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Similar effects as shade tolerance induced
by dust accumulation and size penetration
of particulates on cotton leaves
Li Li1,2,3* and Guijin Mu2

Abstract

Background: Dust accumulation covers the leaf’s surface and influences foliar physiological activity. Two
independent experiments were carried out to instigate the foliar responses to dust accumulation and the
penetration limitation of small dust particles (< 1 μm) on the foliar surface, respectively. In experiment I, three dust
accumulation intensities were achieved by a dust spraying treatment. Photosynthesis CO2 exchange and fast
chlorophyll fluorescence transient were measured, as well as chlorophyll contents and leaf thickness. In experiment
II, the penetration limits of small particulates on the leaf surface were examined by feeding nano-fluorescent
microspheres.

Results: Dust accumulation alleviated the photoinhibition of Photosystem II and decreased photosynthesis, as
represented by net photosynthetic rates (PN) and stomatal conductance to water vapor (gs). Photosynthetic
response curves between net photosynthetic rate (PN) and photosynthetically active radiation (PAR) showed that
heavy dust accumulation (34.98 ± 2.6 mg cm− 2) increased the light compensation point (LCP) and light saturation
point (LSP) and decreased photosynthesis rates under saturating light (PNmax). Leaves became thin due to the lack
of a palisade layer while chlorophyll content increased under dust accumulation. Confocal laser scanning
microscopy (CLSM) images showed that the larger particles (1 μm) distributed in the regions below the stomata
and the smaller ones (0.1 μm) were detected in the wider areas below stomata.

Conclusions: These results suggested that dust accumulation induced similar effects as shade tolerance in cotton
leaves but did not trigger more photochemical acclimation to low light. Dust particles (< 1 μm) penetrated leaf
surface through stomata.

Keywords: Foliar dust retention, Photoinhibition, Nano-fluorescent microspheres, Low light acclimation, Stomatal
penetration
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Background
Dust suspension and transport in air is a common
phenomenon. Dust particles can deposit on leaves when
wind velocity is slow [1]. Plants can intercept and gather
dust particulates on leaf surfaces [2]. Dust quantity and
distribution on leaf surfaces are affected by foliar charac-
teristics [3]. In turn, the foliar retention of particulate
matter changes traits of the leaf surface interface, caus-
ing variation in the biochemical and physiological func-
tion of leaves. Previous studies reported that dust
accumulation changed surface anatomy and morpho-
logical structure [4], decreased photosynthetic assimila-
tion rates [5], stomatal conductance [6], activity of
Photosystem II (PSII) [7], and produced membrane in-
jury [8]. Even heavy dust cover led to individual death
due to extreme suppression of photosynthesis [6, 9].
Moreover, dust accumulation on the leaf surface indir-
ectly causes secondary stresses, such as drought or
pathogen attack [10, 11]. The effects of dust accumula-
tion on leaf surfaces include a series of direct and indir-
ect consequences. Toxic effects of the compounds
carried by atmospheric particulate matter on leaf
physiology and growth have been wildly reported [12–
14]. However, those basic mechanisms of dust effect
remain unclear.
Light is an indispensable and crucial environmental

factor and provides an energy resource for photosyn-
thesis. Light quantity and quality can deeply impact
plant performance [15]. The variation in light environ-
ments can induce a series of light adaption changes to
physiological and morphological characteristics. Low-
light irradiation drives plants’ two adaption strategies:
shade tolerance and shade avoidance [16]. Shade toler-
ance occurs when shade is an unavoidable pressure, for
example, underneath a leaf canopy. Under unavoidable
low light, plants tend to strengthen those features opti-
mizing light capture [15], such as a bigger specific leaf
area (SLA) and a higher chlorophyll concentration [17,
18]. Lower light levels still cause growth to decrease,
such as by the photosynthetic rate and stomatal con-
ductance [19]. Dust accumulation had been thought to
reduce the light intensity that reaches photosynthetic tis-
sues [6, 20, 21]. The short-term effects of dust accumu-
lation on cotton leaves in the Tarim Basin of China
included alleviation of photoinhibition induced by high
radiation in PSII [22]. At the foliar level, acclimation
may be displayed through morpho-anatomical and/or
physiological adjustments in response to changes in the
light environment. Therefore, we speculate that leaf
traits adapt as they would for shade tolerance when dust
accumulation occurs long term.
Atmospheric particulate matter can accumulate near

the stoma and block the cavity, causing the closure of
stoma [21]. Shrinking of the stomatal opening is

responsible for a decrease in stomatal conductance
[23]. In addition, nanoparticles have been reported to
penetrate and be transported within living plants [24].
However, the effects of particulate size are often ig-
nored. The length of stomata is in the range of sev-
eral to a dozen micrometers. In principle, smaller
particulates (e.g., < 1 μm) may pass through stomatal
apertures and enter the cavity. In order to confirm
this speculation, we chose nano-fluorescence particles
(1 and 0.1 μm) to examine the effects of small partic-
ulates on stomata.
In the present study, our aims were to investigate the

effects of dust accumulation intensity (light, medium
and heavy) on the anatomy and physiology of cotton
leaves at the foliar level to confirm the hypothesis that
dust accumulation causes shade tolerance effects. Add-
itionally, we examined the penetration limits of small
particulates on stomata.

Results
OJIP fluorescence transients
Regardless of light intensity, fast fluorescence transient
curves showed a significant decrease as the dust accu-
mulation intensity increased (Fig. 1). In general, Fm de-
creased more than Fo. Considering light intensity, there
was a higher intensity of chlorophyll fluorescence after
high light (> 1200 μmol m− 2 s− 1 PPFD for 30 min) than
before high light; the differences decreased as the degree
of dust accumulation increased, and there was no differ-
ence between MD and HD treatments. The two curves
of high-light treatments almost coincided under MD
and HD treatments (Fig. 1). In detail, differences be-
tween before and after high light under LD and the con-
trol were attributed to the reduction in Fm, while Fo
remained unchanged. JIP-test analysis showed more in-
formation (Fig. 2). High light decreased Fv, φPo, φEo, and
δRo, and increased φDo under the control and LD treat-
ments but no difference was observed under MD and
HD dust accumulation.

Photosynthesis CO2 exchange
Dust accumulation decreased PN and gs, but increased Ci

(Fig. 3). PN significantly decreased in all dust treatments.
PN under MD and HD treatments dropped to 74.75%
and was only 74.51% compared with the control. LD
treatment had no effect on gs compared with the control,
but its value under MD and HD was reduced 31.65 and
23.35%, respectively, compared with that of the control,
with no significant effect between MD and HD treat-
ments. Ci increased as the intensity of dust accumulation
increased. Its values under HD treatments rose to almost
half of the control (44.5%) (Fig. 3).
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Photosynthetic responses to light
Light response curves of photosynthesis (PN/PAR) in
cotton leaves covered by dust for 1 month are shown in
Fig. 4, and the related fitting parameters are summarized
in Table 1. The three fitted curves of the control, and
LD and MD treatments had similar trends, but the curve
of the HD treatment had a significant decrease (Fig. 4).
In the estimated photosynthesis parameters, in LD and
MD treatment and the control, there were no significant
differences in LSP, LCP, and PNmax, except for LSP
under MD treatment, which showed a significant in-
crease. Conversely, all of the parameters under HD treat-
ment were significantly different compared with the
other treatments. Leaves under HD treatment had sig-
nificantly higher LSP and LCP, and lower PNmax com-
pared with those of the control (Table 1).

Leaf thickness and specific leaf area (SLA)
Specific leaf area (SLA) increased as the intensity of dust
accumulation increased, but leaf thickness showed the
opposite trend and significantly decreased under HD
treatments (Fig. 5). SLA after dust accumulation was

significantly higher than the control and were 48.6% for
LD, 73.8% for MD, and 123.2% for HD (Fig. 5a). Leaf
thickness had no significant effect on LD and MD treat-
ments and the control. Under HD treatments, leaf thick-
ness was 72.6% of the control and showed a significant
decrease in comparison to the control (Fig. 5b). The re-
sults were confirmed by the SEM images of leaf cross
sections (Fig. 6). More information on the anatomy was
exhibited through SEM. The leaf cross section displayed
the compact palisade mesophyll tissues for the control
and LD and MD treatments, but full of big spongy
mesophyll cells instead of palisade tissue was observed
for those leaves under HD treatment (Fig. 6).

Leaf chlorophyll contents
Chlorophyll content gradually increased as the intensity
of dust accumulation increased (Fig. 7). The three con-
tents, chlorophyll a, chlorophyll b, and total chlorophyll
content, had similar variation. The lowest content was
obtained in the control and the highest in the HD treat-
ment. Compared with the control, values under HD
treatment were 3.1-fold higher for Chlorophyll a, 2.5-

Fig. 1 Transient rise curves of cotton leaves in the control a, and after light b, medium c, and heavy d dust accumulation. X-axis are in the log
scale. Each value is a mean of four or five replicates
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fold for Chlorophyll b, and 2.9-fold for total chlorophyll
content. The Chlorophyll a/b ratio for LD treatments
was highest. MD and HD treatments were lower than
LD and higher than the control but were not signifi-
cantly different from each other.

Stomatal occlusion and penetration
A SEM image of stomatal occlusion by dust particu-
late matter is showed in Fig. 8a. The corresponding
EDS image confirmed the dust particle component of
Si (Fig. 8b). The dust particle, with abundant Si con-
tent, plugged the stomata. The cotton leaf was col-
lected from the field in Cele station in the southern
fringe of Tarim Basin in China.
A 20-day-experiment of cuticle penetration was car-

ried out by application of suspensions of fluorescent par-
ticles. Two particle sizes (0.1 and 1 μm diameter) were
used to imitate the foliar spraying of dust particles. The

CLSM images (Fig. 8c-h) shows that more 0.1-μm parti-
cles penetrated the cuticle and stoma and entered into
the internal system than 1-μm particles. In addition, 1-
μm particulate matter mainly distributed in the stomatal
cavity and 0.1-μm particle distributed more widely under
the cuticle.

Discussion
In this study, PSII responses to different dust accumula-
tion intensities were instigated by the fast chlorophyll
transient measure under before and after high-light con-
ditions. Chlorophyll fluorescence was a fast and nonin-
trusive way to detect foliar responses to environmental
conditions [25]. As a whole, dust accumulation de-
pressed the intensity of chlorophyll fluorescence under
before and after high light. The low fluorescence values
induced by dust accumulation may result from decreas-
ing the light intensity that reached photosynthetic tissues

Fig. 2 The selected fluorescence parameters of cotton leaves in the control, and after dust accumulation (light, medium, and heavy). The values
shown are the mean of five replicates. Bars represent the standard error. Asterisks (*) indicate significant differences between before and after
high-light treatments at 0.05% level

Li and Mu BMC Plant Biology          (2021) 21:149 Page 4 of 13



[21]. When compared between light treatments, high
light reduced Fm, Fv, φPo, and φEo while it increased δRo
and φDo in the control and LD treatments, which indi-
cated the presence of high-light inhibition. Excess light
energy inhibited the quantum yields of photo induced
electron transport in the PSII reaction center to QA

(φPo) and from QA
− to plastoquinone (φEo), and more

energy was dissipated by heat [25] or transferred into
PSI end electron acceptors [26]. Thus, overexcitation en-
ergy pressure in PSII can be released objectively [27].
Under HD treatment, no difference in fluorescence pa-
rameters suggested the absence of inhibition under be-
fore and after high light, confirming the decrease in light
intensity on the foliar surface. Similar results have been
obtained with dust accumulation on cotton leaves in the
Tarim Basin for short-term experiments [22]. Generally,
heavy dust accumulation reduced the photochemical ef-
ficiency of cotton leaf, which was consistent with the ef-
fect of heavy shade on four conifer species [17].
Light performs an important role in photosynthetic ef-

ficiency and biomass accumulation. In general, lower
light decreased the photosynthesis rate [28, 29] and sto-
matal conductance [30] when light intensity was lower
than the light saturated point. This is supported by our
present findings that dust accumulation decreased PN
and gs, suggesting similar responses between shade and
dust covered leaves. In addition, dust accumulation in-
creased Ci of cotton leaves. Similar results were obtained
by Lavinsky et al. [31] in photosynthetic acclimation in
shade-developed leaves of Euterpe edulis (Arecaceae).
The accumulation of Ci may be due to a decrease in gs.
When a decrease in gs and increase in Ci occurred sim-
ultaneously, the decrease in PN can be attributed to non-
stomatal limitations [32]. So, the decreased photosystem
activity upstream down-regulated photosynthesis assimi-
lation and gas exchange downstream.
Under light-limiting conditions, LCP is a key factor for

plant survival and growth. Kitao et al. [33] found that
shade induced a lower LCP to improve the light absorp-
tion and availability under light-limiting conditions.
Shade decreased LSP and LCP [34, 35]. However, we
obtained inconsistent results that dust accumulation in-
creased both LSP and LCP. Still, heavy dust accumula-
tion decreased photosynthesis rates under saturating
light (PNmax). PNmax represents the resource capture abil-
ity of leaves and relies, not only on photosynthetic bio-
chemistry, but also on the mesophyll structure of leaves
[36]. This suggests that dust accumulation reduced the
sensitivity to light in cotton leaves but did not change
the photosynthetic mechanism to light intensity. There-
fore, cotton leaves respond to heavy dust accumulation
for 1 month through morphological and physiological
adaption, rather than biochemical acclimation of the
photosynthetic apparatus.
Plants have relatively high phenotypic plasticity in re-

sponse to light intensity [37, 38]. Low-light availability
induced thinner leaf thickness and lower leaf area per
unit of dry mass, which was expressed as specific leaf
area (SLA) [39]. The increase in SLA might often be re-
lated to the decrease in leaf thickness. Thinner leaf

Fig. 3 Gas exchange parameters of cotton leaves in the control, and
after dust accumulation (light, medium, and heavy). The values
shown are the mean of six replicates. Bars represent the standard
error. Different letters indicate significant differences among the dust
treatments at 0.05% level. PN: net photosynthetic rates; gs: stomatal
conductance to water vapor; Ci: internal CO2 concentration
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thickness was attributed to the lack of a palisade layer or
shorter palisade cells [40]. These conclusions were sup-
ported by our results. In the present study, an increased
dust accumulation led to an increased SLA. Heavy dust
accumulation remarkably thinned the leaf thickness. Ob-
servations in SEM images showed that the lack of a pal-
isade layer was responsible for the thinner leaves under
heavy dust accumulation. Leaf thickness and structures
affect CO2 absorption. Thinner leaves favor CO2 diffu-
sion, due to shorter length between the stomata to
mesophyll cells and chloroplasts [41]. Foliar variation in-
duced by dust accumulation would be advantageous for
light absorbance, which is consistent with that under
low-light environments [42].
Chlorophyll is an important component in photosyn-

thetic systems and plays a key role in determining foliar
absorbance. Under low-light environments, plants in-
crease the contents of chlorophyll. The increase in the
number of chloroplasts can enhance the photosynthetic
capacity per unit leaf area [43]. Present studies showed
that dust accumulation increased the total chlorophyll,

chlorophyll a and b contents, which were highest in HD,
lowest in the control, and intermediate in LD and MD.
A higher chlorophyll content represents higher leaf ab-
sorption, which is often related to shade tolerance [33,
42]. Chlorophyll b content was considered an indicator
of acclimation to shade due to its role in the light-
harvesting complex [44]. In this study, alterations in
chlorophyll content suggested similar responses to dust
accumulation as to shade acclimation. Chlorophyll a/b
ratios were sensitive to both light quality and quantity
[45] and exhibited a decrease in shade leaves [18], which
was confirmed to facilitate light interception [19, 36].
However, our studies had the opposite effect; dust accu-
mulation increased the Chlorophyll a/b ratio. A similar
result was reported by Jiang et al. [46] on physio-
logical acclimation of seashore paspalum and bermu-
dagrass to low light. Mendes et al. [30] observed that
the Chlorophyll a/b ratio was not affected by light in-
tensity. Therefore, species-specific traits to shade tol-
erance may be responsible for the differences in
Chlorophyll a/b ratio [45].

Fig. 4 Effect of PAR on net photosynthesis rate (PN) of cotton leaves after one-month of dust accumulation (n = 4 plants per treatment)

Table 1 Parameters in light response curves when cotton leaves were covered in dust (light, medium, and heavy) or the control

Treatments Control Light Medium Heavy

LSP (μmol m− 2 s− 1) 228.06 ± 14a 271.09 ± 36a 366.18 ± 23b 396.07 ± 33b

LCP (μmol m− 2 s− 1) 11.70 ± 0.41a 13.10 ± 1.79a 14.38 ± 1.04a 22.29 ± 1.44b

PNmax (μmol CO2 m
− 2 s− 1) 8.47 ± 0.59a 8.27 ± 1.44a 8.96 ± 0.72a 4.68 ± 0.66b

PNmax light-saturated net photosynthetic rate, LSP light saturation point, LCP light compensation point. Values are shown as the mean ± standard error (n = 4 or 5).
The different letters in superscripts indicate significant differences among treatments at 0.05% level
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Leaf surfaces can gather dust particles. The dust distri-
bution pattern had a close relationship with the foliar
surface structure [3]. Atmospheric particulate matter
was reported to accumulate near stomata and occlude
the stomatal aperture [7]. Similarly, we found stomata
plugged by dust particles after observing several thou-
sand stomata.
The epidermis is composed of waxes and compact

matter that protect plants from water loss and external
damage [47]. Some material can enter and be taken up
into the plant by the cuticular and stomatal pathways

[48]. Nanoparticles were reported to be capable of pene-
trating living plant tissues and moving to different re-
gions of the plant [24]. Supporting these results, our
experiment with carboxylate-modified fluorescent mi-
crospheres on the cotton leaf surface showed that two
kinds of microspheres (1 and 0.1 μm) can penetrate the
leaf surface and enter mesophyll cells. The larger parti-
cles (1 μm) distributed in the regions below the stomata
and the smaller ones were detected in the wider areas
below stomata. This suggested that the 1 μm micro-
spheres penetrated through the stomata but 0.1 μm

Fig. 5 Specific leaf area (cm2 g− 1) a and leaf thickness (μm) b of cotton leaves in the control, and after dust accumulation (light, medium, and
heavy). The values shown are the mean of 4 replicates. Bars represent the standard error. Different letters indicate significant differences among
the treatments at a 0.05% level
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Fig. 6 SEM images of leaf cross-sections under different dust treatments: the control a, light b, medium c, and heavy d accumulation. Horizontal
bars represent 20 μm

Fig. 7 Effect of dust treatments on chlorophyll content (mg g− 1 fresh weight) in cotton leaves. Ca , Cb , Ca + b and Ca/Cb represented the contents
of chlorophyll a, Chlorophyll b, total chlorophyll content, and the ratio of chlorophyll a and chlorophyll b, respectively. The values shown are the mean
of four replicates. Bars represent the standard error. Different letters indicate significant differences among the treatments at a 0.05% level
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microspheres may penetrate two channels, through the
stomatal and cuticular pathway. Considering the stoma-
tal size, we thought that it was possible for both micro-
spheres (0.1 and 1 μm) to penetrate through the
stomata. Our conclusions support the stomatal uptake
of water-suspended nanoparticles < 1.1 μm observed in
Eichert et al. [48].
Dust particles dry-deposited on the leaf surface have

different physical characteristics than carboxylate-
modified fluorescent microspheres that are suspended in
a diffusion medium. In the natural environment, how-
ever, the leaf surface often becomes water-saturated
when influenced by rain, dew, and phyllosphere micro-
organisms. Thus, small dust particles have a high poten-
tial to penetrate leaf cells through water suspensions of
dust particles [49]. Foliar uptake of atmospheric dust
particles (nanoparticles), as inert dust or other materials,
should be observed in pollutant studies.

Rapid pace of industrialization and urbanization in
global scale increases atmospheric particulate matter,
a pervasive pollutant [10]. Deposition of particles on
leaf surfaces is likely to change foliar traits and eco-
physiological functions. In those areas with high radi-
ation, foliar dust accumulation might intercept light
and alleviate photohibition, which is advantageous for
growth to some extent. However, thinner leaves and
lack of palisade mesophyll may also lead to declines
in support and defense capabilities, increasing the en-
vironmental risks of mechanical and biological attacks
such as rain blowing, insect feeding and microbe in-
fecting. In addition, atmospheric particles often con-
tain some toxic material such as salt crystals, heavy
metals, and oxidizing materials [21]. These materials
attached to dust particles (< 1 μm) may enter plant
cells simultaneously, resulting in a series of secondary
effects on plant metabolism.

Fig. 8 An occlusive stoma by dust particles on the adaxial surface in cotton growing in the field under SEM a and EDS b images. The energy-
dispersive spectrometer (EDS) showed the Si content. The scale is 10 μm. CLSM images of the foliar surface after 20 days by feeding 1 μm c, d, e
and 0.1 μm f, g, h carboxylate-modified fluorospheres in 1-week-old cotton seedlings. C and F show fluorescence, D and G show SEM, and E and
H are overlaps of the corresponding fluorescence and SEM images. The scale shown is 20 μm
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Conclusions
Foliar dust weakens the light intensity that arrives at the
leaf surface, resulting in exposure to a shade environ-
ment. In this study, dust accumulation alleviated photo-
inhibition under high-light conditions. Photosynthesis,
represented by PN and gs, was decreased generally. Light
response curves showed a reduced LCP and increased
PNmax. Leaves became thin due to the lack of a palisade
layer while chlorophyll content increased. The larger
particles (1 μm) distributed in the regions below the sto-
mata and the smaller ones (0.1 μm) were detected in the
wider areas below stomata. These results suggest that
dust accumulation induced similar traits to shade toler-
ance in cotton but did not trigger photochemical accli-
mation to low light. Dust particles (< 1 μm) can
penetrate the leaf surface and enter mesophyll cells
through stomata.

Methods
Experiment 1: effect of dust quantity on leaf physiology
and characteristics
Plant material and culturing
Sterilized cotton (Gossypium hirsutum L.) seeds
(Xinjiang Tarim River Seeds Co., Ltd., Xinjiang,
China) were sown in 18 cm pots (ϕ 16 cm) in culture
medium with soil and pearlite (2:1). Plants were irri-
gated every day by tap water and grown in a green-
house with a day/night temperature of 25/20 °C, a 14-
h photoperiod, and a photosynthetic photon flux
density of 500 μmol m− 2 s− 1.

Dust preparation and application
A dust sample was collected from the desert in Cele
National Station of Observation and Research for
Desert-Grassland Ecosystems (37°00′57″N, 80°43′45″
E) in China. In order to maintain a similar content to
the natural retention of leaf surfaces from dust fall,
dust was collected from the top 5 cm of the soil sur-
face. The dust sample was taken to Urumqi and kept
dry until use. The mean grain size was 65.3 μm with
about 6% grains < 10 μm.
Dust application was carried out after cotton seedlings

grew for 45 days. A small room (2m × 3m × 2m) with a
-blower (40W, 12 V, wind pressure 200 Pa) was used to
imitate dust deposits in the field (see the Additional file
1: Appendix Fig). The blower was placed outside of the
room and connected by a pipe. Sand was collected in a
glass that was joined to the pipe. The blower worked
long enough to confirm significant differences in dust
quantity between the treatments. The treatments were
dusted until all of the dust was deposited in the small
room. In order to determine the dust quantity of differ-
ent treatments, the second leaf on the plant was sampled
and cleaned in the ultrasonic cleaner. The cleaning

solution was dried, and dust was weighed. Leaves were
scanned to calculate the total leaf area. Each treatment
included four leaves. Dust quantity was calculated as
dust weight/leaf area. Thus, the dust quantity corre-
sponding to treatments was 2.89 ± 0.4, 16.03 ± 2.5 and
34.98 ± 2.6 mg cm− 2 for light (LD), medium (MD), and
heavy (HD) dust accumulation, respectively. The plants
with no dust spraying were considered the control.
After dust treatments, pots with cotton seedlings were

transported and grown in the same conditions as before
application. Measurements were carried out 30-d dust
application.

OJIP fluorescence transients
Cotton seedlings were illuminated with high light (>
1200 μmol m− 2 s− 1 PAR) for 30 min. High-light irradi-
ation was achieved with a 400W metal halide lamp.
Chlorophyll fluorescence measurements were recorded
using a Pocket PEA fluorimeter (Hansatech, Norfolk,
UK). The OJIP curves were measured before and after
high-light illumination. All the samples were dark-
adapted for 30 min before measurements. Each
treatment was replicated five times. In the fluorescence
induction measurement, dark-adapted leaves showed a
polyphasic fluorescence rise after being illuminated with
high-intensity actinic light. The polyphasic induction
curve included four steps from ‘origin’ (O) through two
‘inflections’ (J and I) and then to a ‘peak’ fluorescence
level (P). The fluorescence values of these steps were ob-
tained at 20 μs (Fo), 2 ms (FJ), 30 ms (FI), and the max-
imum fluorescence (Fm) of OJIP curve. JIP-test was used
to quantify the function of PSII [25, 50]. The selected
parameters were as follows: Fv, φPo, φEo, φDo, δRo.

Photosynthesis CO2 exchange
The net photosynthetic rates (PN), stomatal conductance
to water vapor (gs), and internal CO2 concentration (Ci)
were measured using a portable photosynthesis system
Li-6400 (Li-Cor, Lincoln, USA). The second fully ex-
panded leaf from the plant was chosen for each meas-
urement. Flow speeds were controlled at 300 mol s− 1

and the humidity, light, and temperature conditions
were consistent with environmental conditions. In the
greenhouse, the temperature of 25/20 °C and a photo-
synthetic photon flux density of 500 μmol m− 2 s− 1 were
controlled. The CO2 concentration and relative humidity
measured by a portable photosynthesis system Li-6400
were about 750 ppm and 60%, respectively.

Light response curves
Photosynthetic response curves (PN/PAR) between net
photosynthetic rate (PN) and photosynthetically active
radiation (PAR) were performed after one-month of dust
accumulation (n = 3 plants per treatment).

Li and Mu BMC Plant Biology          (2021) 21:149 Page 10 of 13



Measurements were conducted on a single leaf, typically
the second leaf from the apex. The leaf was placed in
the LI-6400 chamber and exposed to a CO2 concentra-
tion of 750 mol (CO2) mol− 1, flow speed of 300 mol s− 1,
chamber temperature of 20 °C, and relative humidity of
60%. After 15 min of acclimation, PAR was controlled at
1200, 800, 500, 300, 200, 100, 80, 50, 20, and 0 μmol
(photon) m− 2 s− 1. The duration of individual steps was
set as a minimum wait time of 120 s and a maximum
wait time of 200 s. CO2 assimilation was automatically
recorded after each change in PAR. The light response
curves were fitted according to the equation by Prado
and de Moraes [51]:

PN = PNmax [1-exp(−b (PAR-Ic))],

where PNmax is the light-saturated net photosynthetic
rate, b is constant, Ic is the light compensation point
(LCP), and the value of light saturation point (LSP) is
calculated as PAR at 90% PNmax [52]. Data were analyzed
using SigmaPlot (version 10.0).

Leaf SEM
The second leaf from the top was collected and put into
a container of the freeze dryer (Labconco freezone2.5,
Kansas, USA) immediately after rinsing with water and
drying with filter paper. Fully freeze-dried samples were
obtained after treated for 12 h. Then, the drying leaf
samples were sputter-coated with gold and observed by
scanning electron microscope (SUPRA 55VP, Carl Zeiss
AG, Germany). Images were captured as digital images
with the maximum number of pixels. Adobe Photoshop
CS6 was used to process the images.

Leaf thickness and specific leaf area
The second leaf was sampled and cleaned in the ultra-
sonic cleaner. The leaf was scanned to obtain the leaf
area. The leaf sample was weighted, dried, and weighed
again to obtain the leaf fresh and dry weight. Each treat-
ment included four replicates.
Specific leaf area (SLA) was calculated according to

the rate of leaf area and dry weight. Leaf thickness was
determined from the SEM photograph. The relative
value of thickness was obtained and converted to length
(μm) according to the magnification rate.

Leaf chlorophyll contents
The leaf samples were weighed and extracted in 80%
(v/v) aqueous acetone. The supernatant was separated,
and the absorbance was measured with a spectropho-
tometer. The chlorophyll contents were quantified ac-
cording to Marr et al. [53].

Experiment 2: surface penetration of fluorescent
microspheres
Plant material and culturing
Cotton (Gossypium hirsutum L.) seeds (Xinjiang Tarim
River Seeds Co., Ltd., Xinjiang, China) were planted in 8
cm pots (ϕ 5 cm) in culture medium with soil and pearl-
ite (2:1) and grown in a controlled environment chamber
with a day/night temperature of 28/20 °C, a 14-h photo-
period, and a photosynthetic photon flux density of
500 μmol m− 2 s− 1. One-week-old seedlings were chosen
to carry out the fluorescent microspheres experiment.

Application of suspensions of fluorescent particles
Suspensions of fluorescent microspheres with
carboxylate-modified surfaces (FluoSpheres®, Life Tech-
nologies Corporation, OR, USA) were prepared to be
directly used in the treatments. Two particle sizes (0.1 and
1 μm diameter) were chosen to imitate the foliar penetra-
tion of dust particles. Specifications of carboxylate-
modified fluorospheres are shown in the Additional file 2:
Appendix Table. A 10-ml droplet of the suspension was
applied to the abaxial surface between the leaf veins of a
1-week-old seedling. Two droplets were applied per leaf-
let. To avoid rapid drying of surface suspensions, the seed-
lings in their culturing vessels were put into airtight
polythene boxes. The boxes were transparent to light and
filled with distilled water (2 cm) in the bottom. Thus, the
ambient RH in the box was maintained at 100%. Each par-
ticle treatment included 5 to 7 leaves.

Removal of residual particles from the leaves
After 2–3 weeks, droplets on the leaf surface were blot-
ted with filter paper. To remove the residues, adhesive
tape (‘tesafilm’; Tesa, Hamburg, Germany) was repeat-
edly affixed to and stripped off the leaf surface five times
and a layer of plasticine was used on leaf surface and
stripped off immediately. The leaf surface was observed
with fluorescence microscopy to confirm the removal of
particles. The treatment with plasticine was repeated
until no visible particle matter remained.

Confocal laser scanning microscopy (CLSM)
Leaf samples were examined with a LSM 800 equipped
with an Axio Observer microscope (Zeiss, Oberkochen,
Germany). The specimens were excited at 650 nm or at
548 nm using appropriate filter combinations. When
fluorescence signals were strongest, specimen images
were collected about 20–40 μm from the leaf surface.
Leaf surface structures were simultaneously visualized by
bright-field transmission microscopy. When necessary,
colors of the images were adjusted to improve contrasts
using imaging systems (Zan 2.1) by ZEISS Company.
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Statistical analysis
One-way analysis of variance (ANOVA) was performed
to compare the mean differences between the dust accu-
mulation treatments and the control. Post Hoc Tests
used Student-Newman-Keuls test (S-N-K test) at 5%
level. Independent-samples T-test was used to test the
difference between two values (before and after high
light treatments) also at 5% level. Statistical analysis was
performed using SPSS (13.0).
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