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Abstract Grass pollen is the major outdoor aller-
gen source, inducing allergic rhinitis in suscepti-
ble people. In Australia, the considerable preva-
lence of allergic rhinitis (23.8%) and asthma (11%)
is creating a major health and economic burden.
Subtropical grass species exhibit distinct ecologi-
cal and phylogenetic differences compared with
temperate grasses, including variations in pollen
allergen composition and immune response. Tradi-
tional light microscopy, however, cannot differen-
tiate between airborne grass pollen of various sub-
families. This study hypothesizes that automated
holography and fluorometry sensing can dis-
cern grass pollen beyond family level (Poaceae).
This project applied automatic sensing to five
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aerosolized dried grass pollen samples from Pani-
coideae; Paspalum notatum (Bahia grass) and Sor-
ghum halepense (Johnson grass), Chloridoideae;
Cynodon dactylon (Bermuda grass), and Pooideae;
Lolium perenne (Ryegrass) and Phleum pratense
(Timothy grass). Datasets were examined for dif-
ferences in distributions of holography-derived
particle features and emitted fluorescence spec-
tra. In three repeated measurement campaigns of
the same dry L. perenne pollen sample, distribu-
tions of particle features, and relative fluores-
cence intensity values suggested that reliability
and reproducibility of automatic sensors remain a
challenge. Data from five grass pollen types, even
within the same subfamily, showed distinct mor-
phological and fluorescence profiles, particularly
at excitation 280 nm with 357 nm emission. The
automated monitoring was also capable of dis-
tinguishing dried and freshly collected local P.
notatum pollen. To translate these new insights for
improved respiratory disease management, further
research with broader data collection and valida-
tion with key locally relevant pollen taxa will be
required for more precise real-time monitoring of
grass pollen exposure.

Keywords Grass pollen - Family Poaceae -

Subtropical - Allergic rhinitis - Holography -
Fluorometry

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10453-026-09902-3&domain=pdf
https://doi.org/10.1007/s10453-026-09902-3
https://doi.org/10.1007/s10453-026-09902-3

16 Page2of 15

Aerobiologia (2026) 42:16

1 Introduction

The prevalence of allergic rhinitis (Hay Fever; AR)
(23.8%) and asthma (11%) is considerable in Aus-
tralia, resulting in significant health and economic
impacts (National Health Survey, 2022; Simunovic
et al., 2020). Grasses (family Poaceae) dominate
ecosystem and cover 31-43% of the Earth’s land
surface (Gibson, 2009). Grasses are major out-
door trigger of pollen allergies (Andersson & Lid-
holm, 2003; Davies et al., 2012; Garcia-Mozo,
2017). It has been reported that family Poaceae
and family Cupressaceae make up over 50% of the
total airborne pollen in Australian urban environ-
ments, followed by Betula, Myrtaceous, Oleaceae,
Pinaceae, Casuarina, and some herbaceous impor-
tant taxa like Plantago and Rumex (Haberle et al.,
2014). There are around 11,000 species, 12 sub-
families and 700 hundred genera found in grasses
(Shaw et al., 2011; Soreng et al., 2022). The most
common causes of grass pollen allergy are thought
to be about 20 species from five subfamilies (Ton-
nel et al., 2001). More than 95% of grass species
that cause allergies are from three subfamilies:
Pooideae, Chloridoideae, and Panicoideae (Davies,
2014; Garcia-Mozo, 2017).

Research studies have demonstrated the presence of
diverse allergens in different grass species, for exam-
ple fourteen allergenic components are identified in
subtropical Cynodon dactylon (Bermuda grass) (Shen
et al., 1988). Allergen components, Sor h 1 and h 13
are reported in Sorghum halepense (Johnson grass)
(Campbell et al., 2015), and the main allergens of Pas-
palum notatum (Bahia grass) are Pas n 1 and Pas n 13.
In Lolium perenne (Ryegrass) pollen, Lol p 1 and Lol p
5 allergen are major allergen components (Davies et al.,
2011; Suphioglu, 2000). Other studies demonstrated that
patient IgE profiles show region dependent reactivity
with subtropical or temperate grass pollen (Kailaivasan
et al., 2020).

Different grass species occupy different ecoregions
according to their mode of nutrition and carbon diox-
ide fixation. Photosynthetic pathways (C3 and C4)
play an important role in determining the adaptability
and distribution of plants species across different bio-
geographic zones (Crous et al., 2022). Research stud-
ies have suggested that subtropical grass species like
C. dactylon (subfamily Chloridoideae) and P. notatum
(subfamily Panicoideae) have distinct ecological and
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phylogenetic variation as compared with temperate
grasses (Davies, 2014). Although grass pollen is the
major outdoor allergenic pollen source, each loca-
tion has its own biodiversity influenced by local envi-
ronmental and climatic conditions, and therefore the
timing and magnitude of grass pollen differ between
locations (Davies et al., 2022; Medek et al., 2016; Xie
et al., 2022).

In Australia, all active pollen monitoring sites
follow the interim standard and protocols that pro-
vides the requirements and recommendations for
all the steps involved in pollen and spore moni-
toring (Beggs et al., 2018). All recent and most
previous pollen studies in Australia have used the
Hirst style manual sampling (Davies et al., 2022;
Haberle et al., 2014). However, this method has
significant uncertainity (Adamov et al., 2024;
Addison-Smith et al., 2020), requires a significant
amount of physical effort and lacks precision due
to technical and pollen identification/quantifica-
tion variations (Milic et al., 2020; Oteros et al.,
2015b). Moreover, by light microscopy, which is
used for pollen identification and quantification,
airborne pollen of grass cannot be distinguished
beyond the family level (Salih et al., 1997). Auto-
mated pollen monitoring has a great potential for
workload reduction and can provide rapid online
data to researchers as well as allergic patients
(Oteros et al., 2015a).

Recent studies have reported different auto-
mated bioaerosol monitoring instruments (Clot
et al., 2024; Gallardo et al., 2024; Oteros et al.,
2020; Tummon et al., 2024), involving technolo-
gies such as digital microscopy, elastic light scat-
tering, light induced fluorescence, refractive
index, disperse emission spectra, laser-induced
spectroscopy, laser-diode, holography, and fluo-
rometry (Huffman et al., 2020; Maya-Manzano
et al., 2023; Sauliené et al., 2019; Sauvageat et al.,
2020). Devices and technologies, coupled with
machine learning algorithms, have been dem-
onstrated to achieve over 96% accuracy in iden-
tifying major allergenic pollen species in cen-
tral Europe, even with only holographic imaging
(Sauvageat et al., 2020). Recent study (Erb et al.,
2024) reported that combining fluorometry with
holography leads to a substantial increase in iden-
tification performance, but that study only exam-
ined one species from temperate grass subfamily
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Pooideae; Cynosurus cristatus. Another study
used automated sensors with neural networks
including subfamily Pooideae species; Dactylis,
Festuca, and Secale, and suggested that clustering
of fluorescence data might be the best technique
to identify the pollen beyond the taxonomic fam-
ily level (Daunys et al., 2021). Pollen identifica-
tion efficiency can be affected by particle size in
some instruments, e.g., WIBS-NEO showed high-
est efficiency 90% to 0.9 um diameter of the par-
ticles, while Rapid-E (Plair, Switzerland) perform
best for larger particles with diameter of 10 pm or
greater at an efficiency of 58% (Lieberherr et al.,
2021). However, no study has tested the capacity
for these technologies to discern pollen from dif-
ferent Poaceae subfamilies. Furthermore, these
technologies that use holography and fluorometry
have not been applied in subtropical regions of the
globe.

In this study, we have examined whether holog-
raphy, fluorometry, and combined holography
and fluorometry, can effectively distinguish air-
borne grass pollen beyond the family level. In
this research study, P. notatum and S. halepense
(Panicoideae), C. dactylon (Chloridoideae), and
L. perenne and Phleum pratense (Pooideae) grass
pollen samples were analyzed. The outcomes of
this research will contribute to the development
and implementation of advanced automated pol-
len monitoring methods, by addressing the cur-
rent limitations in differentiating grass pollen
subfamilies.

2 Material and methods
2.1 The automated holography and fluorescence

This project utilized the real-time bioaerosol moni-
tor Poleno Jupiter (Swisens SA, Switzerland). This
automatic sensor was installed in the agricultural
field of a peri-urban area of Rocklea, a central suburb
of Brisbane in Queensland, Australia (27.5594° S,
152.9988° E). Poleno Jupiter is an airflow cytometer
with an optical measurement system that provides
automatic real-time measurement and identifica-
tion of each aerosol particle that passes through the
measuring system. Poleno Jupiter combines digital
online holography and laser-induced fluorescence

techniques, with machine learning, as described by
Lieberherr et al., (2021).

Each particle that enters the Poleno’s measure-
ment channel is first detected by trigger lasers.
After the triggering, a particle is exposed to two
orthogonal lasers, which generate greyscale holo-
grams of the same particle. The holography meas-
urement is followed by the fluorescence measure-
ment, where a particle is exposed to three different
excitation light sources (with center wavelengths
around 280 nm, 365 nm and 405 nm). The result-
ant fluorescence intensity signal and lifetime are
measured across five detector windows (with
center wavelengths around 357 nm, 435 nm,
483 nm, 562 nm and 676 nm) (Erb et al., 2024).
The relative fluorescence used in this study is a
normalized fluorescence obtained by dividing the
absolute fluorescence by channel, which is the
sum of fluorescence across all channels for the
same excitation wavelength. The value taken as
a reference is 0—1, which is the sum of all chan-
nels together for each excitation. The final meas-
urement in the Poleno system is a polarized time-
resolve measurement of scattered light. Currently
the system applies an integrated machine learning
(ML) model using the classifier that assigns each
particle to one of the 14 pollen classes. It is impor-
tant to emphasize that the ML model used in this
study was developed by MeteoSwiss using holo-
graphic pollen observations from Europe (Crouzy
et al., 2025). This study will focus on examining
particle properties from structural (holographic)
images and reported relative fluorescence inten-
sity for different grass pollen samples.

2.2 Grass pollen samples

Five non-defatted dry grass pollen samples (water
content <4.5%) were purchased and imported from
Stallergenes Greer (Lenoir USA). Dry pollen was
stored at —20 °C upon receipt. To minimize mois-
ture ingress during storage, the container lid was
sealed with parafilm, ensuring the gap between the
lid and container remained airtight. For each experi-
ment, the pollen container was retrieved from —20 °C
and allowed to equilibrate to room temperature for
20-30 min to ensure complete thawing before use.
After the required aliquot was measured, the remain-
ing pollen was immediately resealed with parafilm
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and returned to —20 °C. A fresh P. notatum pollen
sample was collected in the vicinity of the pollen
monitoring site at Rocklea, during the 2023/24 grass
pollen season. Pollen grains were collected by flick-
ing the grass flowers, in the early morning hours, into
paper bags. Shaking the bags helped the pollen set-
tle down. Large particles and unwanted debris were
eliminated with tweezers, and by using a stainless-
steel 25 cm sieve with an aperture size of 63 um
(Impact Test Equipment Stevenston Industrial Estate,
Stevenston, Ayrshire, Scotland KA20 3LR). After
sieving, the pollen was collected into metal cuvette.
After about 30 min from the collection, fresh pollen
was introduced to the instrument with the atomizer.

2.3 Measurement campaigns

Eight measurement campaigns were conducted using
dry and fresh grass pollen samples (Table 1). All
measurement campaigns were conducted in the field
using automatic holography and fluorescence sensor
and the atomizer, with commercially available grass
pollen from three subfamilies and one fresh pollen
sample. The Atomizer (version 01 2020, Swisens)
was used for sample aerosolization and Poleno Jupiter
for holography and fluorometry measurements. The
Atomizer is a small electric device used to aerosolize
and introduce pollen grains into the Poleno’s airflow
cytometer through an air inlet. A grass pollen sample
in a metal cuvette mounted on the acoustic speaker
of the atomizer is aerosolized by the speaker’s vibra-
tions, and entrained into the airflow of the Poleno
Jupiter. The aerosolization is controlled by changing
vibration amplitude and frequency, and blower speed.
In order to have sufficient particle event rate detected
by the instrument sensors (120/min), the Atomizer

was set for frequency between 60 and 75 Hz, vibra-
tion amplitude of 20-35%, and blower speed of
20-30%. Each grass species pollen sample was tasted
separately on different days. To avoid cross contami-
nation, after every measurement campaign the atom-
izer was cleaned by compressed air to remove any
residual particles. The instrument was also manually
cleaned by 80% ethanol using lint-free laboratory
wipes, before and after each measurement campaign.
Repeated measurements for the same dry pollen
samples of L. perenne were conducted multiple
times to test the reliability and reproducibility of the
automated sensor and pollen samples. The fresh P.
notatum pollen was an opportunity to compare fresh
versus dry pollen sample.

2.4 Dataset cleaning and statistical analysis

Each reconstructed holographic image was analyzed
by Jupiter’s software using the algorithms provided
by scikit-image Python package (Scikit-image, 2024;
Van der Walt et al., 2014), to determine particle prop-
erties. Important particle features include eccentric-
ity, which indicates the deviation from a circle of the
ellipse fitted to the particle (on a scale of 0—1, where
0 represents a perfect circle), the major and minor
axis lengths, which represents the longer and shorter
side of the ellipse fitted to the particle, respectively,
and the equivalent area diameter, which refers to a
diameter of a circle with the same area as the particle.
Of the two holographic images captured, the maxi-
mum value of each feature is reported.

Each dataset generated in the measurement
campaigns was visualized, explored, and cleaned
using the Swisens DataExplorer, a browser-based
software system acting as an analysis tool and

Table 1 Poleno Jupiter measurement campaigns, raw events - pollen with debris, and clean events - only pollen of Poaceae samples

Species scientific name  Subfamily name  Common name  Sample type = Measurement date  Raw events  Clean events
Lolium perenne (1) Pooideae Ryegrass Dry 18-11-2022 2970 616
Cynodon dactylon Chloridoideae Bermuda grass  Dry 18-11-2022 3389 881
Sorghum halepense Panicoideae Johnson grass Dry 16-02-2023 6986 2008
Paspalum notatum Panicoideae Bahia grass Dry 21-03-2023 7024 2922

Lolium perenne (2) Pooideae Ryegrass Dry 21-03-2023 7733 2140
Lolium perenne (3) Pooideae Ryegrass Dry 26-10-2023 8350 1869
Phleum pratense Pooideae Timothy grass Dry 13-06-2023 10,561 2796
Paspalum notatum Panicoideae Bahia grass Fresh 19-12-2023 8780 795

@ Springer



Aerobiologia (2026) 42:16

Page 50f 15 16

interface to the Poleno’s data. Different iterative
techniques were used in the cleaning of each of the
datasets. The UMAP plots were used to explore
events that were clustered separately to Poaceae
pollen clusters. Examples of these clusters were
events other than pollen that were mostly debris.
Similarly, in the parallel coordinate plots, events
that were well outside of the feature range, where
most events were clustered, were examined and
considered for removal. Both plots were used to
eliminate unwanted events including events with
no image available, with blurred holographic
images, and events other than pollen (i.e., debris
and fragments). The percentage analysis was done
to compare the mean values of one pollen sam-
ple feature to the mean value of the same feature
of another pollen sample. The percentage differ-
ence tells us how different a sample is from other
sample for the same holography or fluorescence
feature.

Cleaned datasets were tested for normality
using the Shapiro-Wilk test (R-Studio, version
“2024.4.2.764”) and the common libraries like Com-
plexHeatmap, circlize, and grid. Percentage analysis
generally relied on base functions, such as table(),
sum(), and prop.table(). Moreover, for data plot-
ting, dplyr, tidyr, and ggplot2 were used. The data
were then analyzed using a nonparametric statistical
test, Kruskal-Wallis test (GraphPad prism 10.4.1) to
assess differences among five dried pollen samples
from three subfamilies, as well as for three repeated
measurement campaigns. Additionally, the nonpara-
metric statistical Mann—Whitney U test was applied
in data analysis of fresh versus dry P. notatum pollen.

2.5 Distribution of fluorescence on Paspalum
notatum Pollen grain surface

To evaluate the distribution of fluorescence proper-
ties of dry and fresh P. notatum pollen, fluorescence
microscopy was used. Non-defatted dried and fresh
P. notatum pollen were suspended in phenol red-
free Dulbecco’s Eagle Medium (DMEM, 21063029,
Gibco) at a concentration of 2 mg/ml. The pollen sus-
pension was distributed into a 24-well plate (500 puL
per well) and visualized using a Nikon Eclipse TS2
inverted microscope. Autofluorescence was induced
with an excitation wavelength of 470 nm, and

emission was detected at 534/55 nm. The image was
captured using a TrueChrome Metrics camera.

3 Results

Across three repeated measurements, L. perenne
pollen appeared to show consistent distribution
of values for eccentricity, indicating consistent
roundness of the particles in repeated measure of
this sample (Fig. 1b, Figs. S1b, S7b). There were,
however, some minor but statistically significant
differences in size-related properties, e.g., maxi-
mum equivalent area diameter (Fig S7a) and maxi-
mum major-axis (Fig. 1a and Fig Sla, d, e). There
was also a small, but statistically significant dif-
ference observed in solidity between the first and
subsequent measurements (Fig. Ic, Figs. Slec,
S7c). While the distribution of relative fluores-
cence of L. perenne pollen appeared visually simi-
lar between measurements, significant differences
were detected (Fig. 1d, e, f, Figs. S2, S7d, e, f).

Pollen of all five grass species showed obvious
differences in distribution of equivalent area diam-
eter and axis length, while data for distribution of
eccentricity and solidity appeared to be similar
between grass species, although there were statis-
tically significant differences detected (Fig. 2a, b,
c, Figs. S3, S8a, b, c). The dried C. dactylon pol-
len showed the smallest median value for the max-
imum equivalent diameter (29 um; IQR 28-30),
followed by P. notatum (32 um; IQR 31-46), L.
perenne (34 pum; IQR 32-35), P. pratense (38 um;
IQR 34-37), and the S. halepense being the larg-
est (45 pm; IQR 42-46) among these five grass
species (Fig. 2a). All five species showed distin-
guishable distributions of their measured relative
fluorescence spectra (Fig. 2d, e, f and Fig. S4).
However, with the excitation/emission wave-
lengths of 280/357 nm there was more obvious dif-
ferentiation between the pollen of these grasses; L.
perenne showed the lowest median and IQR (0.29,
0.26-0.34) for relative fluorescence followed by
S. halepense (0.34, 0.28-0.41), P. pratense (0.37,
0.29-0.44), C. dactylon (0.51, 0.46-0.55), and P.
notatum (0.67, 0.62-0.71), respectively, (Fig. 2d)
and this was further confirmed by percentage dif-
ferences (Fig. S8&d, e, f).
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(1) Lolium perenne (18-11-2022), (2) Loliwamn perenne (21-03-2023), (3) Lolium perenne (26-10-2023)
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Fig. 1 Distribution of morphological and fluorescence fea-
tures of Lolium perenne ryegrass pollen across three measure-
ment campaigns. a Maximum equivalent area diameter b Max-
imum eccentricity ¢ Maximum solidity d Measured relative
fluorescence intensity with excitation of 280 nm and emission

UMAP based on holography-derived structural
properties, fluorescence data, and combined holog-
raphy and fluorescence features, was also examined.
Using only holography seems to be sufficient in
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of 357 nm, e excitation of 365 nm and emission of 435 nm,
and f excitation of 405 nm and emission of 562 nm. P values
below 0.05 were considered significant with values designated
with asterisks; p<0.05; *, p<0.01; ** p<0.001; *** and
P <0.0001; ****

distinguishing between some but not all the grasses,
with S. halepense being clearly different from others
(Fig. 3a). The same was observed in case of fluores-
cence properties, with P. notatum grass having the
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most distinct fluorescence signature (Fig. 3b). Com-
bining the two data types, however, generated more
accurate and distinct clustering of different species
compared to using them separately (Fig. 3c).

The measurements for fresh P. notatum were com-
pared with those from dried P. notatum pollen. The
distributions of the equivalent area diameter and
eccentricity, as well as each of the fluorescence meas-
urements, appeared to differ between fresh and dry
pollen (Fig. 4, Figs. S5, S6, S9). Fresh P. notatum
pollen was larger than dry P. notatum pollen, with Eq-
diameter-max median and IQR of 39.31, 36.22-42.78
and 31.54, 30.52-32.51, respectively (Fig. 4a). The
same was observed in light micrographs of fresh
P. notatum (Fig. 4j) and dry P. notatum (Fig. 4k).
Fresh pollen also appeared to be rounder than dried
P. notatum pollen (eccentricity-max of 0.6 um and
0.7 pm, respectively) (Fig. 4b). Fresh and dry P.
notatum pollen showed significantly different relative
fluorescence at different excitation and wavelength
channels. It was noted that both samples showed the
highest relative fluorescence intensities when illu-
minated by the 280 nm source and detected by the
357 nm measurement channel (Fig. 4d). Notably, the
intensity of autofluorescence of pollen increases in
the vicinity of the pore (Fig. 4g).

4 Discussion

In this research study, for the first time, it was identi-
fied that morphological features and fluorescence pro-
files can be used to differentiate grass pollen beyond
the family level, using automatic real-time pollen sen-
sors. This research study included the same cluster-
ing technique of holography and fluorescence obser-
vations, previously applied by Daunys et al. (2021),
which was able to distinguish grasses that belong
to the same subfamily Pooideae, and suggested that
combined techniques are promising method to clas-
sify grass pollen by genera level.

In repeated measurements of L. perenne pol-
len, while the structural features appeared to be
very similar, statistical difference were observed
for diameter between the second and third, and
solidity between the first and subsequent measure-
ments. These data suggested that reproducibility
of automated sensors remains the primary chal-
lenge. The maximum eccentricity of L. perenne

was observed to be 0.63-0.78 um. In contrast,
a recently published study reported maximum
eccentricity to be in the range of 0.40-0.55 um
for C. cristatus pollen from the same grass sub-
family Pooideae (Erb et al., 2024). The relative
spectra intensity appeared quite similar across
these three experiments. The highest difference of
approximately 14% was detected by relative fluo-
rescence 280/357 (Fig. S7d). The detectors were
highly sensitive and likely have picked up minor
differences between testing of the same sample,
that, while statistically significant, it is not clear
if it is biologically meaningful. Evidence from dry
and fresh P. notatum pollen fluorescence micros-
copy showed that fluorescence distribution is not
uniform over the surface of pollen grain (Fig. 4g,
Fig. S10b). Thus, since fluorescence is more
intense adjacent to the pore, depending on the ori-
entation of the airborne pollen relative to the laser
and detector, grass pollen may show some vari-
ability in fluorescence measurements. This may
partly explain why repeated measurements of the
same sample displayed some differences. It is also
important to note that the sample had been stored,
and frozen and thawed, several times throughout
these experiments, potentially enabling the pol-
len to absorb water, accounting for the slightly
but significantly higher solidity measurements
in the second and third measurement campaigns.
The instrument sensitivity indicates its high preci-
sion and suggests possible minor changes either in
the instrument’s calibration over the course of the
study, shifts in environmental conditions over the
season, e.g., higher ambient temperature, or in the
sample itself due to freeze-thaw cycles. These dif-
ferences nonetheless appear to be minor.

Our results for five grass species demonstrated
that automated holography and fluorometry sen-
sors can discern grass pollen beyond the subfam-
ily level, to genus, or even species level. Pollen
of all five grasses, even from the same subfam-
ily, showed obvious differences in particle fea-
tures; particularly for maximum equivalent area
diameter, while data for eccentricity and solid-
ity appeared to be more similar between species,
although statistically significant differences were
detected. In our UMAP analysis, the data points
showed overlap in holography and fluorometry
clustering for some of the pollen, whereas there
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«Fig. 2 Distribution of morphological and fluorescence fea-
tures for pollen of five grass species. a Maximum equivalent
area diameter, b Maximum eccentricity, and ¢ Maximum solid-
ity d Measured relative fluorescence intensity with excita-
tion of 280 nm with and emission of 357 nm, e excitation of
365 nm and emission of 435 nm, and f excitation of 405 nm
and emission of 562 nm. A: Cynodon dactylon (orange) B:
Paspalum notatum (red), C: Sorghum halepense (green), D:
Lolium perenne (sky blue) and E: Phleum pratense (purple). P
values below 0.05 were considered significant with values des-
ignated with asterisks; p < 0.05; *, p < 0.01; **, p < 0.001;
% and p < 0.0001; #***

both species from the same subfamily clusters
overlapped each other’s, however, all the other
three species: C. dactylon (Chloridoideae), and
P. notatum and S. halepense (Panicoideae) were
clearly discerned, indicating that combined use
of holography and fluorometry offers improve-
ments in pollen identification accuracy, consist-
ent with the findings of others (Daunys et al.,
2021; Erb et al., 2024). For the fresh verses, dry
P. notatum pollen relative fluorescence-based fea-
tures provided clearer and consistent separation
as compared to holography and combined (holog-
raphy and fluorometry features) UMAP analysis
(Fig. S10, c, d, e). Holographic features provide
detailed particle morphology data, while fluo-
rescence features offer insights into biochemical
properties, for instance lipid and exine composi-
tion. Merging these datasets improved the differ-
entiation and classification of pollen from these
Poaceae species, leading to meaningful and more
precise identification.

The differences of holographically-derived
particle features in dry and fresh P. notatum
were reasonable to expect given that dehydra-
tion can impact pollen shape. However, it was
somewhat unexpected and unclear as to why dry
and fresh P. notatum fluorescence profiles dif-
fered. It can be speculated that this may be due
to different environmental and geographical fac-
tors in the location where the fresh and dry pol-
len samples were sourced. Research studies have
also shown that pollen morphology may vary
within species due to sexual and floral diversity,

breeding systems, environmental influences, and
polyploidy, which leads to inconsistent sculptur-
ing, aperture size and shapes, and other diagnostic
features (El Ghazali, 2025; Koti et al., 2005; Xiao
et al., 2022). It is not known whether genotype or
environmental conditions of the freshly collected,
local P. notatum pollen are the same as the com-
mercially available source. Moreover, grass pol-
len sampled at different times over the season, in
the same geographic location, can show different
composition of allergens within pollen. For exam-
ple, P. pratense makes more Phl p 5 allergens
inside pollen late in pollen season (Buters et al.,
2015). The use of autofluorescence microscopy
corresponds to previous studies (Pohlker et al.,
2013; Ronneberger et al., 2002), while the natural
fluorescence of pollen grains has been used in the
palynological analysis and detection of environ-
mental changes in different pollen grains using
fluorescence microscopy (Yeloff & Hunt, 2005).
Analysis in this study indicates that pollen of the
same grass species P. notatum in different condi-
tions (fresh and dry) show different pollen struc-
tural and fluorescence features in real-time auto-
mated holography and fluorometry monitoring. In
high humidity, pollen may remain more hydrated
and become larger, which could affect its aerody-
namic properties and how pollen is detected by
sensors. Conversely, in dry, windy conditions, or
during anemophilous transport, pollen can quickly
desiccate. Proximity of the sensor to the source
may mean airborne pollen is likely to be fresh as
it is entrained in the automated pollen monitoring
device, whereas pollen that has traveled further
distances may become desiccated, which influ-
ences how pollen is detected by sensors in ambi-
ent conditions. Whether it is essential in future to
use local fresh sources of pollen to calibrate holo-
graphic and fluorometric sensors is an important
topic for ongoing discussion. Whilst these sensors
can clearly discern differences between fresh and
dry pollen of the same species, albeit from differ-
ent origins, desiccation and rehydration of pollen
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e). (B) Paspalum notatum (red), (C) Sorghium halepense (green), (D) Lolium perenne (sky blue), (E) Phlewn pretence (purple)
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Fig. 3 Uniform approximation and projection (UMAP) analy-
sis for pollen of five grass species. a UMAP of morphologi-
cal properties b UMAP of fluorescence properties ¢ UMAP of
combined morphological and fluorescence properties. Cyno-

is a natural process of maturation, release, trans-
port and fertilization.

This study elaborated the understanding of how
automated sensors can distinguish grass species
beyond the family level in subtropical Queensland
environment, particularly those species that are
associated with asthma and AR (Girgis et al., 1999).
However, this system still needs to be updated to
deal with environmental variability e.g. ruptured
pollen (Lindstrom et al., 2017) and water droplets.
In future, the same automatic sensors should be
calibrated on more comprehensive list of species
to train a broader model that can be validated using
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Relative FL umap_1

(c) Combined umap_l.

don dactylon (orange), Paspalum notatum (red), Sorghum
halepense (green), Lolium perenne (sky blue) and Phleum
pratense (purple)

eDNA metabarcoding records (Campbell et al.,
2023; Frisk et al., 2023; Van Haeften et al., 2024),
in field assessments of species diversity (Van Haef-
ten et al., 2021), and with operational pollen moni-
toring data of the local environment.

These research findings have significant implica-
tions for the field of aerobiology, potentially provid-
ing a more precise approach for characterizing grass
pollen concentration in the air. Discernment of air-
borne Poaceae pollen to subfamily, and/or genus tax-
onomic level, may lead to better grass pollen forecast-
ing and public health interventions (Emmerson et al.,
2022; Frisk et al., 2023), given differential response

Fig. 4 Distribution of morphological and fluorescence fea-
tures of fresh versus dry pollen of Paspalum notatum. (a) Max-
imum equivalent area diameter (b) Maximum eccentricity (c)
maximum solidity (d) Measured relative fluorescence intensity
with excitation of 280 nm and emission of 357 nm, (e) excita-
tion of 365 nm and emission of 435 nm, and (f) excitation of
405 nm and emission of 562 nm g Nikon eclipse TS2 micro-
scopic image (200x) of dry pollen; red arrows show the intense
fluorescence near the pores. Holographic image of fresh (h)
and dry (i) pollen. Light micrograph (400x) of P. notatum dry
(k) and fresh (j) pollen. P values below 0.05 were considered
significant with values designated with asterisks; p <0.05; *,
p<0.01; ¥*, p<0.001; ***, and p <0.0001; ****
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of subtropical and temperate grasses to environmental
and weather factors.

5 Conclusions

This is the first study of combined morphological and
fluorometry profiles of pollen from multiple Poaceae
subfamilies, and the first use of sophisticated auto-
mated pollen monitoring in a subtropical environment
of the Southern Hemisphere. Combining holography-
derived morphological data with fluorescence spec-
tra significantly enhanced the accuracy and preci-
sion of identification by distinguishing pollen grains
to genus level. In field experiments, three repeated
measurements of pollen from L. perenne indicated
that reproducibility of automated sensors remains a
primary challenge. Commercially grown and freshly
collected P. notatum pollen had noticeably differ-
ent morphological as well as fluorometry features.
Variability in detection and intensity of fluorescence
outputs may be related to the position of the pollen
particle relative to the sensor, and more specifically
the orientation of the pore, which appears to fluo-
rescence more intensely. This research unlocks new
possibilities for accurate and automated grass pollen
monitoring in subtropical environments, and other
regions with similar climate and biodiversity (Davies
et al., 2021; Esterhuizen et al., 2023; Ramon et al.,
2020). The outcomes will contribute to the develop-
ment of advanced automated pollen monitoring meth-
ods, addressing the current limitations in differentiat-
ing airborne pollen of various grass subfamilies, and
potentially aiding in pollen forecasting and public
health interventions.
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