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Abstract Oceans are important sources of microbes in atmospheric aerosols; however, information about the characteristics of
airborne microbes and their influencing factors over oceans is lacking. Here we report the characteristics of the microbial abundance
and activity in aerosols sampled near the sea surface over the South China Sea (SCS) from May to June 2016. The airborne microbial
concentration range in the aerosols was 1.68x10° to 4.84x10° cells m > over the SCS, reflecting an average decrease of 40%—54%
over the SCS compared with that in the samples from the coastal region of Qingdao. About 63%—76% of the airborne microbes oc-
curred in coarse particles (>2.1 wm), with a variable size distribution over the SCS. The microbial activity range in aerosols, meas-
ured by the fluorescein diacetate (FDA) hydrolysis method, was 2.09—11.97ngm >h ™' sodium fluorescein (SF) over the SCS, which
was 15%—79% lower than that over the coastal region. These values reflected a different spatial distribution over the SCS from that
of the microbial concentration. Except for certain samples, all samples had 68% of the microbial activity occurring in coarse particles.
Correlation analysis showed that the microbial abundance and activity were positively correlated with the aerosol, organic carbon
(OC), and water-soluble organic carbon (WSOC) concentrations, indicating that the airborne microbes may be related to the reactions
of certain water-soluble organic chemicals in the atmosphere. Moreover, the concentrations of airborne microbes were significantly
negatively correlated with the horizontal offshore distance. The microbial concentration and activity were significantly correlated

with wind speed.
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1 Introduction

Microorganisms in atmospheric aerosols not only po-
tentially serve as cloud condensation nuclei (CCN) (Bauer
et al., 2003) and ice nuclei (IN) (Christner, 2010) but also
absorb or reflect incoming sunlight in the upper tropo-
sphere (Sesartic et al., 2012). Therefore, these microor-
ganisms have large impacts on precipitation, radiative
forcing, and global climate conditions. Several studies have
reported that large proportions of microbes in atmos-
pheric cloud water are metabolically active (Amato ef al.,
2007; Delort et al., 2010; Stopelli et al., 2017), and air-
borne microbes can change the multiphase chemistry in
the atmosphere by using chemical species as nutrients
(Ariya et al., 2002; Bauer et al., 2002; Amato et al., 2005;
Fuzzi et al., 2006; Deguillaume et al., 2008). Biodegrada-
tion can compete with common radical chemistry in the
atmosphere. However, biodegradation is highly variable
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because it depends on live microbes, which are affected
by many environmental factors and are temporally and
spatially variable.

Many researchers have focused on the microbial con-
centration (the number of airborne microorganisms per unit
volume of air) over land and found that the concentrations
of airborne microorganisms exhibit significant seasonal
and spatial variations. Most studies observed high concen-
trations of airborne microbes in the summer or autumn
(Kelly and Pady, 1954; Ho et al., 2005; Wu et al., 2007,
Li et al., 2011; Hurtado et al., 2014) and in the winter in
certain studies (Dong et al., 2016; Xie et al., 2018b). The
concentration of airborne microbes varies greatly (even
by one order of magnitude) in different regions (Burrows
et al., 2009; Xie et al., 2018a). In addition, the microbial
concentration is affected by foggy, hazy, and dusty weather
conditions (Kellogg et al., 2004; Cao et al., 2014; Dong
et al., 2016). The limited studies on atmospheric microbes
over oceans have shown that airborne microbes vary from
10 to 10°cellsm™> (Burrows et al., 2009; Mayol et al.,
2017); this range is much lower than the reported variation
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of 10°~10%cellsm™ over land (Hara and Zhang, 2012; Mu-
rata and Zhang, 2014; Dong et al., 2016; Xie et al., 2018b;
Maki et al., 2019). For example, the average concentra-
tions of airborne microbes over the Caribbean Sea and the
North Atlantic Ocean are 1.5x10° and 1.0x10*cellsm >,
respectively (Mayol et al., 2014). Moreover, certain stud-
ies found that the total hydrocarbons (THCs) were statis-
tically correlated with the fungal concentration (Ho et al.,
2005; Wu et al., 2007). Overall, whether the microbial
concentration is a key factor affecting the transformation of
organic compounds in the atmosphere remains unclear.
Microbial activity, which is an indicator of the physio-
logical state of microbes, represents the intensity of the
metabolic activity of microbes (Qi ef al., 2015). The mi-
crobial activity cannot be simply estimated from the mi-
crobial concentration, as the activity level has no correla-
tion with the abundance of airborne microorganisms in
the atmosphere (Zhong et al., 2016). Studies on microbes
in soil have shown that microbial activity can affect the
decomposition of organic matter (Rovira and Vallejo, 2002;
Cui and Holden, 2015; Si et al., 2018); the production of
dissolved organic carbon (DOC) (Balland-Bolou-Bi et al.,
2019); and the C, N, and P stoichiometries in afforested
ecosystems (Zhao et al., 2018). However, research on the
microbial activity in atmospheric aerosols has been ex-
tremely limited. Some studies found that airborne mi-
crobes can biodegrade certain chemicals, such as dicar-
boxylic acids (DCAs), into volatile or toxic products via
metabolism in the atmosphere (Ariya and Amyot, 2004).
Zhong et al. (2016) studied the microbial activity in at-
mospheric aerosols in Qingdao by the fluorescein diace-
tate (FDA) hydrolysis method, and they found that the
activity increases with increasing temperature within the
range of —3.5°C to 28.4°C and can be inhibited at low

temperatures (Zhong et al., 2016). However, the mecha-
nism by which microbes are involved in atmospheric
chemistry and the effect of microbial activity on the bio-
degradation of organic compounds remain unknown.

Previous research on the microbial concentration and
activity in the atmosphere primarily focused on continen-
tal samples; thus, there is little information regarding the
characteristics and influencing factors of microbes in the
marine atmosphere. In the present study, we characterized
the levels and size distributions of microbial concentra-
tion and activity over the South China Sea (SCS) and
discussed the factors influencing the microbes. The cor-
relations of the airborne microbial concentration and ac-
tivity with the chemical species in aerosol particles were
also analyzed.

2 Materials and Methods
2.1 Sampling Sites

Bioaerosol samples were collected on the research vessel
R/V Dong Fang Hong 2 during cruises across the SCS in
May—June 2016. Samplers were mounted onboard toward
the front of the uppermost deck of the vessel at approxi-
mately 15m above sea level. Sample collection was per-
formed only when the ship was sailing and the wind di-
rection relative to the bow ranged from —90° to 90° to
avoid pollution from ship emissions. Thirteen sets of par-
allel bioaerosol samples (each set included two parallel
samples for microbial activity determination and one sam-
ple for microbial concentration determination) were col-
lected along the cruise trajectories. The sampling and me-
teorological information for the samples is provided in
Table 1.

Table 1 Sampling and meteorological information for the bioaerosol samples collected over the SCS and in Qingdao in 2016

Sampling region ~ Sample number  Sampling date  Lon® (E) Lat (N) P (hPa) T°(C) RHY (%) Ws°(ms™)

20160518 May 18 114.01° 21.41° 1007 27.0 82.3 11.3
20160519 May 19 114.63° 19.73° 1002 28.8 81.9 6.8
20160525 May 25 112.90° 18.01° 1001 30.3 78.7 5.7
20160526 May 26 110.94° 18.18° 1001 29.5 84.0 5.1
20160529 May 29 109.51° 18.16° 1004 29.6 88.8 4.3
20160529-2 May 29 110.59° 18.68° 1001 29.7 90.8 7.2

SCS 20160530 May 30 112.31° 19.01° 1005 29.5 88.8 5.1
20160531 May 31 114.03° 18.70° 1007 31.0 78.9 6.0
20160601 June 1 112.66° 20.66° 1005 30.2 81.2 11.6
20160602 June 2 115.57° 21.64° 1003 29.2 86.4 9.6
20160603 June 3 116.84° 20.13° 1002 29.5 84.6 8.4
20160603-2 June 3 117.13° 19.90° 1005 293 88.3 5.2
20160605 June 5 118.53° 22.15° 1004 29.1 71.7 1.5
20160511 May 11 996 18.9 44.0 3.0
20160517 May 17 1015 21.0 55.0 3.0

Qingdao 20160520 May 20 120.50° 36.17° 1017 19.0 42.0 3.0
20160530 May 30 993 23.0 70.0 1.0
20160606 June 6 1008 18.0 66.0 3.0

Notes: * The midpoint of the sampling route for cach sample;” atmospheric pressure; © air temperature; ¢ relative humidity; and ¢ wind

speed.

Bioaerosol samples were also collected at a coastal site in
Qingdao (approximately 7.0km away from the shore), ad-
jacent to the Yellow Sea, to better understand the charac-
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teristics of the microbes in marine aerosols. Samplers were
located on the roof of an academic building on the Lao-
shan campus of the Ocean University of China (36°10'N,
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120°30°E; 9.0 m above the ground). The bioaerosol sam-
ples were collected on May 11, 17, 20, and 30 and June 6,
2016, close to the SCS cruise periods.

2.2 Collection and Analysis of the
Bioaerosol Samples

2.2.1 Collection

All of the bioaerosol samples were collected on steril-
ized polycarbonate membranes by using a six-stage mi-
croorganism FA-1 cascade impactor (Applied Technical
Institute of Liaoyang, China), which was placed on a tri-
pod at a height of 1.5m above the deck of the research
vessel and roof in Qingdao. The polycarbonate membranes
(pore size of 0.22 ym and a diameter of 80 mm) were ster-
ilized by using an autoclave at 121°C for 15min before
sampling and then placed in an oven at 60°C for drying.
One of these pretreated membranes was randomly se-
lected as a blank. If the cells on the blank were not de-
tected (using the same method as that in section 2.2.2), then
the membranes were qualified to be used for sampling.
The impactors of the samplers were wiped with 75% al-
cohol and placed on a clean bench for ultraviolet (UV)
sterilization for 15min before sampling. Subsequently, the
sterilized polycarbonate membranes were placed in the
impactors. All of the experimental apparatuses were ster-
ilized prior to sampling. The bioaerosol particle sizes were
divided into six categories based on the aerodynamic di-
ameters: 0.65-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-7.0, and
>7.0 um. The air flow rate of the samplers was 28.3 L
min~' during sampling, with a duration of 30 min. One
sampler was used to collect samples for microbial con-
centration, while two other samplers were used to collect
parallel samples for microbial activity determination.

2.2.2 Analysis of the total airborne microbes

The concentration of total airborne microbes (including
prokaryotes and unicellular eukaryotes) was determined by
using an epifluorescence microscope equipped with a UV
light source (Olympus BX51, Japan) after staining with
4’,6-diamidino-2-phenylindole (DAPI). The DAPI-stained
cells in 10 randomly selected fields were counted at a
magnification of 400 and then used to calculate the micro-
bial concentrations in the bioaerosol samples. The detailed
procedure can be found in the literature (Li et al., 2011;
Dong et al., 2016). The mean relative standard deviation
(RSD) of the counts in the 10 randomly selected fields
was 36% (n=488), and the cell number in each field var-
ied from 0 to 21 depending on the sample and size range.

2.2.3 Analysis of the microbial activity

The microbial activity level in the bioaerosols was de-
termined by the fluorescein diacetate (FDA) hydrolysis
method, which has been widely used to measure micro-
bial activity in soil and water samples (Fontvieille et al.,
1992; Bjurman, 1993). This method can accurately quan-
tify the overall metabolic activity of all microbial en-
zymes, including the ubiquitous lipases, proteases, and
esterases (Stubberfield and Shaw, 1990; Green et al.,

2006; Achuba and Peretiemo-Clarke, 2008; Yuan et al.,
2017), because FDA can be hydrolyzed by the enzymes
secreted by living bacteria and fungi (Adam and Duncan,
2001; Green et al., 2006) to produce a fluorescent com-
pound. To eliminate the variation in fluorescence intensity
due to differences in the fluorescence spectrophotometers
used, sodium fluorescein (SF) salt was analyzed as a
standard because it produces the same yellow hydrolysis
product (fluorescein) as FDA does. Considering the dy-
namic measurement of microbial activity, the microbial
activity in the aerosol particles is represented by the con-
centration of SF per hour in units of ngm >h™' SF. Details
of the method can be found in the literature (Qi et al.,
2015; Zhong et al., 2016). The blank membranes and
bioaerosol samples were treated following the same pro-
cedure. The fluorescence intensity determined from the
analysis of nine blank sample sets (triplicate samples in
each set) consisting of FDA (Sigma) and ultrapure water
from different sources with varying fluorophotometers
was less than 3 (A.U.). This intensity was used as the
index for valid measurements in our study. If the fluores-
cence intensity of the blanks was less than 3 (A.U.), the
samples were analyzed for microbial activity; otherwise,
the samples were deemed invalid. To eliminate the influ-
ence of the membranes, reagents, and water on the sample
fluorescence, we corrected the fluorescence intensity of
valid samples by subtracting the blank values. The activ-
ity levels of the samples were calculated by using the
standard curve of the sodium fluorescein concentration
versus the fluorescence intensity (+*=0.99). The mean
RSD among duplicates was 33% (n=504). On the basis
of the SD of parallel blank samples (a6, ,=25), the detec-
tion limit was estimated to be 0.072ngm “h™' SF by us-
ing the formula L=4.6¢, (Global Environmental Moni-
toring Service, GEMS).

2.3 Collection and Measurement of Aerosol Samples
for Chemical Analysis

The atmospheric aerosols used to determine ion con-
centrations were collected on Teflon membranes (80 mm
in diameter) by using a cascade impactor (AN 200, Sibata
Co. Inc., Japan) over the SCS. The aerosol particle sizes
were divided into nine groups: <0.43, 0.43—-0.65, 0.65—
1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-7.0, 7.0-11, and >
11 pm. The size-segregated samples were collected at a
flow rate of 28.3 Lmin ', with a sampling duration of 48 h.
The total suspended particle (TSP) samples for the organic
carbon (OC) and water-soluble organic carbon (WSOC)
analyses were collected on quartz microfiber filters (What-
man QM-A) by using a high-volume air sampler (Model
KC-1000, Qingdao Laoshan Electronic Instrument Com-
plex Co., Ltd.) over the SCS. TSP samples were also col-
lected in Qingdao during dust events in April, 2016 (Ta-
ble 2). The quartz microfiber filters were heated at 450°C
for 4.5h in an oven to remove organic compounds. TSP
samples were collected at a flow rate of 1.05m’ min ",
with a sampling duration of about 20h. After sampling,
the membranes were packaged and immediately stored at
—20°C until further analysis.
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Half of the Teflon membranes were ultrasonically ex-
tracted with 10mL of deionized water (specific resistivity
of 182MQcm ') for 40 min in an ice-water bath. After
filtration, the concentrations of NO, , NO;, NH,", Na',
and CI in the extract were analyzed by using an ICS-1100
ion chromatograph (Thermo Fisher, USA). The measure-
ment details can be found in the literature (Qi et al., 2011).

The quartz membranes used to collect the TSP samples
were cut into several pieces to determine the OC and WS-
OC contents. Two parallel pieces of each aerosol mem-

brane were used to analyze the OC and EC contents (Ele-
mental Carbon) by using a thermal/optical carbon analyzer
(DRI 2001A, Atmoslytic Inc., USA). One piece of the
sample membrane was ultrasonically extracted with ul-
trapure water (18.2MQcm ') in an ice-water bath for 40
min. After acidification, the solution was aerated with pure
nitrogen to remove inorganic carbon. The extract was fil-
tered through a GF-F membrane, and the WSOC concen-
tration in the solution was measured by a total organic car-
bon analyzer (TOC-VCPN, Shimadzu Corporation, Japan).

Table 2 Sampling information and concentration (g m ) of TSP, inorganic nitrogen, OC, and WSOC in aerosol samples
collected over the SCS and in Qingdao in 2016

Sampling area Sampling time

Sampling duration (h) OC

WSOC TSP NO,” NO;~ NH,"

9:00-13:00, Apr. 23 4
. a 14:00-13:00, Apr. 23 4
Qingdao 13:30-17:00, Apr. 24 4
11:18-15:18, Apr. 25 4
00:16, May 18-23:38, May 19 21
10:14, May 24-21:17, May 25 16
00:53, May 26-18:21, May 29 19.9
scs® 18:26, May 29 —7:42, May 31 21.7
9:55, May 31-2:20, Jun. 2 23.6
2:26, Jun. 2-21:17, Jun. 3 19.6
21:23, Jun. 3-5:30, Jun. 6 20.4

30.27 9227 68052 -° - -
31.40 992 63971 - - -
20.64 691 53728 - - -
13.43 6.83 32535 - - -
1.40 132 5568  0.005 696 0.72
0.4 0374 2492 0004 1.71 0.18
1.45 0.835 3740  0.003  2.08 0.64
0.49 043 3609 0004 4214  0.033
1.05 077 5207 0003 3.73 0.19
0.75 047 4218  0.005  3.87 0.16
2.13 117 4621 0012 441 0.79

Notes: * Only these samples were analyzed for OC and WSOC and collected when the dust event occurred. ® Samples were collected only

when the ship was sailing and the wind direction relative to the bow ranged from —90° to 90° to avoid pollution from ship emissions.

indicates that inorganic nitrogen ions were not measured.

2.4 Meteorological Data Sources and Statistical
Analysis

The meteorological parameters (temperature, relative
humidity (RH), wind velocity, wind direction, and at-
mospheric pressure) over the SCS were measured via the
meteorological observatory on the research vessel. The
meteorological parameters in Qingdao were obtained from
the Qingdao Meteorological Administration (http://qdgx.
gingdao.gov.cn/). The 72h air mass back trajectories at an
altitude of 1000 m were calculated for each sample by
TrajStat software (Wang et al., 2009) and National Oce-
anic and Atmospheric Administration Global Data Assimi-
lation System (NOAA GDAS) archive data (http://www.
arl.noaa.gov/ready/hysplitd.html). The horizontal offshore
distance, transport distance over the sea, and transport
speed were measured from the trajectory for each sample
using TrajStat software (Wang et al., 2009). The correla-
tions of the microbial concentration and activity with
each of the meteorological parameters were examined via
Spearman correlation analysis. Nonparametric tests were
performed to examine the differences between land and
oceansamples; P values less than 0.05 were considered
significant.

3 Results and Discussion

3.1 Characteristics of the Microbial Concentration
and Activity in the Atmospheric Aerosols over
the SCS

To better characterize the microbial concentration and
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activity in the atmospheric aerosols over the ocean, we
collected bioaerosol samples over the SCS and at a coastal
site in Qingdao from May 11 to June 6, 2016, due to the
lack of an available observation site in the coastal region
of the SCS. The backward trajectories revealed that the
air masses sampled over the SCS mainly came from the
ocean and were less affected by land (Fig.1). However,
the air masses sampled over Qingdao originated from the
ocean for two samples and from the land for three sam-
ples. We divided the samples in Qingdao into two catego-
ries. Category 1 included the air mass from land, repre-
senting the land samples affected by terrestrial sources.
Category 2 included the air mass from the ocean, repre-
senting the land samples affected by marine air masses.
The average microbial concentration and activity in these
two categories were used as relative references in the
comparison with the samples taken over the SCS to de-
termine the influence of air masses.

3.1.1 Concentration of airborne microbes

The magnitude and spatial distribution of the microbial
concentration of the samples are shown in Table 3 and Fig.2,
respectively. The concentration of total airborne microbes
(TAMs) varied from 1.68x10° cellsm™ to 4.84x10° cells
m * in the atmospheric aerosol particles over the SCS from
May to June 2016, with an average of (2.92+1.07)x10°
cellsm . Studies on airborne microbes are extremely scarce.
The concentration of airborne microbes in air has a range
of 10°~10*cellsm > over the North Atlantic Ocean (Mayol
et al., 2014) and 1.5x10°cellsm > over the Caribbean Sea
(DeLeon-Rodriguez et al., 2013). Moreover, the bacterial
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(part of TAM) concentrations in atmospheric aerosols are
0.7x10°—~1.2x10°cellsm * in marine aerosols over the East
Sea (Korea) (Cho and Hwang, 2011) and 1.0x10*—2.5x
10°cellsm ™ over the northwestern Pacific Ocean (Hu et al.,
2017). Our results were in good agreement with most for-
mer studies but one order of magnitude higher than the
results over the North Atlantic Ocean. This difference was
probably because our samples were collected over the
marginal sea and influenced by continental emissions.
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Table 3 shows that the TAM concentration over the
SCS in 2016 was close to that in Xi’an and Qingdao in
20092010 but lower than that in Qingdao in other years
(2014, 2016, and 2018) and other cities. The concentra-
tion difference between cities and the SCS was partially
caused by the variations in sampling periods, geographi-
cal location, and climate. Subsequently, we compared the
TAM concentration over the SCS and at the Qingdao
coastal site during the same sampling period and found
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Fig.1 The 72h air mass backward trajectories of the bioaerosol samples over the SCS (left) and in Qingdao (right) from May

18 to June 6, 2016.

Table 3 Measured and reported microbial concentration (TAM) and activity in bioaerosol samples taken
over the SCS and in Qingdao and other regions

Study region Study period Sample number® MCP (x10° cellsm ™) MA®(ngm “h' SF) Source
20160518 421 8.43+0.26
20160519 3.66 6.32+1.01
20160525 1.80 3.12+0.01
20160526 2.68 4.84+0.42
20160529 2.75 5.13+£2.17
201605292  3.71 6.99+1.35
20160530 4.84 3.39+0.96 .
SCS May—Jun., 2016 20160531 415 4.7940.85 This study
20160601 2.40 5.55+0.40
20160602 2.29 2.09+0.60
20160603 1.83 11.97+1.40
201606032  1.97 2.38+1.16
20160605 1.68 2.14+0.29
Average 2.92+1.07 5.75+3.05
North Atlantic Ocean 0.01-0.1 Mayol et al., 2014
20160511 7.74 61.16
20160517 5.31 _
. 20160520 3.74 9.40 .
Qingdao May—Jun., 2016 20160530 581 63.97 This study
20160606 6.08 20.95
Average 5.74+1.44 38.87+27.79
Jun., 2009 1.6 .
Jun., 2010 11 Lietal., 2011
Qingdao May—Jun., 2014 9.07+4.63 Dong et al., 2016
g Aug., 2017-Feb., 2018 2.66—14.9 (mean: 6.05) Gong et al., 2020
May, Sep.—Dec., 2012 4.28-34.32 (mean: 12.08) Qi et al., 2015
Mar., 2013—Feb., 2014 2.20—40.80 (mean: 13.76) Zhong et al., 2016
Xi’an, China Apr.—Aug., 2016 1.66—-2.38 Xie et al., 2018b

Beijing, China
Yongin, Korea

Dec., 2013—Mar., 2014
Mar.—Jun. 2015

21.4 (x10° particles m )
0.38—10

Wei et al., 2016
Maki et al., 2019

Notes: * The sampling information can be found in Table 1,b microbial concentration, © microbial activity, and 4o sample.
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Fig.2 Microbial concentrations and activity over the SCS from May 18 to June 6, 2016 (there is a bar at the midpoint of

the sampling route for each sample).

that the TAM concentration over the SCS was signifi-
cantly different from that over Qingdao in 2016 (P<0.05).
The average microbial concentration over the SCS was
decreased by 54% compared with the average concentra-
tion ((6.29+1.29)x10° cellsm ) in the Qingdao samples
from land sources (Category 1) and by 40% compared
with the average ((4.91£1.66)x10°cellsm™) in Qingdao
samples with sea sources (Category 2). All these results
showed that the concentration of airborne microbes over
the ocean was lower than that over land. Here, the differ-
ence in study areas may affect the relative variation in the
microbial concentration range over oceans compared with
land; however, these observational data showed a similar
tendency to higher values over cites on land than over the
ocean (Table 3), even though these sites have different
geographical and climate characteristics. In addition, the
concentration of airborne microbes demonstrated a sig-
nificant linear negative correlation (n=13, **P <0.01)
with the horizontal offshore distance, the horizontal dis-
tance between the closest continental landmass, and a
midpoint of the sampling route for each sample. When
the horizontal offshore distance increased beyond 500 km,
the microbial concentration decreased by 60% —66%.
Mayol et al. (2017) found that the bacterial concentration
decreased exponentially with distance from the closest
continental landmass. On the basis of the exponential rela-
tionships between the abundance of microbes and distance
to land (Mayol et al., 2017), the microbial concentration
decreased by 45% (55% for prokaryotes and 35% for
eukaryotes) as the distance increased beyond 500km. We
found that the microbial concentration decreased slightly
more with distance to land in the SCS than in the tropical
and subtropical Atlantic, Indian, and Pacific Oceans (be-
tween 40°S and 40°N).

Oceans cover about 71% of the Earth’s surface, and mi-
crobes can also enter the atmosphere from ocean surfaces
via bubble bursts (Blanchard and Syzdek, 1982; Aller et al.,
2005; Mayol et al., 2014). Therefore, we believe that the

a) Springer

concentration of airborne microbes over oceans is influ-
enced by the difference between the spray inputs and the
losses caused by deposition during transport. The air-
borne microbes provided by ocean surfaces depend on the
abundance of microbes in surface waters and wind speed
(Mayol et al., 2017). Our samples were collected at loca-
tions less than 700km away from land in the horizontal
direction, where the average wind speed was 6.5ms .
Despite the open ocean conditions, the prokaryotic con-
centration from marine emissions was estimated at ap-
proximately 3x10° —1.3x10*cellsm ™ (Mayol et al., 2017),
accounting for 1%—3% of our measured concentration.
The abundances of Na" and CI  in atmospheric aerosols
over the ocean are typically employed to indicate the
abundance of marine aerosols. From the size distributions
of aerosols containing Na™ and CI” over the SCS (Fig.3),
we determined that the marine aerosols were mainly 3.3—
4.7um in size, in which an increase in the airborne mi-
crobe concentration was expected due to the supply of mi-
crobes from bubble bursts. However, the microbial con-
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Fig.3 Size distribution of Na” and CI” in atmospheric
aerosols during an SCS cruise in 2016.
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centration in aerosols of this size range decreased by 46%
over the SCS compared with the Qingdao samples. All of
these results suggested that the airborne microbes over the
studied region were of both terrestrial and marine origins.
Thus, the contribution of atmospheric transport is impor-
tant in marginal seas that are less than 700km away from
a coast.

Fig.4a shows the size distributions of airborne microbes
in the aerosol particles collected on the SCS cruise, which
indicated the proportion of airborne microbes in each size
range to the sum of microbes in particles of all sizes. The
size distributions of the microbes over the SCS presented
three patterns (Fig.4a). Group 1, which includes 6 samples
(20160519, 20160525, 20160529, 20160602, 20160603-2,
and 20160605), showed high proportions of microbes in
the particle size ranges of 2.1-3.3 um and >7.0 um, with
average ratios of 24% and 23%, respectively. The mi-
crobes in the size range of 4.7—7.0 um accounted for 8%
of the microbes in all size ranges. Four samples in group
2 (20160518, 20160529-2, 20160530, and 20160531)
showed similar size distributions to the samples in group
1, but the peak size of 2.1-3.3 um for group 1 shifted to
3.3—4.7um for group 2. The proportion of microbes in
the 3.3—4.7 um range was 27%, which was 4% and 12%
higher than those in the 2.1-3.3 and >7.0 um ranges, re-
spectively. The smallest proportion (10%) of microbes
was in the 4.7-7.0 um range. The samples in group 3
(20160526 and 20160603) had size distributions that dif-
fered from those of the other samples. The proportion of
microbes in the 1.1-3.3 um particles decreased to 11%—
12%, while that in the particles in the other size ranges
varied between 17% and 21%, with the highest value in
the >7.0 um range. The source of the air mass was not a
key factor influencing the size distribution of the airborne
microbes (Fig.1). Correlation analysis showed that the
microbial concentration in only the 1.1-2.1 um range was
positively correlated with wind speed (n=13, **P<0.01),
indicating that the size distributions of the microbes were
affected by wind speed during the sampling period. In
addition, the size distributions of the microbes changed
during transport, which was verified by the correlation
between the microbial concentration and the horizontal
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offshore distance.

Overall, microbes were mainly present in the coarse
particles (> 2.1 um), with proportions of 63%—76% in all
coarse samples. The results were in accordance with find-
ings of previous studies (Lighthart and Mohr, 1994; Light-
hart and Shaffer, 1995; Mori et al., 2003; Dong et al.,
2016). Microbes attached to coarse particles are more
likely to survive due to the better sanctuaries provided by
coarse particles than fine particles (Bowers et al., 2013).

For the Qingdao samples, the average size distribution
of the samples from land sources was similar to that of
the samples taken over the SCS (Fig.4b). Thus, the air-
borne microbes over the SCS were partly affected by at-
mospheric transport. Compared with the airborne mi-
crobes in the samples from land in Qingdao, the airborne
microbes in the SCS samples were present in significantly
different size ranges: 0.65—2.1 and 4.7—7.0 um (P<0.01).
The proportion of microbes in the 0.65—2.1 um range
increased from 16% in Qingdao to 28% over the SCS,
while that in the 4.7—7.0 um range decreased from 21% in
Qingdao to 10% over the SCS. In marginal sea regions
less than 700 km from the coast, atmospheric transport
from land is more important than that from marine
sources; therefore, we attributed the decrease in microbes
in the 4.7—7.0um range to the deposition of coarse parti-
cles during transport. The microbes in the 0.65—-2.1 um
range increased probably due to advection. All samples
collected by Mayol et al. (2017) contained edeukaryotic
cells at levels that greatly exceeded the calculated marine
contributions, and 32% of their samples comprised pro-
karyotic cells at levels in excess of the calculated marine
contributions, suggesting the advection of microbes from
other locations. For the samples with sea sources col-
lected over Qingdao, the size distribution with the highest
proportion of microbes was 4.7—7.0 um, and that with the
lowest proportion was 2.1—3.3 um, which was in contrast
to the pattern for the samples with land sources. However,
only the proportions of microbes in particles with sizes of
0.65—1.1 and 3.3—4.7 um from sea sources were signifi-
cantly different from those in the samples from land
sources (P<0.05). These results showed that the differ-
ence in the size distribution of microbes between land and
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Fig.4 Size distributions of airborne microbes over the SCS from May 18 to June 6, 2016.
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sea sources in Qingdao may be a result of the sources of
microbes in the aerosols. However, the exact source of
the microbes in the samples from Qingdao needs to be
eludicated. Further research is needed to determine the
characteristics of the airborne microbes produced by sur-
face seawater, such as the size distribution, community,
viability, and residence time in air.

3.1.2 Microbial activity

The microbial activity in the bioaerosol particles ranged
from 2.09ngmh™' SF to 11.97ngm >h™" SF over the
SCS from May to June 2016, with an average of 5.75%
3.05ngm >h™' SF. The microbial activity over the SCS
was significantly lower than that in Qingdao (mean: 15.55
#11.12ngm > h™' SF; P<0.05). The average microbial
activity over the SCS was 79% lower than that in samples
from Qingdao with land sources (25.03+0.79ngm >h’'
SF) and 15% lower than that in Qingdao samples with sea
sources (6.07£3.27ngm “h' SF). Although no reports of
microbial activity over oceans have been made, previous
studies observed that levels of viable airborne bacteria are
higher over land than over oceans (Murata and Zhang,
2014; Hu et al., 2017). Microbial activity can decrease
with the decline in microbial abundance and with the oc-
currence of death due to severe conditions in the atmos-
pheric environment, such as low humidity (desiccation),
high ultraviolet radiation, or other factors (Lighthart and
Mohr, 1994), during transport.

The microbial activity in the size distributions of the
bioaerosol particles varied greatly over the SCS and was
classified into four groups, except for the activity in sam-
ple 20160526 (Fig.5a). The samples in group 1 (20160518
and 20160529-2) showed unimodal distributions of activ-
ity, and the maximum proportion (mean proportion of 34%)
of the microbial activity occurred in the size range of >
7.0 um. For the other samples, the microbial activity in the
particles presented unimodal distributions, but the peak
moved from the >7.0 um range to the 4.7-7.0, 3.3-7.0,
and 0.65-7.0 um ranges for group 2 (20160519, 20160525,
20160601, and 20160602), group 3 (20160529, 20160603,
20160603-2, and 20160605), and group 4 (20160530 and
20160531), respectively. The average maximum propor-
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tions were 35%, 39%, and 43% for groups 2, 3, and 4,
respectively. Group 1 significantly differed from group 2
in terms of the activity in particles larger than 4.7 um (P<
0.05) and from group 3 in terms of the activity in the
0.65-1.1 and >7.0 um particles (P<0.05). Group 2 sig-
nificantly differed from group 3 in terms of the activity in
the 1.1-2.1, 3.3-4.7, and 4.7-7.0 um particles (P<0.05).
For sample 20160526, the peak in activity moved to the
2.1-3.3 um range, with a proportion of 35% of the total
microbial activity. This sample was significantly different
from the samples in group 2 in terms of the 2.1-3.3 um
particles (P<0.05), as well as from the samples in group
3 in terms of the 0.65-3.3 um particles (P<0.05). These
results showed a more variable size distribution pattern of
the microbial activity than of the microbial concentration,
indicating that the microbial activity was affected by
more factors than the microbial concentration. The source
of the air mass had a minimal influence on the size dis-
tributions of the microbial activity in the samples in this
study. However, the microbial activity in the 4.7-7.0 um
range was positively correlated with wind speed (n=13,
**P<0.01), suggesting that wind speed affected the sizes
with peak activity. Except in group 4, where 62% of the
activity was detected in fine particles, microbial activity
was mainly observed in coarse particles, containing 68%
of the activity in the rest of the samples.

Fig.5b shows the average particle size distribution of
the microbial activity over Qingdao. The size distribution
of microbial activity in samples with land sources was
similar to that in samples with sea sources (P>0.05), with
the highest proportion of activity in the particle size range
of >7.0 um. This result was in accordance with findings
of a previous study (Meng et al., 2016). The samples from
Qingdao significantly differed (P<0.05) from the samples
obtained over the SCS in terms of the activity in the >7.0
and 0.65-1.1 um particles. Compared with the microbial
activity in the samples from Qingdao with land sources,
the microbial activity in the samples taken over the SCS
decreased from 47% to 14% in the >7.0 um range and
increased from 6% to 24% in the 0.65—1.1 pum range. The
activity in the >7.0 pm range decreased by 18%, whereas
that in the 0.65—1.1 um range increased by 15% over the
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Fig.5 Microbial activity in the size distributions of the bioaerosols over the SCS from May 18 to June 6, 2016.
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SCS compared with that in the samples in Qingdao with
sea sources. Regardless of whether the samples in the air
mass were from the land or sea, the samples in Qingdao
presented a higher proportion of activity in coarse parti-
cles than the samples over the SCS. The contribution of
coarseness to the microbial activity in the aerosol parti-
cles collected over the sea was lower than that in particles
collected over land. When the bioaerosols were trans-
ported from land to sea, the microbial activity decreased
in the coarse particles due to particle deposition, but high
microbial activity was observed over the SCS in fine par-
ticles, especially in particles smaller than 1.1 um. Given
that the majority of nutrients and organic compounds are
present in fine particles (Qi ef al., 2011; Bougiatioti et al.,
2013; Deshmukh et al., 2015), the microbes in fine parti-
cles may have greater potential for biodegradation than
those in coarse particles, especially over oceans. However,
this speculation needs to be verified and studied through
further observations and laboratory experiments.

3.2 OC and Inorganic Nitrogen Species and Their
Correlations with Microbial Concentration
and Activity

To verify the influences of microbes on atmospheric
chemical compounds, we analyzed the concentrations of
OC, WSOC, and inorganic nitrogen ions in the samples
(Table 2). The average concentrations of OC and WSOC
were 1.23+0.66 and 0.85+0.41 ugm >, respectively, over
the SCS. The concentrations of OC and WSOC decreased
with increasing offshore distance. The average OC/EC
ratio was 3.44, which was higher than 2, thereby indicat-
ing that secondary organic carbon (SOC) contributed to the
organic compounds in the atmosphere over the SCS (Chow
et al., 1996). However, OC/EC was less than the average
(7.04) in the coastal city of Qingdao, which showed that
OC over the SCS was less affected by anthropogenic ac-

tivity than OC over land. The high WSOC/OC ratio of
72.8% showed that WSOC was the main component of OC
in the SCS. The WSOC/OC over the SCS was 13.49%
higher than that over Qingdao. This result showed that the
formation of WSOC via the transformation of primary
organic compounds or gas-to-particle conversion was more
important over seas than over land.

The concentrations of NH,", NO; ", and NO, over the
SCS were 0.39+0.31, 3.85+1.73, and 0.005+£0.003 pug
m °, respectively; these values were much lower than the
concentrations over Qingdao (Qi et al., 2011). These re-
sults showed that the influence of anthropogenic emis-
sions on the chemical characteristics of aerosols decreased
during the transport of aerosol particles from land to sea.
The concentrations of NH," and NO;~ decreased and
moved from high latitude to low latitude in the study area.
The correlation analysis (Table 4) showed that the con-
centration of inorganic nitrogen was mainly affected by
temperature and RH.

The correlations of these compound concentrations with
the microbial concentration and activity in the atmospheric
aerosols over the SCS and Qingdao are shown in Table 5.
The microbial concentration was positively correlated
with the levels of OC, WSOC, and TSP but not with the
concentration of inorganic nitrogen ions. Furthermore, the
microbial activity in bioaerosols was positively correlated
with the OC, WSOC, and TSP. These results indicated that
the microbial concentration and activity increased with
rising concentration of aerosol particles, which was in
accordance with previous studies (Alghamdi ef al., 2014;
Dong et al., 2016; Xie et al., 2018b). Considering the
above results and the modeled PM,, over the SCS during
2014-2015 (Sun et al., 2018; Fig.6), we presumed that
the aerosol concentration was the main reason underlying
the negative correlation between the microbial concentra-
tion and the horizontal offshore distance in marginal seas
that are less than 700 km away from a coast.

Table 4 Spearman correlation coefficients of NO;~ and NH," with meteorological factors over the SCS (n=8)

+

NO; NH,
Particle size (um)
RH* T WS® RH T Wind
<0.43 0.065 0.067 -0.405 0.066 0.032 -0.027
0.43-0.65 0.478* 0.465%* -0.349 0.432* 0.443%* -0.234
0.65-1.1 0.442%* 0.519% -0.347 0.584%* 0.528%* -0.264
1.1-2.1 0.543% 0.589% -0.383 0.590%* 0.592%%* -0.392
2.1-33 0.265 0.565%* -0.248 0.233 0.602%* -0.263
3.3-4.7 0.364 0.369 -0.349 0.387 0.338 -0.276
4.7-7.0 0.297 0.328 ~0.049 0.276 0.386 -0.187
7.0-11 -0.298 0.029 0.092 -0.254 0.062 0.064
>11 0.039 -0.076 0.082 0.098 —0.028 0.017

Notes: * Relative humidity (%); ° air temperature (‘C); © wind speed (ms ") %, ** P<0.01 (2-tailed); * P<0.05 (2-tailed).

Table 5 Spearman correlation coefficients for the relationships of the microbial concentration and activity with the OC, WSOC,
and inorganic nitrogen levels over the SCS and Qingdao (rn= 14 for OC, WSOC, and TSP; n=7 for NO, , NO; , and NH4+)

+

oC WSOC TSP NO, NO; NH,4
Microbial concentration * 0.718* 0.773** 0.818** —0.286 0.464 -0.214
Microbial activity b 0.782%* 0.836%** 0.800** 0.036 —0.143 0.536

Notes: * P<0.05 (2-tailed). ** P<0.01 (2-tailed). * A sampling duration of about 20 h was required to collect one sample of TSP for the
analysis of OC and WSOC. The microbial concentrations were averaged over the study duration for each sample of TSP. ® The levels of
microbial activity were averaged over the study duration for each sample of TSP.
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Fig.6 Modeled PM, mass concentration retrievals over the coastal seas of China in spring (a), summer (b), autumn (c),

and winter (d) (adapted from Sun et al., 2018).

The above results showed that microbes in the aerosols
may be correlated with the reactions of certain water-
soluble organic chemicals, and the ability of microbes to
participate in reactions in the atmosphere can be indicated
by the microbial activity and abundance. Ariya et al. (2002)
provided evidence from laboratory experiments that
DCAs can be efficiently transformed by existing airborne
microbes (bacteria and fungi) in the boundary layer. Our
results implied that certain organic compounds, especially
water-soluble organic compounds, could be transformed
by microbes in atmospheric aerosols. On the basis of lin-
ear regression [MC]=7.0703x10°*[WSOC]—4.4923x10°
(*=0.91, n=14), when the WSOC increased by 1pugm,
the microbial concentration (MC) increased by 7.0703%x
10%cellsm >, while the microbial activity (MA) increased

@ Springer

by 6.3196ngm >h™" SF ([MA]=6.3196+x[WSOC]-1.7006,
#*=0.83, n=14). In previous studies, 25%—65% of the
WSOC was observed in PM, in the atmosphere (Timo-
nen et al., 2008; Bougiatioti ef al., 2013; Deshmukh et al.,
2015). As discussed above, the microbial concentration
and activity in PM;; were 8% and 15% higher over the
SCS, respectively, than in the coastal samples. Thus, bio-
degradation via microbes may be an important atmos-
pheric transformation pathway for the WSOC in the ma-
rine atmosphere. However, the microbial concentration
and activity were averaged over the study duration for the
analysis of the correlations with the OC and WSOC in
each sample of TSP because of the different sampling pe-
riods used for the chemical components and microbes.
Doing so possibly led to variations in the correlation analy-
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sis. Therefore, the correlations between airborne microbes
and organic transformation reactions need further study.

3.3 Influence of Transport on the Microbial
Concentration and Activity

To investigate the influence of the transport path on the
microbes in the atmospheric aerosols, we analyzed the
correlations of the microbial concentration and activity
with the parameters of the transport paths (Table 6).
Spearman correlation analysis showed that the concentra-
tion of total microbes was significantly negatively corre-
lated with the horizontal offshore distance over the SCS.
These results verified that the MC in both fine and coarse
particles decreased during transport from land to sea in
this marginal sea. On the basis of linear regression [MC]
=4.2x10°-341Dy (*=0.42, n=13), when the horizontal
offshore distance of the sampling site (Dy) increased by

100 km, the microbial concentration decreased by 3.41x
10* cellsm °, accounting for about 8% of the background
concentration. From the intercept of the equation, we
simply estimated the concentration of airborne microbes
to be approximately 4.2x10°cellsm > from May to June
in the coastal region of the SCS, which could be verified
by further research. Similarly, when the horizontal off-
shore distance increased by 100 km, the microbial con-
centration in the fine and coarse particles decreased by
9.9x10% and 1.1x10*cellsm >, respectively. These results
showed that transport in the air mass had an important
effect on the microbial concentration over the marginal
sea. However, the microbial activity was not correlated
with the horizontal offshore sampling distance, the trans-
port distance over the sea, or the transport speed of the air
mass, indicating that the transport path and average speed
of the air mass had a minor influence on the microbial
activity.

Table 6 Spearman correlation coefficients for the relationships of the microbial concentration and activity with
the horizontal offshore distance, transport distance over the sea, and transport speed (n = 13)

Horizontal offshore distance (km) Distance over the sea” (km)

Transport speed” (kmh ™)

MC-T* —0.709%*
MC-F —0.613*
MC-C —0.569*
Microbial activity —0.412

—-0.319 —0.335
—0.003 —0.004
0.033 0.183

—0.484 —0.484

Notes: * MC-T, MC-F, and MC-C represent the concentrations of airborne microbes in the total, fine, and coarse particles, respectively.
* P<0.05 (2-tailed) and ** P<0.01 (2-tailed). ® The distance over the sea traveled by each air mass sample in 72 h. © The transport dis-
tance of the air mass measured from the trajectory using TrajStat software (Wang et al., 2009) for each sample was averaged over the

transport time of 72 h.

3.4 Influences of Meteorological Parameters on the
Microbial Concentration and Activity

The microbes within atmospheric aerosols are affected
by many atmospheric conditions, such as the air tem-
perature, RH, and wind speed (Jones and Harrison, 2004).
Correlation analysis revealed a significant positive corre-
lation between wind speed and the concentration of air-
borne microbes in the 1.1-2.1 um particles (Table 7). The
wind speed was positively correlated with the microbial
activity in the 4.7-7.0 um particles (Table 8). These re-
sults showed that the wind speed increased the microbial

Table 7 Spearman correlation coefficients for the relation-
ships of the microbial concentration with the
meteorological factors over the SCS (n=13)

MC? Ws’ (ms™!)  T°(C) P'(Pa) RH® (%)
0.65-1.1pm  0.327 0.113 -0.006  0.063
1.1-2.1um  0.714%* -0.220 0.176 0.280
2.1-33um  0.479 -0.039 0.485 0.039
33-47um  0.287 -0.217 0.286 0.129
47-70um  0.158 -0.003 -0.050  —0.113
>7.0um —0.107 0.275 —0.293  0.245
smc! 0.401 -0.011 0.201 0.170

Notes: * Concentrations of the airborne microbes (cells m); °
wind speed (ms"); © air temperature ('C); ¢ atmospheric pressure
(hPa); ° relative humidity (%); sum of the concentrations of air-
borne microbes in all size ranges; ** P<0.01 (2-tailed); * P<
0.05 (2-tailed).

Table 8 Spearman correlation coefficients of the microbial
activity with meteorological factors over the SCS (n=13)

MA? ws®(ms ") T(C)  P'(Pa)  RH°(%)
0.65-1.1um  0.429 0.260 0.674*  0.281
1.1-21um  0.162 0.271 -0.201  —0.157
21-33um 022 0.017 -0.140  0.316
3347um  0.004 —0.437 0.140 0.026
47-70um  0.657* 0.348 0.047 -0.138
>7.0 um 0.509 -0.210 0.151 0.228
TMA' 0.468 0.011 0.195 0.184

Notes: * Microbial activity (ngm °);° wind speed (ms"); © air
temperature ("C); ¢ relative humidity (%); ¢ atmospheric pressure
(hPa); " sum of the microbial activity in all size ranges; ** P<
0.01 (2-tailed); * P<0.05 (2-tailed).

abundance in some size ranges, probably due to bubble
bursts. Except for the correlation of the atmospheric
pressure with the microbial activity in the 0.65-1.1 um
particles, the other meteorological factors were not cor-
related with the microbial concentration or activity. Thus,
the air temperature, RH, and atmospheric pressure had
minor influences on the microbial concentration and
activity during the study period.

4 Conclusions

This study provided valuable information on the char-
acteristics and factors influencing microbes in the marine
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atmosphere. The airborne microbes over the studied mar-
ginal sea were greatly affected by terrestrial sources, and
the concentration of airborne microbes decreased by ap-
proximately 40%—-54% during transport compared with
the concentration in coastal samples. The horizontal off-
shore distance affected the microbial concentration, and
the microbes in particles decreased by about 8% with an
increase in distance of 100 km. Given the influences of
wind and particle deposition during transport, the distri-
butions of the particle sizes occupied by microbes over
the SCS differed from those over the coastal region in the
size ranges of 0.65—-1.1 and >7.0 um (P<0.05).

The microbial concentration and activity in the bioaero-
sols were positively correlated with the particulates” WSOC
and OC contents, implying that the microbes were involved
in reactions of certain water-soluble organic chemicals in
the atmosphere. The average microbial activity in the aero-
sol particles was 15%—-79% lower over the SCS than in
the continental samples. The size distributions of the mi-
crobial activity in the aerosol particles varied greatly over
the SCS, and most samples showed high microbial activ-
ity in coarse particles, with an average proportion of 68%
of the activity. Except for wind speed, which influenced
the microbial activity in the 4.7-7.0 um particles, the air
temperature, RH, atmospheric pressure, and transport path-
way had minor effects on the microbial activity during the
study period.

The microbial activity did not vary synchronously with
the abundance of airborne microbes. The limited data and
correlation analysis showed that microbes may influence
the transformation of certain organic compounds in the
atmosphere. More attention should be given to the micro-
bial activity and its role in the transformation reactions of
organic compounds in the atmosphere. The kinds of or-
ganic compounds that can be degraded by microorgan-
isms and how important biodegradation by microbes is
relative to common radical chemistry in the atmosphere
remain unknown. Further studies involving laboratory
and field experiments are necessary to determine the ef-
fects of microbes on the transformation of atmospheric
compounds.
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