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ABSTRACT: We characterize here the airborne lipids (β/ω-
hydroxy fatty acids: FAs) specific to soil microbes and plant waxes
over suburban Tokyo in simultaneously collected aerosols and
rainwater from spring and autumn seasons. Air mass trajectories in
spring revealed transport mostly from the North Pacific but with a
lesser contribution from East Asia and vice versa in autumn. Low-
molecular-weight (≤C20) β-hydroxy FAs are more abundant,
suggesting their contribution from soil/marine microbial organic
matter. The occurrence of high-molecular-weight (>C20; the
subscript denotes carbon chain length) compounds and, in
particular, high concentrations of even-C homologs in C9−C30
ω-hydroxy FAs revealed their origin from higher plant waxes.
Besides, a gradual decrease in β/ω-hydroxy FA loadings in spring
suggests their particle bound nature and efficient removal by wet-
scavenging. However, this pattern was not obvious for autumn rains likely because of lateral advection of air parcels. Estimated
endotoxin levels of ambient Gram-negative bacteria based on C10−C18 β-hydroxy FAs for the autumn season (median: 14 ng m−3)
were higher than the inhalable human exposure limit set by the Dutch committee (9 ng m−3). These results have implications for
understanding endotoxin exposure on human health in Japanese cities during early winter.
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■ INTRODUCTION

Hydroxy substituted straight chain alkanoic acids (aka hydroxy
FAs) are the important constituents of terrestrial lipids and
have received very little attention from geochemists and
atmospheric chemists. In particular, the positional isomers of
hydroxy FAs (i.e., β- and ω-isomers) are the tracers of higher
plant waxes, cell membrane of soil microorganisms, and algae.1

β-Hydroxy FAs were first identified in old lacustrine sedi-
ments2 and gained interest due to their ubiquitous presence in
the bacterial membrane lipids. Later, β-hydroxy FAs have
received much attention as biomarkers of terrigenous microbial
inputs into sediments,3−5 soils,6 snow,7,8 continental aero-
sols,9−11 and marine aerosols.12,13 The concentration, varia-
bility, and atmospheric transport of β-hydroxy FAs are of
particular interest as they pose a direct health risk to humans14

and influence climate by acting as surfactants on atmospheric
particles.15 Moreover, β-hydroxy FAs as the cell wall
components of Gram-negative bacteria (GNB) can affect
their ice nucleation activity of composite aerosols.16 Similar to
β-hydroxy FAs, ω-isomers have also been reported in marine
sediments,1,17,18 aerosols,13 and snow.19

Aliphatic short-chain β-hydroxy FAs (<C20) originate from
soil microorganisms (bacteria, fungi, yeasts, and protozoa),20

whereas long-chain β- and ω-hydroxy FAs (from C16 to C34)
are abundant in freshwater microalgae/algal detritus,21

cyanobacteria,22,23 sea-grasses,24 and plant epicuticular waxes
and their seeds.25,26 Short-chain ω-hydroxy FAs come from the
cutin and suberin of higher plants, however, long-chain
homologous are from suberin only.27 Furthermore, β- and ω-
hydroxy FAs also formed as intermediates in the microbial/
photochemical oxidation of long-chain fatty acids.28−30 On a
global scale, biogenic emissions of hydroxy FAs overwhelm
those from anthropogenic sources (e.g., biomass burning).8,13

To this date, existing studies have reported molecular
distributions of hydroxy FAs only for aerosols13,31,32 and
marine-derived organic matter5,33 but not for the rainwater
samples. Rain and snow both can scavenge hydroxy FAs from
the upper layers of the troposphere as compared to aerosols

Received: October 11, 2020
Revised: December 28, 2020
Accepted: December 29, 2020
Published: January 21, 2021

Articlehttp://pubs.acs.org/journal/aesccq

© 2021 American Chemical Society
257

https://dx.doi.org/10.1021/acsearthspacechem.0c00275
ACS Earth Space Chem. 2021, 5, 257−267

D
ow

nl
oa

de
d 

vi
a 

C
H

U
B

U
 U

N
IV

 o
n 

Fe
br

ua
ry

 2
2,

 2
02

1 
at

 0
1:

14
:4

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Poonam+Bikkina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kimitaka+Kawamura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Srinivas+Bikkina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nobuyuki+Tanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsearthspacechem.0c00275&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00275?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00275?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00275?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00275?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00275?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aesccq/5/2?ref=pdf
https://pubs.acs.org/toc/aesccq/5/2?ref=pdf
https://pubs.acs.org/toc/aesccq/5/2?ref=pdf
https://pubs.acs.org/toc/aesccq/5/2?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00275?ref=pdf
https://http://pubs.acs.org/journal/aesccq?ref=pdf
https://http://pubs.acs.org/journal/aesccq?ref=pdf


collected near the ground surfaces. Thus, hydroxy FAs in rain
provide a better picture for their atmospheric transport. In our
previous studies, we found that snow could act as a filter to
reduce and scavenge hydroxy FAs.7,19 On a similar fashion, rain
can also reduce the burden of these bacterial tracers from the
atmosphere through precipitation scavenging. Hence, it is
important to understand the efficiency of wet precipitation
(rain/snow) as a removal mechanism for the bacterial lipids
and associated endotoxin activity during long-range atmos-
pheric transport. Since β-hydroxy FAs are the structural
component of lipopolysaccharide (LPS) of airborne microbial
lipids (e.g., GNB), we can assess the GNB-dry mass and
endotoxin activity over a geographical location using the mass
concentrations of these tracer compounds in aerosols/
rainwater.
GNB contain LPS in their outer membrane.34,35 When these

bacteria multiply, die, and lyse, LPS is released from their
surface and acts as a potential endotoxin.35 This endotoxin can
cause allergies, respiratory problems, and infectious diseases in
humans. The Limulus Amebocyte Lysate (LAL) test is a
widely adapted method for the quantification of airborne
bioactive endotoxins/LPSs. However, this test cannot exclude
cross contamination of β-glucans from airborne molds and
plants present in organic dust, which might influence LAL test
results. However, endotoxins/LPSs of GNB are made up of
C10−C18 β-hydroxy FAs. Thus, estimation of total endotoxin

based on β-hydroxy FAs is more reliable and is a precise
alternative to the LAL test. Cheng et al.36 have also found that
endotoxin concentrations estimated using β-hydroxy FAs are
3−4 orders higher than those measured with the LAL assay.
Ever since, these β-hydroxy FAs have been used to quantify the
endotoxin/LPS in various environmental samples such as
dust,10,37 aerosols,11,38,39 soils,40 snow,19 and sewage.41

Routine and long-term measurements of airborne chemical
markers (hydroxy FAs) could aid the monitoring of the
microbial content in easier and precise ways as compared to
other assays.
The aim of the present study is to generate a first

comprehensive profile of the temporal variability of hydroxy
FAs by quantifying their concentrations in rain and aerosol
samples. Tokyo, as an urban city, experiences an influence
from both terrestrial and marine air masses, which makes it an
ideal location for this study. To ascertain the potential effects
of precipitation scavenging on the abundances and molecular
distributions of atmospheric hydroxy FAs, total suspended
particulate (TSP) samples were collected before, during, and
after rainfall from suburban Tokyo. Simultaneously, we also
collected rainwater to get the comprehensive analyses of
hydroxy FAs present in both precipitation and ambient aerosol
samples.

Figure 1. (a) Geogrpahical location of the sampling site in Tokyo (marked as the red triangle), (b) seven day isentropic backward air mass
trajectories for the sampling dates of aerosol and rainwater collection in spring (May 1994) and autumn (September 1994), and cluster analysis of
air masses over Tokyo in (c) May 1994 and (d) September 1994. The red, blue, and green color lines represent the cluster hierarchy.
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■ METHODS

Sample Collection and Storage. Nine aerosol and six
wet precipitation (rainwater) samples were collected on the
rooftop of the Faculty of Science building, Tokyo Metropolitan
University (∼20 m above the ground; 35.37 °N, 139.22 °E) at
the Hachioji campus in Tokyo, Japan (Figure 1a). Aerosol
samples were collected on precombusted (450 °C, 3 h) quartz
fiber filters (PALLFLEX 20 × 25 cm QAT-UP) using a high-
volume air sampler (HV-1000; flow rate of 1.0 m3 min−1) in
May 25−27 and September 22−23, 1994. After collection,
filter samples were stored in the Teflon-lined glass jar (150
mL) at −20 °C until analysis. Simultaneously, rainwater
samples were collected in precombusted brown glass bottles (3
L) and stored at 4 °C in the dark room. A little amount of
mercuric chloride (HgCl2) was added to the brown glass
bottles prior to rain sample collection to avoid any microbial
degradation of organic compounds during sampling and
storage. Detailed information on sample collection and
meteorological conditions during the sampling period is
given in Table S1.42

Sample Extraction and Derivatization. Briefly, 1.5−2 L
of rainwater sample was acidified with 6 M HCl to a solution
pH ∼1 and extracted three times with a mixture of
dichloromethane (DCM)/ethyl acetate (2:1). After precon-
centration, the extract was saponified with 100 mL of 0.1 M
KOH/methanol solution at 80 °C for 2 h. Following
saponification and preconcentration, the neutral fraction was
extracted with n-hexane/DCM (10:1), and the remaining
solution was acidified with 6 M HCl, and the free carboxylic
acids were extracted with DCM. Furthermore, these fatty acids
were derivatized with BF3/methanol to form their methyl
esters at 70 °C for 2 h. These esters were extracted with n-
hexane/DCM (10:1), and hydroxy FAs esters were separated
on a silica gel column followed by elution using a mixture of
DCM/methanol (95:5).
Similar to rain water samples, each filter cut (1/8−1/4

fraction of filter) was saponified with 10 mL of 0.1 M KOH/
methanol under reflux (80 °C for 2 h) followed by subsequent
ultrasonication with dichloromethane (DCM) (10 mL × 3).
After each extraction step, the extracts were combined and
reduced to 1 mL using rotary evaporation. Then, the extract
was divided into neutral and alkaline fractions. The neutral
fraction was separated by adding 10 mL of water and extracting
with 10 mL of hexane/DCM (10:1) three times. The alkaline
fraction was first acidified with 1 mL of 6 M HCl, and
carboxylic acids were extracted with DCM. The carboxylic
acids were derivatized with 0.5 mL of 14% BF3/methanol
(SUPELCO) at 80 °C for 1 h to form their methyl ester
analogues, referred as fatty acid methyl esters (FAMEs). 10 mL
of water and hexane/DCM (10:1) mixture was added to
FAMEs, and the water layer was removed after shaking (to
remove excess derivatizing agent and hydrofluoric acid).
The FAMEs were further separated to monocarboxylic acid

(A1), dicarboxylic acid (A2), and hydroxy acid methyl ester
(A3) fractions using silica gel (deactivated with 1% H2O)
column chromatography. The solvent layer is transferred to
another flask, concentrated, and divided into three fractions on
a 4 cm long silica gel column by eluting with different organic
solvents, i.e., A1: 3.8 mL of hexane/DCM (1:2) mixture, A2:
2.2 mL of DCM/ethyl acetate (98:2) mixture, A3: 3.5 mL of
DCM/methanol (95:5) mixture. Until injection into the GC/
MS system, the sample extracts were stored at −20 °C. Details

of the extraction and analysis of other lipid data used here are
given in our previous publications reported on the same
sample sets.42,43

GC/MS Analysis and Quality Assurance. Hydroxy FA
methyl esters were derivatized to their TMS (trimethylsilyl)
ethers with a mixture of 50 μL of N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA + TMCS, 99:1) and pyridine
(SUPELCO Analytical) at 80 °C for 1 h. After the reaction, 20
μL of an n-hexane solution containing 1.43 ng μL−1 internal
standard (C13 n-alkane/tridecane, Wako) was added to dilute
the derivatives prior to GC/MS injection (Agilent Technol-
ogies, model 7890 GC coupled to Hewlett-Packard, model
5975 mass-selective detector, MSD). The GC was installed
with a split/splitless injector and DB-5MS fused silica capillary
column. The recoveries of the authentic β- and ω-hydroxy FA
standards were better than 60 and 70%, respectively. We
extracted the deionized water and precombusted filter as blank
samples to check the laboratory contamination during the
analysis of rainwater and aerosol samples. We detected no
targeted compounds in the blank samples. Identification of
hydroxy FAs was done by comparing retention times and mass
spectra with the authentic TMS derivatives of n-C12 and n-C16
α-hydroxy FA methyl esters: n-C12, n-C14, n-C15, and n-C16 β-
hydroxy FAs and n-C16, n-C20 and n-C22 ω-hydroxy FAs, which
were also used as external standards. All the TMS derivatives of
β-hydroxy FA methyl esters show diagnostic fragment ions
(m/z = 175) due to the cleavage between C3 and C4, and M+

− 15 (base peak) results from a loss of a CH3 group.
2,24 Other

characteristic ions for ω-hydroxy FAs include M+ − 15 and M+

− 47, and M+ − 59.44

All the extractions of lipids were performed immediately
after collection (n-alkanes, fatty acids, fatty alcohols,
dicarboxylic acids) in 1994, and the derivatized extracts, for
instance, A3 lipid fractions used for this study, were well
preserved and stored at −20 °C. These aliquots were injected
into the GC/MS in 2015 after the TMS derivatization of OH
groups for the characterization of hydroxy FAs along with the
standards. It is worth mentioning that the extracts are in a pure
dichloromethane/methanol mixture, which is very toxic for
bacteria to grow and, hence, it is very unlikely that bacterial
oxidation could affect the compound abundance during
storage. Another evidence has been sought from the character-
istic higher abundances of homologs of β/ω-hydroxy FAs with
the even-numbered carbon chain length than the odd-
numbered carbon ones (i.e., representative of robust source
signatures).

Endotoxin and Bacterial Mass Estimation. Hydroxy
FAs (specifically β-isomers) from carbon numbers 10 to 18 can
serve as the indicators of bacterial membrane. They are the
important constituents of endotoxin (fever causing toxin),
which are outer membrane components of GNB and play a
role in occupational lung diseases.31 Researchers have
established a mathematical expression to estimate the amount
of endotoxin from the measured β-hydroxy FAs in the
environmental samples.7,11,45,46

β= [Σ − − ]

×

−

−

endotoxin (ng m )

hydroxy C C FAs (nmol m )/4

8000

3

10 18
3

(1)

In the above eq 1, the multiplication factor “8000” is the
average molecular weight of endotoxin.14 Likewise, a chemical
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marker (i.e., hydroxy FAs) to the microbial conversion factor
was used to estimate the amount of GNB dry mass in
atmospheric samples.11,47 The mass loading of airborne GNB
was estimated by using the approach initially suggested by
Balkwill et al.48 and later on by Lee et al.11 Therefore, we
converted the sum of molar concentrations of β-hydroxy FAs
from C10 to C18 (i.e., in nmol m−3) in the aerosol samples into
equivalent dry cell weight of GNB (i.e., in ng m−3) by dividing
by 15.11

β= [Σ − − ]

−

−

GNB dry mass (ng m )

hydroxy C C FAs (nmol m )/15

3

10 18
3

(2)

Here, both endotoxin concentrations and GNB dry mass for
aerosol and rainwater samples were expressed in ng m−3 and
μg L−1, respectively.
Backward Air Mass Trajectories-Cluster Analysis. To

assess the influence of marine and continental sources of lipids
on the distribution of hydroxy FAs in the rain and aerosol
samples, backward air mass trajectories and cluster analysis was
performed using the hybrid single particle Lagrangian
integrated trajectory model (HYSPLIT, ver. 4).48 We used
the National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) Reanalysis
(1948 to present) meteorological data as an input to the
HSYPLIT model for downloading the backward air mass
trajectories. Seven day isentropic backward air mass trajectories
were computed every 6 h at an arrival height of 1000 m above
ground level (Figure 1b). To identify the potential sources,
transport pathways, and percentage contribution of source
regions to atmospheric hydroxy FAs over Tokyo, cluster
analysis was performed using the PC-based HYSPLIT model.49

This is achieved by minimizing the spread within the cluster
group and maximizes the variability in between the groups
using the k means clustering algorithm based on the variability
of horizontal moving speed and direction as principal
parameters.50

Three clusters were identified that provide information on
the potential source regions of hydroxy FAs. The resultant
clusters were grouped into three categories, namely, “marine”,
“continental”, and “mixed-type” (Figure 1c). The marine
cluster represents the air masses originating from the oceans
without or only slightly passing through the Asian continent
before arriving at the sampling site (suburban Tokyo). The
continental cluster refers to air masses mainly originating from
the Asian continent without or only slightly passing over
oceans before arriving at the sampling site. Mixed air masses
are those that might switch significantly between marine and
continental environments during the sampling period. This
mixed cluster also includes the unclear air mass origins and the
local air masses in the nearby region of the receptor site.
Unlike the samples collected in May 1994, the aerosols/
rainwater samples collected in September 1994 showed mostly
mixed type of air masses (Figure 1d).
To see how different or similar the observed transport

patterns of air masses to Tokyo are during the sampling period
(May and September 1994) with the contemporary regimes, a
comparison was made between this study and the same
timeframe during the last four years (i.e., 2017−2020; Figure
S1). We found that the cluster analysis of backward air mass
trajectories in the month of May and September during the last
four years (2017−2020) is similar to those observed during
May 1994 and September 1994. Therefore, the transport

patterns of β-hydroxy and ω-hydroxy fatty acids in the ambient
aerosols/rain, tracers of airborne soil GNB, and higher plant
waxes from the present study are also applicable in the
contemporary times.

■ RESULTS AND DISCUSSION
Mass Concentrations. The homologs of hydroxy FAs are

often denoted by Cn (here, the subscript n refers to the carbon
chain length) due to their similar structure and chemical
properties. In this study, β- and ω-hydroxy FAs represent the
presence of a hydroxyl group at the third and last carbon atom
of the n-alkanoic acid. In general, low-molecular-weight
(LMW) β-(C10−C18)-hydroxy FAs are specific to LPS of soil
and/or marine bacteria, whereas higher plant waxes contribute
to not only LMW ω-hydroxy FAs but also high-molecular-
weight (HMW; C20−C28) homologs. Likewise, we denoted the
overall aerosol (A) or rain (R) samples based on the collection
month hyphenated with letters “b” and “a” and numbers,
referring to “before” and “after” and during the rain event
(Table S1). We detected here the C9−C22 β-hydroxy FAs and
the C10−C30 ω-hydroxy FAs in aerosols collected before (A5-
b) and after (A5-a and A9-a) as well as during rain events in
May (A5-1, 2, and 3) and September 1994 (A9-1, 2, and 3;
Table S1). Likewise, we detected C9−C24 β-hydroxy FAs (R5-
1, 2, and 3) and the C9−C28 ω-hydroxy FAs (R9-1, 2, and 3) in
rainwater samples (Table S1).
We found a gradual decrease in total mass concentrations of

β- and ω-hydroxy FAs in aerosols collected during rain events
in May 1994 over suburban Tokyo (Table S2; Figure S2). This
observation emphasizes their particle bound nature, and hence,
the wet precipitation events efficiently scavenge the airborne β-
and ω-hydroxy FAs. However, this pattern is not obvious from
the concentration profiles of hydroxy FAs in aerosols collected
during the rain events in September 1994. This could be likely
because of the inadvertent contribution of hydroxy FAs from
the lateral advection of source-emissions in September (i.e.,
backward air mass trajectories showed the influence of long-
range transport from East Asia). Furthermore, the β- and ω-
hydroxy FA concentrations in aerosols increased significantly
after the rainfall. This could be due to the splashing effects of
raindrops, which causes the resuspension of soil microbes to
the atmosphere.
Though statistically not significant (t score = 1.17; df = 7; p

> 0.05), we found that the total mass concentrations of β-
hydroxy FAs in aerosols were somewhat lower (0.3−2.9 ng
m−3; av. 1.3 ng m−3) in May and increased during September
1994 (0.7−5.4 ng m−3; av. 2.5 ng m−3; Figure S1a). However,
no such difference was observed for the total concentrations of
ω-hydroxy FAs in aerosols between May (0.2−5.4 ng m−3; av.
2.5 ng m−3) and September 1994 (0.6−6.1 ng m−3; av. 2.6 ng
m−3; Figure S1b). We also could not find significant differences
in the total mass concentrations of β- and ω-hydroxy FAs in
rainwater collected between May and September 1994.
Overall, we found relatively high concentrations of ω-hydroxy
FAs compared to β-isomers in most of the aerosol/rainwater
samples (Figure S1). Based on the variability of prevailing wind
regimes and the origin of backward air mass trajectories, the
concentration differences in the aerosols/rain samples can be
ascribed to relative contributions from the oceanic (i.e.,
marine-derived organic matter) vis-a-̀vis terrestrial lipids (i.e.,
soil microbes/plant waxes) over suburban Tokyo.

Molecular Distributions. The lipids originated from the
continental (i.e., higher plant waxes/soil microbes) and marine
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microbial sources (i.e., LPS of marine GNB/phytoplankton
exudates) are, in general, characterized by strong even-C
predominance.1,5,18 However, this feature is absent for
anthropogenic source-emissions. Therefore, it is possible to
assess the probable source of β- and ω-hydroxy FAs (i.e.,
natural/anthropogenic) based on their molecular distributions
and carbon preference index (CPI), defined as a ratio of the
sum of mass concentrations of even-C homologs to that of
odd-C homologs. This means that aerosol and rainwater
samples for which CPIβ/ω‑hydroxy FAs is greater than unity suggest
their natural source (i.e., soil/marine microbes or plant waxes).
Both the CPI values (>1; Table 1) and molecular distributions
of β- and ω-hydroxy FAs in aerosols (A5-1, 2, 3, a, b and A9-1,
2, 3, a) collected during rain events in May and September
1994 are characterized by a strong even-C predominance
(Figures 2 and 3). This observation implies their origin from
marine or soil microbes and plant-derived organic matter.
Molecular Distributions of β-Hydroxy FAs. In a more

general sense, LMW β-hydroxy FAs (≤C20) typically originate
from soil/marine microbes5,6,51 and HMW β-hydroxy FAs
(>C20) are from higher plant waxes (e.g., C28).

52 To
understand the differences/similarities of molecular distribu-
tions of β-hydroxy FAs between aerosols (i.e., expressed in ng
m−3) and rainwater samples (i.e., in ng L−1), we compared the
percentage relative abundances of individual homolog
concentrations (Cn) in their total mass concentration of all
detected β-hydroxy FAs. The absence of HMW β-hydroxy FAs
in aerosol and rainwater samples from May and September
1994 (Figure 2) suggests their major source as soil/marine
microbial lipids. Besides, there exists some similarity in the
molecular distributions of β-hydroxy FAs between aerosols and
rainwater samples within a season but somewhat different
between both seasons (Figure 2).
Of β-hydroxy FAs, C16 or C18 homologs are more abundant

followed by C14 or C12 in aerosol and rainwater collected in
spring (May 1994) compared to a relative increase in
concentrations toward shorter-chain homologs (C9−C16) in
autumn (September 1994; Figure 2). Marine aerosols sampled
over Gosan, Jeju Island13 and Chichijima (i.e., a remote island
in western North Pacific46) also exhibited such a predom-

inance of shorter-chain homologs (C12 or C10 or C14) during
the impact of continental outflow from East Asia (Figure 2c,d).
Besides, the distributions of β-hydroxy FAs in autumn are
comparable to those observed for Chinese loess (CJ-1) from
Gansu Province but different from those of simulated Asian
mineral dust from the Tengger Desert (CJ-2) in terms of
increased abundances of even-C homologs (Figure 2e).
Overall, higher concentrations of β-hydroxy C16 or C18 fatty
acid in aerosols/rainwater over other LMW homologs in May
1994 suggest a different source other than soil microbes. These
fatty acids are specific to the lipopolysaccharide (LPS) material
of lipids from soil or marine microbes.5,6,53 However, backward
air mass trajectories in May 1994 revealed transport from the
western North Pacific. Several studies have documented the
predominance of C16 and C18 β-hydroxy FAs in marine
aerosols and surface seawater.5,12,46 This means that planktonic
lipids from the Pacific Ocean could contribute to β-hydroxy
FAs in May 1994. Therefore, observed discrepancies in the
molecular distributions of β-hydroxy FAs in aerosols and
rainwater between May and September 1994 could likely be
due to the varying contributions from marine and soil GNB.

Molecular Distributions of ω-Hydroxy FAs. Unlike β-
hydroxy FAs, we could detect both LMW and HMW ω-
hydroxy FAs in the aerosol and rain samples collected in May
and September 1994 (Figure 3). The molecular distribution of
ω-hydroxy FAs in spring and autumn seasons have shown a
strong even-C predominance (C16 ≥ C12 > C22 ≥ C14). This
indicates their formation through the biological pathway, i.e.,
mainly derived from epicuticular plant waxes in cutin and
suberin43−46 as well as from marine-derived organic
matter.35,41,42,47 Furthermore, there exists a remarkable
similarity in the molecular distributions of ω-hydroxy FAs
between this study and aerosols from Gosan and Chichijima
(Figure 3c,d).35 However, the distributions of ω-hydroxy FAs
over suburban Tokyo are different from those typically
observed for Chinese loess (CJ-1; Figure 3e) and certified
Asian mineral dust (CJ-2; Figure 3e). 16-Hydroxypalmitic acid
(ω-hydroxy C16 fatty acid) is a pivotal component in cutin of
higher plant waxes.27,54 Likewise, ω-hydroxy C16-C28 fatty acids
are also the important structural components in suberin of

Table 1. Characteristic Mass Ratios and Relative Abundances of Hydroxy FAsa

date
(YY.M.DD)

sample
ID

Σβ-OH FAs
(C9−C22)

Σω-OH FAs
(C10−C30)

ΣOH
FAs

CPI β-OH
FAs

CPI ω-OH
FAs

Σβ-OH FAs
(%)

Σω-OH FAs
(%)

ΣLMW ω-OH FAs
/Σω-OH FAs (%)

94.5.25−26 A5-b 1.0 1.3 2.3 2.1 4.7 45 55 73
94.5.25 A5-1 2.9 5.4 8.3 2.5 8.2 35 65 86
94.5.25 A5-2 1.1 1.1 2.2 3.8 - 49 51 100
94.5.25 A5-3 0.3 0.2 0.4 - - 64 36 100
94.5.26−27 A5-a 1.0 4.3 5.3 1.8 14.1 19 81 58
94.9.21 A9-1 5.4 6.1 11.4 2.1 4.7 47 53 75
94.9.22−23 A9-2 0.9 0.6 1.5 1.5 18.7 58 42 100
94.9.22 A9-3 0.7 1.4 2.2 1.3 5.5 33 67 89
94.9.22 A9-a 3.2 2.4 5.6 1.0 4.1 57 43 79

date
(YY.M.DD)

sample
ID

Σβ-OH FAs
(C9−C24)

Σω-OH FAs
(C9−C28)

ΣOH
FAs

CPI β-
OH FAs

CPI ω-
OH FAs

Σβ-OH FAs/
ΣOH FAs (%)

Σω-OH FAs/
ΣOH FAs (%)

Σ LMW ω-OH FAs
/Σω-OH FA (%)

94.5.25 R5-1 593 1058 1651 3.0 3.5 36 64 78
94.5.25 R5-2 115 388 503 0.9 2.5 23 77 100
94.5.25 R5-3 111 n.d. - 6.9 - - - -
94.9.21 R9-1 426 n.d. - 1.6 - - - -
94.9.22−23 R9-2 448 986 1434 1.1 2.5 31 69 87
94.9.22 R9-3 139 448 587 1.5 6.6 24 76 90
an.d. = not detected; hyphen means not calculated.
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higher plant waxes.55 Moreover, epicuticular coniferous waxes
contain an abundant presence of 12-hydroxylauric acid (or ω-
hydroxy C12 fatty acid), 14-hydroxymyristic acid (or ω-hydroxy
C14 fatty acid), and 16-hydroxypalmitic acid.56 Therefore,
higher relative abundances of ω-hydroxy C12, C16, C14, C22, or
C18 fatty acids in both aerosol and rainwater samples from
spring and autumn seasons suggest those contributions from
higher plant waxes over suburban Tokyo.
Tanaka and Kawamua42 have reported a characteristic

feature of even-C predominance in the molecular distributions
of C10−C30 n-alcohols (fatty alcohols) in the aerosol and
rainwater samples collected in May and September 1994 over
suburban Tokyo (Figure S242). This observation is in
accordance with the high values of CPIω‑hydroxy FAs, suggesting
a significant contribution from terrestrial plant waxes. The
molecular distributions of n-alcohols (Figure S3) showed the
presence of both LMW and HMW homologs in both seasons
(spring and autumn). Of the measured n-alcohols, LMW
homologs (<C20) usually come from marine microorganisms

and HMW homologs (>C20) from terrestrial higher plant
waxes.42,51,57,58 It is implicit from Figure S2 that the
concentrations of C16 fatty alcohol contribute ∼24−64 (avg.
47%) and ∼12−36% (avg. 21%) of total n-alcohols in the
rainwater samples collected in May and September 1994,
respectively.42 This means that n-alcohols in the aerosol and
rainwater samples from the spring season have more
contribution from marine planktonic lipids than those from
the autumn season. These findings further support our earlier
interpretation that molecular distributions of β- and ω-hydroxy
FAs are strongly influenced by the oceanic microbial lipids in
spring (May 1994) compared to autumn (September 1994).

Cluster Analysis-Source Variability. The cluster analysis
of backward air mass trajectories in May 1994 revealed that
planktonic lipids mostly contribute to β-hydroxy FAs over
Tokyo (Figure 1c,d). Two of the three major clusters identified
in May 1994 indicate the impact of maritime air masses: cluster
1 is from the western North Pacific (∼61%), and cluster 2 is
from the Sea of Japan (∼34%). The β-hydroxy FAs in marine

Figure 2. Comparison between molecular distribution of β-hydroxy FAs in (a) aerosol (upper panel) and (b) rainwater samples (lower panel)
collected from Tokyo, (c) aerosol samples from Gosan, Jeju Island (May and September, 2001), (d) aerosol samples from Chichijima Island (May
and September, 1990−93), and (e,f) reference materials (Chinese dust, CJ-1 and CJ-2). The percentage relative abundances on the y-axis here
represent the concentrations of individual β-hydroxy FAs to their total mass concentration for the aerosol and rainwater samples.
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aerosols over remote oceans originate from the intrinsic cell
membrane constituents of phytoplankton/LPS of GNB.10,37−39

β-Hydroxy FAs contributed to as high as 91% of the
ultrafiltered dissolved organic matter in the surface waters of
the North Pacific.5 Schmitt-Kopplin et al.59 have unveiled the
selective enrichment of β-hydroxy FAs in marine aerosols
through the bubble bursting process at the air−sea interface.
Cochran et al.32 have detected C5−C18 hydroxy FAs in the
freshly emitted sea-spray aerosols with a characteristic
predominance of C16, C14, and C18. Therefore, air masses
transported from the North Pacific and Sea of Japan to Tokyo
in May 1994 significantly contribute to β-hydroxy FAs from
the marine phytoplanktonic lipids. Accordingly, we found the
predominance of C16, C18, and C14 β-hydroxy FAs in all the
aerosol samples and two of the three rainwater samples
collected during May 1994. A similar trend is also reflected by
the molecular distributions of β-hydroxy FAs in the summer-
time aerosol samples from Chichijima (May, 1990−93)46 and

Gosan (May, 2001),13 which also exhibited a mixed influence
of continental/oceanic sources.
The third cluster (i.e., contributing to ∼5%) in May 1994

revealed transport from China and Mongolia, which explains
the molecular distribution of β-hydroxy FAs in R5-2. The
molecular distribution of β-hydroxy FAs for the second rain
event (R5-2) in May 1994 showed the predominance of
shorter-chain homologs (i.e., C9, C10, C11, and C12), which is
characteristic to soil microbes associated with Asian mineral
dust (CJ-1).13 This type of molecular distribution is also
observed for the snowpit/aerosol samples influenced by the
Asian dust outbreaks during summer months.35,41,42 The
cluster analysis for the September 1994 rain and aerosol
samples revealed that NE-trade winds mostly contributed to
atmospheric abundances of β- and ω-hydroxy FAs over Tokyo
(i.e., cluster 1: 15% and cluster 2: 65%). However, the third
cluster (∼21%) exhibited a minor influence of the North
Pacific maritime air masses over Tokyo in September 1994.
Consequently, we have observed the predominance of C12 and

Figure 3. Comparison between molecular distributions of ω-hydroxy FAs in (a) aerosol (upper panel) and (b) rainwater samples (lower panel)
collected from Tokyo, (c) aerosol samples from Gosan, Jeju Island (May and September, 2001), (d) aerosol samples from Chichijima Island (May
and September, 1990−93), and (e,f) reference materials (CJ-1 and CJ-2). The percentage relative abundances on the y-axis here represent the
concentrations of individual ω-hydroxy FAs to their total mass concentrations for the aerosol and rainwater samples.
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C9 or C10 β-hydroxy FAs in the aerosol and rain samples
collected in September 1994, which is consistent with those
documented over Gosan and Chichijima. Overall, the origin of
airmass clusters could correspond to the contribution of β-
hydroxy FAs from various geographic source regions.
Geographical Variability. The relative abundances of

hydroxy FAs in aerosols collected during rain events in May
and September 1994 over Tokyo revealed the predominance of
ω-isomers over β-isomers (Figure 4). This feature reflects their

contribution from higher plant waxes followed by soil
microbes. Similar distributions were observed for the
summertime aerosols sampled over Gosan (Jeju Island)13

and Chichijima (i.e., an island in the North Pacific).46

However, the absence of α-hydroxy FAs in Tokyo aerosols
sampled during rain events is in sharp contrast to observations
made on fresh snow from Sapporo,7 snow pit from Mt.
Tateyama,19 and biomass burning aerosols from Mt. Tai.8

Surprisingly, we found somewhat high concentrations of α-
hydroxy FAs only in the snow pit samples from Mt. Tateyama,
which is located in Central Japan. Several studies have
documented that LMW α-isomers, in part, are derived from
the oxidative degradation of HMW ω-hydroxy FAs.8 There-
fore, one reason for the absence of α-hydroxy FAs in aerosols
and rainwater collected over Japan in May and September
1994 could be due to the contribution of fresh emissions of β-
and ω-hydroxy FAs from terrestrial higher plants and soil/
marine microbes.
Cranwell21 suggested that α-hydroxy FAs (i.e., >C20) are

derived as the by-products of microbial mediated fatty acid
metabolism through α-oxidation. Also, the higher abundance
of α-hydroxy FAs was also found in the biomass burning
aerosols collected over Mt. Tai, China,8 possibly due to
photochemical oxidation of higher-molecular-weight fatty
acids. Such a possibility of in situ formation of α-hydroxy
FAs has also been reported in the hydrolysis products of leaf
waxes and wood and in microalgae and sea grasses.60 Further,
microbial oxidation could also be a possible source of α-
hydroxy FAs in the snow samples studied.2,19 Hence, it is

suggested that α-hydroxy FAs cannot be employed as the
tracers of plant waxes only as they can also come from
microbial/photochemical oxidation of higher-molecular-weight
fatty acids during long-range atmospheric transport. Thus, we
concluded that the absence of α-hydroxy FAs over Tokyo
indicates fresh emissions of fatty acids including β- and ω-
hydroxy FAs from terrestrial higher plants and soil/marine
microbes. On the other hand, snow (i.e., formed from the
cloud water) and snow pit (i.e., result of slow accumulation of
snow layers over an extended time period) facilitate the
aqueous phase and/or photochemical breakdown of long-chain
β- and ω-hydroxy FAs into shorter-chain α-hydroxy FAs.28,29

Tokyo is also moderately influenced by long-range transport
of Asian dust in May and September 1994 (Figure S3);
however, the mean trajectory cluster showed transport from
East Asia (Figure S1). The associated soil microbes in
atmospheric dust can cause severe health effects on long-
term exposure to these particles.61,62 It is, however, possible to
assess the impact of soil microbes using atmospheric
abundances of β-hydroxy FAs over Tokyo. We, thus, used
here the total mass concentrations of C10−C18 β-hydroxy FAs
to assess the endotoxin levels and bacterial dry-mass content of
airborne soil GNB according to the methods suggested by Lee
and co-workers.11,38

Endotoxin and GNB Dry Mass. Some researchers have
quantified the endotoxin levels in indoor environments such as
animal houses47 and aircraft cabins63 by using β-hydroxy FAs.
However, rather few studies have focused on the advantage of
this method for ambient aerosols.11,36 The endotoxin levels in
aerosols over Tokyo during spring (May 1994: 9 ± 7 ng m−3)
are somewhat lower than those during the autumn season
(September 1994: 19 ± 16 ng m−3) because of the higher
concentration of C10−C18 β-hydroxy FAs in the latter season.
Also, the estimated airborne endotoxin levels from the autumn
season (September 1994: 19 ± 16 ng m−3) are comparable to
those reported for the TSP (20−30 ng m−3) from Chinese
cities, including Nansha, Guangzhou, and Hong Kong,36,47,64

but much higher than the inhalable exposure limit (9 ng m−3)
set by the Dutch Expert Committee on Occupational
Standards (DECOS). It is worth clarifying that the health-
based occupational exposure limit proposed by DECOS47 is
valid for the measurement of endotoxin examined either by
LAL or GC-MSMS (β-hydroxy FAs). The Dutch Health
Council in the Netherlands in 2010 has proposed a health-
based occupational exposure limit of 9 ng m−3 over an 8 h
period of the biologically active endotoxin (http://www.
gezondheidsraad.nl/sites/default/ files/201004OSH.pdf).64,65

The endotoxin levels reported here from Tokyo are lower in
spring (9.4 ng.m−3) and higher in autumn (19 ng m−3) than
those measured at Gosan (spring: 27.9 ng m−3; autumn: 5.8 ng
m−3).13 Besides, these endotoxin levels from Tokyo (present
study) are higher than those from Chichijima Island in the
western North Pacific (spring: 1.96 ng m−3; autumn: 1.04 ng
m−3),46 the biomass burning emissions (11.7 ng m−3) in Mt.
Tai, North China Plain,8 and wood burning emissions (4.3 ng
m−3) in Nepal.66 Furthermore, our estimated endotoxin levels
from Tokyo are comparable to those reported in PM10 samples
collected from the urban environments in Hong Kong (12.3 ng
m−3)11 but 10−20 times higher than aircraft cabins (0.2 ng
m−3).63 Laitinen et al.14 measured the endotoxin levels in
occupational environments (for example, cotton mill: 200 ng
m−3; vegetable storage houses: 9500 ng m−3) that are indoor
places and have no ventilation for the dilution of these

Figure 4. Relative abundances of α-, β-, and ω-hydroxy FAs in
aerosols (before rain events) with other studies from East Asia
including Tokyo (this study), Mt. Tai in the North China Plain,8 Mt.
Tateyama,19 Sapporo,7 and Gosan.13
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compounds. Overall, this geographical variability with regard
to airborne endotoxin concentrations highlights the diverse
nature of source-emissions of airborne GNB over East Asia.
The estimated average GNB dry mass in aerosols mimics

that of endotoxin concentrations (May1994: 313 ± 223 ng
m−3; September 1994: 636 ± 544 ng m−3). On a similar note,
we found lower endotoxin and mass loading of GNB to be 2 ±
2.1 μg L−1 and 2.6 ± 1.3 μg L−1, respectively, for the rainwater
samples collected in spring than those in the autumn season
(67 ± 70 μg L−1 and 86 ± 42 μg L−1, respectively). Lower
concentrations of endotoxin and GNB dry mass in May 1994
than in September 1994 could be due to the removal by
heavier rainfall and dilution due to higher mixing layer height
(i.e., because of the relative increase in insolation and, hence,
the vertical extent of mixing of pollutants from the ground-
emissions). Moreover, a relatively clean maritime air stream
that prevailed in the region during autumn (Figure 1b) also
accounted for the lower level of TSP load. Lee et al.38 reported
that airborne endotoxin is of crustal origin, and Golokhvast67

documented the airborne biogenic particles in snow from the
Russian Far East that cause allergy for the pedestrians. We
could not compare the concentrations of hydroxy FAs in the
precipitation events from our study with others as there were
no reports available in the literature. Given the limited data
sets, we recommend further studies on their temporal as well as
spatial distributions of airborne GNB based on hydroxy FAs
over East Asia to better constrain the behavioral pattern of
source-emissions and the extent of proposed acute effects on
Pedestrians.
Overall, our study clearly shows the presence of endotoxin

and GNB in the aerosol and rainwater samples, which affirms
that soil microbes and their endotoxin can have a potential
health impact. We estimated high abundances of endotoxin
and GNB dry cell mass in the autumn season (September
1994), which clearly affirm their atmospheric transport along
with Asian dust particles and, thus, can have potential health
effects. Since AMBTs showed a continental origin in
September over Tokyo, it is likely that airborne GNB from
East Asia could be further long-range transported to the
remote Pacific Ocean. Mayol et al.68 have shown that ocean
acts as a sink for the atmospheric transported microbial
particles. Also, long-term and wide spread measurements of
airborne microbes traveling in the lower atmosphere are
important to study the maintenance of microbial diversity,69,70

connectivity among terrestrial microbial communities, and
transoceanic spreading of microbes including human71 and
crop72 pathogens. Though we observed characteristic predom-
inance of homologs of β/ω-hydroxy fatty acids with their
carbon chain length as an even number in our study (i.e.,
representative of source features), inadvertent mixing of
anthropogenic source-emissions could bias the estimation of
endotoxin activity and GNB dry mass using the conversion
factors from the laboratory studies.
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