 3 20=£0.02
Hibiscus cannabinus (kenaf)*

-NO, <5 3 586 £284 - 5

+NO, 100 + 50 3 793 £ 119 - 5 1.4+0.2
Lactuca sativa (lettuce)’

-NO, <5 6 140 £ 70 - 3

+NO, 50+ 10 6 340 £ 90" - 3 2407
Nicotiana plumbaginifolia®

-NO, <5 10 1044 + 87 - 6

+NO, 150 + 50 10 1767 £119™" - 6 1.7+0.1
Solanum lycopersicum (tomato)’

-NO, <5 12 - 50.9 + 8.7 10

+NO, 50+ 10 12 - 70.0 £ 14.6™ 10 14£02

1351217; “[35]; °[28]; "[36]. 7P < 0.001, “P < 0.01, "P < 0.05.

caused a loss of leaves. These findings are also contrary
to our results for Micro-Tom, where no detrimental effect
of NO; on vegetative growth was observed, and the bio-
mass yield of Micro-Tom plants grown with or without
50 ppb NO, was not significantly different. The reason
for these discrepancies remains unclear.

Based on the mass spectrometric analysis on the
ISN/™N ratio, it was found that NO,-derived N (NO,-N)
comprised less than 3% - 14% of the total plant nitrogen
[21,28,34], indicating that PVEON is due to the effect of
NO, as a signal rather than as a nitrogen source. This
speculation is in line with the common understanding
that NO, is a reactive nitrogen species acting as a cellular
signal in both plants and animals.

The molecular mechanisms of PVEON and the genes
involved in PVEON are currently being investigated us-
ing Arabidopsis plants. Histological analyses examining
the causes of an approximately two times increase in leaf
size in Arabidopsis plants indicates that an increase in
cell size rather than cell number is the most probable
cause. Based on transcriptome analysis, we found that
destruction of a gene (Vita 1) causes loss of PVEON.
Thus, this gene is a PVEON-responsive gene in Arabi-
dopsis plants. These genes will prove useful in helping to

Copyright © 2012 SciRes.

make plants air-pollutant-philic in future studies.
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