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Abstract

Nitrous acid (HONO) photolysis is an important atmospheric reaction that leads to the
formation of hydroxyl radicals (OH), the main diurnal atmospheric oxidants. The process of
HONO formation remains unclear, and comparisons between field measurements and model
results have highlighted the presence of unknown HONO sources. HONO production on plant
surfaces was recently suggested to contribute to atmospheric HONO formation, but there is
limited information on the quantification of HONO product‘on and uptake by plants. To
address this gap in the existing knowledge, the current study 7ave tigated HONO exchange on
living Zea mays plants. Experiments were conducted in arov/th chambers under controlled
experimental conditions (temperature, relative humiai, NO, mixing ratio, light intensity,
CO; mixing ratio) at temperatures ranging between 283 and 299 K. To investigate the effect
of drought on HONO plant-atmosphere exchcges, experiments were carried out on two sets
of Zea mays plants exposed to two difte-nt water supply conditions during their growth:
optimal watering (70% of the field ~an«-ity) and water stress (30% of the field capacity).
Results indicated that the uptake J1 . 'ONO by control Zea mays plants increased linearly with
ambient temperature, and wac cu.elated with CO, assimilation for temperatures ranging from
283 to 299 K. At 299 K, r:ONO production on the leaves offset this uptake and Zea mays
plants were a source ot '{ONO, with a net production rate of 27 + 7 ppt h™. Deposition
velocities were higher for HONO than CO., suggesting a higher mesophyll resistance for CO,
than HONO. As water stress reduced the stomatal opening, it also decreased plant-atmosphere
gas exchange. Thus, climate change, which may limit the availability of water, will have an

impact on HONO exchange between plants and the atmosphere.
Keywords: HONO, sources, sinks, water-stress, plant-atmosphere exchanges

1. Introduction



Nitrous acid is an atmospheric compound of interest, as its photolysis (Eq. 1) is an important

daytime source of hydroxyl radicals:

HONO + hv — OH + NO (Eq.

1)

Hydroxyl radicals are the main atmospheric oxidants during the day and are key species in
photo-oxidative pollution episodes. To predict atmospheric oxidizing capacity, models
attempt to simulate HONO sources and sinks. Intercomparison ~iudies between model results
and field measurements revealed an underestimation of HON O ccacentrations, suggesting the
existence of an additional daytime source of atmospheric 1 :‘~NO (Acker et al., 2006; Huang
et al., 2017; Kleffmann et al., 2005; Michoud et ..'. 2J14; Oswald et al., 2015). Among
HONO sources (Spataro and lanniello, 2014) rcterogeneous nitrogen dioxide (NO,) gas
reduction in the presence of water is parti~u.1n, difficult to quantify, due to the vast range of
surfaces found in the environment. This ..2terogeneous reaction was studied on various
organic surfaces, such as humic aci is, >rthrarobin films and diesel soot (Arens et al., 2002,
2001; Bartels-Rausch et al., 2011 Biigante et al., 2008; Cazoir et al., 2014; George et al.,
2005; Han et al., 2017; Sten.™ler et al., 2007, 2006), while soil surfaces were recently
suggested as a HONO .ource through biotic and abiotic processes (Bhattarai et al., 2018,
2021; Donaldson et al.. ~014b; Oswald et al., 2013; Scharko et al., 2015; Stemmler et al.,
2006; Wu et al., 2019). The contribution of these processes to the missing HONO source is

still under discussion.

Vegetation, due to its large surface area, could represent an important reaction surface on
which the heterogeneous conversion of NO, to HONO might occur. A field study performed
by Oswald et al. (2015) reported an unidentified source of atmospheric HONO above the
canopy in a forested region with a maximum noontime HONO production rate of 160 ppt h™.

Furthermore, the same study demonstrated that the contribution of the unknown HONO



source above the canopy was 2.3 times greater than that of the source close to the ground.
These results suggest that vegetation surfaces may play a significant role in atmospheric
HONO formation. Additional studies indicated that vegetation could either be a source or a
sink of HONO, depending on the NO, concentration or HONO/NO, ratio (Harrison and Kitto,
1994; Stutz, 2002). A very recent laboratory study (Marion et al., 2021) quantified the
heterogeneous conversion of NO, to HONO on Zea mays leaf surfaces, suggesting that plant
surface reactions have to be considered as a potential HONO source. However, these findings
were observed on cut leaves, and thus did not provide any in<ian: into biological processes,
such as HONO uptake, by stomatal or cuticular deposition n.Jeed, numerous previous studies
have shown that plants can absorb trace gases surh s ozone, NO, and NO (nitrogen
monoxide), but also HONO (Ammann et al., 1995; Chap~rro-Suarez et al., 2011; Okano et al.,
1988; Schimang et al., 2006; Teklemariam and Cna.ks, 2005). The phenomenon of trace gas
uptake by plants can be described as a -eri.s of resistances reflecting transport through the
boundary layer of the leaf surface, the stomata, the mesophyll, and the cuticle (Gut, 2002;
Wesely and Hicks, 2000). The mcerphyll resistance is the sum of gaseous diffusion
resistances in the intercellular »ir space and the liquid diffusion from cell walls to the final
sites of assimilation (Evanc <t al., 2009). In general, the most important parameters
influencing gas assininc*ion are the stomatal and mesophyll resistances when the stomata are
open, as the cuticle resistance is considered to be negligible (Gessler et al., 2000; Gut, 2002;
Thoene et al., 1991). As indicated by Giorgi and Lionello (2008), models on climate change
predict future water stress, which will affect plant-atmosphere interactions. Moreover, the
presence of a water film on the leaf surface is expected at a RH>70% and may affect leaf
uptake, since adsorption will then take place through the film, as previously described in the

literature (Burkhardt, 1994; Thoene et al., 1996; Weber and Rennenberg, 1996).



To our knowledge, the only previous study on HONO uptake by plants was conducted in an
atmospheric simulation chamber on sunflower, tobacco, castor and birch plants, revealing a
significant uptake through stomata (Schimang et al., 2006). Therefore, further investigation in
actively growing intact plants is essential to better understand their impact on HONO fluxes

in the atmosphere.

The objective of the present study was to determine if Zea mays plants were a source of
HONO and could contribute to the missing HONO source in *he atmosphere. Consequently,
HONO production and uptake by living Zea mays plants w s 1. vestigated under controlled
conditions in growth chambers. The impact of temperat.'re \/as studied in the presence of
NO,. During the growth of Zea mays plants, two di“re: >nu water treatments were applied to

evaluate the impact of water supply on HONO prnduction and uptake.

2. Materials and methods

2.1. Chemicals
Information regarding chemicals is av il able in the supplementary data.

2.2. Zea mays plants

2.2.1. Preparatic:.

Experiments were carriec out on hybrid Zea mays L. plants (MB866) that were grown for
approximately 10 weeks in a greenhouse prior to the start of growth chamber experiments
(stage V6 - appearance of a 6" collared leaf). This 10-week period was empirically
determined in order to have the highest leaf surface area possible but still allowing the plants
to fit in the growth chamber. The substrates used in this study are described in detail in the

supplementary information.

To study the impact of drought on HONO production, two sets of Zea mays plants were

subjected to two different water supply treatments during their growth period. The first set of



plants hereafter referred to as “control plants” received optimal watering (70% of the field
capacity, i.e., the maximum amount of water that the substrate can retain), while the second

set of plants (the water-stressed plants) corresponded to 30% of the field capacity.
2.2.2. Plant surface areas

Each week, the length and width of both the control and water-stressed Zea mays plants was
measured in order to determine the leaf surface areas in each of the chambers as per the

following equation (Ruget et al., 1996):

SI=0.75 x| x w, (Eq.

2)

where 0.75 is a constant proposed by Ruget et al. (1996,, S, is the leaf surface area (m?), | is
the maximal leaf length (m), and w is the .nax:rnal leaf width (m). The uncertainty was

estimated to be approximately 5%.
2.2.3. Storage

As the exposure to various ccia.*ions influences the stomatal opening of plants (Raschke,
1970), during the blank m~asuicment, the plants were stored in a specific growth chamber
with regulated param-.*er_ as ;ollows: 291 K during the day and 288 K during the night, with a
RH of 50% and 60% or the control and water-stressed plants, respectively. During the
experiments in the presence of plants, the substrates used for blank experiments were stored in

the same conditions as control and water-stressed plants.

2.3. Growth chambers

2.3.1. Experimental setup

The experimental setup is depicted in Figure 1. Experiments were performed in two hermetic

growth chambers (air exchange rate < 0.2% per hour) of 0.77 m®, hosted by the PHYTOTEC



platform in the CEA Cadarache. The first was dedicated to control plant experiments, while
the second was used for water-stressed experiments. Three sides and the floor were made of
polished stainless steel, while the front face was made of Plexiglass, and the ceiling was made
of glass to allow for irradiation from above. The ceiling was equipped with 6 HQI lamps
(OSRAM POWERSTAR HQI-BT 400W/D PRO) which were isolated from the growth

chamber’s atmosphere by a glass surface.

2.3.2. Parameters

The combination of the lamps and the glass provided irradiat.on 1;om 350 nm. The spectrally
resolved actinic flux was recorded for both treatments at 3 J*#¥ierent heights (above the plants,
at mid-height and at ground level) using a Metcon _w s ectral radiometer equipped with an
electronically-cooled charge-coupled device (Cc o) (Figure 2). Control species were large
enough to block light at mid-height, wriic woter-stressed species were smaller, allowing

almost the entire light spectrum to reach the yround.

RH in growth chambers was set at 5476 + 2% accuracy), regardless of the temperature. Water
supply was ensured by plant e*apo.-anspiration and/or humidification of the inflow air, while
possible excess water was p.~veted by condensation of water on a double-wall surface where
cold water was circ.aotew. his cooled surface connected to a 1500 W heating resistance
installed at the bottom ot the chamber, allowing us to set the temperature between 283 K and
299 K. A larger temperature range was not explored, as 283 K is the lowest temperature
required to keep plants alive, while water condensation was observed on both tubes and
chamber walls above 299 K. Finally, a ventilation system, consisting of two fans fixed to the

top of the chambers, allowed for fast gas homogenization.

2.3.3. HONO background measurement



Previous studies have shown that soils are a complex media which can act as a HONO source
through abiotic (e.g. NO, reaction with humic acids) and biological processes (especially
denitrification) (Bhattarai et al., 2021; Donaldson et al., 2014b; Meusel et al., 2018; Oswald et
al., 2013; Scharko et al., 2015; Stemmler et al., 2006; Wu et al., 2019), but also as a HONO
sink, depending on mineral soil surface acidity, RH and soil pH, among other factors
(Donaldson et al., 2014a). As a result, before each measurement of the plants, a blank
experiment was performed in the presence of potted substrate but without Zea mays plants in
the chamber in order to determine the background level ase~cicted with the experimental
conditions. The same substrates and watering treatments v.eic used for the blank experiments
and the experiments in the presence of plants. A second v¥oeriment was then performed with
16 potted Zea mays plants in the same chamber usin7 u.» same experimental conditions. Due
to the experiment’s duration (2 measuremenu rer day), replicates were not routinely
performed. Nevertheless, four replicates w~er: carried out in the same chamber at 295 K, 55%
RH, and 46 ppb of NO; in order to ‘erify that HONO concentration levels were stable
throughout the duration of the exner ment. The measured error was 2.5%. Further, HONO
background concentrations wce sunilar with and without light (3% difference), indicating
that HONO production on ‘hr, chamber’s surfaces was not photolytic. As a result, the
background HONO prod'icuon was not significantly affected by the shade of Zea mays plants.
Finally, knowing the actinic flux in the chamber and the HONO photolysis rate constant
(JHono), the percentage error of the HONO background concentration induced by the shade of
the plant was calculated to be less than 5% during one hour of measurement and was therefore

negligible.

2.4. Gas fluxes

Gas flows, hereafter referred to as Fi, were controlled using mass flow controllers (F; and F,

using Brooks SLA Series, accuracy * 1%, and F3 using Bronkhorst, accuracy + 0.1 mL).



Synthetic air was continuously injected into the growth chambers through an Alliance air
compressor from F-DGSI, coupled with a downstream NOXx filter for purification (F, =

0.9 L min™) to offset losses caused by the measuring devices.

In order to simultaneously supply the three analysers positioned downstream of the chambers
without disturbing the experiments by increasing the growth chamber air exchange rate, a 1 L
min™ clean air flow was added to the outgoing air fluxes. The resulting dilution ratio was then

considered for the calculation of gaseous concentrations in the rrowth chambers.
24.1. COygas

Despite CO, assimilation by plants, concentrations in *he growth chamber had to remain
constant throughout the experiments. Consequently. * was measured online using a CO,
analyser (Licor L1 840 A), and the concentratic » w:s adjusted via the controlled injection of
CO,, diluted with nitrogen to avoid O, er rick ment of the chamber’s atmosphere ([O2] ~20%).
The injection was carried out with a s>lenoid valve and a gas pressure of 4 bar, allowing for
an injection dose of 420 uL when the vz lve opens. Its opening frequency was controlled by a
regulator, depending on the set vai.” (400 ppm in our case), and this was recorded to quantify
CO; assimilation by plants. Thz ratio of CO, consumption to the total leaf surface in the
chamber was calcu'aia *ur each experimental condition and plant treatment. If CO,
concentrations exceeded the set value, the air of the chamber was sent through a CO, trap

composed of lime before being sent back to the chamber.
2.4.2. N gases

A specific line was dedicated to NO, injection, controlled by a mass flow controller (Fy),
which was humidity-free to avoid heterogeneous HONO formation on Teflon tube surfaces
(Finlayson-Pitts et al., 2003; Svensson et al., 1987). At the beginning of the experiments, NO,

was injected carefully until it reached about 37 ppbv, and this concentration was kept constant



throughout the experiment by adjusting the entrance flow. The uncertainty associated with the

NO, concentration was about 1 ppb.

NO and NOx concentrations were monitored online using a NOx analyser (Eco Physics model
CLD88p) associated with a photolytic (metal-halide lamp, 180W) converter (Eco Physics,
model PCL 860). This instrument allowed for calculation of NO, concentrations by
subtracting the NO from NOx concentrations. The detection limit was approximately 50 pptv,

with a relative uncertainty of £ 1%, and an analysis frequency cf 1 Hz.

HONO was analyzed online using a Long Path Absorptior. Phitometer (LOPAP-QUMA).
This instrument has been described in detail by Heland :t ..! (2001). The detection limit was
approximately 2 pptv with an accuracy of £ 10% ano an analysis frequency of 0.1 Hz.
Throughout the experiments, HONO concentrat ors were measured until stable HONO levels

were observed for at least 35 min.

2.5. Flux calculation and assimii.*ion kinetics

2.5.1. Air exchange rate

Acetonitrile was used as ar n:°rt gas tracer to monitor the growth chamber volume air
exchange rate. A septurr *as «nstalled on the inlet air tube to allow for injection into the
chambers at the beginnn. of the experiments. The concentration was monitored online using
a high-sensitivity proton-transfer-reaction-mass spectrometer (HS-PTR-MS) (IONICON
Analytik) at a mass-to-charge ratio (m/z) of 42 amu (de Gouw and Warneke, 2007). The drift
temperature, drift voltage, and pressure were set at 333 £ 1 K, 600 £ 1 V and 2.19 + 0.01
mbar, respectively. These analytical conditions corresponded to an E/N value of 136
Townsend (1 Townsend = 10" V cm?), where E is the electric field (V cm™), and N is the
ambient air number density within the drift tube (cm™). The associated detection limit was

about 10 pptv (x 15% accuracy).



The air renewal constant was calculated as per the following equation:

d[acetonitrile] _

— = -kgg [acetonitrile] (Eq. 5)

acetonitrile
Therefore, —ln[—,,]
[acetonitrile]g

=kagr t (Eg. 6)

Where [acetonitrile] is the acetonitrile concentration, [acetonitrile]o its initial concentration,

and kagg is the air renewal constant.
2.5.2. HONO concentrations

The variation in HONO concentration due to the preser.ce 2t plants in the chambers was
determined by subtracting the stable HONO conc~nution measured during the blank
experiments, from the stable HONO concentration r.ea. 'red in the presence of plants. Since
the Zea mays plants grew during the exper'm.nt,, and leaf surfaces were very different
between the control and water-stresc»d plants, HONO concentration variations were

normalised to the mean leaf surface of uantrol plants (2.18 m?) as per the following equations:

[HONO]plant = [HONO]tor — THUNO]piank (Eq.
3)

A, Sm
[HONO]porm. = [H: ’(JJ,,;ant X 5 (Eq.
4)

where [HONO]yiant is the calculated HONO concentration variation, [HONO]: is the
concentration of HONO in the presence of plants, [HONO]uank is the concentration of HONO
during blank experiments (in the presence of potted substrate), [HONO],om. is the
concentration of HONO normalised to the mean leaf surface, Sy, (m?) is the mean surface of
control plants, and Sq (m?) is the surface of plants (control or water-stressed) during the

experiment.



2.5.3. Rate constant of HONO uptake by plants (Kpjant)

The HONO concentration variations can be expressed in terms of HONO sources and sinks in
the growth chamber, as previously proposed by Vesin et al. (2013) and described in equation

7. HONO consumption by the plant is represented by an apparent rate constant (Kpjant):

d[HONO]

dt - = Egr (teaf) T Er (soi) T Egr (walls) — (kAER + Kkwaus + Juono + ksour +
kplant) [HONO]tot, (Eq-
7)

where Eg (eqr) is the HONO emission rate of the NO, nete ogeneous reaction on the leaf
surface (ppb h), Eg (soiry 1S the HONO emission ratc: trem the soil (ppb hh), Eg (walls) 1S the
HONO emission rate from the wall surfaces of t-.c chamber (ppb h™), k4zr is the air renewal
rate constant (h™), k,,qys is the HONO upt=le >nnstant on the wall surfaces (h™), Jyono IS the
HONO photolysis rate constant (h™), k,; is the HONO uptake rate constant on soil (h™),
kpiane is the apparent rate constant o» HUNO uptake by plants (h™"), and [HONO],,, is the

HONO concentration in the char.her \ppb).

Under steady-state condii.nns. there were no variations in HONO. Moreover, blank
experiments allowed s > yuantify the sum of HONO emission rates from soil and walls

(ER (soity T ERr (waus)) @s well as the HONO consumption rates via uptake by the soil and

walls (kg [HONO]or + kwaus[HONO]0:), photolysis (Jyono [HONO],,:) and air renewal
(k4gr[HONO],,:). By subtracting HONO concentrations measured during blank experiments
from HONO concentrations measured during experiments with plants, and assuming that
HONO uptake by walls and soil was not influenced by the presence of plants, equation 7 can

be re-formulated as follows:



__ Erqeary—(kagrt JHonoO) [HONOlyar
kplant - (Eq
[HONO]¢ot

8)

In this equation, kagr (~0.6 h™) and Juono (0.2 h™) are multiplied by [HONO]. in order to
correct these two parameters, based on the concentration difference between the blank
measurement and HONO concentration in the presence of plants. Emission rates of HONO
from heterogeneous reactions of NO, on leaf surfaces (Eg (eqr)) Were calculated from
previously conducted laboratory work (Marion et al., 20_2) and extrapolated to the
normalised leaf surfaces of plants in the chamber. The air re..~val rate constant (k,zr) was
determined from the measurement of acetonitrile conce. trations over time, while the average
Juono In the chamber was determined from the t..22 Jyono Measurements at the three

different heights in the chamber.

The uptake rate constant of HONO by nla'its (Kpant) Was then divided by the leaf surfaces

present in the chamber to calculate the canstant K21, Normalised by the leaf surfaces.
2.5.4. Emission and der osi.'on velocities of HONO on plant surfaces

For a given atmospheric HONC concentration and plant surface, the HONO deposition flux

can be calculated fror K, -~ # ccording to the following equation:

@ _ k2p1ant X[HONO] orx V X Px103
HONO — RXT x3600

, (Eq.9)

where @,,y0 is the HONO deposition flux from the atmosphere to the plant (pmol m? s%),
[HONO]i: is the concentration of HONO in the growth chamber (ppb), V is the chamber
volume (m®), P is the pressure (Pa), R is the universal gas constant (8.314 J K> mol™), and T

is the temperature (K).



As a result, the HONO deposition velocity (vyono) IS obtained by dividing the deposition
flux @ by [HONO]: (pmol m™) (Chaparro-Suarez et al., 2011). Similarly, CO, assimilation
(mol s™) is divided by the plant surface and CO, concentration to obtain the CO, deposition

velocity (vco,).

As previously described in literature, the HONO net flux can be assimilated to a flux in the
mixing layer, considering a homogeneous mixing ratio throughout the air column (Marion et
al., 2021; Meusel et al., 2018; Stemmler et al., 2006; Xue et al. 2019). As a result, the HONO

net flux (HON Oy £14x) Can be expressed as per the followin 1 eq.ation:

ER(leaf)Sp—Kplant[HONO]V,N 4 x R X 1012 (Eq

Vac F.lg

HONOpe; flux (ppt h_l) =

10)

where [HONQ] is the atmospheric HONN yncentration (mol m™®), V, is the volume of
atmosphere occupied by the plants (m®), 1. is Avogadro’s number (6.02 x10%* mol™), and
Vac is the air column volume (m®). .1 s equation, Eg (eqy is expressed in molecules m? h™

and Kpjant in ™.

The HONO net fluxes werc calculated assuming a HONO concentration of 0.4 ppb, which is
in the same order of .mayitude as concentrations reported in literature (Laufs et al., 2017),
and a plant surface (one side) of 2.83 m?, occupying a soil surface of one meter square and a
volume of 1 m® above ground level that corresponds to the density and developmental stage of
the control maize in the growth chambers. A mixing layer height of 300 m was chosen to
enable direct comparison with other HONO sources proposed in the literature (Marion et al.,

2021; Meusel et al., 2018; Stemmler et al., 2006; Xue et al., 2019).

2.6. Statistical analyses



To perform statistical validation, the data was processed by considering independent
measurement points. In order to best meet this requirement, 3 min averages of the HONO
concentration were taken every 8 min, which correspond to the estimated time required to
completely renew the liquid in the detection cell. At least three successive measurements were
used for each experiment after the steady state was reached. Statistical tests were performed
using the R software to assess whether HONO concentrations, measured in the presence of
plants, were significantly different from the blank concentrations measured in the same
chamber and experimental conditions without plants. As the ni'mpcr of HONO measurements
were lower than 25, the nonparametric Wilcoxon-Mann-Vvi..*ney test was applied. For each
test, hypothesis Hy (identical HONO levels) was accepteu ‘f the p-value was over 5% (the risk

that the hypothesis is rejected despite being true, and */iL2-versa).

Linear (least square fitting) and non-linear (pc'vnomial) regression analysis was performed to
check for any association between the -.ufferent tested variables. The associated errors

correspond to one standard deviation {'c) ‘Table S1).

3. Results and discussion

3.1. CO, assimilation

The surface area of Zco n.oy's leaves increased linearly with time for control plants (slope and
correlation coefficient or 0.051 m? d™* and 0.98, respectively) and water-stressed plants (slope
and correlation coefficient of 0.0076 m? d* and 0.80, respectively) (Figure 3). Nevertheless,
control plant surface areas increased more than six times faster than water-stressed plant
surface areas. These observations allowed for the accurate estimation of plant surfaces
between two weekly measurements. Water-stressed plant surfaces were over six-fold smaller
than control plant surfaces, consistent with studies showing that water stress may cause a

decrease in plant growth rate (Gomes et al., 2004).



The CO, assimilation rate of control plants exhibited a linear dependence on temperature,
ranging between 283 K and 299 K (from 1.6 +0.2 x 10° to 2.6 + 0.3 x 10° pg C h™* m?),
while a curvilinear relation was observed for water-stressed plants, with a maximum of
(1.1£0.2)x10° pg C h™* m? at 293K (Figure 4). Plants with the C4 photosynthetic
mechanism, such as maize, have an optimal temperature for photosynthesis, above which CO,
assimilation drops considerably (Yamori et al., 2014). These results therefore suggest that the

optimal temperature for photosynthesis is around 293 K for water-stressed plants.

Compared to the control plants, the CO, assimilation rates of ‘waw r-stressed plants were 1.9 to
3.5 times lower (Figure 4B). In addition, the maximal vlue was obtained at a temperature
close to 293 K. The specific behaviour observed it u.2se plants was probably due to the
increase in temperature, which enhanced water Inss, causing a stomatal closure from 293 K.
This closure resulted in a decrease in the CO, assinilation rate observed from 293 K, and the
optimal temperature for photosynthesis v.~s lower than that for control plants (which was

higher than 299 K).

Previous work in Zea mays plan.~ (Raschke, 1970) revealed that, between 288 K and 308 K,
the stomatal conductivity of LD, was proportional to CO, assimilation, indicating that the
latter was mainly regilai~d b/ stomatal opening. As a result, the CO; assimilation rate can be
used to estimate variati~s of stomatal aperture in this temperature range. Previous studies
have concluded that water stress triggers stomatal closure and reduces leaf water potential.
These processes induce a reduction of CO, assimilation and carboxylation, resulting in a
decreased rate of photosynthesis and, consequently, growth rate (Basu et al., 2016; Chaves et

al., 2003; Gomes et al., 2004; Nemeskéri et al., 2015; Osakabe et al., 2014; Zhao et al., 2015).

3.2. HONO assimilation by control Zea mays plants



An increase in HONO concentrations with temperature is observed in blank experiments
regardless of the growth chamber used, from 0.52 + 0.07 ppbv to 1.41 + 0.16 ppbv, and from
0.61 £ 0.02 ppbv to 1.42 £ 0.02 ppbv (Figure 5A and 5B). In the presence of plants, the
HONO concentrations varied depending on the plants (control or water-stressed) installed in
the chamber. For control plants, [HONO],om. Was positive (+321 + 80 pptv) at 283 K,
meaning that HONO production on leaf surfaces was greater than its assimilation by the
plants (Figure 5C). In contrast, [HONO]nom Was negative at 288 K and 293 K (-135 * 29 pptv
and -235 * 63 pptv, respectively), suggesting that the increas~ i\ temperature allowed plant
assimilation to increase sufficiently to offset the HONO p.uu ictuon on the leaf surfaces. The
negative values of [HONO]om. could be surprising, but t1.2v are a result of a blank subtraction
according to equations 3 and 4. A previous study hed s2own that HONO production on Zea
mays leaf surfaces was independent of temp2ioire from 288 K to 293 K (Marion et al.,
2021). As a result, the negative value of /HCNO]nom is notably more important, as [HONO] ot
and CO, assimilation are high, leadn.> to a temperature-dependent increase in the global
uptake of HONO by plants. At 299 K THONO],orm Was not significantly different from zero.
Therefore, HONO production n icaf surfaces is equivalent to the HONO sinks, via plant
assimilation. The positive ccrrelation between temperature and CO, assimilation discussed
above (see section 3.1., suygests that stomatal aperture (and likely HONO uptake) increases
with temperature. Moreover, [HONO]: was also higher at 299 K, indicative of an increase in
HONO sinks from 293 K to 299 K. However, the increase of HONO sinks at 299 K was
offset by the greater HONO production on leaf surfaces from 293 K to 299 K, as explained by

a previous laboratory study carried out on cut Zea mays leaves (Marion et al., 2021).

The uptake rate constant of HONO by plants (k2,ian) increased linearly with temperature,
from 0.5 + 0.2 h™ at 283 K to 3.8 + 0.8 h™' at 299 K (Figure 6). The comparison between

Figures 4A and 6 indicates that, for temperatures between 283 K and 299 K, CO, assimilation



and HONO consumption experienced a similar change. These results confirm that HONO
consumption is closely related to stomatal aperture, which is in agreement with previous
studies showing that the consumption rate of nitrogen-containing species such as NO2, NO
and HONO were dependent on stomatal aperture (Chaparro-Suarez et al., 2011; Gessler et al.,

2000; Schimang et al., 2006; Teklemariam and Sparks, 2005).

HONO deposition velocities varied from a minimum of 0.12 £ 0.02 to a maximum of 0.8 £
0.2 mm s™ at 299 K (Figure 7). To the best of our knowled7e, only one study on HONO
deposition in plants has previously been published (Schimsing st al., 2006). It focused on
castor and sunflower plants, and the calculated HONO c=po:ition velocities were 5 and 10
times higher, respectively, than those evaluated in the p-esent work on Zea mays. To extend
the comparison to available literature, we investigatea the deposition velocities of NO;,
another gaseous nitrogen oxide, which has bo=n swdied in a greater variety of plant species
(Figure 8). We observed that NO, depositic'« velocity by maize was slower than those of other
reported species, including sunflowers. y:'ggesting that the plant-atmosphere exchanges are
limited to a greater extent in mai:.e . an in various other plants (Chaparro-Suarez et al., 2011,
Gessler et al., 2002; Schima~a ot al., 2006; Teklemariam and Sparks, 2005; Thoene et al.,

1996).
3.3. Leaf resistance t~ gas deposition

When the stomata are opened, plants interact with atmospheric gases entering the leaf. The
resistance of leaves to trace gas penetration can be described as a series of elemental
resistances, namely boundary layer resistance, stomatal resistance, mesophyll resistance and
cuticle resistance (Gut, 2002; Wesely and Hicks, 2000). According to the experimental
conditions used in the growth chamber, some of these resistances can be reduced and become
negligible. Thus, efficient air circulation in the growth chamber reduces the thickness of the

boundary layer and its associated resistance. The cuticular resistance is usually too high for



gas absorption to be significant, except in the presence of high gas concentrations (140 ppb)
or a relative humidity higher than 70% (Burkhardt, 1994; Thoene et al., 1996; Wellburn,
1990). As HONO consumption by maize plants correlated well with stomatal opening in the
present study, we expect the cuticle conductance of HONO to be very low. Indeed, previous
studies have shown that the uptake of nitrogen-containing gases (NO, and NO) was mainly
controlled by stomatal aperture and mesophyll resistance, with the latter being lower when
stomatal resistance was higher (Chaparro-Suarez et al., 2011; Gut, 2002; Johansson, 1987;
Teklemariam and Sparks, 2005; Thoene et al., 1991). The me~haistic understanding of the
NO; assimilation process suggests that a disproportionatiun -eaction can occur in apoplastic
water, leading to nitrate and nitrite formation (Park and L2, 1988). Moreover, the reaction of
nitrogen-containing species with apoplastic antioxidzn. such as ascorbate, was proposed as
an alternative pathway (Eller and Sparks, 200€; ."ar.ge et al., 1993; Teklemariam and Sparks,
2005). Since HONO is a nitrogen-contat 'inr, gas that can form nitrite in the apoplastic water,
we can expect a similar result. Thus, nder our experimental conditions, both stomatal and

mesophyll resistances might impart HY'O consumption by maize.

Usually, the mesophyll resistonee to HONO deposition in maize is determined by comparing
the measured deposition ve!lacity of HONO with its theoretical deposition velocity through
stomata, calculated from .he stomatal conductivities to water vapour (assuming no mesophyll
resistance). Since stomatal conductivities to water vapour could not be calculated in this
study, CO, and HONO deposition velocities were used to assess mesophyll resistance to
HONO deposition. In the absence of mesophyll resistance, deposition velocities depend only
on the diffusion coefficients (Schimang et al., 2006). Thus, considering only the diffusion
transfer through stomata, a factor of 1.1 is expected for the deposition velocity ratio between
HONO and CO,, since the diffusion coefficients are 0.154 cm® s and 0.139 cm® s™,

respectively (Pritchard and Currie, 1982). A higher ratio would imply a lower mesophyll



resistance for HONO than CO,, and vice-versa. In the present study, we observed a deposition
velocity ratio of up to 2.7 at 299 K (Figure 7), suggestive of a higher mesophyll resistance for
CO, than HONO. After entering the gaseous intercellular space of the leaf, gases dissolve in
the apoplastic water before being assimilated or entering mesophyll cells. Henry’s constant of
CO, (3.4x10% M atm™ at 298 K) is lower than that of HONO (49 M atm™ at 298 K),
suggesting that HONO dissolution would be faster, which might explain the observed

differences in deposition velocities in Figure 7 (Park and Lee, 1988; Sander et al., 2015).
3.4. Water-stressed Zea mays plant experiments

Water-stressed plants showed negative normalised HONC concentrations, [HONO]norm (-
355+ 217 pptv, -614 +231 pptv and -824 + 277 npt' at 283 K, 288 K and 293 K,
respectively). A positive normalised HONC roncentration (676 256 pptv) was only

observed at an ambient temperature of 29¢ < (k. 2ure 5D).

A linear decrease of [HONO]norm W~ observed for water-stressed plants for temperatures
ranging from 283 K to 293 K (Figu-e 5D). At these temperatures, no variation of HONO
formation on leaf surfaces was expccted, indicating an increase of HONO sinks and therefore
an increase of HONO uptan~ by plants. As shown in Figure 4B, CO, uptake increased from
283 K to 293 K, sugyecting a progressive aperture of the stomata and therefore an increase of
HONO consumption. Moreover, a greater [HONO]o: also increases HONO uptake by plants.
On the other hand, the uptake of CO, decreased at 299 K (Figure 4B), likely as a result of
stomatal closure to prevent excessive desiccation. HONO uptake is expected to follow a
similar pattern. However, at 299 K, heterogeneous HONO formation on leaf surfaces

increases drastically and therefore leads to a positive [HONO]norm. (Marion et al., 2021).

To predict HONO production on leaf surfaces under climate change conditions, it is of

particular interest to compare the behaviour of control and water-stressed plants. At 283 K,



288 K and 293 K, [HONO]nom Was lower for water-stressed plants than for control plants,
indicating an enhanced HONO sink for water-stressed plants. However, [HONO] in the
chambers was quite similar for the two plant treatments evaluated (Figure 5A and 5B), and
the CO, assimilation (and therefore stomatal opening) of water-stressed plants was lower than
that of control plants (Figure 4). As a result, there cannot be more HONO sinks in water-
stressed plants than in control plants, and the observed differences in [HONO]nom must be
accounted for by HONO production on the leaf surfaces. While there is no clear explanation
for this phenomenon, water stress might induce modific=tic s of the wax chemical
composition, which could in turn lead to lower HONO r.ud iction on leaf surfaces. Such a
modification of wax chemical composition has alreadv .~en described in previous literature

(Bengtson and Larsson, 1978; Bondada et al., 1996; Pin.~ooulos et al., 2020).
3.5. Atmospheric implications

The HONO atmospheric emission rates .rere calculated as per Eqg. 11, assuming an
atmospheric HONO concentration «f o 4 ppb, a mixing layer of 300 m and a plant surface
(one side) of 2.83 m? of leaves ~er ineter square of soil. Under these realistic atmospheric
conditions, a low emission ra.> (maximum 5 * 2 ppt h™) was evaluated for temperatures
ranging between 283 K ¢nd » 93 K, while greater production (27 + 7 ppt h™') was calculated at
299 K. In comparison, r.evious laboratory work on cut Zea mays leaves revealed HONO
emission fluxes under atmospheric conditions of (79 + 17) ppt h™ at 303 K and (171 + 23) ppt
h? at 313 K (Marion et al., 2021) for a plant surface (one side) of 3 m?. Considering a plant
surface of 2.83 m? HONO emission fluxes would be 74 ppt h™ at 303 K and 161 ppt h™* at
313 K. Due to partial closure of the stomata, HONO uptake by Zea mays plants is expected to
significantly decrease beyond the optimal temperature for photosynthesis (around 303 K),
therefore leading to an increase of HONO net fluxes which should be closer to emission

fluxes on cut leaves. Such HONO fluxes suggest that plants could compete with HONO



production from the soil, estimated at between 0.5 ppt h™ and 400 ppt h™* (Marion et al.,

2021), and partially contribute to the unknown HONO source.
4. Conclusions

The current study revealed that plant physiology plays an important role in HONO behaviour
at the leaf surface. Emission at the leaf surface and uptake through the stomata occur
simultaneously. The rate constant of HONO uptake by plants (Kpiant) increased linearly with
temperature, and was therefore correlated to stomatal openin, between 288 K and 299 K.
Estimation of the HONO net emission flux from Zea mays =surfices showed that there was
significant HONO emission of 27 + 7 ppt h at 299 I, _:'ygesting that plants might be a
source of HONO in suburban areas during hot summ.. ¥ pe iods, when HONO formation at the
leaf surface is increased, and uptake decreases s'gr ficantly. Water stress caused a decrease in
stomatal opening and, compared to contro’ .'an. led to a reduction in HONO uptake through
the stomata. Based on the results of this study, emission at the leaf surface and NO,
heterogeneous conversion to HON D .ight also be influenced by drought. Therefore, we

expect climate change to have ar, ‘mpact on HONO net emission fluxes from plants.
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Highlights

e HONO uptake by Zea mays increases linearly with temperature from 283 to 299 K
e Water stress reduces stomatal opening (and therefore HONO uptake) in Zea mays
e In the presence of NO,, Zea mays produced 27 ppt h™ of HONO at 299 K

e Vegetation surfaces may partially contribute to the unknown HONO source



