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Abstract. Bioaerosols play significant roles in causing health
and climate effects. Sugar compounds in air have been
widely used to trace the source of bioaerosols. However,
knowledge about the association of sugar molecules and the
microbial community at taxonomic levels in atmospheric
aerosols remains limited. Here, microbial community com-
positions and sugar molecules in total suspended particles
collected from a typical rural site, Gucheng, in the North
China Plain were investigated by gas chromatography—mass
spectrometry and high-throughput gene sequencing, respec-
tively. Results show that fungal community structure exhib-
ited distinct diurnal variation with largely enhanced contri-
bution of Basidiomycota at night, while bacterial commu-
nity structure showed no obvious difference between day-
time and night. SourceTracker analysis revealed that fungi
and bacteria were mainly from plant leaves and unresolved
sources (presumably human-related emissions and/or long-
distance transport). All the detected anhydrosugars and sugar
alcohols and trehalose showed diurnal variations with lower
concentrations in the daytime and higher concentrations at
night, which may be affected by enhanced fungal emissions
at night, while primary sugars (except trehalose) showed an
opposite trend. Mantel’s test showed that more sugar com-
pounds exhibited significant associations with fungal com-
munity structure than bacterial community structure. Co-

occurrence analysis revealed the strong associations between
sugar compounds and a few saprophytic fungal genera with
low relative abundances, e.g., Hannaella, Lectera, Penio-
phora, Hydnophlebia, Sporobolomyces and Cyphellophora.
This study suggests that the entire fungal community, rather
than specific fungal taxa, likely greatly contributes to sugar
compounds in rural aerosols, while the contribution of bacte-
ria is limited.

1 Introduction

Bioaerosols mainly refer to particulate matter with biological
origin, including viruses, bacteria, fungi, pollen and their bi-
ological debris (Yao, 2018; Frohlich-Nowoisky et al., 2016;
Santl-Temkiv et al., 2020; Shen and Yao, 2022). Bioaerosols
have attracted progressively more attention during the past
decades due to their adverse health effects. Health problems
can arise in living organisms such as humans, animals and
plants through respiratory or surface-contact exposure to air-
borne pathogenic or allergenic microbes (Taipale et al., 2021;
Arzt et al., 2011; Hicks et al., 2012), which have caused se-
rious economic losses and even human deaths. Bioaerosols
also play potentially important roles in cloud and precipita-
tion formation by acting as cloud condensation nuclei and
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ice-nucleating particles (Hoose et al., 2010; Ariya et al.,
2009; Hu et al., 2020; Huang et al., 2021). Certain airborne
microorganisms can participate in atmospheric chemical pro-
cesses by transforming inorganic or organic matter (Liu et al.,
2020; Ariya et al., 2002).

To accurately assess the health-related and climatic ef-
fects of bioaerosols and, more importantly, to develop ef-
fective bioaerosol pollution control approaches, investiga-
tions into the abundance, compositions and emission fluxes
of bioaerosols need to be taken seriously. Previous studies
have found that in terms of number and mass concentrations,
bioaerosols could account for ~ 30 % of total aerosols (size
larger than ~ 1 pm) in urban or rural sites (Després et al.,
2012; Huffman et al., 2013; Schumacher et al., 2013), while
in the rainforest, bioaerosols account for up to 80 % (Huff-
man et al., 2012; Poschl et al., 2010). Current estimates of
global bioaerosol mass emission fluxes vary widely (about
10-1000 Tga~") (Després et al., 2012). In recent decades,
molecular biology technology (e.g., fluorescence in situ hy-
bridization techniques, denaturing gradient gel electrophore-
sis, terminal restriction fragment length polymorphism and
sequencing technology) and fluorescence techniques (e.g.,
with ultraviolet aerodynamic particle sizers and wideband
integrated bioaerosol sensors) have been applied to study
the compositions and abundances of bioaerosols (Prass et
al., 2021; Drautz-Moses et al., 2022; Zhang et al., 2017),
whereas the compositions, sources and emission fluxes of
bioaerosols remain less documented and quantified (Yue et
al., 2016; Frohlich-Nowoisky et al., 2016).

Sugar compounds are the main energy storage and cel-
lular structural materials in organisms (Wang et al., 2021),
and their presence in the atmosphere is often considered
to be closely related to biological sources (Bauer et al.,
2008a; Schliemann et al., 2008). Hence sugar compounds
are often used as biomarkers to track natural sources of
bioaerosols and estimate the contribution of bioaerosols to
organic aerosols (Fu et al., 2008, 2010, 2013). For instance,
arabitol and mannitol have been commonly used to assess
fungal spore emissions (Bauer et al., 2008a; Marynowski
et al., 2019), and trehalose has been considered a fungal-
specific sugar since it is mainly present in mycorrhizal plants
(Kaur and Suseela, 2020). Sucrose and glucose, as end prod-
ucts of photosynthesis, were often used to trace the emis-
sions from plant debris and some photosynthetic prokaryotes
(Goddijn and van Dun, 1999). Fructose can be used to study
the spread of plant debris or pollen in the atmosphere (Fu et
al., 2013).

However, most sugar compounds are widely present in liv-
ing organisms. For example, a variety of bacteria have been
found to synthesize mannitol (Monedero et al., 2010). Tre-
halose participates in osmotic protection and maintains des-
iccation tolerance in bacteria, yeast, insects and some plants
(Zancan and Sola-Penna, 2005). Glucose, fructose, galactose
and mannose have been widely found in bacteria (Walms-
ley et al., 1998; Deutscher et al., 2006). That is, although the
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sugar compounds used as biomarkers tend to be predominant
in organisms they characterize, there are many possible bio-
logical sources of these sugar compounds.

A large number of studies using sugar compounds as
biomarkers have focused on bacteria and fungi at the king-
dom level, which may result in inaccurate source identifica-
tion and emission flux estimation of bioaerosols. To the best
of our knowledge, only Samaké et al. (2020) have explored
the relationship between sugar compounds and microorgan-
isms in PMy, collected in an agricultural area in France, and
there is still a large lack of understanding of the relationship
between microbial communities and sugar compounds at the
molecular level. Such information is important for clarify-
ing the sources of bioaerosols and improving the accuracy of
bioaerosol emission flux estimates.

In this study, to refine the marker categories of sugar com-
pounds in atmospheric aerosols, airborne total suspended
particles (TSPs) were collected from a typical rural site,
Gucheng, in the North China Plain. Atmospheric micro-
bial communities (bacteria and fungi) and common sugar
compounds in the TSP samples were analyzed using high-
throughput gene sequencing and gas chromatography—mass
spectrometry (GC-MS) techniques, respectively. Statistical
analyses were exploited to search for the association between
microbial communities and sugar compounds in atmospheric
aerosols.

2 Materials and methods
2.1 Observation and sample collection

The observation was carried out at the rooftop of the
Gucheng Ecological and Agrometeorological Experiment
Station, the Chinese Academy of Meteorological Sciences
(39.15° N, 115.73° E; about 5 m above the ground level), in
the summer of 2020 (7-13 August). The observation site is
located in Dingxing County, Hebei Province, which is about
100 km and 128 km away from the two nearby megacities of
Beijing and Tianjin, respectively (Fig. S1). The site is located
in a rural area in the north of the North China Plain. It is a
high-yield agricultural area with maize as the main summer
crop, about 8 km from the nearest river and 178 km from the
closest ocean. The site is about 900 m away from the near-
est railway and 2.7km from the expressway. There was no
intense agricultural activity observed around the site during
the observation period.

Considering the broad size range of airborne microorgan-
isms and their attachment to other coarse particles (Frohlich-
Nowoisky et al., 2016), TSP samples loaded on quartz fiber
filters (25 x 20 cm) were collected using a high-volume air
sampler (Tisch Environmental, Inc., USA) daily based on
daytime (D, 08:00-19:30 UTC+-8; this time zone applies
throughout) and nighttime (N, 20:00-07:30) at a flow rate of
1.05m3 min~!. All filters before sampling were combusted
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at 450 °C for 6 h to remove organic matter and microorgan-
isms. The filters after sampling were stored in a refrigerator
at —20 °C for later analysis.

Meteorological parameters including air temperature, rel-
ative humidity, wind speed and direction, and precipitation
are recorded in real-time monitoring data obtained from a
weather station in Xushui, Hebei (about 18 km away from
the sampling site). Air quality parameters including the AQI
(air quality index), PM» 5, PM1g, NO», O3, SO, and CO at
the Baoding environmental monitoring station (about 36 km
away from the sampling site) were obtained from China Na-
tional Environmental Monitoring Center (http://www.cnemc.
cn/, last access: 15 November 2023).

2.2 Taxonomic identification of airborne microbial
community

High-throughput gene sequencing technique was used to an-
alyze airborne bacterial and fungal community structures. A
piece of 18cm? filter for each sample was cut and placed
in a lysis tube, added to Solution 1 provided by Pow-
erSoil DNA Isolation Kit (MO BIO Laboratories, USA),
and then placed at 65°C for 20 min to reduce the adsorp-
tion of quartz to DNA. Subsequently, the solution was pro-
cessed according to the manufacturer’s instructions. Poly-
merase chain reaction (PCR) amplification was conducted in
a 25 uL reaction solution, including 12.5 uL KAPA2G Ro-
bust HotStart ReadyMix, 1 puL of 5 uM of each primer, 1.5 uL
genome DNA and 9uL double-distilled H;O. The PCR
primer pairs are 338F (5-ACTCCTACGGGAGGCAGCA-
3’) and 806R (5'-GGACTACHVGGGTWTCTCATAT-3) in
the bacterial V3-V4 region of 16S ribosomal RNA (rRNA)
and ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3') and
ITS2 (5-TGCGTTCTTCATCGATGC-3) in the fungal ITS
region.

The PCR amplification was performed as follows: denat-
uration at 94 °C for 5 min; 30 cycles for bacteria and 35 cy-
cles for fungi of denaturation, annealing and extension (94 °C
for 30, 50 °C for bacteria and 55 °C for fungi for 30s, and
72 °C for 605s); and final extension at 72 °C for 7 min. The
final PCR products were purified by AMPure XP magnetic
beads and qualified with NanoDrop 2000 spectrophotome-
ters (Thermo Fisher Scientific, Inc., USA). Then the purified
DNA was used for generating a sequencing library. Finally,
the library was sequenced using the Illumina MiSeq 2500
platform (2 x 250 paired ends) at Allwegene Tech. Co., Ltd.,
Beijing, China.

The paired-end reads were quality-controlled using Trim-
momatic v0.33 and then merged using FLASH v1.2.11 soft-
ware to produce the raw tags. Subsequently, the raw tags
were identified based on the barcode and primer using
mothur v1.35.1 and were filtered by removing the barcode
and primer. Then the clean sequences with > 97 % similar-
ity were assigned to one operational taxonomic unit (OTU).
Taxonomic annotation of each OTU for bacteria and fungi
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was performed using the SILVA 16S and UNITE databases,
respectively.

2.3 Determination of sugar components

A piece of each sampled filter was extracted by son-
ication for 10min using a 10mL dichloromethane and
methanol mixture (2:1, v/v). The extracts were filtered
through a Pasteur pipette filled with quartz wool, con-
centrated to approximately 100 uL using a rotary evapora-
tor and then dried under nitrogen. The silylation deriva-
tization was performed by reaction with 60uL N, O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) including 1%
trimethylsilyl chloride and pyridine (5 : 1, v/v) at 70 °C for
3 h. After the derivatization, hexane solution containing Ci3
n-alkane internal standard (1.43 nguL~") was added to the
derivatives. The samples were stored at —20 °C before GC-
MS analysis.

Sugar compounds were quantified by a GC-MS sys-
tem (7890A-5975C, Agilent Technologies, USA). The
GC instrument was equipped with a split-splitless in-
jection and a fused silica capillary column (DB-5MS,
30m x 0.25 mm x 0.25 um, Hewlett-Packard). The GC oven
temperature procedure was as follows: initiation at 50 °C for
2 min, heating to 120°C at a rate of 15°C min~!, heating
to 300°C at a rate of 5°C min~!, stabilization for 16 min
and finally decreasing to 50°C. The carrier gas was ul-
trapure helium (1.3 mL min~'). The GC injector tempera-
ture was 280 °C, the ion source temperature was 230 °C,
and the quadrupole temperature was 150°C. The MS in-
strument was operated in electron ionization (EI) mode at
70eV and scanned from 50 to 650 Da. Mass spectral data
were processed using the ChemStation software, and sugar
compounds were identified and quantified using authentic
standards. The recoveries of sugar compounds ranged from
80 % to 120 %. Reproducibility of the method was larger than
90 %.

2.4 Chemical component analyses

Organic carbon (OC) and elemental carbon (EC) were quan-
tified by an OC / EC analyzer (Sunset Laboratory Inc., USA)
according to the thermal optical transmission (TOT) method
of the NIOSH protocol.

A portion of the filters was cut and extracted with 20 mL
ultrapure water by ultrasonication for 20 min. Then the ex-
tracts were filtered using 0.22m PTFE filters (Millex-GV,
Millipore, USA). The filtrate was used for the determination
of water-soluble inorganic components including Na™, KT,
Mg?*, Ca®*, NH}, SO3~, NO; and CI~ with an ion chro-
matography system (ICS-50004-, Thermo Fisher, USA).

Biogeosciences, 20, 4915-4930, 2023
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2.5 Statistical analyses

SourceTracker utilizes a Bayesian approach to identifying
sources and estimating source proportions for microbial
surveys (Knights et al.,, 2011). The source samples used
as source tracking reference databases in this study were
soils, plant leaves and seawater. Maize leaves and soil sam-
ples were collected around the observation site, the sam-
ples were subjected to high-throughput sequencing as de-
scribed in Sect. 2.2 to obtain the gene sequences, and the
marine microbial sequences were obtained from the NCBI
SRA database (https://www.ncbi.nlm.nih.gov/sra/, last ac-
cess: 15 November 2023, Table S1). The sequences of all
source and sink samples were processed together by QIIME
2 and were assigned to OTUs based on the similarity of se-
quences > 97 %. The output data were performed for source
tracking analysis based on the “SourceTracker2” package in
R (https://github.com/caporaso-lab/sourcetracker2, last ac-
cess: 15 November 2023).

One-way ANOVA was performed using SPSS v.22.0 to
analyze the diurnal differences in the microbial commu-
nity. Spearman correlation analysis was used to evaluate the
relationship between microbial taxa and environmental or
pollution factors. A p value < 0.05 indicates a significant
correlation. Non-metric multidimensional scaling (NMDS),
principal coordinate analysis (PCoA), redundancy analysis
(RDA), linear discriminant analysis effect size (LEfSe) anal-
ysis (http://huttenhower.sph.harvard.edu/lefse/, last access:
15 November 2023) and Mantel’s test were conducted using
R scripts. The taxa with linear discriminant analysis (LDA)
score >?2 were selected. The Infer Community Assembly
Mechanisms by Phylogenetic bin-based null model analy-
sis 1ICAMP) is a general framework to quantitatively esti-
mate community assembly mechanisms (Ning et al., 2020;
Chen et al., 2022). The assembly mechanisms of airborne
microbes at the Gucheng site were investigated using the
iCAMP package in R. For network analysis, Spearman’s cor-
relation between microbial taxa with sugar compounds was
calculated using the “Hmisc” package in R. All p values
were adjusted using the Benjamini and Hochberg false dis-
covery rate (FDR) controlling procedure (Benjamini et al.,
2006). Then, those significant correlations between micro-
bial taxa and sugar molecules (FDR-adjusted p value < 0.05,
correlation coefficients > 0.6) were selected. Network prop-
erties were calculated using the “igraph” package in R. Net-
work visualization was conducted using Gephi v0.9.3. Mod-
ules were identified using the Louvain method provided by
Gephi v0.9.3 (Bastian et al., 2009).
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3 Results and discussion
3.1 Diurnal variation in microbial community
3.1.1 Microbial diversity and richness

A total of 38565 16S rRNA gene sequences and 56 920
ITS sequences were obtained by high-throughput sequenc-
ing technology and were assigned to 404 bacterial OTUs and
391 fungal OTUs. The sequencing coverage of all the sam-
ples was > 99 %, indicating that the sequencing data could
represent the microbial communities in the atmosphere.

Alpha diversity indices were used to evaluate the diur-
nal differences in microbial community structure (Fig. 1 and
Table S2). For bacterial communities, OTU and the Chaol
index used to evaluate richness showed no significant di-
urnal patterns. Except for the samples collected on 13 Au-
gust, the bacterial diversity (Shannon’s and Simpson’s in-
dices) in the daytime samples was slightly lower than or com-
parable to that in the nighttime samples (p>0.05, Fig. 1a).
In contrast, the diversity and richness of fungal community
were significantly higher at night than during the daytime
(p<0.05, Fig. 1b). Abdel Hameed et al. (2009) found that
bacteria and fungi had similar diurnal variation patterns over
Cairo, Egypt. However, the bacterial diversity in aerosols
over Guilin, China, was slightly more abundant during the
day than at night (Long et al., 2022), which was similar to
the finding over tropical forest aerosols in August (Gusareva
et al., 2019). These different results suggest that the diversity
and biogeography of airborne microorganisms might be in-
fluenced by multiple factors, e.g., geographical locations, air-
flow patterns and global atmospheric circulation (Frohlich-
Nowoisky et al., 2012; Martiny et al., 2006; Womack et al.,
2010).

3.1.2 Bacterial community structure

Figure 2 shows the bacterial and fungal community compo-
sitions in TSP samples collected at rural Gucheng, northern
China. At the phylum level, 38 bacterial phyla were detected.
Proteobacteria (42.2 %), Firmicutes (26.1 %), Actinobacte-
ria (9.0 %), Cyanobacteria (8.7 %) and Bacteroidetes (8.4 %)
were the most abundant bacterial phyla among all the TSP
samples (Fig. 2a), which were also observed as the domi-
nant phyla in the air of other regions (Acuna et al., 2022;
Chen et al., 2022; Xu et al., 2017). The relative abundance
of Cyanobacteria slightly increased in the daytime (p>0.05)
with warmer temperatures (Singh et al., 2018). Firmicutes
had a higher relative abundance in the nighttime (p<0.05,
Fig. 3a). Gusareva et al. (2019) also found that high tem-
perature had an important impact on the bacterial commu-
nity structure, and the abundance of Firmicutes was higher at
noon when the temperature was the highest. Drautz-Moses et
al. (2022) reported significant diurnal differences in the rel-
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Figure 1. The « diversity of the airborne microbial community at the rural Gucheng site. (a—b) Bacterial and (c—d) fungal diversity and
richness in the daytime and nighttime samples were compared based on one-way ANOVA. The dots in the violin shapes represent all data
points. Stars represent the average value of all data. * and ** represent the p value being less than 0.05 and 0.01, respectively; ns indicates

that there is no significant difference.

ative abundance of the phylum Firmicutes in aerosols in the
lower troposphere.

At the order level, Bacillales (15.1 %), Clostridiales
(9.6 %), Burkholderiales (8.8 %), Sphingomonadales (5.8 %)
and Myxococcales (5.4 %) were predominant (Fig. S2a) and
no significant diurnal differences were found. At the genus
level, Bacillus (6.9 %), Curvibacter (6.3 %), Chroococcid-
iopsis (4.2 %) and Tumebacillus (4.1 %) were the most abun-
dant bacterial genera (Fig. 2b). Bacillus and Chroococcid-
iopsis were the dominant bacterial genera in the air world-
wide (Zhao et al., 2022). Curvibacter occurring mainly in the
aqueous environment (Xu et al., 2021) and the spore-forming
bacterium Tumebacillus occurring in permafrost (Steven et
al., 2008) and soils (Wemheuer et al., 2017) had smaller rel-
ative abundances observed in previous studies (Yan et al.,
2018). Geographical locations and land use types may shape
atmospheric bacterial community structure (Bowers et al.,
2011). Shen et al. (2019) found that the relative abundances
of Bacillus and Curvibacter in rural aerosols were about
90 times higher than those in urban aerosols.

3.1.3 Fungal community structure

Fungal community structure exhibited distinct diurnal differ-
ences based on the results of NMDS analysis (Fig. S3). The
Bray—Curtis dissimilarity index of fungal communities was
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slightly higher at night (0.46) than in the daytime (0.41), sug-
gesting the high g diversity of fungal community at night.
Co-occurrence network analysis also revealed that the aver-
age degree of fungal communities at night (10.0) was greater
than in the daytime (8.9), suggesting that fungal taxa cooper-
ated more closely with each other at night.

From community compositions, fungi were almost always
composed of the phyla Ascomycota (63.1 %) and Basidiomy-
cota (36.7 %) (Fig. 2¢). Their relative abundances were sim-
ilar to the results of rural aerosols collected from Backgar-
den, a village near Guangzhou, southern China (Frohlich-
Nowoisky et al., 2012). Due to the more abundant Basid-
iomycota found in natural soils (Hui et al., 2017), Basid-
iomycota accounted for a relatively high proportion of ru-
ral aerosols compared with urban aerosols (Liu et al., 2019).
Significant diurnal differences were found in these two phyla
(daytime: Ascomycota 81.9 % vs. Basidiomycota 17.8 %,
nighttime: Ascomycota 44.3 % vs. Basidiomycota 55.5 %,
p<0.01) (Fig. 3b). LEfSe analysis likewise shows clear di-
urnal differences in fungal taxa. The percentage of taxa be-
longing to Ascomycota increased significantly in the day-
time, while taxa belonging to Basidiomycota dominated at
night (Fig. S4). The release of fungal spores is strongly
linked to environmental humidity (Niu et al., 2021). It has
been found that Ascomycota prefers to release spores in rel-
atively dry environments, while Basidiomycota prefers wet

Biogeosciences, 20, 4915-4930, 2023
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environments (Almaguer et al., 2014; Elbert et al., 2007).
Drautz-Moses et al. (2022) also observed significant diur-
nal differences in certain fungal phyla; e.g., Basidiomycota
had higher proportions at night. At the order level, Pleospo-
rales (67.4 %) dominated in the daytime, while Pleosporales
(33.5 %), Agaricales (34.6 %) and Polyporales (13.3 %) were
the dominant orders in the nighttime (Fig. S2b). Polypo-
rales and Agaricales, belonging to Basidiomycota, were ob-
served to be enhanced in autumn when rainfall was higher
(Abrego et al., 2018). These saprotrophic Basidiomycetes
could release more spores at night due to higher air moisture
(Kramer, 1982).

Significant diurnal variation was also observed for the
fungal genera (Fig. 2d). More fungal genera showed higher
abundances at night, influenced by temperature and humidity
(Table S3) (Reyes et al., 2016). Among the dominant gen-
era, the abundances of Coprinopsis, Coprinellus and Tram-
etes were significantly higher at night than in the daytime
(Coprinopsis: 29.9 % > 6.9 %, Coprinellus: 11.2 % > 8.9 %,
Trametes: 7.7 % > 5.8 %). The abundances of Aspergillus
(10.1 %), Periconia (8.4 %) and Cladosporium (5.5 %) in-
creased significantly in the daytime (Fig. 3b). Similar diurnal
patterns were found in the studies of airborne fungal spores in

Biogeosciences, 20, 4915-4930, 2023

Valladolid (Spain) (Reyes et al., 2016) and Oklahoma (USA)
(Gillum and Levetin, 2008).

Air relative humidity (RH) facilitates the sporulation pro-
cess, accompanied by a reduction in atmospheric turbulence
(Oliveira et al., 2009; Drautz-Moses et al., 2022), so fungal
community structure showed more significant diurnal varia-
tions than bacteria.

3.2 Possible factors affecting the microbial community

Previous studies have shown that airborne microbial commu-
nity structure may be influenced by the synergistic effects of
meteorological and pollution factors (Zhai et al., 2018; Zhao
et al., 2022). To analyze the factors affecting the microbial
community at our typical rural site, Gucheng, and to identify
the influences of the surrounding environment on microbial
communities, the SourceTracker method and RDA were per-
formed.

Results revealed that the airborne fungi at the Gucheng site
were mainly derived from terrestrial plants (44.1 £=29.1 %),
which was similar to the previous view that plant leaves
make a greater contribution to local airborne fungi (Qi et
al., 2020). The sources of bacteria were mostly unresolved
(989+£1.0%) (Fig. S5a). Zhao et al. (2022) found that
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Figure 3. Diurnal variations in the proportions of microbial taxa. The relative abundances of (a) bacterial and (b) fungal phyla, orders and
genera with significant diurnal differences (p<0.05) based on one-way ANOVA are shown in the left part of the figure. The right part of the
figure shows the differences between the average abundances of the microbial taxa in the daytime and nighttime samples.

human-related sources contributed more to the airborne bac-
teria than other sources in urban areas. Bacterial communi-
ties are more likely to be influenced by human body sur-
face flora than other environments (Jiang et al., 2022). The
bacterial community over the eastern Mediterranean origi-
nated likewise mainly from anthropogenic sources (Mazar et
al., 2016). However, only the contribution of natural sources
including terrestrial plants, soils and ocean to the airborne
microbial community was considered in this study, which
may partly explain the high number of unresolved sources
of bacteria. It is also noticeable that in this study only local
soil and vegetation samples were selected as the source sam-
ples, and the impact of long-distance transport was not con-
sidered. Therefore, unresolved sources may also come from
long-range-transported air masses (Gat et al., 2017) and other
local sources, e.g., water, other vegetation and human-related
sources.

RDA indicated that Ca*t and wind speed (WS) were the
main environmental variables affecting the bacterial commu-
nity structure (Fig. S5b). Ca>* is an important tracer of soil
dust particles (Mace et al., 2003), and high WS is conducive
to the resuspension of soil microorganisms, bringing soil mi-
croorganisms into the atmosphere (Savage et al., 2012; Jones
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and Harrison, 2004). The results implied that the emissions
from soils played an important role in shaping the bacterial
community. For fungi, air temperature and RH were the vital
factors affecting the fungal community (Fig. S5b). Tempera-
ture and RH could affect the growth and release of microor-
ganisms from the sources, especially fungi. A large num-
ber of studies have proved that temperature and RH are able
to interfere with airborne fungal communities (Wang et al.,
2020; Nufiez et al., 2021). Different temperatures can acti-
vate the formation and release of different types of fungal
spores (Pickersgill et al., 2017). High RH could promote the
release of many types of basidiospores and ascospores (El-
bert et al., 2007), while when the RH decreases to 40 %—
60 %, the release of conidia becomes easier (Jones and Har-
rison, 2004). Oxidation by ozone can effectively inhibit the
growth of microorganisms (Zhai et al., 2018). It should be
noted that environmental factors explained only 43.4 % of
the variation in bacterial communities, and it is hypothesized
that ecological processes other than environmental filtration
had impacts on shaping bacterial communities. Here, iCAMP
analysis showed that the relative contributions of determin-
istic processes (environmental filtration and microbial inter-
actions) and stochastic processes (birth and/or death, speci-
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ation/extinction, and immigration) to shaping bacterial com-
munities were 53.7 % and 46.3 %, respectively, demonstrat-
ing the importance of other ecological processes in bacterial
communities.

3.3 Diurnal variation in sugar compounds

A total of 13 sugar compounds including 3 anhydrosugars,
5 primary sugars and 5 sugar alcohols were analyzed in
this study. The total concentration of sugar compounds in
all the TSP samples averaged 289 4 85.3ngm™> (Fig. 4a),
which was comparable to previously reported concentra-
tions in rural and mountain aerosols (Yan et al., 2019; Li
et al., 2012). The daytime concentration of sugar com-
pounds was 247 4 67.0ng m—3, which was lower than that
(331 4 84.4ngm™3) in the nighttime (Table S4).

3.3.1 Anhydrosugars

Anhydrosugars (levoglucosan and its isomers, galactosan
and mannosan) are the main constituents of cellulose
(Simoneit, 2002) and are specific markers for biomass
burning (Simoneit et al., 1999). The concentrations of lev-
oglucosan were in the range of 10.3-30.3ngm™> (average:
18.447.43ngm™3) in the daytime and 2.97-55.8 ngm™3
(average: 30.0420.1ngm~3) in the nighttime, show-
ing a diurnal variation. The abundance of levoglucosan
was about 10-30 times higher than that of galactosan
(daytime: 0.740.1ngm™3, nighttime: 1.441.0ngm™>)
and mannosan (daytime: 1.34+0.5ngm™3, nighttime:
2.1+1.6ngm™3) (Table S4). Anhydrosugar concentra-
tions exhibited diurnal variations (Fig. 4a), which may
be influenced by cooking activities (Verma et al., 2021).
Moreover, the concentrations of anhydrosugars were
significantly affected by temperature (Fig. S6), which
may also be responsible for the diurnal differences in
anhydrosugars. Yi et al. (2021) also reported that the anhy-
drosugar concentrations in PM; 5 were lower in the daytime
(Tai’an: 52.3 £36.3ngm3, Mt. Tai: 25.4+16.2ngm™3)
than at night (Tai’an: 55.8+£44.3 ngm_3, Mt. Tai:
30.0 + 19.5ng m~3) in Shandong Province, China.

3.3.2 Primary sugars

Primary sugars including fructose, glucose, sucrose, tre-
halose and xylose were detected in all the TSP sam-
ples. The primary sugars in the daytime and nighttime
samples were 152+49.0 and 141 +47.2ngm™3, respec-
tively. These primary sugars dominated the total sugar com-
pounds in the daytime samples (61.3 +0.1 %), and rela-
tively low proportions were found at night (42.1 0.1 %,
Table S4), which was consistent with the results in previ-
ous studies (Zhao et al., 2020; Ren et al., 2018). Sucrose
was the primary saccharide with the highest concentration
in the daytime (67.6=+35.8ngm™?), followed by glucose
(42.44 14.7ngm™3). Sucrose has the potential origins of
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pollen (Fu et al., 2012) and soil resuspension (Rogge et al.,
2007) and can be produced by photosynthesis in plant leaves
(Medeiros et al., 2006b). However, no significant correlation
was found between sucrose and soil-resuspension-related in-
dicators (Ca2t and PM¢). Sucrose had a significant positive
correlation with xylose (Table S5), which mainly originates
from wood and rice straw (Chen et al., 2013; Sullivan et al.,
2011), indicating that sucrose and xylose may have a sim-
ilar source. It is speculated that the elevated concentrations
of sucrose in the daytime may be caused by the more active
metabolic activity of plants.

Trehalose was the dominant primary saccharide at night
with an average of 67.6 +23.4ngm~3, followed by glucose
(36.6+12.8ng m™3) (Fig. 4a). Trehalose exhibited a diurnal
variation with higher concentrations at night and lower con-
centrations in the daytime, which was in contrast to the vari-
ations in the other four detected primary sugars (Table S3).
Trehalose, as a reserve carbohydrate and pressure protector
(Medeiros et al., 2006a), is widely found in various organ-
isms, such as bacteria, fungi, insects, invertebrates, algae and
higher plants (Medeiros et al., 2006b). As the most abundant
sugar compound in soils, trehalose was used as the tracer for
soil dust resuspension (Jia and Fraser, 2011; Rogge et al.,
2007), whereas, in this study, there was no significant corre-
lation between trehalose and soil-resuspension-related indi-
cators (Ca>* and PM ). Trehalose was significantly nega-
tively and positively correlated with air temperature and rel-
ative humidity, respectively (Table S5). Trehalose exhibited
an apparent diurnal variation (Fig. 4a), which was consistent
with the diurnal variation trend of fungal OTUs (Fig. 1b).
These results indicate that trehalose was possibly affected by
fungal emissions.

3.3.3 Sugar alcohols

Arabitol, mannitol, erythritol, glycerol and inositol were
the main sugar alcohols detected in the TSP samples.
The total concentration of sugar alcohols was averaged
115.4£50.3ng m~3, and their relative abundance was
lower in the daytime (30.6 +0.07 %) than in the nighttime
(48.41+0.08 %) (Fig. 4a). Mannitol was the predominant
sugar alcohol in all the samples (71.1 £ 34.8 ngm™3), fol-
lowed by arabitol (23.64 12.5ngm™3). Mannitol and ara-
bitol were the most predominant organic compounds used
to indicate fungal spores and showed significant correlations
with fungal community diversity in terms of OTU abun-
dance (Table S5). Meanwhile, the temperature significantly
affected the sugar alcohols (Fig. S6). Oduber et al. (2021)
also reported high correlations between sugar alcohols and
air temperature. This phenomenon may be corroborated by
the finding that the activities of fungal spores are regulated
by temperatures (Zhu et al., 2015).

The concentrations of mannitol and arabitol are commonly
used to evaluate the contribution of fungal spores to ambient
OC (Bauer et al., 2008a). The contributions of other primary
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emission sources such as biomass burning and plant debris
to OC could be estimated by levoglucosan and glucose, re-
spectively (Fu et al., 2014; Puxbaum et al., 2007; Puxbaum
and Tenze-Kunit, 2003; Andreae and Merlet, 2001). The re-
sults estimated based on these tracers show that fungal-spore-
derived OC dominated (204.3-977.8 ngC m™3), accounting
for 3.6 %—19.7 % of OC. Plant debris and biomass burn-
ing contributed 0.4 %—1.6 % and 1.1 %—6.9 % to OC, respec-
tively (Fig. 4b). Biological sources contributed more to pri-
mary OC in rural aerosols, while biomass-burning OC in ur-
ban aerosols was dominant in total OC (Wu et al., 2020; Yan
et al., 2019). The nighttime fungal-spore-derived OC (525.5—
977.8 ngC m~3) was significantly higher than that in the day-
time (204.3-427.9 ngC m~3) (p<0.01), which was consis-
tent with observations in other studies (Kang et al., 2018;
Zhu et al., 2016). Many fungal spores are wet spores, prefer-
ring to release spores at night when the RH is higher.

3.4 Relationship between microbial community and
sugar compounds

3.4.1 Correlation between microbial community
structure and sugar compounds

To analyze the relationship between different microbial com-
munities and sugar compounds, this study adopted Mantel’s
test (Fig. 5a). The bacterial community structure was closely
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related to sucrose, while fungal communities were associated
with more frequently detected sugar molecules, including all
the detectable anhydrosugars, the two sugar alcohols manni-
tol and erythritol, and one primary sugar sucrose. These re-
sults indicate that the fungal community may make a larger
contribution to more sugar molecules than the bacterial com-
munity in the rural atmosphere. Compared to bacteria in the
air, fungal emissions and concentrations are lower in number
but much (an order of magnitude) higher in mass (Frohlich-
Nowoisky et al., 2016; Hoose et al., 2010).

Anhydrosugars are important tracers of biomass burning
(Simoneit et al., 1999), and sucrose is considered to come
mainly from wood and rice straw. Fungi are more com-
mon than bacteria on wood or plant surfaces (Llad6 et al.,
2017; Andrews and Harris, 2000). In this study, three genera
— Coprinopsis, Coprinellus and Trametes — that are domi-
nant in the fungal community are typical wood saprophytic
fungi (Kamada et al., 2010; Nagy et al., 2012). Minor fun-
gal genera, such as Periconia and Cladosporium, belong to
endophytes (Gunasekaran et al., 2021). As mentioned above,
SourceTracker analysis revealed that fungi were mainly de-
rived from plants (Fig. S5a). Meanwhile, fungi can use
levoglucosan or sucrose as the carbon source to promote
growth (Prosen et al., 1993; Van der Nest et al., 2015). It
was also found that bacterial community structure may be
closely related to sucrose-traced plant origins, although the
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SourceTracker analysis results did not show the plant ori-
gin of bacteria. This inconsistency may be caused by single-
plant (maize) source samples and/or the negligence of long-
distance transport in this study.

The correlations between the fungal community and two
sugar alcohols (mannitol and erythritol) were the most sig-
nificant (correlation coefficients: 0.49 and 0.55) (Fig. 5a).
Mannitol exists in fungal spores, fruiting bodies and mycelia
of fungi (Solomon et al., 2007) and is considered to be the
most abundant dissoluble starch inside mycelia and fruit-
ing bodies (Dulermo et al., 2009). In fungi, mannitol can be
used to store energy and extinguish reactive oxygen species
(Upadhyay et al., 2015). The natural sources of erythritol are
mainly yeasts and yeast-like fungi, such as Moniliella polli-
nis, Trichosporonoides megachiliensis, Aureobasidium sp.,
Trigonopsis variabilis, Trichosporon sp., Torula sp. and Can-
dida magnoliae (Regnat et al., 2018). They mainly produce
erythritol when encountering salt or osmotic pressure (Yang
et al., 2015). Mannitol has been widely used to trace the ori-
gin of fungal spores in aerosols (Bauer et al., 2008a, b), and
erythritol was considered to have similar sources to mannitol
(Chen et al., 2013).

3.4.2 Interaction between sugar molecules and
microorganisms at taxonomic levels

To elucidate the interaction between sugar molecules and
microorganisms at taxonomic levels, a co-occurrence net-
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work was constructed based on Spearman’s correlation be-
tween different microbial taxa and sugar molecules. Based on
correlation analysis, 27 edges, which depict significant cor-
relations between sugar molecules and taxa (FDR-adjusted
p value < 0.05, correlation coefficients > 0.6), were captured
between 28 nodes (Fig. 5b). All microbial taxa related to the
sugar molecules belonged to fungi, suggesting the interac-
tion between sugar molecules and fungal taxa. Modularity
analysis revealed that the entire network was divided into
seven modules, only three of which were comprised of sugar
molecule nodes and more than two OTU nodes (Modules I,
II and IV). In general, nodes in one module interconnected
more frequently among themselves than with nodes in other
modules. However, the nodes of these three modules were
mixed, suggesting that certain taxa (e.g., Sporobolomyces)
may contribute to multiple sugar molecules at the same time.
A previous study has shown that there is a significant positive
correlation between Sporobolomyces and sugar compounds
(Samaké et al., 2020).

Meanwhile, we found that only three sugar alcohols (man-
nitol, arabitol and erythritol) used to trace fungal spores
were associated with a few fungal genera (Peniophora,
Sporobolomyces, Hydnophlebia, Hannaella, Lectera and
Cyphellophora) (Fig. 5b), and other sugar molecules had
limited links with microbial taxa. The three sugar alcohols
had significant positive correlations (p<0.05) with fungal
OTU abundances (Table S5), possibly implying the impor-
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tant roles that sugar alcohols play in tracing fungal spores. In
contrast, no bacterial taxon was significantly related to sugar
molecules. Combined with the results of Mantel’s test and
network analysis, it is considered that sugar compounds in
rural aerosols have a strong association with overall fungal
community structure, while bacteria have a weak effect on
sugar compounds, possibly due to their limited mass.

In addition, it should be noted that the taxa associated with
sugar compounds found in this study were not the same as
those found in a survey conducted by Samaké et al. (2020)
at a rural site in France, the only study to date investigat-
ing the association between microorganisms and sugar com-
pounds. The types and quantities of sugar species produced
by microorganisms are affected by microbial species and ex-
ternal environmental conditions such as carbon sources, tem-
perature and humidity (Hrynkiewicz et al., 2010). Here, we
performed network construction separately for daytime and
nighttime samples. Results showed that the sugar molecules
had more associations with microbial taxa at night, partic-
ularly fungal taxa (Fig. S7), demonstrating the importance
of environmental factors in the relationship between sugar
compounds and microbial taxa. More fungal spores could be
released at night due to high temperature and high relative
humidity (Elbert et al., 2007; Hummel et al., 2015), and the
proportions of some fungal genera (e.g., Agaricus) were en-
hanced at night (Table S3), which was a possible explanation
for the greater associations between sugar molecules and mi-
crobial taxa at night.

4 Conclusions

In this study, the airborne microbial taxonomy and the com-
positions of sugar molecules in atmospheric aerosols col-
lected in rural Gucheng, North China Plain, were obtained.
Results confirm that fungal communities have more pro-
nounced diurnal differences than bacteria. Airborne fungi
mainly originated from plant leaves, while the sources of air-
borne bacteria were mostly unresolved and may have been
human-related and/or had long-distance transport sources.
Among sugar compounds, sucrose dominated in the daytime
samples (27.2 & 12.7 %), while mannitol dominated at night
(31.1£5.9%). From the perspective of the overall micro-
bial community, most sugar molecules were strongly associ-
ated with the fungal community structure, while the bacteria
community structure was weakly related to sucrose only. At
the microbial taxon level, only a few saprophytic fungal taxa
were closely associated with sugar compounds. The results
suggest that the entire fungal community may largely con-
tribute to sugar compounds, while the bacterial community
contributed little to them. The results presented in this study
will help to understand the contribution of bioaerosols to or-
ganic carbon in atmospheric aerosols and build links between
airborne microorganisms and aerosol chemistry. Importantly,
it should be noted that the uncertainties in estimating the con-
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centrations and emission fluxes of bioaerosols using certain
sugar compounds need to be seriously considered. For exam-
ple, arabitol, usually used as a fungal spore tracer, showed no
significant correlation with fungi in this study. More likely,
different seasons, climates and locations may lead to differ-
ences in the microbial community structure as well as corre-
sponding sugar composition and metabolites.

Moreover, the airborne microbiota is highly complex, and
biomolecules such as carbohydrates, proteins and lipids are
major chemical compositions and metabolites of airborne
microorganisms. In this study, the measured carbohydrate
species are limited to small molecule compounds. In the fu-
ture, it will be necessary to detect more carbohydrates and
other compounds in aerosols from different typical regions
using high-resolution mass spectrometry to further study
the relationship between microorganisms and atmospheric
aerosol chemistry.
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