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ABSTRACT
Japanese cedar (Cryptomeria japonica) pollinosis is the most popular pollinosis in Japan. In recent years, it was 
reported that the most Cryptomeria japonica pollen allergenic species were scattered as fi ne particles in the urban 
atmosphere. It is thought that allergenic fi ne particles are responsible for inducing asthma by  breaking into lower 
respiratory tract; this phenomenon was observed in fi eld investigations during sunny days after  rainfall. Hence, it 
is considered that the release of fi ne allergenic species derived from pollen grains may be induced during rainfall 
events. For this reason, we investigated the releasing behaviour of  Cryptomeria  japonica pollen allergenic species 
in rainwater containing air pollutants, through rainwater sampling and  laboratory  experiments. The pollen grain 
counts, pollen burst ratios, ionic concentrations and pH in each  rainwater sample were measured, when rainwater 
samples were separately collected in Saitama City, a suburban area north of Tokyo metropolis. Additionally, 
three simulated rainwater (SR) samples were prepared to investigate the releasing behaviour of pollen allergenic 
species. In the samplings, the most pollen grains were trapped into initial rainwater (IR). Moreover, burst pollen 
grains were observed in many rainwater samples. Burst ratio of pollen grains were positively correlated with pH 
and ionic concentrations in rainwater. Therefore, it was thought that pollen grains were washed out by IR contain-
ing air pollutants. On the other hand, for the  laboratory experiments, the elution of allergenic Cry j 1 and Cry j 2 
was observed when pollen grains were exposed to different SR samples. A time-dependent increase of Cry j 1 
was observed, but the elution of Cry j 2 was not observed from pollen grains exposed to SR samples. In particular, 
the elution of Cry j 1 increased by contact with SR samples under conditions of Asian dust events. The results 
demonstrated that the burst of pollen grains is associated with the production of fi ne particles containing pollen 
allergenic species, and that the release of allergenic species was induced by rainwater containing air pollutants.
Keywords: Air-polluted precipitation, allergenic Cry j 1, allergenic Cry j 2, Asian dust, crustal particles, 
 Cryptomeria japonica pollen, releasing.

1 INTRODUCTION
Japanese cedar (Cryptomeria japonica) pollinosis has been increasing in Japan and currently affects 
over 26.5 % of the population (even up to 40 % in the urban areas of Tokyo) [1]. This pollinosis is 
caused by aspiration of the pollen grains from Cryptomeria japonica trees, which are evergreen 
needle-leaved trees containing wind-pollinated fl ower. These trees had been afforested in the 
 mountainous areas from 1946 to 1956 for post-war lumber demand. However, the areas of forest 
have not been increased since the 1980s [2], and the areas of forest of these trees have become the 
largest area in artifi cial plantation currently [3]. Meanwhile, these trees were uncommon in urban 
areas in Kanto, Japan. Thus, the most airborne Cryptomeria japonica pollen grains in Kanto urban 
area are transported from mountain areas, several hundred kilometres away [4]. Worsening of 
 pollinosis symptoms is induced by introducing allergenic species that coexist with air pollutants 
such as gases [5,6], polycyclic aromatic hydrocarbons (PAHs) [7], metallic particles [8,9] carbon 
aggregates [10], and known adjuvants [11]. It was also reported that small-sized pollen allergenic 
species adhere to carbon aggregates from vehicle emissions scattered in the atmosphere [12]. 
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Cryptomeria japonica pollen has two main allergenic species, Cry j 1 and Cry j 2, which are 
responsible for pollinosis. Allergenic Cry j 1 exists in the pollen wall and ubisch bodies on its 
original pollen surface, while allergenic Cry j 2 is present as starch granules on the pollen grains 
[13]. According to the previous airborne sampling results, Cryptomeria japonica pollen allergenic 
species distribute abundantly in the size range below 1.1 µm (PM1.1) [14]. It can be explained that 
these allergenic species are in the form of small-sized particles and can be released from coarse 
particles originated by Cryptomeria japonica pollen grains (about 30 µm) to fi ne allergenic parti-
cles in PM1.1. Therefore, these can be called daughter allergenic particles of Cryptomeria japonica 
pollen grains. It is thought that those daughter allergenic particles are responsible for inducing 
asthma by breaking into the lower respiratory tract. Actually, it is reported that symptoms of 
asthma patients were worsening during Cryptomeria japonica scattering season [15]. Especially, 
symptoms were notably worsened at sunny days after rainfall [16], with increasing fi ne allergenic 
Cry j 1 species in PM1.1 [17].

In addition, allergenic species released from Cryptomeria japonica pollen are easier to be adsorbed 
onto hydrophobic surfaces rather than hydrophilic surfaces [18]. Thus, it was possible that allergenic 
species were simultaneously adsorbed on PAHs and carbon aggregates trapped into rainwater. In a 
rain event, suspended particulate matter and gaseous substances are trapped into rainwater, which 
fi nally reaches the ground. Therefore, the ionic concentrations and pH in rainwater change due to the 
decrease in the air pollutants concentrations during rainfall. In particular, because most air pollutants 
are trapped into initial rainwater (IR), ionic concentrations and pH in subsequent rainwater changes 
continuously. On the other hand, there is the long-range transportation of Asian dust (AD) particles 
from the East Asian continent during the pollen scattering season in Japan by westerly winds, fol-
lowing global warming in recent years. When AD particles are transported into Japan, pH and ionic 
concentrations in rainwater increase drastically [19]. Hence, it was thought that air pollutants have 
not only a direct effect by synergically worsening pollinosis symptoms but also have an indirect 
effect by increasing the eluted concentrations of allergenic species because they can change the 
rainwater conditions. Actually, it was reported that elution of Cry j 1 was induced by solutions with 
high ionic concentrations [18], although those results were obtained under conditions above the 
upward range of pollutants concentration in rainfall in the atmosphere. The elution of Cryptomeria 
japonica pollen and its allergenic species in the presence of ionic concentrations and pH values 
observed in atmospheric rainwater has not been previously studied. Therefore, it is necessary to 
clarify the release mechanism of the pollen allergenic species under air pollutants infl uence. In this 
study, we investigated the behaviour of Cryptomeria japonica pollen grains and its allergenic species 
in rainwater as one of the environmental factors contributing to small-sized pollen allergenic spe-
cies. In this paper, more experimental data were added, which deepened the debate on contents of 
the conference paper published on air pollution in 2012 [20].

2 MATERIALS AND METHODS

2.1 Field investigation of Cryptomeria japonica pollen grains in the atmosphere

2.1.1 Measurement of airborne pollen grains and sampling procedure for rainwater in urban area
Rainwater was collected in Saitama University, located in the Kanto urban area, Japan (35.86422, 
139.607870). The forests of Cryptomeria japonica are around the mountainous areas of Chichibu 
and neighbouring prefectures, several hundred kilometres away from the sampling site. Thus, Cryp-
tomeria japonica pollen grains were transported from those circumjacent mountainous areas. 
According to the offi cially reported data from the Ministry of Environment, the scattering of AD in 
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the Kanto area was observed with an annual average of three times, from 2001 to 2010, during pollen 
scattering spring season from February to April. The information about scattering of AD at Kanto 
area was referenced from the governmental web site of the Ministry of Environment [21]. The days 
of observation of AD at the monitoring site at Tsukuba city were defi ned as the scattering days of 
AD at the sampling site. Other meteorological data (precipitation, wind speed, wind direction and 
temperature) were obtained from the Saitama Institute of Public Health and the Okubo purifi cation 
plant, located about 1.0 km from the sampling site.

Pollen grain counts were measured with a real-time pollen monitor (Model KH3000-01, 
 Yamatronics Co., Ltd., Japan) operated at a fl ow rate 4.1 L/min. This device is able to distinguish 
airborne particles using optical system of forward and side scatter by a laser diode [22]. Moreover, 
this pollen monitor highly correlated with a Burkard sampler [23]. Rainwater was collected with a 
‘rain-go-round’ rainwater sampler (Horiba, Co., Ltd.), which can partially collect rainwater from the 
1st to the 7th mm of rainwater, collecting 5 mL per each mm of rainwater on every event. In addition, 
this sampler is equipped with a cap that automatically opens when rain starts, then, the penetration 
of dry deposition in collected rainwater was minimised. The sampling site was carefully chosen in 
order to block the interference of raindrops from the roof of buildings or trees. The sampling period 
was from early March to the end of April 2010 during Cryptomeria japonica pollen scattering sea-
son. The collected rainwater samples were respectively put in micro tubes and centrifugally separated 
at 6,000 rpm for 10 min. Then, the supernatants were set in a polyethylene bottle. Supernatants and 
residues were stored at 4°C until analysis.

2.1.2 Measurement of trapping pollen counts and ionic contents in rainwater
Burst of pollen grains in the residue was counted separately from non-burst pollen grains by the fol-
lowing procedure: the residue was put on a glass slide, and then dried at 37°C overnight. Then, 
pollen grains were dyed by Phöbus Blackly distain solution prepared with 0.6 mg of methyl violet 
2B, 30 mL of phenol, 180 mL of glycerin and 90 mL of ultrapure water [24]. Moreover, dyed pollen 
grains were counted by using an optical microscope (Shimadzu Co., Ltd., Japan) under 150 magni-
fi cations. Pollen grains on each slide were counted twice. Finally, average and standard deviation 
were calculated. Concentrations of ionic species and pH in rainwater were measured from the super-
natants. The pH was measured with a pH meter (Model B-212, Horiba Co., Ltd., Japan). Ionic 
concentrations such as Cl–, NO3

–, SO4
2–, Ca2+, Na+, Mg+ and NH4

+ were measured by ion chroma-
tography (Model DX-100, Dionex Co., Ltd., Japan).

2.2 Laboratory experiments for investigation of the releasing behaviour of Cryptomeria japonica 
pollen allergenic species when exposed to three simulated rainwater (SR) samples

In order to investigate the releasing behaviour of Cry j 1 and Cry j 2 from Cryptomeria japonica 
pollen grains, three SR samples were prepared by changing the pH and ionic concentrations in dif-
ferent solutions (Table 1) in reference to the sampling results and data reported by other researchers 
[19, 25]. IR samples were used, because pollen grains were abundantly trapped into initial rainfall. 
SR samples were used as those with the pH and ionic concentrations determined during the fi eld 
sampling season in Saitama, Japan. IR samples when AD event was observed (IR–AD) were used, 
because pH and ionic concentrations in rainwater increased considerably due to trapped AD in it.

The releasing behaviour of Cry j 1 and Cry j 2 from pollen grains was measured in the different 
rainwater samples. The experiments were performed by the following method: 200 mg of fresh 
 pollen grains, collected by Japan Forest Tree Breeding Association, and 1 mL of each SR sample 
were mixed in a micro tube and stored in 4°C for 15, 60, 180, 360, 760 and 1,440 min. After that time 
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the micro tubes were centrifuged at 14,800 rpm for 10 min and the supernatants were pipetted. The 
supernatants were solvent exchanged for buffer solution (Hepes buffered saline with EDTA and 
surfactant P20 (HBS-EP, GE Healthcare Co., Ltd., Japan): 10 mM Hepes, 150 mM NaCl, 3 mM 
EDTA, 0.005% Surfactant P20) by the centrifugal fi lter units (Amicon Ultra-0.5, Millipore Co., Ltd., 
Japan). Solvent exchange was carried out according to the instructions of the centrifugal fi lter units. 
500 µL of supernatants were added in the fi lter device of Amicon Ultra-0.5. Subsequently, these 
were centrifugally separated at 14,800 rpm for 15 min. To recover the concentrated supernatants, the 
Amicon Ultra fi lter device was put upside down in a clean micro tube and then centrifuged at 
4,000 rpm for 2 min in order to  transfer the concentrated supernatants from the device to the tube. 
Concentrated supernatants were diluted by HBS-EP to a volume of 500 µL of solution. Finally, 
allergenic concentrations were  measured by a Biacore J system (GE Healthcare Co., Ltd., Japan) 
based on the surface plasmon resonance (SPR) method. The SPR method was used to detect Cry j 1 
and Cry j 2 concentrations by using allergen-specifi c monoclonal antibodies and the Biacore J 
 system, as previously described [26] with the following minor modifi cations: Allergenic Cry j 1 or 
Cry j 2 concentrations in  measured samples were investigated based on Cry j 1 monoclonal antibody 
(MAb) (clone: 013, Asahi Food & Healthcare Co., Ltd., Japan) or Cry j 2 MAb (clone: T27, Asahi 
Food & Healthcare Co., Ltd., Japan) immobilised on a CM5 sensor chip (GE Healthcare Co., Ltd., 
Japan) by using the SPR method with the Biacore J system. Approximately 700 µg of Cry j 1 MAb 
or Cry j 2 MAb were immobilised on the chip. The regeneration and dissociation of antigen– antibody 
complex reaction on the CM5  sensor chip were performed by 70 µL of pH 2.0 glycine–HCl (GE 
Healthcare Co., Ltd., Japan). Finally, the results were converted into the concentrations of the aller-
genic Cry j 1 and Cry j 2 eluted from 1.00 mg pollen grains (ng/mg) in mass.

3 RESULTS AND DISSCUSSIONS

3.1 The airborne pollen results based on the fi eld experiments

3.1.1 Daily variation of airborne pollen grains and meteorological conditions
Figure 1 shows the daily variation of airborne pollen counts, wind direction, precipitation,  temperature 
and wind speed during the 2010 spring season. Peaks of airborne pollen grains appeared in 17 March 
and 21 March under higher wind speed and temperature than the previous day. Similarly, the peak of 
1 April appeared under high temperature. There was no correlation between airborne pollen counts and 
wind direction. Correlation between airborne pollen counts and temperature has been reported [27]. 
Moreover, it was also thought that airborne pollen counts were related to wind speed, because under 

Table 1: pH and ionic concentrations of simulated rainwater samples.

Rainwater 
samples*

Ionic concentration (µM)

pH H+ NH4
+ Ca2+ Mg2+ K+ Na+ SO4

2− NO3
− Cl− CO3

2− Sum

IR 4.24 60 135 60 25 5 85 140 130 100 0 740
SR 4.85 20 30 10 0 0 10 40 30 20 0 160
IR-AD 7.85 0 200 300 50 10 100 250 210 200 50 1,370

*IR: initial rainwater samples; SR: simulated rainwater samples; and IR-AD: rainwater samples 
when AD event was observed.
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stronger winds more pollen grains are released from the trees. Thus, airborne pollen counts in the urban 
area of Kanto Plain were affected by temperature and wind speed rather than wind  direction. Airborne 
pollen grains were not observed on 24 and 25 March, because those days rained heavily all day long. 
However, during rainfall events on 16 and 21 March, airborne pollen grains did not decrease. With these 
observations, rainfall seemed to decrease pollen grains scattering only during the night. In addition, scat-
tering of AD was observed in the Kanto area from midnight of 20 March to morning of 21 March, and 
then, it rained 1 mm of rainfall. Therefore, it was thought that AD was trapped into 21 March rainwater.
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Figure 1: Time variation of (a) temperature, precipitation, (b) wind direction, wind speed and (c) airborne 
pollen counts during the pollen scattering spring seasons in 2010. Meteorological data was got 
from the Saitama Institute of Public Health and the Okubo water purifi cation plant.
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3.1.2 Counting the number of pollen grains trapped into rainwater
During the spring period, rainwater samples were collected four times on 16 March (10.5 mm), 
21 March (1.0 mm), 24 March (24 mm) and 5 April (13 mm), respectively. Table 2 indicates the 
variation of pollen counts collected by every 1.0 mm of rainwater after each rainfall event. Addition-
ally, Fig. 2 indicates the collected ratio of pollen grains in every 1.0 mm of rainfall during each 
rainfall event, normalised to the initial value (100%); therefore, the 1.0 mm rainfall on 21 March, 
could not be shown in Fig. 2. The highest standard deviation of pollen counts in rainwater was 14%. 
Most pollen grains were trapped into initial rainfall, with exception of 5 April when pollen grains 
were trapped into the second 1.0 mm of rainfall rather than the fi rst 1.0 mm. On this day, initial 
rainfall was light rain, 0.5 mm/h, then, airborne pollen grains could not be completely trapped into 
the initial rainfall. From this result, it was demonstrated that most Cryptomeria japonica pollen 
grains were trapped into initial rainfall. Other authors have also reported that Cryptomeria japonica 
pollen grains were trapped into initial rainfall [28]. 

3.1.3 Ionic concentrations in different rainfall events
Ionic concentrations decreased with subsequent precipitation in the same rainfall event (Fig. 3). 
24 March and 5 April had two rainfall events, hence as it can be seen in Fig. 3, in the second 
 rainfall event, ionic concentrations increased again but decreased in subsequent 1.0 mm of 
rainfall. AD was observed on 20 March 2010 (Japan). Thus, AD particles were trapped into 
rainfall the next day. As a result, ionic concentrations became higher than rainfall in the 

Table 2: The variation of pollen counts collected in every 1.0 mm of rainwater after each event 
 during the pollen scattering spring season in 2010 (here, n.d means not detection).

Sampling data

Rainfall (mm)

1 2 3 4 5 6 7

16 Mar. 307 ± 31 29 ± 1 9 ± 0 2 ± 0 8 ± 0 3 ± 0 3 ± 0
21 Mar. 18 ± 2 n.d. n.d. n.d. n.d. n.d. n.d.
24 Mar. 34 ± 2 7 ± 0 n.d. 5 ± 0 3 ± 0 8 ± 0 6 ± 0
5 Apr. 271 ± 27 356 ± 46 101 ± 14 13 ± 0 10 ± 0 6 ± 0 2 ± 0

*Average ± standard deviation.

Figure 2: Collecting ratio of pollen grains in every 1.0 mm of rainfall during each rain event in 2010, 
normalized to the initial value (100%).
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 previous days before AD events. In particular, mineral ions such as Ca2+ derived from AD and/
or road dust increased about 2.5 times. In a previous report [29], elution concentration of 
Cry j 1 was reported to increase when exposed to solutions with high ionic concentrations 
under weak basic conditions. Thus, these data suggest that the release of allergenic species was 
enhanced by the increase in ionic concentrations when the rainfall traps Ca2+-rich road dust 
and AD particles.

3.1.4 Infl uence of pH and ionic concentrations on burst of the pollen grains trapped 
into rainwater samples

Since elution of Cry j 2 is induced by the burst of pollen grains in contact with basic solutions [30], 
it was thought that releasing of Cry j 2 is strongly dependent on solution pH. In this section, we 
investigated the dependence on pH and the burst ratio of pollen grains. In addition, ionic concentra-
tions were also investigated. Figure 4 shows examples of morphological change of Cryptomeria 
japonica pollen grain, in which Cryptomeria japonica pollen burst in rainwater samples. Figure 5 
shows the correlation between burst ratio of pollen grains and pH and ionic concentrations in rain-
water. Outliers were eliminated under the Smirnov–Grubbs test. The data of third millimetre of 
rainwater on 24 March was eliminated, because there were no pollen grains trapped in that rain 
sample. From these results, we can observe that despite a good correlation (R = 0.61, p < 0.001), 
the burst ratio of pollen grains was only 30% in weakly basic rainwater. Therefore, it was thought 
that the burst of pollen grains might be also induced by other infl uential factors. On the other hand, 
correlation between the burst ratio of pollen grains and ionic concentrations was also observed, 
although at a lower signifi cance level, compared to that of pH (R = 0.52, p < 0.05). 

Figure 3: Ionic concentrations in different rain events. Rainwater samples were collected during 
2010 spring season.
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Scattering of AD was observed at the night time on 20 March, and the samples indicated that AD 
was trapped into rainfall on 21 March. Most pollen grains were burst in rainwater on 21 March. 
Rainfall trapping AD was reported to increase pH above 7.0 [19], moreover, pH in rainwater on 
21 March also increased. From this result, it was observed that the burst ratio of pollen increased 
with increasing pH and ionic concentrations. Therefore, it is possible that rainfall trapping AD is one 
of the important factors that affects the release the pollen allergenic species of Cry j 1 and Cry j 2. 
Two major daughter allergenic species were released from pollen grains, which may be re-suspended 
as fi ne particles containing allergenic species.

3.2 Laboratory experiment results of releasing behaviour of allergenic species from Cryptomeria 
japonica pollens when contacted with SR samples

Figure 6 shows the time variation of eluted Cry j 1 and Cry j 2 concentrations when in contact with 
three SR samples. Elution of Cry j 1 was observed in IR–AD, IR and SR in increasing order. Cry j 2 
was also observed in these SR samples. However, increasing elution of Cry j 2 with time in contact 
was not observed. It was reported that elution of Cry j 1 was induced by solutions with high ionic 
concentration, those results were obtained under conditions above the upward range of pollutants 
concentration in the atmosphere [18]. The elution rates and concentrations of allergenic species 

Figure 4: Examples of morphological behaviour of Cryptomeria japonica pollen grain. (a) non-burst 
pollen grain and (b) burst pollen grain. *Pictures taken with a scanning electron microscope.
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Figure 5: Correlation of (a) pH and (b) ionic concentration and burst ratios of pollen grains in 
rainwater. Outlier was eliminated by the Smirnov–Grubbs test.
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increased with higher pH and ionic concentrations in rainwater. Ionic concentrations in subsequent 
rainwater that trapped pollen grains and deposited them decreased with subsequent precipitation; 
moreover, the elution of allergenic species decreased gradually. Hence, it can be thought that pH and 
ionic concentrations in initial rainfall are important factors affecting the elution rates of daughter 
allergenic species derived from Cryptomeria japonica pollens.

Based on the report that the amount of Cry j 1 in pollen grains is 435 ± 169 ng/mg [31], it was 
estimated that the percentages of eluted Cry j 1 are 13.1% in IR–AD, 11.6% in IR and 10.1% in 
SR, respectively. According to some reports of scattering counts of Cryptomeria japonica pollens 
in the urban area of Kanto Plain, Japan [14], the mass of each pollen grain [32] and the contents of 
Cry j 1 [31], it was estimated that the airborne concentrations of Cry j 1 eluted were 25.4, 22.9, 
28.9 pg/m3 by IR, SR and IR–AD, respectively. It has been also reported that the symptoms of pol-
linosis appear when reaching a few pg/m3 of Cryptomeria japonica pollen allergenic concentrations 
in the atmosphere [26]. Hence, the elution of daughter allergenic species induced when pollen is 
exposed to rainfall under a polluted atmosphere, especially AD, and the subsequent re-suspension 
of these allergenic species may worsen asthmatic symptoms in sensitive population in urban areas.

4 CONCLUSIONS
In this study, we investigated the behaviour of Cryptomeria japonica pollen grains and its allergenic 
species during rainfall in the Saitama urban area, Japan. The results indicate that the most pollen 
grains are trapped into IR. Moreover, the burst ratio of pollen grains increases with increasing ionic 
concentrations and pH in rainwater, including the possibility of re-suspension of smaller pollen par-
ticles containing allergenic species after their morphological change. The laboratory results indicate 
that the three SR samples elute allergenic species. In particular, elution concentrations of allergenic 
species were enhanced by IR–AD. Hence, these results suggest that asthma derived from pollinosis 
may be enhanced after a rainfall event, especially after rainfall during AD events. Based on the evi-
dences obtained in this study, it can be thought that daughter allergenic species are easily released 
during rainfall, and afterwards re-suspended as allergenic fi ne particles in the urban atmosphere 
during sunny days after a rainfall event. There have been reports about the elution behaviour of 
allergenic species; nevertheless, the simulated conditions on those experiments correspond with pol-
len grains after they are aspirated into the human respiratory tract. Then, their results cannot be 
extrapolated to the releasing behaviour in atmospheric rainwater. The results indicate that all SR 
samples are able to elute allergenic species above the threshold value that triggers asthma from 

Figure 6: Time variations of eluted Cry j 1 and Cry j 2 concentrations from pollen grains in SR, IR 
and IR-AD solutions (n = 3).
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 pollinosis. Hence, it is thought that it is important to clarify the behaviour of airborne pollen grains 
and its allergenic species in atmospheric rainwater. Moreover, the results suggest that air pollutants 
have not only a direct effect by synergically worsening pollinosis symptoms but also have an indirect 
effect by increasing the eluted concentrations of allergenic species, since they can change the rain-
water conditions.
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