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Biogenic volatile organic compounds (BVOCs) released primarily from vegetation are the 

major contributors to the total atmospheric volatile organic compounds (VOCs) globally. These 

BVOCs can play important ecological functions. In Chapter 1, I summarized the ecological roles 

of these important atmospheric volatiles at the organism and population, and community levels, 

their adaptive values, and their impacts at the climate level. In addition to the ecological processes, 

plant VOCs can influence atmospheric chemistry and physics. Many of these plant VOCs are 

highly reactive, and upon release into the atmosphere, they react with atmospheric radicals forming 

secondary organic aerosol (SOA). SOA can affect human health and impact Earth’s radiative 

balance directly and indirectly by absorbing and scattering sunlight and influencing clouds' 

formation and properties, respectively. I investigated SOA formation from less-studied VOCs in 

the laboratory by generating SOA inside an oxidation flow reactor (OFR) using different VOCs as 

SOA precursors. In Chapter 2, I investigated SOA formation from a riparian shrub emission 

exposed to insect herbivory. The acyclic BOVCs, regardless of herbivory stress, reduced SOA 

potential formation. This result can have an important implication for SOA prediction in chemical 

transport models. In Chapter 3, I studied SOA from dominant BVOCs of a shrub species in 

California’s coastal sage shrub ecosystem.  SOA formation potential of most of these oxygenated 



 

x 
 

monoterpenes was higher than that of a common plant volatile, α-pinene, as a reference system. I 

also investigated the chemical composition of the SOA from these oxygenated terpenes and 

compared that with the SOA chemical composition formed from real plant emissions that were 

dominated by these compounds. I observed that the chemical composition of SOA from plant 

mixtures was similar to each other and equally different from SOA formed from single precursors. 

This result emphasized that SOA formed from single VOC standards does not capture the 

complexity of VOC emissions from real plants. 
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INTRODUCTION 

Plants emit various atmospheric organic compounds (Dudareva et al., 2013), known as 

biogenic volatile organic compounds (BVOC)s. Plant BVOC emissions can affect many ecological 

processes such as plant-plant communication (Arimura et al., 2009; Baldwin et al., 2006a), plant-

insect communication (Blande, 2017; Moreira et al., 2018a, 2018b), plant signaling (Dicke, 2004), 

and plant-pollinator communication (Schiestl and Johnson, 2013). Different mechanisms in a 

changing world, such as plant stresses, affect BVOC emissions, resulting in plant stress 

compounds. Plant stress compounds can contribute to a large portion of the plant's total emissions, 

and conditions such as insect herbivory, air pollution, and extreme weather are some examples of 

stressors (Faiola and Taipale, 2020; Holopainen et al., 2018; Niinemets et al., 2013). In addition 

to affecting ecology, BVOCs also can play an important role in atmospheric chemistry and physics 

due to their high reactivity. Upon release into the atmosphere, BVOCs react with oxidants and 

produce secondary organic aerosol (SOA). VOCs from both natural (derived from vegetation, 

BVOCs) and anthropogenic (from human activities) sources contribute to the SOA formation 

through processes of nucleation, condensation, or multiple chemical reactions of their oxidation 

products (Hallquist et al., 2009; Nozière et al., 2015). Plant BVOCs can impact the aerosol climate 

effects by changing particle composition (Faiola et al., 2015; Jimenez et al., 2009; Kiendler-Scharr 

et al., 2009b), hygroscopicity (Zhao et al., 2017), and optical properties (Lambe et al., 2013; Moise 

et al., 2015; Zhang et al., 2011). In general, increasing and modification of the BVOCs would 

consequently impact SOA.  

Atmospheric aerosols have adverse health impacts on humans (Nel, 2005). In addition to 

human health, atmospheric aerosols can influence environmental health, both directly and 

indirectly. Atmospheric particles can effectively scatter or absorb solar and terrestrial radiation. 
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Therefore, they can affect the radiative energy balance in the atmosphere (Jacobson et al., 2000), 

and consequently, radiative forcing and visibility would be directly impacted by this effect. The 

properties of the particles determine the absorption or scattering effect. The other important 

significance of the atmospheric aerosol is that they can modify the abundance and properties of 

clouds and thus indirectly affect global climate (Andreae and Rosenfeld, 2008). A large fraction 

of fine atmospheric aerosol (20-90%) is organic compounds (Jimenez et al., 2009). A large portion 

of the global budget of organic aerosol is SOA, which is the atmospheric oxidation product of 

volatile organic compounds (VOC)s (Shrivastava et al., 2015).  

The SOA formation mechanism in global climate and air quality models is highly variable 

(Kanakidou et al., 2005; Lee et al., 2016), and SOA formation consistently has been 

underestimated in current models compared with actual measurements and observations (Hodzic 

et al., 2010, 2009; Yang et al., 2018). The uncertainties in the inputs of these models arise from 

incomplete chemical knowledge of degradation pathways and significant variability in measured 

SOA yields (Fry et al., 2014; Marais et al., 2017; M. Donahue et al., 2005; Odum et al., 1996). 

Therefore, there is an excellent motivation for further investigations on SOAs from complex 

mixtures like actual plant emissions or SOAs from less-studied terpenes such as oxygenated 

monoterpenes to improve the data inputs of the models. This lack of knowledge could limit 

accurate understanding of the SOA effects on regional and global scales.  

In my dissertation research, first, I review the ecological roles of plant BVOCs, as the major 

contributors to atmospheric VOCs. Then, I focus on the investigation of SOA formed from two 

different less-studied systems. 

In Chapter 1, “Ecological roles of plant volatile organic compounds” , I summarized the 

most important ecological functions of plant volatiles at the organism, population, and community 
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levels and their evolution. I also provided the significance of plant BOVCs at the broader scale, at 

the climate level.  

In Chapter 2, “Acyclic terpenes reduced secondary organic aerosol formation from 

emissions of a riparian shrub” , I focused on SOA from actual plant emissions exposed to herbivory 

stress. The aerosol formation from complex mixtures of actual plant emissions has been done 

previously in many laboratory studies (Faiola et al., 2019, 2018, 2014; Hao et al., 2011; 

Joutsensaari et al., 2015, 2005; Kiendler-Scharr et al., 2012, 2009a, 2009b; Mehra et al., 2020; 

Mentel et al., 2009; VanReken et al., 2006; Yli-Pirilä et al., 2016; Ylisirniö et al., 2020; Zhao et 

al., 2017). However, our study was the first to evaluate the effects of insect herbivory on SOA 

formation from shrubs, which are the dominant vegetation type in many regions, such as chaparral 

and coastal sage scrub in California. Specifically, the project evaluated the effect of the aphid 

herbivory on SOA formation from BVOCs of Baccharis salicifolia. Additionally, I investigated 

the leaf-level metabolomic analysis to investigate the effect of the aphid herbivory on plant 

metabolism. I believe the project's outcome is critical for improving SOA production predictions 

in global climate models and regional transport models.   

In Chapter 3, “Secondary organic aerosol from the photooxidation of oxygenated biogenic 

volatile organic compounds“ , I investigated the SOA from less-studied terpenes (oxygenated 

monoterpenes), such as camphor, borneol, bornyl acetate, and 1,8-cineole. BVOCs have been 

studied in laboratory scales for chemical characterization of their formed SOA (Griffin et al., 

1999b; Ng et al., 2007, 2006a; Odum et al., 1996), and the output provided the basic input 

information for model predictions of SOA production. However, these experiments are not 

completely representative of all BVOCs. Therefore, it is essential to improve the models for better 

SOA predictions for this rapidly changing world, where the distribution of BVOC profiles, and 
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SOA sources, could be very different from now. For instance, it was reported that more than 80% 

of the BVOCs emission of common shrub species throughout the U.S. and Canada consisted of 

oxygenated monoterpenes (Mehra et al., 2020), specifically camphor and 1,8-cineole, but their 

SOA formation potential and chemical characteristics have not been studied well yet. I studied 

SOA from four different oxygenated monoterpenes and α-pinene (as the reference SOA) and 

provided the first measurement of the chemical composition of those SOAs from the high-

resolution mass spectrometry analysis.  

My dissertation seeks to investigate SOA formation potential and SOA properties of some 

less-studied compounds and mixtures to provide information for better SOA prediction via 

chemical transport models. In summary, to improve the knowledge of SOA impacts on global 

climate and air quality models, there should be more investigation about SOA formed from sources 

that have not been studied well yet. For instance, more projects should aim for SOA formation 

from less-studied terpenes, stressed plants, or a mixture of BVOCs.  
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CHAPTER 1 

Ecological roles of plant volatile organic compounds  

Plants produce a large diversity of secondary metabolites (Pichersky and Gang, 2000; 

Pichersky and Lewinsohn, 2011), including volatile organic compounds called biogenic volatile 

organic compounds (BVOCs). Table 1.1 summarizes the plant volatiles ecological functions and 

some corresponding examples (Yuan et al., 2009). At the organismal level, plant BVOCs can act 

as fast and efficient within-plant signaling for a defense mechanism. For instance, reaching further 

locations of the damaged plant itself, as was reported in lima bean (Heil and Bueno, 2007) and 

sagebrush (Karban et al., 2006), or signal from older leaves to younger leaves of the plant 

(Holopainen and Blande, 2013). Undamaged leaves of hybrid poplar exposed to BVOCs from 

herbivory-damaged leaves on the same stem had shown enhanced defensive responses to feeding 

by the gypsy moth (Frost et al., 2007). To protect plant tissues from oxidative damage, UV-B 

radiation, and heat damage, plants emit BVOCs for thermal tolerance and environmental stress 

adaptation (Dudareva et al., 2006; Holopainen, 2004; Holopainen and Gershenzon, 2010; Peñuelas 

and Llusià, 2004; Sharkey et al., 2008; Vickers et al., 2009a). For instance, plants exposed to 

emissions of certain BVOCs recovered more rapidly from being exposed to high temperatures than 

control plants (Copolovici et al., 2005; Sharkey and Singsaas, 1995; Vickers et al., 2009a). 

Regarding alleviating oxidative stresses, lower reactive oxygen species and consequently less cell 

damage and higher photosynthetic rates than control plants were reported for plants fumigated 

with certain BVOCs (Delfine et al., 2000; Loreto et al., 2001; Vickers et al., 2009b).  

The emissions of plant BVOCs can provide a reproductive advantage by attracting 

pollinators and seed dispensers (Chen et al., 2009; Hossaert-McKey et al., 2010; Luft et al., 2003; 

Shuttleworth and Johnson, 2009). Pollinators use the floral scent to locate flowers, and as a reward, 
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plants provide sugar-rich nectar for pollinators (Chapurlat et al., 2019; Galen et al., 2011; Gervasi 

and Schiestl, 2017; Gross et al., 2016; Kantsa et al., 2019; Raguso, 2006). Pollinators prefer this 

reward above other flowering materials such as color (Wink, 2003). It was reported that floral 

scent was an important attractant in a specific pollination system with wasps (Shuttleworth and 

Johnson, 2009). Based on an innate plant BVOCs smell preference, the hawkmoths were reported 

as the primary pollinators of D. wrightii flowers (Riffell et al., 2008). There is evidence that seed 

dispensers, such as fruit bats (Luft et al., 2003), are able to assess the ripe fruits exclusively by 

fruit odors, and bats could not only locate fruits by their odor but are also able to discriminate 

between ripe and unripe fruits of the same species. Pollinator and seed dispenser attraction and 

plant defense are the most important ecological roles of plant BVOCs, but plant volatiles may have 

other roles in the plant-environment interaction, such as plant-to-plant signaling to make other 

plants respond to herbivores and activate defense.  

At the population level, plants may eavesdrop on emitted BVOCs from neighboring plants 

of the same species (intraspecific interaction) (Markovic et al., 2019) or other species at the 

community level (interspecific interaction) (Frost et al., 2008). In the plant-to-plant 

communication (Baldwin et al., 2006b; Baldwin and Schultz, 1983; Dicke et al., 2003a; Heil and 

Karban, 2010; Penuelas et al., 1995; Shulaev et al., 1997), the sensitivity of the receiver plant to 

specific blends of BVOCs or a single BVOC at different concentrations, coupled with the exposure 

duration, makes plant responses more complex. The use of BVOC signals as guide cues for 

predatory insects in tritrophic interactions is sophisticated. Some plants can emit BVOCs as a 

signal during an attack by specific herbivorous insects that attract predators specialized on that 

herbivore; thus, these warning signals can induce the expression of defense genes or BVOC 

emissions in surrounding plants (Arimura et al., 2000; Birkett et al., 2000; Farag et al., 2005; 
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Kessler and Baldwin, 2001; Ruther and Kleier, 2005) or make these plants ready to respond faster 

to future herbivory attacks (Engelberth et al., 2004; Frost et al., 2007; Kessler et al., 2006; 

Rodriguez-Saona et al., 2009). Multiple herbivore species attacking a plant can make this 

interaction more complex (Gols, 2014; Ponzio et al., 2014). 

Plant BVOCs can act as direct herbivore repellents (De Moraes et al., 2001; Holopainen, 

2004; Kessler and Baldwin, 2001) or attract natural enemies of herbivores (Heil, 2008; 

Holopainen, 2004) to defend themselves indirectly. Direct defenses apply negative impacts on 

herbivores, such as some BVOCs that directly attract or deter herbivores, while indirect defense 

includes higher trophic levels, such as the attraction of parasitoids or herbivores predators 

(Arimura et al., 2005; Bowers et al., 1972; Chapman et al., 1981; Dicke et al., 2003b, 2003c; Dicke 

and Baldwin, 2010; Llusià and Peñuelas, 2001; Matthes et al., 2010; Price et al., 1980). Based on 

experiments with pure VOCs and transgenic plants engineered to emit modified BVOC mixtures, 

specific plant terpenes were reported to be involved in attracting herbivore enemies (Degenhardt 

et al., 2009; Kappers et al., 2005; Kessler and Baldwin, 2001; Schnee et al., 2006; Shiojiri et al., 

2006). Several herbivory-induced BVOCs serve as a direct defense strategy against aphids (Dicke 

and Dijkman, 2001; Hildebrand et al., 1993). 

BVOCs can be emitted either constitutively (Holopainen and Gershenzon, 2010) or in 

response to various stresses, as discussed earlier. These plant BVOCs have low molecular weight 

and high vapor pressure at ambient temperature. Most BVOCs can be classified into three main 

chemical groups: terpenoids, green leaf volatiles (GLVs), and aromatic compounds (Holopainen 

and Blande, 2013). Several small aliphatic BVOCs, such as acetaldehyde, acetone, acetic acid, 

formic acid, and ethanol, can also be produced in some plants (Rantala et al., 2015). More than 

1700 volatile compounds have been identified from the floral headspace of different plant species 
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(Knudsen et al., 2006), with terpenoids occurring most frequently (Farré-Armengol et al., 2020, 

2015; Knudsen et al., 2006). Terpenoids are constructed from five-carbon units from different 

plant metabolic pathways: the plastidic methylerythritol phosphate (MEP) pathway and the 

cytosolic mevalonic acid (MVA) pathway (Loreto and Schnitzler, 2010; Maffei, 2010). The 

simplest form of terpenes is a five-carbon (C5) molecule (isoprene), and the other various multiples 

of this C5 unit, including two groups that have been found in large amounts in the gas-phase as 

monoterpenes (C10) and sesquiterpenes (C15). The GLVs, are products of the lipoxygenase 

(LOX) pathway and are released after mechanical or other destructive damage to cell membranes 

(Holopainen and Blande, 2013; Maffei, 2010). The last major BVOC group, aromatic compounds, 

is produced by the shikimate pathway, mainly devoted to aromatic amino acid synthesis (Maffei, 

2010; Misztal et al., 2015).  

Emission rates of plant BVOCs are primarily controlled by environmental factors such as 

solar radiation and ambient temperature (Loreto and Schnitzler, 2010). All BVOC emissions from 

leaves are temperature-dependent, but only some are also light-dependent. BVOCs that are not 

stored in any specialized structures are both light- and temperature-dependent because their 

emission rate is a function of biosynthesis rate, which is directly tied to photosynthetic carbon 

metabolism, so-called “de novo” emissions (Loreto and Schnitzler, 2010). Most broadleaf 

deciduous trees lack these specialized storage structures. Some plants accumulate volatiles in resin 

ducts or glandular trichomes (Baldwin, 2010; Duke et al., 2000). This is a common feature of most 

coniferous plants (Loreto and Schnitzler, 2010). Emission rates of compounds residing in storage 

structures are exponentially dependent on temperature- and light-independent. Coniferous plants 

also emit compounds that are not stored, de novo emissions, the compounds that are just made, 

which are light- and temperature-dependent (Loreto and Schnitzler, 2010). Thus, there are both 
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light-dependent and light-independent fractions of the BVOC emissions from plants that have 

these storage structures.  

In general, plant volatile emissions, BVOCs, can play substantial roles in the ecological 

processes, providing a common chemical language as a signaling tool from the cellular level to the 

whole plant, population, and community level. 

Evolution and The Adaptive Value of Plant BVOCs 

Plants coexist in different communities with unavoidable interactions with neighboring 

plants and other organisms. BVOCs and their functions can be favored by natural selection on 

existing heritable variations. The type and intensity of natural selection on these BVOCs may vary 

by time and location (Allison and Daniel Hare, 2009).  

Plants invest a substantial amount of photosynthetic carbon and energy into the BVOC 

compounds. The plants’ benefit from such an investment is still under investigation among plant 

scientists and ecologists (Dicke and Baldwin, 2010; Hare, 2011; Kessler and Heil, 2011; Vickers 

et al., 2009a). The carbon investment into BVOC increases under stress, which results in a large 

amount being released into the atmosphere. The BVOC enhancement happens upon herbivory or 

pathogen stress (Dicke and Baldwin, 2010) or while coping with abiotic stresses (Loreto and 

Schnitzler, 2010). Under these stress conditions, carbon is allocated to constitutive and stress-

induced BVOCs (Mithöfer and Boland, 2012; Paré and Tumlinson, 1999). The carbon investment 

can be a substantial carbon loss in stressed leaves and a considerable photochemical energy sink 

if simultaneous photosynthesis is considered (Sharkey and Yeh, 2001). Plants need to respond to 

crucial receiving signals to avoid compromising their growth and defense. This makes regulatory 

mechanisms complex, considering the trade-off between the cost and benefits of carbon investment 

(Ninkovic et al., 2021). The trade-off between benefits and costs of BVOC emissions as stress 
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relief compounds is not straightforward and thus difficult to assess. For one of the most abundant 

BVOC from leaves, isoprene, experiments with transgenic plants showed that the metabolic cost 

outweighed the benefits (Behnke et al., 2012). Constitutive expression of plant defense may be 

costly and thus result in seed production reduction (Heidel and Baldwin, 2004; van Hulten et al., 

2006); moreover, it may have ecological costs such as interference of BVOCs with pollinator 

attraction (Dicke and Baldwin, 2010; Kessler and Halitschke, 2009). For example, the floral scents 

of a plant for pollinator attraction may also attract nectar-robbing bees and folivores, which can 

negatively impact plant reproduction (Baldwin, 2010). In fact, plants gain a net fitness benefit by 

investing in the production of floral scent, plant BVOC, as an advertisement of reward (Majetic et 

al., 2009). Many studies report that pollinators such as bees learn smells faster with higher retention 

than colors; thus, odors, as BVOCs, can evoke stronger discrimination between plants (Dobson, 

1994; Leonard et al., 2011a, 2011b), and this shows an important aspect of the selective 

environment determining he evolution of plant signals through their impact on plant fitness 

(Wright and Schiestl, 2009). These studies and examples represent that it is very challenging to 

clearly understand the trade-off between the costs and benefits of emitting BVOCs, and the way 

the BVOC emissions would respond to future conditions is still under debate.  

The evolutionary perspective can explain inter-and intra-species variability in BVOC 

emission rates and composition; for instance, it would help to understand why some plants have 

specific types of BVOCs, such as isoprene or monoterpenes. For example, mosses and ferns, as 

the early land plants, typically emit constitutive BVOC emissions such as isoprene. The isoprene-

emitting plants appeared during the Cretaceous era (a period that lasted from about 145 to 66 

million years ago)  (Sharkey et al., 2013), and it was suggested that the isoprene emission capacity 

might have been gained and lost many times during the evolutionary history of plants (Monson et 
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al., 2013; Sharkey et al., 2008; Welter et al., 2012). The synthase genes of a specific BVOC can 

frequently arise from mutations of terpene synthase genes. Conifers emit high levels of 

monoterpenes (Holopainen, 2004), which might indicate that monoterpenes and isoprene emitted 

by Mediterranean oaks have an isoprene-like protective role against ozone (Loreto et al., 2001, 

1996). It has been suggested that the constitutive isoprene emissions make leaf photosynthetic 

membranes more stable (Velikova et al., 2011). Similar functions have been suggested for 

constitutive monoterpenes emissions; however, monoterpenes from reservoirs such as resin ducts 

can also repel herbivores and sterilize wounding locations (Mithöfer and Boland, 2012). 

 Plant terpenoids may play a role in supporting mutualisms, for example, with pollinators 

or ants (Farré-Armengol et al., 2013). In plant-insect mutualisms, the plant needs to be easily 

located and must provide rewards to the mobile partner (the insect), who offers a service but may 

decide not to visit a particular plant. This plant-pollinator relationship could mean that plants have 

evolved particular traits contributing to mutualism (Fineschi et al., 2013). Phylogenetic studies 

also suggest that plant-insect mutualism is not only gained but also lost throughout evolutionary 

history (Fineschi et al., 2013), whereby losses involve shifts to abiotic alternatives to mutualism 

such as wind, water, or gravity for pollination and seed dispersal, as well as switches to mutualists 

other than insects such as birds as pollinators or seed dispersers (Bronstein et al., 2006). 

Humans are an important driver of evolution by artificial selection and plant domestication. 

The intraspecific differences in the BVOC emissions may not have evolutionary significance, but 

they are associated with productive traits for cultivation. For instance, breeding for productive 

traits might drive selection for BVOC diversity and, in return, modulate important adaptive 

mechanisms against stress conditions (Loreto et al., 2009).  
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Regarding interactions with other organisms, natural selection may have favored BVOC 

synthesis emitted from plant leaves, just like floral scents and colors were selected to attract 

pollinators or toxic compounds to repel herbivores and pathogens (Fineschi et al., 2013). It has 

been suggested that there may be a lot of selective advantages to keeping a large diversity of plant 

BVOCs in individuals (Gershenzon and Dudareva, 2007); for instance, a more diverse BVOC 

blend can protect against a broader range of natural enemies. In addition, it may be more effective 

for a plant to deter herbivores by its BVOCs instead of the sum of its parts (Gershenzon and 

Dudareva, 2007).  

Approaches to Determine BVOCs Adaptive Values 

 There are several ways to test whether BVOC emissions are adaptive. For instance, the 

recruitment of natural enemies as an adaptive function of BVOCs can be tested by the ability of 

an individual plant to attract natural enemies to reduce the damage of herbivores and enhance plant 

fitness relative to non-emitting genotypes. If BVOCs directly profit plants, then individual plants 

should emit a high amount of BVOCs to substantially increase fitness even in the absence of 

natural enemies. This theory can be tested by comparing the fitness of plants that emit different 

BVOC emissions in the presence and absence of natural enemies. The second approach is the 

addition of synthetic BVOCs to plants and investigating whether they have a higher fitness or not.  

Thus, to explain the BVOC-natural enemy signaling function, the evidence of both (a) plant fitness 

increases due to enemy recruitment and either (b) enemies preferentially learn prey-induced 

BVOCs, or natural enemies respond innately to prey-host VOCs is required. Plant fitness can be 

measured in different ways, including growth rates, number of seeds, number of fruits, or 

probability of survival (Bigio et al., 2017). These two hypotheses, a and b, can be predicted/tested 

empirically to allow discrimination between enemies' recruitment as a function of or effect of plant 
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BVOCs (Allison and Daniel Hare, 2009). These suggested methods can be applied for the effect 

of abiotic stresses on BVOCs or the effect of a combination of biotic and abiotic stresses on plant 

BVOCs.  

 Transgenic studies either engineered to emit or knock out specific plant VOC can be 

applied to address how plant benefits from BVOC emissions. This approach helps to better 

understand the role of a specific BVOC type, such as isoprene, in tolerating stress and the related 

mechanism (Niinemets and Monson, 2013; Rosenkranz and Schnitzler, 2013). For instance, to test 

the hypothesized role of isoprene in the leaf protection against oxidative stress transgenic grey 

poplar plants with either silenced or upregulated isoprene synthesis gene expression was developed 

(Behnke et al., 2007). On the other hand, to investigate whether plant fitness would be improved 

by maintaining isoprene production under drought stress, transgenic Arabidopsis plants with 

isoprene synthesis genes were used, and it was concluded that the presence of this trait did not 

enhance drought resistance (Sasaki et al., 2007). But in general, many previous works on 

engineered transgenic isoprene emitters (Sasaki et al., 2007; Velikova et al., 2011; Vickers et al., 

2009b) and isoprene silenced (Behnke et al., 2007; Rosenkranz and Schnitzler, 2013) have shown 

enhanced abiotic stress in isoprene emitting genotypes. Developments in the identification of genes 

responsible for the synthesis of other BVOCs in addition to isoprene are essential to investigate 

the potential roles of other BVOCs in plants' stress tolerance mechanism to abiotic, biotic, and 

combination of both stresses and in survival and fitness. These approaches can help improve 

BVOC emissions models under various environmental conditions, which would ultimately 

develop a better understanding of the effects of BVOCs on atmospheric chemistry and climate 

(Niinemets and Monson, 2013; Vickers et al., 2009a). The complex floral bouquet structure of 

petunia, which impacted interactions among flowers and their visitors, was investigated with 
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genetically modified plants (Kessler et al., 2013). Those engineered plants provided a strong tool 

to test how folivores responded to isogenic plants differing in a single scent expression. This result 

confirmed that floral bouquets might evolve due to interactions with both mutualists and 

antagonists, and floral bouquets are not just attractive but also defensive (Kessler et al., 2013).  

Another study showed that the repellency of a plant BVOC, 2-phenyl ethanol (2PE), was highly 

sensitive to dosage; for instance, high 2PE emitters in the field repelled both ants (herbivory) and 

bumblebees (pollinator), while at more moderate emission rates, 2PE increased the amount of 

nectar left, at no pollination cost. Thus, this dose-dependency on 2PE had an important role in 

shaping the ecological interactions between plant and its pollinator and/or herbivory (Galen et al., 

2011). 

For the adaptive evolution of plant BVOCs, its heritability should be estimated (Zu et al., 

2016), and it should be evaluated whether the evolutionary change between generations 

corresponds to a modeling prediction of these parameters (Harder and Johnson, 2009). For 

adaptive evolution of BVOC emissions to occur, heritable variation among individuals in their 

BVOC composition is essential, and variation in the BVOC emissions needs to correlate with 

variation among individuals' fitness. It would need to correlate positively if there is an evolution 

of greater emissions. This positive correlation between fitness and BVOC emissions can exist if 

natural enemies respond innately to BVOCs or learn a subset of BVOC emissions. A study 

estimated the heritability of floral scent and correlated the responses of various plant traits by 

artificial selection, and fast responses to selection for increased plant VOCs were observed (Zu et 

al., 2016). The findings by Zu et al. (Zu et al., 2016) provided strong evidence for the conceptual 

theory of floral scent evolution under natural selection, which could shape the modeling of 

evolutionary trajectories under different selection scenarios. It is required to combine natural 
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selection experiments and mathematical modeling to evaluate whether or not the predicted plant 

BVOC responses to selection from the model would be consistent with observed evolutionary 

changes. 

 The herbivory induced BVOC blends are multivariate; thus, the most proper approach for 

understanding the evolution of BVOC generation is multivariate selection analysis (Hare, 2011), 

which other studies have proved as a helpful approach for understanding the evolution of the direct 

mechanism of plant resistance to herbivory stress in natural systems (Mauricio and Rausher, 1997; 

Shonle and Bergelson, 2000; Simms, 1990; Zangerl et al., 2008). Due to the large number of 

emitted BVOCs, the actual application of the multivariate selection analysis is complex. Previous 

studies suggested pre-selecting variables to reduce high dimensionality to solve this issue 

(Chapurlat et al., 2019; Gfrerer et al., 2021), and selection analyses were performed only on the 

most abundant compounds or using total BVOCs emission rate (Majetic et al., 2009; 

Parachnowitsch et al., 2012), or model selection criteria (Ehrlén et al., 2012; Parachnowitsch et 

al., 2012).  

Effect of Biotic and Abiotic Stresses on BVOCs 

An external condition that can affect plants' growth, development, or productivity is 

referred to as stress (Verma et al., 2013). Stresses can cause various types of plant responses, such 

as altered gene expression, growth rate changes, and cellular metabolism (Gull et al., 2019). In 

general, some sudden environmental condition changes are usually reflected by plant stresses. 

Plant stress can be divided into two main groups: abiotic stress and biotic stress. Abiotic stress in 

plants through the environment may be physical or chemical, imposed on plants by non-living 

factors, such as drought, flood, extreme temperatures, salinity, sunlight, and mineral toxicity (Gull 

et al., 2019). On the other hand, biotic stress imposed on plants is caused by living organisms, such 
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as viruses, fungi, pathogens, and insects (Gull et al., 2019). Usually, plants can recover from 

damage in mild or short-term stresses as the effects are temporary; however, severe stresses can 

lead to plant death (Verma et al., 2013). Some plants, such as desert plants, can escape the stress 

altogether (Zhu, 2002).       

Abiotic stresses typically make plants more vulnerable to any future or simultaneous 

stresses (Niinemets, 2010a). Various abiotic factors are known to affect the plant BVOCs. Among 

the key environmental and stress factors, drought, humidity, ozone, carbon dioxide, light intensity, 

temperature, and nutrient availability all influence the plant BVOC emissions or the ratios of 

different compounds in the BVOC blend (Gouinguené and Turlings, 2002; Pinto et al., 2010; 

Staudt and Lhoutellier, 2011). The growth, development, and quality of seeds and flowers of plants 

can be negatively impacted by these abiotic stresses, which ultimately can impact the performance 

of herbivores, predators, and parasitoids. Therefore, the abiotic environment can greatly interfere 

with multitrophic interactions, specifically those mediated by BVOCs. The effects of increased 

temperature stress and drought on plant BVOCs have been given much attention because both 

have been happening alone or in combination in many natural ecosystems (Peñuelas and Llusià, 

2003). Previous studies showed that while terpenoid BVOC emission was inhibited by heat stress, 

the emission of other BVOCs such as GLVs was enhanced (Copolovici et al., 2012; Loreto et al., 

2006), and it was observed that these GLV emissions were sustained for the entire heating period 

and maintained long after the temperature was returned to optimal levels (Niinemets and Monson, 

2013). During drought, reducing stomatal conductance and photosynthesis could negatively affect 

BVOC emissions by reducing carbon supply and increasing the diffusional resistance to emission. 

The drought effect mainly depends on the level of drought. Mild drought has been shown to neither 

impact isoprene (Pegoraro et al., 2004; Sharkey and Loreto, 1993) nor monoterpenes emissions 
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(Peñuelas et al., 2009; Staudt et al., 2002). However, prolonged and severe drought suppresses 

monoterpenes and isoprene (Brilli et al., 2007; Peñuelas et al., 2009; Sharkey and Loreto, 1993; 

Staudt et al., 2002). Although an increase in drought and temperature individually would normally 

increase isoprene, it was reported that after drought, the plants in higher temperature experiments 

had reduced emissions at least for two weeks (Fortunati et al., 2008). Salinity also affects 

photosynthesis and stomatal conductance, similarly to drought, with strong suppression in BVOCs 

as salinity increases (Loreto and Delfine, 2000; Teuber et al., 2008). Atmospheric pollutants such 

as ozone can affect BVOC emission rates positively and negatively or unaffected, depending on 

temperature, ozone concentrations, species type, BVOC type, and seasons (Blande et al., 2007; 

Calfapietra et al., 2008; Fares et al., 2007; Heiden et al., 1999; Peñuelas et al., 1999; Rinnan et al., 

2005; Ryan et al., 2009; Tiiva et al., 2007; Velikova et al., 2005a, 2005b). 

Biotic stresses account for most of the damage caused to trees (Karel and Man, 2017; 

Michel et al., 2020), and the extent, frequency, and intensity of biotic stresses are predicted to 

increase in the future (Bale et al., 2002; Cannon, 1998; Harrington et al., 2007; Kurz et al., 2008). 

The BVOC blend of biotically stressed plants typically includes two major BVOC classes: GLVs, 

which are emitted immediately after wounding (seconds to minutes), and induced BVOCs that are 

emitted a few to several hours after attacks (such as monoterpenes and sesquiterpenes, methyl 

jasmonate, and methyl salicylate) (Šimpraga et al., 2019, 2019). In conifers, a several-fold increase 

in the BVOC emission rates, such as monoterpenes, was promoted following leaf damage by 

herbivores (Ghimire et al., 2013; Kivimäenpää et al., 2016; Litvak and Monson, 1998). The effect 

of herbivory stress on plant BVOC emission rates varies a lot (Yu et al., 2021), depending on many 

factors such as the type of plants, type and amount of herbivores, and the exposure time. Plant 

BVOCs at the branch level were increased due to herbivory feeding with increased monoterpene 
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up to 21-fold, sesquiterpene emissions up to 85-fold, and GLV emissions up to 13-fold compared 

to control saplings (Blande et al., 2009; Ghimire et al., 2017, 2013; Heijari et al., 2011; Joutsensaari 

et al., 2015). Scots pine needle BVOC emission rates showed up to 20-fold increases in 

sesquiterpene emissions due to sawfly feeding effects in a field experiment (Joutsensaari et al., 

2015), while laboratory measurements of BVOC emissions of Scots pines and Norway spruce due 

to bark weevil feeding showed 10-50 fold increases in BVOC emissions due to herbivory stress 

(Joutsensaari et al., 2015). Kari et al. (2019) observed monoterpene emissions increased on average 

90-fold from the baseline emissions and a 180-fold increase from the control in one experiment 

due to pine weevil feeding (Kari et al., 2019).  

Using BVOCs, carnivores can differentiate between plants exposed to different herbivore 

species. However, most herbivory-induced BVOCs are also constitutively emitted from flowers 

(Dudareva et al., 2006; Pichersky et al., 2006). Insect herbivory can be classified as external 

defoliator (leaf and needle chewing), bark borer, and sucking-piercing herbivory (Arneth and 

Niinemets, 2010; Faiola and Taipale, 2020). Bark borer herbivory studies showed a higher increase 

in monoterpene emissions than defoliator studies (Faiola and Taipale, 2020). GLVs have been 

observed notably after defoliator stress (Blande et al., 2010; Brilli et al., 2009; Faiola and Taipale, 

2020b; Ghirardo et al., 2012; Maja et al., 2014; Yli-Pirilä et al., 2016), while bark borer stress 

studies have not reported a significant effect on most GLVs emissions (see Faiola and Taipale, 

2020 and references therein). Interestingly, it has been observed that herbivores that are external 

defoliators induced more total BVOCs and specific classes such as monoterpenes and GLVs than 

sucking-piercing feeders, and specialist herbivores induced more total BVOCs than generalists 

(but this was inconsistent across the chemical classes of BVOCs) (Rowen and Kaplan, 2016).  
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There are other biotic stresses which can induce BVOC emissions as a response to stress. 

These other biotic stresses include insect oviposition (Hilker and Meiners, 2006; Mumm et al., 

2003), gall makers (Borges, 2018; Jiang et al., 2018), and pathogens (Copolovici et al., 2014; Jiang 

et al., 2016; Toome et al., 2010; Vuorinen et al., 2007), which have been investigated less than 

herbivory stress. For example, there are very limited studies investigating the pathogenic effects 

on BVOCs in nature, and most work has been conducted on agricultural crops (Jansen et al., 2011).  

The composition of emitted BVOCs due to pathogen infection is different from the blend of 

BVOCs induced by herbivory stress (Copolovici et al., 2017, 2014; Vuorinen et al., 2007). It was 

observed that the total monoterpenes did not significantly increase due to leaf rust infection 

(Toome et al., 2010), which was in contrast to what is usually observed from herbivory stressed 

plants.  

Plants are more likely to be simultaneously exposed to multiple stresses in natural 

conditions, which has great potential to change BVOC emissions (Holopainen and Gershenzon, 

2010). There have been some studies performed with plants subjected to two different abiotic 

stressors simultaneously, for example, see Mittler (2006) and references therein; however, for a 

better investigation, the stress combinations should be studied in the laboratory or the field by 

simultaneous exposure of plants to multiple types of stresses. This research is essential since plants' 

responses to multiple stress combinations cannot always be interpreted from the results of the 

single stress factor experiments (Mittler, 2006). Simultaneous application of different abiotic and 

biotic stresses on plants could have additive and opposing effects on BVOC emissions 

(Gouinguené and Turlings, 2002; Himanen et al., 2009; Pinto et al., 2007; Schmelz et al., 2003; 

Vuorinen et al., 2004). It was reported that the combination of high temperature and herbivory 

stress caused greater BVOC emissions in corn plants compared to when either temperature or 
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herbivory was applied to them (Gouinguené and Turlings, 2002). Another study reported that in 

maize, the combined and simultaneous exposure to high temperature and herbivory resulted in 

higher BVOC emissions than when maize was exposed to either of the stresses alone (Gouinguené 

and Turlings, 2002). 

The Effect of BVOCs at the Climate Level 

The effect of plant volatile emissions on climate is complex (M. Fiore et al., 2012) due to 

uncertainties in the magnitude and net climate influence given to developing knowledge of BVOC 

oxidation chemistry and corresponding oxidant changes such as OH, particularly in pristine 

regions (Lelieveld et al., 2008; Taraborrelli et al., 2012). For instance, the atmospheric chemical 

composition and physical properties can be significantly influenced by BVOCs due to their high 

chemical reactivity and high mass emission rates (Laothawornkitkul et al., 2009). The oxidation 

of plant BVOCs can remove reactive carbon from the atmosphere and affect the atmosphere's 

oxidative capacity (Fehsenfeld et al., 1992; Lerdau and Slobodkin, 2002). BVOC can also 

contribute to the formation of SOA (Carlton et al., 2009a; Ervens et al., 2011) and ozone in the 

presence of nitrogen oxides (Council, 1992; “Handbook of Weather, Climate, and Water,”). 

 Atmospheric aerosols, including SOA, can influence climate directly and indirectly. Upon 

release into the atmosphere, plant BVOCs react with atmospheric oxidants (OH radicals, ozone, 

and nitrate radicals) to form oxidized products with lower vapor pressure (i.e., lower volatility) 

than the primary BVOCs. The atmospheric SOA can effectively scatter or absorb solar radiation 

and affect the light transmission through the atmosphere (Ehn et al., 2014; Riccobono et al., 2014). 

The atmospheric SOA can effectively scatter or absorb solar radiation and affect the light 

transmission through the atmosphere (Jacobson et al., 2000), and consequently, radiative forcing 

and visibility would be directly impacted by this effect. SOA can also modify clouds' abundance 



 

21 
 

and properties and thus indirectly affect local and global climate (Andreae and Rosenfeld, 2008). 

In general, BVOCs can impact aerosol climate effects by changing particle composition (Faiola et 

al., 2015; Jimenez et al., 2009; Kiendler-Scharr et al., 2009b), hygroscopicity (Zhao et al., 2017), 

and optical properties (Lambe et al., 2013; Moise et al., 2015; Zhang et al., 2011).  

The BVOC-aerosol-climate interaction is influenced via changes in plant BVOCs that can 

affect the atmospheric concentration, boundary layer oxidation capacity, and consequently, SOA 

concentration and size distribution. Increased temperature is predicted to enhance BVOC emission 

rates leading to SOA formation enhancement (Arneth et al., 2010; Kulmala et al., 2004). 

Consequently, increased SOA formation can cause two possible effects on plant physiology and 

BVOC emission rates. First, the aerosol radiative cooling effect resulting from the increased 

aerosol optical depth and increased number of cloud condensation nuclei (Arneth et al., 2016) 

would cause BVOC reduction (negative feedback). The reason is that BVOC emission rates are 

related to temperature exponentially; therefore, the radiative cooling effect would decrease plant 

emission rates (Guenther et al., 1995). The second impact of SOA on BVOC emission rate is to 

enhance BVOC emission (positive feedback) through increased plant net primary productivity  

caused by increased diffuse photosynthetic radiation and vapor pressure deficit suppression (Rap 

et al., 2018). Considering both positive and negative feedback effects, the Norwegian Earth System 

Model predicted a net cooling radiative forcing of -0.49 W m-2 offsetting warming forcing 

associated with doubling atmospheric CO2 (Sporre et al., 2019). Other important factors can 

change BVOC emissions and thus should be considered in the models for more accurate prediction.  

For instance, biotic and abiotic stresses can change BVOC composition and emission rates (Arneth 

and Niinemets, 2010; Holopainen and Gershenzon, 2010; Loreto and Schnitzler, 2010; Niinemets, 

2010b, 2010a), and there are range shifts in plant species that can change the plant type distribution 
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globally (Wieczynski et al., 2019). Changes to the environment driven by human activities, such 

as global climate change, may perturb the biosphere-atmosphere interactions, leading to adverse 

and unpredictable consequences for the whole earth system, including BVOC interactions. 

Applying an Earth system model, NASA GISS ModleE2, the net chemical forcing of global 

climate due to anthropogenic impacts of BVOC emissions was reported as -0.17 W m-2 (cooling 

effect) that offset the +0.10 W m-2 (warming effect) due to anthropogenic VOC emissions (Unger, 

2014).  

Overall, to investigate the impact of BVOC emissions on climate, one of the crucial tools 

is a better understanding of the SOA formation potential and SOA properties from BVOCs. SOA 

laboratory experiments have provided the foundation for SOA model predictions. The SOA 

formation mechanisms in global climate and air quality models are highly variable, and SOA 

formation consistently has been under-predicted in current models compared to actual 

measurements and observations. The uncertainties in the inputs of these models arise from 

incomplete chemical knowledge of degradation pathways and significant variability in measured 

SOA yields. Specifically, investigating the SOA formation from real plant mixture upon herbivory 

stress and studying SOA formation potential and SOA chemical composition of oxygenated 

monoterpenes would add valuable information to the current body of knowledge about SOA. The 

increasing prevalence of plant stress conditions, such as the frequency and intensity of herbivorous 

insect outbreaks, could alter the composition of BVOC emissions, and this impact on SOA 

formation needs to be investigated as it is unknown. Oxygenated terpenes have been observed in 

many plant emissions with relatively low contributions to the total plant emission. However, in 

some plants, such as shrub species in southern California’s coastal sage scrub ecosystem, 

oxygenated terpenes are the dominant contributors to the total plant emission. Regarding SOA 



 

23 
 

formation, these oxygenated compounds have been studied less than other common terpenes such 

as α-pinene and isoprene. Thus, the SOA formation and characterization from these compounds 

would be worth investigating, specifically for a future climate where these drought-tolerant plants 

will likely experience a large expansion range.  
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Table 1.1. Ecological functions of plant BVOCs and corresponding examples.  

Role/Level Example 

Reproduction: 

attraction of pollinator and seed 
dispenser 

the attraction of bees, moths, and bats (Chen et al., 
2009; Hossaert-McKey et al., 2010; Luft et al., 
2003; Shuttleworth and Johnson, 2009) 

Defense: 

defense against herbivory and pathogen 
(direct/indirect) 

repelling of herbivores (De Moraes et al., 2001); 
the attraction of enemies of herbivores (De Moraes 
et al., 1998; Rasmann et al., 2005; Turlings et al., 
1990); antimicrobial or antifungal effects (De 
Moraes et al., 2001; Keeling and Bohlmann, 2006; 
Shiojiri et al., 2006; Shulaev et al., 1997)   

Stress tolerance: 

tolerance against abiotic stress 

Dudareva et al., 2006; Holopainen, 2004; 
Holopainen and Gershenzon, 2010; Peñuelas and 
Llusià, 2004; Sharkey et al., 2008; Vickers et al., 
2009a) 

Organism ecology: 

within-plant signaling 

older to younger leaves, damaged to undamaged 
leaves (Heil and Bueno, 2007; Holopainen and 
Blande, 2013; Karban et al., 2006) 

Population ecology: 

plant-plant signaling (same species) 

activation of defense in a neighbor plant (Arimura 
et al., 2000; Ton et al., 2007) 

Community ecology: 

plant-plant signaling (different species)  

activation of defense in a neighbor plant (Frost et 
al., 2008; Holopainen and Blande, 2013) 
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CHAPTER 2 

Acyclic terpenes reduce secondary organic aerosol formation from emissions of a riparian shrub 

 

This work (Khalaj et al., 2021) has been published in the Earth and Space Chemistry journal 

published by the American Chemical Society. The supplementary information of this work is 

provided as an appendix (APPENDIX 2). A portion of the research was performed at the 

Environmental Molecular Sciences Laboratory, a U.S. Department of Energy National User 

Facility sponsored by the DOE Office of Science, Office of Biological and Environmental 

Research, located at Pacific Northwest National Laboratory (EMSL user proposal no. 49798).  
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ABSTRACT: Terrestrial vegetation is a major global source of
atmospheric secondary organic aerosol (SOA) through oxidation
of biogenic volatile organic compound (BVOC) emissions.
Climate change is altering the composition of BVOC emissions
by increasing the prevalence of plant stress conditions, such as
frequency and intensity of herbivorous insect outbreaks. The
impact this will have on SOA formation is unknown. This
laboratory study investigated the influence of aphid herbivory
(Uroleucon macolai) on SOA formation from emissions of a
common riparian shrub in California, Baccharis salicifolia
(Asteraceae). Aphid herbivory increased the relative contribution
of β-ocimene and decreased the relative contribution of β-guaiene
in the BVOC emission profile. These effects on BVOC emissions
did not translate to a significant aphid effect on SOA mass yields. However, for both control and aphid experiments, the fraction of
total acyclic monoterpenes in the BVOC emission profile was correlated with reduced SOA mass yield. This is the first study to
demonstrate a clear reduction in SOA mass yield as the proportion of acyclic terpenes in a complex BVOC mixture increased. These
findings highlight the importance of better understanding acyclic terpene chemistry in the atmosphere to improve predictions of
SOA in both current and future climates.

KEYWORDS: secondary organic aerosol, biogenic volatile organic compounds, plant−atmosphere interactions, atmospheric chemistry,
plant stress

1. INTRODUCTION

Plants produce over one million different chemical metabo-
lites1 of which at least 1000 are emitted to the atmosphere as
biogenic volatile organic compounds (BVOCs).2,3 These
compounds are highly reactive and participate in important
atmospheric aerosol processes including particle nucleation4

and secondary organic aerosol (SOA) formation,5 whereby
they influence aerosol climate effects by altering particle
composition,6−8 hygroscopicity,9 and optical properties.10−12

Plant BVOCs, particularly terpenes, are the largest contributor
to atmospheric SOA globally.13,14 The SOA chemistry of a few
common terpene compounds (i.e., isoprene, α-pinene, β-
pinene, limonene) has been studied extensively in laboratory
chamber experiments,15−18 and this seminal work has provided
the foundation for model predictions of SOA production.
However, these laboratory experiments represent a small
fraction of all BVOCs, which have a diverse range of molecular
structures with atmospheric reactivity varying by orders of
magnitude even between different types of terpenes.19,20 The
types of BVOCs emitted by plants (or the BVOC emission
profile) varies in different environmental contexts21 and
between different plant species,22 many of which are

undergoing substantial range shifts due to climate change.23

This presents unique challenges for improving SOA
predictions in a rapidly changing world where future
spatiotemporal distributions of BVOC profiles could look
very different from today. Addressing this challenge neces-
sitates a more complete understanding of the aerosol chemistry
associated with these highly complex plant volatile mixtures
across a range of environmental conditions.
Each step of the SOA formation process, from BVOC

emissions to atmospheric chemistry, is affected by a changing
climate, leading to unpredictable BVOC-aerosol-vegetation
climate feedbacks. For example, increased temperature and
atmospheric carbon dioxide are both predicted to increase
BVOC emission rates with subsequent increases in SOA
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production.24−26 Increased SOA can have two very different
effects on plant physiology and BVOC emission rates. The first
effect is to reduce BVOC emissions (negative feedback)
through aerosol radiative cooling that results from increased
aerosol optical depth and increased number of cloud
condensation nuclei.27 This occurs because BVOC emission
rates are exponentially related to temperature so any radiative
cooling effect will decrease BVOC emission rates.28 The
second effect is to increase BVOC emissions (positive
feedback) through increased plant net primary productivity
driven by increased diffuse photosynthetic radiation and
decreased vapor pressure deficit. The existence of the positive
feedback effect has been supported with both modeling29 and
field observations,30 although there are still questions about the
net BVOC-aerosol-vegetation feedback effect due to the
inherent complexity of this system.31 Accounting for both
positive and negative feedback effects, the Norwegian Earth
System Model estimates a net negative radiative forcing of
−0.49 W m−2 offsetting 13% of forcing associated with
doubling atmospheric CO2.

32 These results highlight that the
BVOC-aerosol-vegetation feedback is worthy of further
investigation, including the consideration of important factors
other than temperature and CO2 that could alter BVOC
emissions. For example, it could be of equal or greater
importance that many abiotic and biotic plant stressors alter
both the BVOC emission profile and emission rates,33−37 and
that plant species are currently undergoing drastic range shifts
altering the distribution of plant types across Earth’s surface.23

Both of these will change the spatiotemporal distribution of
atmospheric BVOC composition. A simplified schematic
illustrating this BVOC-aerosol-vegetation feedback is shown
in Figure 1. Note that “biotic stressors” can include insect
herbivory and pathogens, which could increase BVOC
emissions in the short term but could also decrease BVOC
emissions in the long term depending on severity and plant
mortality. Currently, there are major gaps in our understanding
of how BVOC composition could change in the future and
how this could influence SOA production.
Changes in BVOC composition from different plant species

can alter SOA formation through effects on nucleation rates
and condensational growth. Ozonolysis of plant BVOC

emission profiles with a higher contribution of sesquiterpenes
(e.g., loblolly pine, Pinus taeda) generated much higher particle
formation rates than plant systems dominated by monoterpene
emissions (e.g., holm oak, Quercus ilex).38 Similarly, new
particle formation was enhanced via photooxidation of birch
(Betula pendula) emissions containing high amounts of
oxygenated BVOCs (e.g., 3-hexenol, 3-hexenyl acetate, and
methyl salicylate) compared to pine (Pinus sylvestris) and
spruce (Picea abies) emissions.39 All of these examples
demonstrate that variations in the complex mixtures of
BVOCs from different plants produce variations in aerosol
formation but plant BVOC emission profiles of individuals
from the same plant species can also change when a plant
experiences stress.
Plant stress can increase SOA production, for example, due

to insect herbivory or mechanical wounding.40−42 Part of the
increase in SOA production observed in laboratory chamber
experiments is simply due to large increases in BVOC emission
rates where increased emissions lead to increased BVOC
mixing ratios in the laboratory reaction chamber and higher
SOA mass. Of equal interest is the effect of plant stress on SOA
yield, which is more nuanced and can vary from plant system
to plant system depending on how the BVOC composition is
affected by the stress. For example, some plant stressors
preferentially increase emissions of monoterpenes over
sesquiterpenes, effectively reducing the sesquiterpene-to-
monoterpene ratio, leading to decreases in SOA mass
yield.40 Other stressors increase emissions of large cyclic
sesquiterpenes or large oxygenated compounds like methyl
salicylate, which increase SOA mass yields43 and decrease
hygroscopicity of the resulting particles.9 None of these plant
stress effects on SOA formation are accounted for in global
climate models, and their importance for the BVOC-aerosol-
vegetation feedback have not been investigated. Currently,
there are not enough laboratory SOA studies using real plant
emissions to identify the key chemical features in these
changing BVOC mixtures that drive SOA formation and
climate-relevant properties.
In this study, we investigated the effects of insect herbivory

on SOA formation from a common riparian shrub in
California, Baccharis salicifolia. Plants were exposed to a

Figure 1. Simplified schematic of the BVOC-aerosol-vegetation feedback associated with changing BVOC emission rates and BVOC composition.
We have not included all of the potential sources that could change BVOCs but rather provide a sample to illustrate the process.
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specialist sap-feeding aphid herbivore that only feeds on this
genus of plant, and emissions from control and aphid-treated
plants were used to generate SOA in the laboratory with an
oxidation flow reactor. BVOCs were sampled during each SOA
experiment to allow us to identify the specific chemical features
in the complex mixture that were driving SOA production in
the flow reactor. Leaf samples were collected at the completion
of the experiment for foliar metabolome analysis to evaluate
the effect of aphid herbivory on plant health. To our
knowledge, this is the first laboratory study investigating
effects of insect herbivory on SOA formation from shrubs,
which dominate the vegetation landscape in many regions
including the coastal sage scrub and chapparal in California.

2. EXPERIMENTAL METHODS
2.1. Experiment Overview. SOA was generated in the

laboratory by oxidizing the emissions of 4−11 plants located
inside a Teflon plant enclosure. Multiple plants were required
to generate a measurable amount of SOA mass (e.g.,
condensed phase organic aerosol mass). Each set of plants
was used to conduct an SOA “trial”, which refers to the
generation of an SOA mass yield curve with at least 3−4 SOA
yield data points for each curve. The SOA mass yield curves
were used to compare SOA formation efficiency between the
trials. Experimental replicates were defined as the SOA trial,
meaning each SOA mass yield curve constructed from multiple
SOA mass loadings is a single replicate (Table 1). Each trial
was both time and labor intensive, so replicates were thus
restricted to four control trials and four aphid treatment trials.
Each aphid trial used 4−5 plants, and each control trial used
8−11 plants. More control plants had to be used to obtain the
same SOA mass range because emission rates were likely lower
than aphid-exposed plants (as expected). A more detailed
description of the methods used for SOA generation is
provided in Section 2.3. BVOCs were collected for each
condensed mass loading in the SOA trial, but the average
BVOC emission profile was used for subsequent volatile
analysis and statistics. Leaves were harvested from each plant
after the SOA trial was completed to evaluate the effect of the
aphid treatment on plant health via its effects on the foliar
metabolome. The timing of the treatment and control SOA
trials was dependent on plant availability. We note that we
were unable to use a randomized block design due to this and
consequently all herbivore-treatment SOA trials were per-
formed first followed by all control trials (see dates in Table 1).
We acknowledge that there was a time variable separating
aphid trials from control trials that we could not necessarily
pull out due to the timing of plant availability where all aphid
trials were conducted first followed by all control trials. To
assess whether the temporal clustering of the trials from the
two treatments may have affected our results, we inspected
whether variation in the timing of trials within a treatment
group differed. This was not the case (see Section 3.1), leading
us to conclude that little, if any, of the treatment effects
observed were attributable to the sequencing of the trials.
2.2. Plants and Aphid Herbivore Treatment. Baccharis

salicifolia (Asteraceae) is a woody dioecious shrub native to the
southwestern United States and Northern Mexico. Plant
cuttings were collected at a field site in the University of
California Natural Reserve System San Joaquin Marsh Reserve
(33.65°N, 117.85°E; Orange County, CA, U.S.A.). BVOC
emission profiles in Baccharis salicifolia are independent of
plant sex, so cuttings were collected from both plant sexes and

used for the experiment.44 We imposed an herbivore treatment
by an aphid species known to induce changes in Baccharis
salicifolia volatile emissions.44 The aphid used in this study,
Uroleucon macolai,45 is a dietary specialist herbivore feeding
only on two Baccharis species, including Baccharis salicifolia.
Like all aphids, this species is sap-feeding, viviparous,
parthenogenetic, and thus has a very short generation time
(5−10 days).46 The aphid laboratory colony, collected in the
Marsh reserve, was sourced from a single cluster of aphids and
was thus likely to all be of a single genotype.
The Baccharis salicifolia stems were cut from mature plants

in October 2017. Individual plant stems (from the same plant
source cut) were grown in 4 in. pots in a 1:1:1:1 mixture of
sand, peat moss, redwood compost, and pumice garden soil in
the greenhouse at the University of California, Irvine. In April
2017, plants were randomly selected for aphid colonization and
populations were allowed to grow to about 50 individual
aphids. To prevent aphid movement to control plants, plants
from aphid and control groups were kept in separate
greenhouse rooms of an identical size and maintained under
consistent environmental conditions. The aphids were
introduced to the plants about one month before aphid SOA

Table 1. Summary of Information for Each SOA Mass Yield
Curve Data Point from Each SOA Triala

trial ID date pointb
RH
(%) BVOCi

c COA
c OHexp

d

aphid 1 03/28/2018 1 58 35 1.4 8.1 × 1011

2 55 34 0.8 7,8 × 1011

3 50 33 0.4 7.4 × 1011

aphid 2 04/04/2018 1 70 112 2.5 8.5 × 1011

2 68 123 2.7 8.0 × 1011

3 60 92 1.8 7.8 × 1011

4 55 70 1.1 7.7 × 1011

aphid 3 05/02/2018 1 80 53 2.1 9.7 × 1011

2 80 47 1.4 9.7 × 1011

3 75 44 0.9 9.4 × 1011

4 70 33 0.5 9.1 × 1011

aphid 4 05/08/2018 1 75 36 2.7 9.4 × 1011

2 80 37 1.9 9.7 × 1011

3 85 32 0.9 9.8 × 1011

control 1 05/16/2018 1 75 15 0.8 9.6 × 1011

2 73 16 0.6 9.5 × 1011

3 65 14 0.5 8.8 × 1011

4 60 15 0.3 8.4 × 1011

control 2 05/18/2018 1 80 37 2.7 9.8 × 1011

2 75 46 1.6 9.3 × 1011

3 75 44 1.4 9.4 × 1011

4 70 43 0.6 9.0 × 1011

control 3 05/22/2018 1 60 150 2.7 7.5 × 1011

2 55 160 2.6 7.0 × 1011

3 50 110 0.9 6.8 × 1011

4 45 67 0.5 6.8 × 1011

control 4 05/24/2018 1 55 190 2.4 6.8 × 1011

2 45 147 1.7 6.8 × 1011

3 40 66 0.9 6.8 × 1011

4 39 76 0.4 6.8 × 1011

aIncluding date of experiment, relative humidity (RH) in OFR, mass
concentration of BVOCs introduced to the OFR (BVOCi), mass
concentration of condensed organic aerosol formed in the OFR
(COA), and OH exposure (OHexp).

bPoints, refers to the point
number for the SOA mass yield curve in that SOA trial. cUnits are μg
m−3. dUnits are molecules cm3 s−1.
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experiments were conducted. Before transferring plants to the
laboratory to conduct an SOA trial, aphids were removed from
plants with a soft brush followed by a gentle water rinse. This
was done to eliminate any volatile emissions that might come
from the aphids themselves. To account for any effect of the
washing treatment, control plants were subjected to the same
washing procedure.
2.3. SOA Generation and BVOC Emission Profile

Characterization. SOA trials were conducted in a laboratory
at University of California, Irvine. Plants were transported from
the greenhouse to a custom-built ∼500 L plant enclosure
constructed from Teflon sheets and supported by a 1.0 m × 0.7
m × 0.5 m plastic frame. Plants were acclimated to laboratory
conditions for a minimum of 24 h to ensure emissions were
not elevated due to physical disturbance associated with
transportation and the aphid removal processes, which has
been shown to be long enough for plant emissions to return to
baseline levels.47 Each trial consisted of generating SOA at a
minimum of three different mass loadings to generate an SOA
mass yield curve (number of measurement points included in
each SOA trial for different replicate sets is shown in Table 1).
Aerosol mass loadings <5 μg m−3 were targeted to stay within
an atmospherically relevant range in remote areas; the typical
range of global ambient biogenic SOA mass loadings vary from
0.1 to 20 μg m−3.48−50

SOA was generated via photooxidation of Baccharis salicifolia
volatile emissions in an oxidation flow reactor (OFR;
Aerodyne, Inc.) using the setup shown in Figure 2. Humid
clean air was introduced into the plant enclosure continuously
with flow rate ranging between 5 to 6 L min−1. Clean air was
generated with a zero-air generator (Environics Series 7000)
and humidified by passing the air through a bubbler. The plant
volatiles were pulled from the plant enclosure headspace into
the OFR through 0.25 in PFA tubing at flow rates ranging
between 2 to 5 L min−1. This flow rate was controlled by the
difference in flow rates between the actively controlled OFR
inlet and outlet flows. Humidified air was introduced to the
OFR at the inlet and controlled with a mass flow meter
between a range of 2.0 to 5.0 L min−1. This range in flows
reflect the values required to generate SOA at multiple
different mass loadings to generate the SOA mass yield curve.
Total flow rate through the OFR was controlled via the outlet
flows, which consisted of instrument sampling and an
additional vacuum pump flow. Particle size distributions and
particle composition were continuously monitored at the
outlet with a scanning mobility particle sizer (SMPS; custom-
built from TSI, Inc. and Brechtel Inc. components) and time-
of-flight aerosol chemical speciation monitor (ToF-ACSM:
Aerodyne, Inc.), respectively. The ToF-ACSM sampling line
was a 2 m, 3/8″ copper tube that pulled 2.5 L min−1 from the
same sampling line that served the SMPS. The SMPS pulled

0.7 L min−1 with 0.25 in copper tubing. An extra vacuum flow
at the outlet was established with a vacuum pump (Thomas,
Model 617CA22) and controlled with a needle valve at a flow
rate of 5.5 L min−1. Total OFR outlet flow was 8.7 L min−1

with a corresponding residence time of 1.49 min. For each
SOA mass loading, BVOCs were collected at the OFR inlet on
stainless steel adsorbent cartridges containing quartz wool,
Tenax TA, and carbograph 5TD (Markes International, Inc.)
by pulling 0.42 L min−1 through duplicate cartridges in parallel
for 4−6 min. Cartridges were capped and stored in a
refrigerator until they could be analyzed off-line with a
thermo-desorption gas chromatograph mass spectrometer
(TD-GC-MS, TD: Markes International Series 2 Unity/
Ultra, GC-MS: Agilent GC 7890B with flame ionization
detector (FID), equipped with a 30 m, DB-5 column and a
Markes, International mass spectrometer BenchTOF-Select
type). Details of the GC operation, volatile quantitation and
identification are provided in the BVOC emission profile
characterization section of Supporting Information (Section
1).
The Aerodyne OFR has been described in detail else-

where,51,52 and we include a brief description of the OFR setup
we used here. It is a 13 L (45.7 cm length OD × 19.7 cm ID)
aluminum cylinder equipped with two low-pressure mercury
185 and 254 nm lamps (BHK, Inc., model no. 82-904-03) to
produce OH radicals through the photolysis of H2O, O2, and
O3. In our experiment, the OFR was operated using both 185
and 254 nm lamps (referred to as OFR185 mode) in which
OH radicals were produced inside the OFR via reaction of
oxygen (O(1D)) radicals with water vapor. The ozone (O3)
was generated within the reactor via UV photolysis of oxygen
(O2) with 185 nm lamps. Then oxygen (O(1D)) radicals were
produced by UV photolysis of O3 with the 254 nm lamps
inside the reactor. The OH radicals readily react with BVOCs
to generate SOA. Before each SOA trial, the OFR was cleaned
by flushing overnight with zero air with OFR lights on, and the
SMPS and ToF-ACSM were used to verify the reactor was
clean before introducing volatiles to the reactor. The ToF-
ACSM operating principles, calibration procedures, and
analysis protocols are described in detail elsewhere.53

A summary of all SOA trials, including treatment group, date
conducted, and other relevant details is given in Table 1. For
each SOA trial mass yield point, the OFR relative humidity
(RH) and plant volatile concentration at the inlet of the OFR
were recorded (Table 1). Each SOA trial used volatiles from
the same set of plants in the enclosure and was completed in a
single day with each SOA mass loading requiring ∼60−90 min
to stabilize the system, collect the volatile cartridge samples,
and provide a minimum of 10 min averaging interval from the
SMPS and ToF-ACSM before and after cartridge sampling.
SOA yield was measured at multiple mass loadings to generate

Figure 2. A schematic of the experiment setup. Solid lines refer to PFA tubing and dashed lines refer to copper tubing. LPM refers to liter per min.
“Sampling” denotes the location of volatile sampling. ACSM = aerosol chemical speciation monitor and SMPS = scanning mobility particle sizer
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an SOA mass yield curve. An SOA mass yield curve is a plot of
aerosol mass yield versus total condensed organic mass and is a
common approach to characterize the SOA formation
efficiency of a volatile/oxidant system.54−59 The SOA mass
yield is calculated as the condensed organic aerosol mass
generated (ΔCOA) divided by the mass of gas-phase BVOCs
that reacted (ΔBVOC). The BVOC concentration at the OFR
inlet ranged between 14 to 190 μg m−3. The conditions in the
OFR were targeted to be as atmospherically relevant as
possible (low BVOC concentrations, high humidity), but the
light intensities used were likely high enough to inhibit peroxy
radical interactions that normally occur in the ambient
environment.52 Thus, we do not recommend using the SOA
yields presented here for direct model integration. Rather, they
are used here as a useful metric for comparing SOA formation
potential between the different experiments. The integrated
OH exposure inside the OFR ranged from 6.8 × 1011 to 9.8 ×
1011 molecules cm−3 s in all trials. The corresponding
equivalent of atmospheric photochemical age of this OH
exposure range is 5−8 days assuming an ambient OH
concentration of 1.5 × 106 molecules cm−3.60 In all trials, we
assumed ΔBVOC was equal to the inlet concentration (e.g., we
assumed all BVOCs reacted) which is a reasonable assumption
for the conditions in this study; approximately 530 μg m−3 of
α-pinene could react (given OH rate constants 5.23 × 10−11

cm3 molec−1 s−1)61 at these OH exposure ranges, which is
much higher than the measured BVOC inlet concentrations
(14−190 μg m−3). ΔCOA was calculated from SMPS particle
size distributions measured at the OFR outlet assuming a
background condensed organic aerosol mass of zero (verified
before starting each trial) and using a particle density of 1.4 g
cm−3, a reasonable value for laboratory biogenic SOA, which
has been measured from 1.2 to 1.4 g cm−3.59,62,63

2.4. Leaf Sample Collection, Preparation, and
Metabolite Extraction. Leaves were harvested from plants
at the end of each SOA trial. From each plant in the enclosure,
4−7 “sunlit” leaves (meaning leaves at the top of the plant)
from each control and aphid-treated plant were harvested and
immediately frozen in liquid N2. Sunlit leaves at the top of the
plant were targeted to eliminate known variability between sun
and shade leaves, although it should be noted that these plants
were small enough that all leaves were exposed to sunlight. The
leaves at the top of the plant are the youngest leaves, but all
leaves on these Baccharis Salicifolia plants were less than 6
months in age because all plants were grown from cuts
collected in October of 2017. These samples were lyophilized,
ground with a vibration bead mill Qiagen TissueLyzer II
(Germantown, MD, U.S.A.) and stored at −80 °C until
metabolite extraction. Polar and semipolar compounds were
extracted following t’Kind et al. (2008) with minor
modifications.64 Briefly, for each sample, 30 mg of lyophilized
powder was introduced into a 2 mL glass vial and 1 mL of
methanol/water (80:20) was subsequently added. Samples
were shaken for 1 h at 1000 rpm in a Thermoximer at 18 °C,
centrifuged for 5 min at 12,000×g, and 0.8 mL of supernatants
were split and transferred into two different sets of clean 2 mL
tubes (0.3 mL for LC-MS and 0.5 mL for GC-MS). LC-MS
analysis was performed directly on the methanol/water extracts
using a high-resolution LTQ Orbitrap Velos mass spectrom-
eter (HRMS) equipped with a heated electrospray ionization
source (HESI) and coupled to a liquid chromatographer
Vanquish ultrahigh pressure (UHPLC) (Thermo Fisher
Scientific, Waltham, Massachusetts, U.S.A.). Additional details

of chromatography, data filtering, and data analysis methods
for GC-MS and LC-MS analysis are provided in Supporting
Information (Section 2).

2.5. Statistical Analyses. After data filtering, the
metabolomics data set containing both LC-MS and GC-MS
foliar metabolome data was composed of one categorical factor
with two levels: (control (C1, C2, C3, and C4 trials) and aphid
(A1, A2, A3, and A4 trials) treated plants), and 25 001
continuous dependent variables (metabolomic features) where
218 metabolomic features were assigned a metabolite ID
(Table S2). The TD-GC-MS data set of the identified plant
volatile compounds was composed of a categorial factor with
two levels (control (C1, C2, C3, and C4 trials) and aphid (A1,
A2, A3, and A4 trials) treated plants) and 13 continuous
variables (BVOC compounds). The foliar metabolome and
BVOC emission profile of all plants contained in the enclosure
for the SOA trial was used for tests of statistical difference
between treatment and control.
Variability in the BVOC emission profile and foliar

metabolome between control and aphid plants were visualized
with a principal component analysis (PCA). PCA of the foliar
metabolome was performed using data from individual plants
within each trial to visualize intra- and inter-trial variability.
PCA of the BVOC emission profiles was performed using the
average from the SOA trial because emissions from individual
plants were not measured. Differences in the BVOC emission
profile and foliar metabolome between control and aphid
plants were tested with permutational multivariate analysis of
variance (PERMANOVA). Linear regressions were used to fit
the SOA yield plots. All statistical analyses were performed
using R (version 3.6.1) except for the linear regression, which
was performed in Igor Pro software from WaveMetrics Inc.
(version 7.0.2.2). The adonis function from the “vegan”
package was used for PERMANOVAs.65 PCAs were plotted
using the PCA function from “FactoMineR” package.66

3. RESULTS AND DISCUSSION
3.1. Effect of Aphids on the Foliar Metabolome. The

foliar metabolome was characterized to assess whether or not
aphid herbivory affected the overall plant metabolome. Aphid
herbivory altered the overall foliar metabolome (PERMANO-
VA; p < 0.05; Table S5). Principal component (PC)1 and PC2
of the PCA explained 47.9% (PC1 = 32.45% and PC2 =
15.45%) of the total variance and aphid herbivory and control
treatments were clustered separately along the PC1 axis
(Figure 3). PCA revealed larger metabolome variability
between control plants than aphid plants along the PC2. In
particular, we found that the total amino acid signal was
significantly (p < 0.01) increased in aphid-treated plants
compared to control groups (Table S7). Individual amino
acids that significantly increased in treated plants include
proline, histamine, adenine, asparagine, serine, aspartic acid,
and tryptophan. Amino acids play important roles in plant
stress response including regulating ion transport, modulating
stomatal conductance, affecting synthesis and regulation of
enzymes, gene expression, and participating in redox-homeo-
stasis.67 The relative abundance of jasmonic acid (JA), a
common stress signaling hormone associated with insect
herbivory,68−71 was increased in aphid plants as well. These
results demonstrate that aphid herbivory did affect the plant
secondary metabolism and confirm the aphid treatment
approach successfully induced an overall plant metabolic
response.
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3.2. Effect of Aphids on the Gas-Phase BVOC
Emission Profile. Unlike the foliar metabolome, the BVOC
emission profile of control and aphid plants did not exhibit
clear clustering based on treatment in a PCA (Figure 4),

indicating that aphid herbivory did not have a clear effect on
the BVOC emission profile (or the composition of the BVOCs
emitted from the plants). PC1 and PC2 of the PCA explained a
total variance of 67% (PC1 = 46% and PC2 = 21%). PC1
variability was largely explained by the relative contribution of
α-copaene, sabinene, α-phellandrene, camphene, 3-carene, β-
ocimene, and by β-guaiene. Variability along PC2 was
explained mainly by the relative contribution of 3-carene,

aristolochene, patchoulene, β-guaiene, β-ocimene, α-pinene,
and camphene. On the basis of Figure 4, it is clear that there
was substantial variation within treatment and control groups.
Consistent with the PCA results, there was no significant
difference between the BVOC emission profile of control and
aphid plants as tested with PERMANOVA analysis (Table S6).
This result is in contrast to some other plant-herbivore systems
that have been studied previously where significant changes in
the BVOC emission profile have been observed after herbivory.
For example, gypsy moth herbivory altered the BVOC
emission profile of holm oak by increasing β-caryophyllene
emissions and inducing new sesquiterpene emissions such as α-
humulene and δ-cadinene.72 Aphid herbivory significantly
increased emissions of monoterpenes like linalool and β-
ocimene, and sesquiterpenes, such as α-farnesene or β-
caryophyllene in European beech and tall fescue grasses.73,74

On the basis of these previous studies from other plant-
herbivore systems, our results were unexpected. We highlight
that our results do not suggest the BVOC emission rates were
unaffected by aphid herbivory; aphid herbivory has been
documented to significantly increase BVOC emission rates
from Baccharis salicifolia.44 Indeed, it is likely that BVOC
emission rates did increase from the aphid-exposed plants in
our study (although this was not directly measured) because
we were able to use fewer plants in the enclosure for the aphid
SOA trials than the control SOA trials to achieve the same
SOA mass loadings. Our measurements were not focused on
characterizing BVOC emission rates, but rather the BVOC
emission profile and how changes in the composition affect
SOA production. Regarding the aphid effect on the BVOC
emission profile, the results from this study demonstrated there
was just as much variation within treatment groups as between
treatment groups (even though all of these plants had been
propagated from the same source and were thus genetically
identical), and there was no clear impact of the aphid herbivore
on the BVOC emission profile. These results highlight the
intraspecies variability in BVOC emission profiles, which has
been a major challenge in developing predictive models of
plant stress emissions following biotic stress.69,75

Although the overall BVOC emission profile did not show
significant differences between aphid and control plants, there
were statistically significant differences in relative emissions of
two individual compounds. To illustrate this, the average
relative contribution of individual BVOC compounds from
aphid and control trials are shown (Figure 5). BVOC
emissions of both control and aphid B. salicifolia were
dominated by limonene. Aphid herbivory significantly
increased the relative contribution of β-ocimene and slightly
decreased the relative contribution of β-guaiene. The
contribution of β-ocimene increased by over 5 times, from
1.72% to 8.72% of the total BVOCs (p < 0.01). These results
are consistent with a previous study showing B. salicifolia
emissions are generally dominated by limonene and that aphid
herbivory increased β-ocimene emissions.44 On the other
hand, the contribution of β-guaiene was marginally reduced (p
< 0.1) in aphid plants (5.42%) compared to the control group
(9.67%).

3.3. Chemical Controls on SOA Formation. SOA mass
yields were plotted for each SOA trial to compare SOA
formation efficiency of the BVOC mixtures from each set of
plants (Figure 6). For all trials, the mass yield increased with
increased mass loading as expected based on gas-particle
partitioning theory.54,55 Normally, an SOA mass yield curve

Figure 3. PCA of foliar metabolites from control (circles) and aphid
(triangles) plants. Individuals included within each trial are
represented in different color. Ellipses represent the distribution at
95% confidence interval for each of the treatments in the plane
defined by both PC1 and PC2.

Figure 4. Biplot of the PCA of the gas-phase BVOC profile for
control and aphid Baccharis trials. Circles represent the average
BVOC profile from SOA trials. Numbers 1−4 indicate the
experimental ID number (Table 1).
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would not exhibit linearity but would approach a maximum
yield at higher condensed organic aerosol (Coa) mass loadings.
However, we targeted very low aerosol mass loadings to
represent atmospherically relevant conditions in remote areas
where BVOCs dominate SOA production, which means we
stayed within the linear range of the mass yield curve rather
than observing a yield threshold. The SOA yield threshold
would typically occur at condensed mass concentrations at
least an order of magnitude higher than those used in this
study.56 In both control and aphid trials, the SOA mass yield
ranged from 1% to 7% across a condensed organic aerosol
mass range of 0.5−3 μg m−3 in the OFR. These low-yield
values were expected at the low mass loadings targeted in these
trials; the estimated SOA mass yields from monoterpene-
dominated BVOC mixtures ranged from 3% to 11% at similar
organic aerosol mass loadings (0.5−6 μg m−3).76 Limonene
and 3-carene are the dominant terpenes in the BVOC profile
for all of the trials, collectively contributing 70−80% of total

BVOCs by mass (Figure 5) and are likely driving a large
fraction of the SOA production in the flow reactor. SOA mass
yields of laboratory-generated limonene and 3-carene organic
aerosols are less than 10% for condensed mass loadings below
10 μg m−3,77,78 and thus these values are comparable with the
yield values and corresponding organic aerosol mass values in
this study.
SOA formation efficiency was defined as the slope of the line

for each SOA mass yield curve; a steeper slope equals higher
SOA formation efficiency. The slopes ranged from 0.44 to 2.91
and 0.21 to 6.49 for the aphid and control trials, respectively.
This demonstrates there was as much variability in SOA
formation efficiency within aphid/control groups as there was
between groups. Recall from Section 3.2 that there was quite a
bit of variability in the BVOC emission profiles between trials.
Detailed BVOC emission profiles for each individual trial are
provided in the Supporting Information to help explain some
of the variability observed in SOA formation efficiency (Figure
S1). The aphid 2 trial had the lowest SOA formation efficiency
of all aphid plants and also had the smallest relative
contribution from sesquiterpenes in the volatile profile.
Aphid 3 and aphid 4 had nearly identical sesquiterpene
contributions to the profile, but aphid 3 had a higher
contribution from acyclic monoterpenes which can fragment
upon oxidation and could explain the reduced SOA formation
efficiency.79 Of particular note, control 1 had the highest SOA
formation efficiency with a slope of 6.49. The BVOC profile of
the control 1 trial also had the highest cyclic-to-acyclic terpene
ratio at 13% compared to the other trials which ranged from
2.7 to 6.5%. However, just qualitatively comparing the BVOC
emission profiles of individual trials with the SOA formation
efficiency does not indicate which molecular features were
driving SOA formation from a more comprehensive
perspective.
To systematically investigate relationships between BVOC

structural class and SOA formation efficiency for all trials, we
calculated the correlation between the slope of the SOA mass
yield curve (e.g., the SOA formation efficiency) and the relative
contribution of various compound classes and/or structures.
This included relative fraction of cyclic terpenes, bicyclic

Figure 5. Average percent contribution of individual BVOC compounds during control and aphid Baccharis trials. Asterisk indicates significance
level based on t test (*, p < 0.1 and **, p < 0.01). Other SQTs (sesquiterpenes) included caryophyllene and α-copaene. Other MTs
(monoterpenes) included α-pinene, α-phellandrene, and camphene. Error bars denote the standard error of all cartridge samples.

Figure 6. SOA mass yields for aphid and control trials. Lines
represent best fits to the data using linear regression. C1−C4 denotes
control trials and A1−A4 denotes aphid trials. Error bars denote
standard deviation of the measurements.
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terpenes, monocyclic terpenes, total monoterpenes, total
sesquiterpenes, and all individual compounds. The compounds
were grouped as follows: bicyclic terpenes (aristolene,
patchoulene, β-guaiene, caryophyllene, sabinene, 3-carene,
camphene, α-pinene), acyclic terpenes (β-ocimene, β-myr-
cene), and monocyclic terpenes (limonene, α-phellandrene). A
summary of these results is provided in Table 2. No single

individual compound was correlated with SOA formation
efficiency with correlations ranging from 0.03 to 0.50 (Table
S8). Total sesquiterpene contribution was also not correlated
with higher SOA formation efficiency. This is in contrast to
results presented previously on the effects of bark borer
herbivory on SOA mass yield from Scots pines where the
sesquiterpene-to-monoterpene ratio was the primary predictor
of SOA yield.59 More recent studies have demonstrated that
the large structural diversity in sesquiterpenes can produce
different effects on aerosol formation and properties than
would be expected if using β-caryophyllene as a model
sesquiterpene compound.80,81 These results further substan-
tiate that sesquiterpene-to-monoterpene ratios cannot be used
to estimate SOA mass yield, and that SOA production from a
range of sesquiterpene structural classes should be the topic of
future studies.
The highest correlation between SOA formation efficiency

and BVOC structural class was observed in relation to the
relative contribution of cyclic versus acyclic terpenes in the
BVOC profile (r2 = 0.82). Acyclic terpenes were negatively
correlated with SOA formation efficiency (Figure 7). We note
there could be a confounding relationship between SOA mass

yield and OH exposure because we cannot control the OH
exposure in the flow reactor with precision. Every effort was
made to minimize variations in OH exposure by keeping the
light settings the same throughout the experiment. We tested
for any confounding relationship with OH exposure by plotting
the cyclic-to-acyclic terpene contribution versus the OH
exposure and confirmed there was no correlation (Figure
S2). Thus, the relationship we observed between the
proportion of cyclic terpenes to total BVOCs and SOA
formation efficiency cannot be explained by small changes in
OH exposure between the SOA trials. From a gas-phase
chemistry perspective, a positive correlation between SOA
formation efficiency and proportion of cyclic terpenes in the
mixture makes sense; breaking endocyclic carbon−carbon
double bonds results in ring-opening and retaining the carbon
backbone while breaking carbon−carbon double bonds of
acyclic compounds results in fragmentation of the molecule.
Breaking the carbon−carbon bond at the location of the
double bond is common during atmospheric oxidation of
terpenes, which is why the dominant oxidation products of α-
pinene are pinic acid and pinonic acid, both of which have a
single ring while the parent compound, α-pinene, has a bicyclic
molecular structure.82 Fragmentation produces compounds
with a smaller carbon backbone, by definition, and thus we
would expect fragmentation reaction products from acyclic
terpene oxidation to have higher volatility and lower SOA mass
yields than ring-opening reaction products from cyclic terpene
oxidation. This result is consistent with previous reports. The
ozonolysis of Scots pine emissions containing a higher
proportion of acyclic sesquiterpenes following aphid herbivory
contained more fragmentation reaction products than the
ozonolysis of healthy Scots pine emissions.80 Furthermore,
photooxidation of farnesene and bisabolene standards
purchased from a chemical supplier have lower SOA mass
yields than α-pinene.81 Farnesene isomers are acyclic
sesquiterpenes and bisabolene isomers are sesquiterpenes
containing a long, unsaturated acyclic tail. These prior studies
provided indirect evidence suggesting that an increased
proportion of acyclic terpenes would be expected to decrease
SOA mass yields, but this study is the first to more clearly link
a reduction in SOA formation efficiency with an increasing
proportion of acyclic terpenes in a complex BVOC mixture.

4. CONCLUSION
This study characterized SOA formation potential of a complex
mixture of BVOC emissions from a riparian shrub with and
without being exposed to aphid herbivory. Foliar metabolome
analysis indicated that aphid herbivory had a significant effect
on plant metabolism, demonstrating the aphid herbivory
treatment did influence plant metabolism and health. In
particular, amino acids and jasmonic acid were elevated in
aphid-exposed plants, both of which have been implicated in
plant stress responses. In contrast, the BVOC emission profile
was not significantly different between control and aphid
plants. Overall, the BVOC emission profile exhibited a lot of
variation between different sets of plants, regardless of aphid
herbivory, and this led to measurable differences in the SOA
formation potential between different BVOC mixtures. This
provided the opportunity to examine the chemical controls on
SOA formation related to differences in chemical composition
of the BVOC mixture. The single chemical structural
characteristic that was most correlated with SOA formation
potential was the relative amount of cyclic-to-acyclic terpenes.

Table 2. Correlation between SOA Formation Efficiency
and the Relative Contribution of Different Structural
Classes to Total BVOCs

structural class r2

cyclic terpenes 0.82
bicyclic terpenes 0.61
monocyclic terpenes 0.08
monoterpenes 0.03
sesquiterpenes 0.03
individual terpenes 0.03−0.50

Figure 7. Correlation between the relative contribution of acyclic
compounds to total BVOCs and SOA formation efficiency as defined
as the SOA mass yield slope. Error bars denote the standard error.
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We found a negative correlation between the proportion of
acyclic terpenes contributing to the BVOC mixture and the
SOA formation efficiency. In this study, the relative
contribution of acyclic terpenes to total BVOC emissions
was not significantly altered by aphid herbivory. However,
other studies have implicated acyclic terpenes as common
inducible plant stress BVOCs following herbivory.33,34,36

Currently, SOA models and chemical transport models do
not explicitly account for the atmospheric chemistry of acyclic
terpenes. Our results highlight the importance of acyclic
terpenes in controlling SOA formation efficiency from a
complex mixture, which could become even more prominent
in an evolving world with increasing frequency and severity of
plant stress conditions. Future studies should target a more
comprehensive understanding of the atmospheric chemistry of
acyclic terpene compounds including their effect on aerosol
chemistry, formation, and climate-relevant properties.
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1.  Gas-Phase Biogenic Volatile Organic Compound (BVOC) Characterization: TD-GC-
ToF-MS Operation and Compound Identification.

 

     Samples were run through a thermo-desorption gas chromatograph mass spectrometer (TD: 

Markes International Series 2 Unity/Ultra, GC-MS: Agilent GC 7890B with flame ionization 

detector (FID), equipped with a 30 m, DB-5 column, and mass spectrometers BenchTOF-Select 

type) using the following method parameters: The Ultra is used to analyze samples which were 

collected on cartridges. Two internal standards, tetra methylethylene (TME) and cis- and trans-

 Decahydronaphthalene (DHN), automatically loaded onto the cartridge tubes immediately prior 

to analysis. The cartridges were heated to release compounds trapped on the absorbents. The 

sample injection was done with a ratio of 34.4:1 at 350°C, He flow at 15 mL min−1. The oven 

starting at -30°C; 1 minute hold; then a ramp of 8.0°C min−1 up to 194°C (Ramp1), following with 

a ramp 16°C min−1 up to 210°C (Ramp 2), and finally a ramp of 25°C min−1 up to 260°C (Ramp3), 

and a 3 minute hold. Total runtime was 35 min per sample. The integrated FID response for each 

peak was in the unit of AU-s. Compounds were identified by mass spectrum and the NIST database 

(version 2.2) with >85% match was used. To quantify the compounds the FID response factor was 
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used for area peaks in all the runs. The FID response factor was equal to 4.802×10-6 in the unit of 

nanomoles of α-pinene/AU, which was calculated based on the average of the peak areas from the 

known amount of the introduced α-pinene. To get the compound mass in the unit of µg m-3 the 

calculated mass (µg) of each compound was divided by the volume of sampling, with a flow rate 

of 0.420 L min-1 for 4 to 6 minutes, in the unit of m3. 

2. Foliar Metabolome Characterization: GC-MS and LC-MS Operation and Data processing.
 
2.1. LC-MS

Liquid chromatography was performed at 30°C at a constant flow rate of 0.3 mL/min with 

a reversed-phase C18 Hypersil Gold column (150 × 2.1 mm, 3 μm particle size; Thermo Scientific, 

Waltham, Massachusetts, USA). Formic acid in water (A) and acetonitrile/0.1% formic acid in 

water (90:10) (B) and were used as mobile phases. The chromatographic gradient initiated at 90% 

A (10% B) and was maintained constant for 5 min before the gradient constantly changed to 10% 

A (90% B) until minute 20 of the chromatography. Those conditions were maintained for 2 min 

and the starting conditions (90% A; 10% B) were uniformly recovered over the subsequently 2 

min. At the initial conditions, the column was stabilized for 11 minutes before the next sample was 

injected. All samples randomized and 5 µL of extract of each sample were analyzed in negative 

and positive ionization modes. The HRMS acquired data in mass range of 50-1000 mass to charge 

ratio (m/z) at a resolution of 60,000 and FTMS (Fourier Transform Mass Spectrometry) full-scan 

mode. The HRMS was calibrated to <1ppm error in each ionization mode before starting the 

sequences. Experimental blanks (methanol: water (80:20)) were analyzed every 8 samples for 

instrument background filtering purposes.

MZmine v.2.381, was used to process the RAW files obtained from the HRMS. Briefly, 

chromatograms were baseline corrected, MS1 masses were detected and ion chromatograms were 

generated and deconvoluted to generate individual peaks associated to specific m/z and retention 

time (RT) values. Chromatographic peaks were aligned and associated to specific compounds 

according to the exact mass and the RT of our in-home library which includes over 700 common 

metabolites of plant primary and secondary metabolism. Using m/z and RT for metabolite 

matching corresponds to a second level of identification.2 High mass accuracy of Orbitrap 

technology and high reproducible RT decreases substantially false positive assignations. Peak 
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areas of all deconvoluted ion chromatograms were thus exported to CSV files. See Tables S1 and 

S2 for MZmine parameter details and metabolite assignation information, respectively. 

2.2. GC-MS

        For GC-MS analysis, metabolites were first derivatized to trimethylsilyl esters 

followed by derivatization of amine, carboxyl and hydroxyl groups. Briefly, extracts were first 

completely dried in a vacuum evaporator and 20 µL of methoxyamine in pyridine solution (30 

mg/mL) was added into each sample followed by 90 min incubation at 37 °C in a Thermomixer 

(Eppendorf, Hamburg, Germany) operating at 1,200 rpm. After the first incubation period, 80 µL 

of MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide) was added to each sample and 

subsequently incubated for 30 min at 37 °C and 1,200 rpm. After the second incubation, all samples 

were vortexed for 10 s and centrifuged at 12,000 × g for 1 min. Extracts were transferred into clean 

HPLC vials with 200 µL glass inserts using Pasteur pipettes. Derivatized extracts were analyzed 

using an MSD 5975C mass spectrometer coupled to an Agilent 7890C gas chromatographer 

(Agilent Technologies, Santa Clara, CA) equipped with a HP-5MS column (30 m × 0.25 mm × 

0.25 μm; Agilent Technologies). The injector was set at 10 μL and split-less mode, and injection 

port was maintained at 250 °C. Prior injections, all samples were randomized. Chromatographic 

gradient started at 60 °C for 1 min constant before temperature raised to 325 °C until minute 26.5 

(10 °C/min) and temperature was maintained for 10 min. A combination of fatty acid methyl esters 

(FAMEs) ranging from chains from 8 to 28 C was analyzed at the beginning of the sequence and 

were used for retention indices (RIs) calculation of detected peaks. Experimental blanks 

(derivatized methanol: water (80:20)) were run every 8 samples along the sequence and were used 

for instrument background filtering purposes. Metabolite Detector 2.53 as used to process GC-MS 

files. First, “.D” files were converted to “.CDF” in Agilent Chemstation that were read and 

converted to “.bin” files in Metabolite Detector. Metabolite identification in Metabolite Detector 

was performed using an updated version of FiehnLib44 containing over 850 metabolites with 

corroborated spectra and RIs. For that, the calculation of RIs of all detected features was first 

performed in Metabolite Detector using the FAMEs mixture and chromatograms were then aligned 

and deconvoluted. All assigned metabolites were manually verified by spectra matching with 

NIST14 library. See Tables S3 and S4 for Metabolite Detector parameter details and metabolite 

assignation information, respectively.
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2.3. Foliar Metabolomics Dataset Filtering

       LC-MS and GC-MS datasets were independently filtered before being merged into a single 

dataset. For that, five main steps were performed. (1) Number of samples threshold: Variables 

(metabolomic features) not present in at least 80% of the control or aphid samples were removed 

from the dataset. (2) Outlier value replacement: Outlier values for specific samples and features 

represent detected data but its values are far away from the rest of biological replicates of the same 

group (control or aphid plants). In this study, outlier values for a specific sample and feature were 

replaced by a random number calculated using the mean and standard deviation of the sample 

group (control or treated plants). Outlier values were detected as follows:

Upper outliers → value > Q75 + 2 × IQR

Lower outliers → value < Q25 − 2 × IQR 

where Q75 and Q25 represent, respectively, the 75th and 25th percentiles, and IQR is the 

interquartile range (IQR = Q75-Q25). (3) Blank signal threshold: Values of features detected in 

experimental blanks were kept only if they were present in at least 40% of blanks, otherwise, all 

values were considered zero for those specific features. (4) Instrument background threshold: 

Mean values were calculated for each individual feature for the groups of blanks, control and aphid 

trials. Those features having a ratio Control/Blank and/or Aphid/Blank lower than 25 were 

removed from the dataset. (5) Zero Filter: When the number of samples with data (value >0) in 

controls or treated plants was lower than 40% of the biological replicates, all values were converted 

to zeros. Finally, LC-MS and GC-MS datasets were merged into a single dataset. Identified 

features with both techniques corresponding to the same metabolite ID were merged into a single 

variable. 

3. Statistical Analysis Results:

The permutational multivariate analysis of variance (PERMANOVA) was used to evaluate the 

overall metabolome and BVOC differences between control and aphid experimental trials, and 

Table S5 and Table S6 show the summary results for metabolome and BVOC, respectively. 

Individual identified metabolites were also submitted to Student t-test to assess for statistical 

significance between control and aphid trials, and the summary result is presented in the Table S7. 
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In general, the aphid herbivory changed the overall foliar metabolome (P < 0.05; Table S5), 

and from the 218 identified metabolites, 119 changed significantly between the treatment groups 

(Table S7). However, there was not a significant difference between the BVOC profile of control 

and aphid plants (P>0.05) (Table S6). 

4. Plant Volatile Compounds Distribution Profile

    Detailed BVOC profile for each individual trial are shown in Figure S1. Overall, the plant 

BVOC profiles were dominated by limonene. The part b of Figure S1 represents the subset of the 

plant BVOC profiles to show the sesquiterpene distribution for each trial. The sesquiterpenes 

profile for each trial was very variable between all the experimental trials.                                               

OH exposure can also influence SOA mass yield and is difficult to control in the flow reactor with 

precision. To test whether or not there was a confounding relationship between the relative 

proportion of cyclic terpenes and the OH exposure, we plotted the two variables against each other 

(Figure S2). There was only a very weak correlation between the two, so we do not believe changes 

in OH exposure could explain the relationship we observed between relative proportion of cyclic 

vs acyclic terpenes and SOA formation potential.

Table S8 shows correlation between the slope of the SOA mass yield curve and the relative 

contribution of individual VOCs. The lowest r2 values were corresponded to the most of the 

sesquiterpenes, except the aristolochene with r2 value of 0.26. Among all the monoterpenes, 3-

carene had the highest linear r2 value, which was 0.50. 



6

5. Tables:

Table S1. MZmine parameters applied to LC-MS chromatograms to obtain the datasets of 
Baccharis plant samples for both positive and negative ionization modes.

Baseline correction – RollingBall baseline corrector
Chromatogram type TIC
Use m/z bins No
wm 25

1

ws 25
Mass detection (exact Mass)2
Noise level 1 × 103

FTMS shoulder peak filter
Mass resolution 60,000

3

Peak model function Lorentzian
Chromatogram builder 
Minimum time span 0.04
Min highest intensity 1 × 103

4

m/z tolerance 0.0005 Da or 7ppm
Smoothing5
Filter width 5
Chromatogram deconvolution (local minimum search)
Chromatographic threshold 40%
Search minimum in RT range (min) 0.3
Minimum relative height 30%
Minimum absolute height 1 × 103

Minimum ratio of peak top/edge 2

6

Peak duration range 0-0.5 min
Retention Time Normalizer
m/z tolerance 0.0005 Da or 7ppm
RT tolerance 0.25

7

Min Standard intensity 1 × 105

Chromatogram alignment (join alignment)
m/z tolerance 0.0005 Da or 7ppm
Weight for m/z 65
RT tolerance 0.3

8

Weight for RT 35
Gap filling (Peak Finder)
Intensity tolerance 50%
m/z tolerance 0.0005 Da or 6ppm
Retention time tolerance 0.25

9

RT correction Yes
Filtering (Duplicate Peak Filter)
Filter mode New Average
m/z Tolerance 0.0005 m/z or 6ppm

10

RT Tolerance 0.4 min
Metabolite Assignation
m/z tolerance 0.001 Da or 15ppm*

11

RT tolerance 0.5*

* Metabolite IDs posteriorly filtered (see table S2).
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Table S2. Retention time (RT) and mass to charge ratio (m/z) of the deconvoluted ion 
chromatograms analyzed in both positive and negative ionization modes assigned to metabolites 
with the LC-MS data. RT and m/z of the standards are shown in the table. RT and m/z matching 
error of assigned features are shown. Due deconvolution algorithms, several ion chromatograms 
may have been deconvoluted into two or more independent peaks slightly different retention times 
which may result in separate peaks with the same identity. This table shows all peaks assigned to 
a molecular compound based on the exact mass of their precursor ion (in negative and positive 
mode) and retention time. Therefore, some independent peaks may have the same identity. For 
statistical purposes and as explained in the main manuscript, all identified metabolic features 
assigned to a same metabolite were combined into a single variable. Only “good matches” were 
considered as reliable metabolite identifications and “non-good-matches” were kept as 
unassigned features. The diverse criteria for determining whether a match was good enough as to 
keep the putative identification are described at the bottom of the table.

NEGATIVE IONIZATION MODE
Standard parent ion Measured in samples 

(calibrated)
m/z Error After 

Calibration

RT Error 
After 

Calibration

KEGG ID m/z RT m/z RT Dalton PPM min Good 
Match?

(S)-dihydroorotate C00337 157.0255 1.57 157.0274 1.34 0.001945 12.38 -0.23 NO
1- kestose G00339 503.1617 1.29 503.1575 1.29 -0.0042 -8.34 0.00 NO
1-aminocyclopropane-1-carboxylate C01234 100.0404 1.29 100.0406 1.71 0.000173 1.73 0.42 NO
1-methyladenine C02216 148.0628 1.3 148.0615 1.31 -0.00134 -9.05 0.01 NO
2,3-dihydroxybenzoate C00196 153.0193 7.49 153.0194 7.55 3.36E-05 0.22 0.06 YES
2,4-dihydroxypyrimidine-5-carboxylic acid C03030 155.0098 1.38 155.0116 1.36 0.001788 11.53 -0.02 NO
2,5-dihydroxybenzoate C00628 153.0193 5.4 153.0193 5.58 -1.3E-05 -0.08 0.18 YES
2,6-dihydroxypyridine C03056 110.0247 1.41 110.0251 1.70 0.000321 2.92 0.29 NO
2-deoxy-d ribose C01801 133.0506 1.4 133.0507 1.58 6.86E-05 0.52 0.18 YES
2-deoxy-d-glucose C00586 163.0612 1.35 163.0612 1.38 9.95E-06 0.06 0.03 YES
2-hydroxyphenylacetic acid C05852 151.0401 8.82 151.0399 8.99 -0.00015 -1.00 0.17 YES
2-oxoadipate C00322 159.0299 1.88 159.0299 1.51 4.16E-05 0.26 -0.37 NO
2-oxovaleric acid C06255 115.04 3.47 115.0402 3.71 0.000185 1.61 0.24 YES
3-(2-hydroxyphenyl)propanoate C01198 165.0557 10.74 165.0553 10.48 -0.00038 -2.32 -0.26 YES
3,4-Dihydroxybenzoic acid C00230 153.0193 3.01 153.0194 2.93 0.000128 0.84 -0.08 YES
3,4-dihydroxy-l-phenylalanine C00355 196.0615 1.36 196.0575 1.22 -0.00407 -20.76 -0.14 NO
3,4-dihydroxyphenyl glycol C05576 169.0506 1.45 169.0508 1.78 0.000195 1.16 0.33 NO
3-dehydroshikimate C02637 171.0299 1.45 171.0299 1.36 2.64E-06 0.02 -0.09 YES
3-hydroxy-3-methylglutarate C03761 161.0456 1.85 161.0456 1.70 8.14E-05 0.51 -0.15 YES
3-hydroxybenzoate C00587 137.0244 7.45 137.0245 7.55 3.91E-05 0.29 0.10 YES
3-Hydroxycinnamic acid 163.04 9.39 163.0399 9.36 -0.00015 -0.90 -0.03 YES
3-hydroxyphenylacetate C05593 151.0401 7.74 151.0401 7.55 -1.4E-05 -0.09 -0.19 YES
3-methoxy-4-hydroxymandelate C05584 197.0456 2.3 197.0489 2.45 0.003352 17.01 0.15 NO
4-acetamidobutanoate C02946 144.0666 1.38 144.0668 1.74 0.000215 1.49 0.36 NO
4-aminobutanoate C00334 102.0561 1.25 102.0562 1.33 0.000129 1.26 0.08 YES
4-hydroxy-2-quinolinecarboxylic acid C01717 188.0353 4.49 188.0352 4.23 -7.2E-05 -0.38 -0.26 YES
4-hydroxybenzoate C00156 137.0244 5.21 137.0244 5.58 2.1E-05 0.15 0.37 NO
4-Hydroxybenzoic acid C00156 137.0244 5 137.0244 4.72 1.95E-05 0.14 -0.28 YES
5,6-dihydrouracil C00429 113.0357 1.36 113.0357 1.31 7.23E-05 0.64 -0.05 YES
5-aminolevulinic acid C00430 130.051 1.26 130.0512 1.63 0.000231 1.77 0.37 NO
5-hydroxy-l-tryptophan C01017 219.0775 1.4 219.0776 1.84 0.000113 0.52 0.44 NO
5-oxo-l-proline C01879 128.0353 1.37 128.0355 1.45 0.000178 1.39 0.08 YES
Abscisic acid C06082 263.1289 12.66 263.1282 12.25 -0.00072 -2.75 -0.41 YES
Abscisic acid C06082 263.1289 12.66 263.1283 12.93 -0.00067 -2.54 0.27 YES
Acacetin C01470 283.0612 15.62 283.0605 15.62 -0.00074 -2.61 0.00 YES
Adenine C00147 134.0472 1.35 134.0473 1.34 3.25E-05 0.24 -0.01 YES
Adipic acid C06104 145.0506 3.26 145.0508 3.61 0.00014 0.96 0.35 NO
Allantoin C01551 157.0367 1.36 157.0366 1.36 -6.3E-05 -0.40 0.00 YES
Alpha-d-glucose 1-phosphate C00103 259.0224 1.54 259.022 1.36 -0.00041 -1.57 -0.18 YES
Alpha-hydroxybutyric acid C01188 103.0401 1.95 103.0402 1.64 0.000166 1.61 -0.31 NO
Alpha-ketoglutaric acid C00026 145.0143 1.79 145.0143 1.46 6.76E-05 0.47 -0.33 NO
Ascorbate C00072 175.0248 1.36 175.0248 1.38 -5.3E-05 -0.30 0.02 YES
Aspartate C00049 132.0302 1.41 132.0304 1.32 0.000155 1.17 -0.09 YES
Astilbin C17449 449.1089 10.3 449.1071 9.92 -0.00181 -4.02 -0.38 NO
Azelaic acid C08261 187.0976 11.3 187.0973 11.20 -0.0003 -1.62 -0.10 YES
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Beta-alanine C00099 88.0404 1.28 88.04056 1.32 0.000157 1.78 0.04 YES
Betaine C00719 116.0717 1.34 116.0718 1.40 6.96E-05 0.60 0.06 YES
Biliverdin C00500 581.2406 14.84 581.2385 14.96 -0.00203 -3.50 0.12 YES
Catechin C06562 289.0717 1.49 289.0688 1.35 -0.0029 -10.03 -0.14 NO
Catechol C00090 109.0295 3.08 109.0297 2.93 0.000214 1.96 -0.15 YES
Chlorogenic acid C00852 353.0878 5.94 353.087 5.57 -0.00085 -2.39 -0.37 NO
Chlorogenic acid C00852 353.0878 5.94 353.0877 6.11 -7.7E-05 -0.22 0.17 YES
Chlorogenic acid C00852 353.0878 5 353.0868 4.82 -0.00098 -2.78 -0.18 YES
Chrysin C10028 253.0506 15.56 253.0505 15.62 -0.00018 -0.70 0.06 YES
Cinnamaldehyde C00903 131.0502 13.43 131.0502 13.58 2.3E-05 0.18 0.15 YES
Citrate C00158 191.0197 1.48 191.0198 1.67 0.000103 0.54 0.19 YES
Cytidine C00475 242.0783 1.29 242.0785 1.52 0.000276 1.14 0.23 YES
Dehydroascorbate C05422 173.0092 1.51 173.0093 1.57 9.23E-05 0.53 0.06 YES
Deoxyuridine C00526 227.0673 1.37 227.0655 1.30 -0.00187 -8.24 -0.07 NO
D-gulonic acid gama-lactone C01040 177.0405 1.36 177.0404 1.42 -2.6E-05 -0.14 0.06 YES
Dihydroxymandelic acid C05580 183.0299 1.45 183.0276 1.79 -0.00232 -12.65 0.34 NO
D-ornithine C00515 131.0826 1.24 131.0825 1.28 -6.9E-05 -0.52 0.04 YES
D-pinitol C03844 193.0717 1.31 193.0714 1.38 -0.00029 -1.49 0.07 YES
D-ribose 5-phosphate C00117 229.0119 1.48 229.0115 1.34 -0.00042 -1.84 -0.14 YES
D-saccharic acid C00818 209.0303 1.51 209.0301 1.35 -0.00022 -1.04 -0.16 YES
D-sorbitol C00749 181.0717 1.31 181.0716 1.31 -7.4E-05 -0.41 0.00 YES
D-xylose C01394 149.0456 1.32 149.0456 1.39 8.48E-05 0.57 0.07 YES
Emodin C10343 269.0455 17.41 269.045 17.58 -0.00053 -1.98 0.17 YES
Emodin C10343 269.0455 18.36 269.0449 18.65 -0.00062 -2.29 0.29 YES
Epigallocatechin C12136 305.0667 1.46 305.0638 1.33 -0.00295 -9.66 -0.13 NO
Ethylmalonic acid CA1366 131.035 3.08 131.0352 2.72 0.000239 1.83 -0.36 NO
Fumaric acid C00122 115.0037 1.79 115.0039 1.42 0.000183 1.59 -0.37 NO
Galacturonic acid C00333 193.0354 1.34 193.0351 1.35 -0.00031 -1.62 0.01 YES
Galangin C10044 269.0455 15.88 269.0448 15.93 -0.00076 -2.81 0.05 YES
Galangin C10044 269.0455 15.88 269.0404 15.61 -0.00509 -18.93 -0.27 NO
Gluconic acid C00257 195.051 1.52 195.0507 1.34 -0.00028 -1.41 -0.18 YES
Glucosaminate C03752 194.067 1.32 194.0632 1.35 -0.0038 -19.61 0.03 NO
Glutamic acid C00025 146.0459 1.29 146.046 1.32 5.78E-05 0.40 0.03 YES
Glutarate C00489 131.035 1.78 131.0352 1.48 0.000182 1.39 -0.30 NO
Glutarate C00489 131.035 1.78 131.0353 2.15 0.000293 2.24 0.37 NO
Gluthathione reduced C00051 306.0765 1.35 306.0761 1.56 -0.00039 -1.28 0.21 YES
Glyceraldehyde C02154 89.02442 1.39 89.02464 1.41 0.000218 2.45 0.02 YES
Glycerate C00258 105.0193 1.58 105.0195 1.38 0.00016 1.53 -0.20 YES
Glycine C00037 74.02475 1.31 74.02491 1.30 0.000158 2.14 -0.01 YES
Glycolate C00160 75.00877 1.75 75.009 1.41 0.000231 3.08 -0.34 NO
Glyoxilic acid C00048 72.99312 1.45 72.99332 1.39 0.000202 2.77 -0.06 YES
Guanine C00242 150.0421 1.33 150.0422 1.36 6.1E-05 0.41 0.03 YES
Guanosine 5'-monophosphate C00144 362.0507 1.53 362.0517 1.36 0.000994 2.75 -0.17 YES
Hesperetin C01709 301.0717 13.51 301.0709 13.08 -0.00082 -2.73 -0.43 YES
Hesperetin C01709 301.0717 13.51 301.0708 13.61 -0.00089 -2.96 0.10 YES
Hippurate C01586 178.051 6 178.0509 5.54 -8.4E-05 -0.47 -0.46 NO
Homogentisate C00544 167.035 2.51 167.0353 2.11 0.000312 1.87 -0.40 NO
Homogentisate C00544 167.035 2.51 167.0351 2.80 0.000157 0.94 0.29 YES
Hydroxypyruvate C00168 103.0037 1.58 103.0039 1.50 0.000208 2.02 -0.08 YES
Hypoxanthine C00262 135.0312 1.4 135.0299 1.36 -0.0013 -9.63 -0.04 NO
Inosine C00294 267.0735 1.41 267.0716 1.34 -0.0019 -7.12 -0.07 NO
Isorhamnetin C10084 315.051 13.65 315.0501 13.60 -0.00094 -2.97 -0.05 YES
Jasmonic acid C08491 209.1183 13.47 209.1181 13.48 -0.00026 -1.25 0.01 YES
Kaempferol C05903 285.0404 13.49 285.0396 13.49 -0.0008 -2.80 0.00 YES
Kaempferol C05903 285.0404 13.49 285.0361 13.48 -0.00428 -15.00 -0.01 NO
L-arginine C00062 173.1044 1.25 173.1042 1.27 -0.00016 -0.94 0.02 YES
L-asparagine C00152 131.0462 1.31 131.0464 1.31 0.000154 1.17 0.00 YES
Leucine C16439 130.0874 1.37 130.0876 1.67 0.000203 1.56 0.30 NO
L-glutamine C00064 145.0619 1.32 145.0619 1.31 6.06E-05 0.42 -0.01 YES
L-histidine C00135 154.0622 1.26 154.0622 1.28 -3E-05 -0.20 0.02 YES
Ll-2,6-diaminoheptanedioate C00666 189.0881 1.31 189.0879 1.33 -0.00018 -0.96 0.02 YES
L-phenylalanine C00079 164.0717 1.36 164.0717 1.33 -1.3E-05 -0.08 -0.03 YES
L-phenylalanine C00079 164.0717 2.19 164.0719 2.26 0.000244 1.49 0.07 YES
L-pipecolic acid C00408 128.0717 1.35 128.0718 1.40 0.000116 0.90 0.05 YES
L-proline C00148 114.0561 1.35 114.0561 1.41 7.05E-05 0.62 0.06 YES
L-serine C00065 104.0353 1.29 104.0354 1.30 0.000128 1.23 0.01 YES
L-sorbose C01452 179.0561 1.29 179.0562 1.37 4.4E-05 0.25 0.08 YES
L-threonine C00188 118.051 1.31 118.0511 1.31 0.000104 0.88 0.00 YES
L-tyrosine C00082 180.0666 1.37 180.0667 1.72 0.000112 0.62 0.35 NO
Lumazine C03212 163.0257 1.36 163.0249 1.40 -0.00085 -5.21 0.04 YES
Malic acid C00149 133.0143 1.41 133.0144 1.40 0.000172 1.29 -0.01 YES
Mandelic acid C01984 151.0401 5.35 151.0401 5.56 -1E-05 -0.07 0.21 YES
Mangiferin C10077 421.0776 1.37 421.0717 1.35 -0.00589 -14.00 -0.02 NO
Mangiferin C10077 421.0776 1.37 421.0775 1.35 -0.00015 -0.36 -0.02 YES
Melibiose C05402 341.1089 1.24 341.1079 1.41 -0.00106 -3.10 0.17 YES
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Methyleugenol C10454 177.0921 16.1 177.0922 16.20 4.78E-05 0.27 0.10 YES
N-acetyl-d-glucosamine C00140 220.0827 1.35 220.0822 1.37 -0.00042 -1.90 0.02 YES
N-acetyl-dl-glutamic acid C00624 188.0564 1.39 188.0565 1.41 0.000103 0.55 0.02 YES
N-acetyl-d-tryptophan C03137 245.0932 10.29 245.0922 10.32 -0.00095 -3.88 0.03 YES
N-acetylglycine CA1212 116.0353 1.55 116.0354 1.39 0.000125 1.08 -0.16 YES
N-acetyl-l-aspartic acid C01042 174.0408 1.57 174.0408 1.39 -7.7E-07 0.00 -0.18 YES
N-acetyl-l-leucine C02710 172.0979 9.01 172.0977 9.04 -0.00024 -1.42 0.03 YES
N-acetyl-l-phenylalanine C03519 206.0823 9.98 206.0818 9.54 -0.00048 -2.35 -0.44 NO
N-acetylneuraminate C00270 308.0987 1.53 308.0971 1.27 -0.00155 -5.04 -0.26 NO
N-alpha-acetyl-l-asparagine CA1214 173.0568 1.54 173.0567 1.43 -0.00012 -0.68 -0.11 YES
N-amidino-l-aspartate C03139 174.052 1.34 174.0488 1.40 -0.00318 -18.29 0.06 NO
Naringenin C00509 271.0612 13.31 271.0606 13.59 -0.0006 -2.22 0.28 YES
N-formylglycine CA1268 102.0197 1.41 102.0198 1.43 0.000115 1.13 0.02 YES
Nicotinate C00253 122.0248 1.55 122.0249 1.36 0.000122 1.00 -0.19 YES
N-methyl-l-glutamate C01046 160.0615 1.34 160.0616 1.52 2.27E-05 0.14 0.18 YES
Omega-hydroxydodecanoic acid C08317 215.1653 14.78 215.165 14.84 -0.00026 -1.20 0.06 YES
Ophthalmic acid C21016 288.1201 1.38 288.1203 1.38 0.000228 0.79 0.00 YES
O-succinyl-l-homoserine C01118 218.067 1.36 218.0667 1.39 -0.00033 -1.51 0.03 YES
Oxalic acid C00209 88.98803 1.36 88.98821 1.24 0.000185 2.08 -0.12 YES
Oxalic acid C00209 88.98803 1.36 88.98835 1.70 0.000317 3.56 0.34 NO
Oxaloacetic acid C00036 130.9986 1.43 130.9989 1.41 0.000256 1.96 -0.02 YES
Phenylpyruvic acid C00166 163.0401 13.36 163.0398 13.10 -0.00024 -1.49 -0.26 YES
Pterin CA1303 162.0421 1.4 162.0407 1.40 -0.00141 -8.69 0.00 NO
Purine C00465 119.0363 1.38 119.0351 1.34 -0.00123 -10.37 -0.04 NO
Pyruvic acid C00022 87.00877 1.51 87.00901 1.49 0.000238 2.73 -0.02 YES
Pyruvic aldehyde C00546 71.01385 1.38 71.01408 1.40 0.000229 3.22 0.02 YES
Quercitin C00389 301.0354 12.41 301.0345 12.36 -0.00089 -2.97 -0.05 YES
Quercitin C00389 301.0354 12.41 301.0309 12.76 -0.00453 -15.04 0.35 NO
Quinate C00296 191.0561 1.57 191.056 1.38 -0.00014 -0.76 -0.19 YES
Resorcinol monoacetate C12064 151.0401 10.87 151.0398 10.59 -0.00024 -1.61 -0.28 YES
Resorcinol monoacetate C12064 151.0401 10.87 151.0399 11.27 -0.00014 -0.95 0.40 YES
Rhamnetin C10176 315.051 14.66 315.0496 14.73 -0.00138 -4.38 0.07 YES
Rhapontin C10288 419.1347 10.64 419.1335 10.78 -0.00125 -2.97 0.14 YES
Rhein C10401 283.0248 15.44 283.025 15.19 0.000133 0.47 -0.25 YES
Ribitol C00474 151.0612 1.31 151.0612 1.36 3.58E-05 0.24 0.05 YES
Riboflavin C00255 375.131 8.29 375.1299 8.03 -0.00106 -2.84 -0.26 YES
Rs-mevalonic acid lithium salt C00418 147.0663 1.78 147.0664 1.76 6.97E-05 0.47 -0.02 YES
S-(5'-adenosyl)-l-homocysteine C00021 383.1143 1.34 383.1172 1.36 0.002878 7.51 0.02 NO
S-(5'-adenosyl)-l-homocysteine C00021 383.1143 1.34 383.1204 1.36 0.006088 15.89 0.02 NO
Salicylate C00805 137.0244 11.39 137.0243 11.16 -0.00015 -1.10 -0.23 YES
Salicylate C00805 137.0244 11.39 137.0243 11.61 -0.00012 -0.88 0.22 YES
Secologanin C01852 387.1296 9.36 387.1285 9.36 -0.00109 -2.82 0.00 YES
Shikimic acid C00493 173.0456 1.38 173.0456 1.39 2.86E-05 0.17 0.01 YES
Sinapic acid C00482 223.0612 10 223.0638 9.73 0.00257 11.52 -0.27 NO
Sn-glycerol 3-phosphate C00093 171.0064 1.55 171.0063 1.33 -8.2E-05 -0.48 -0.22 YES
Sorbate CA1411 111.0452 11.02 111.045 10.90 -0.00011 -0.96 -0.12 YES
Suberic acid C08278 173.0819 9.84 173.0816 9.75 -0.00033 -1.92 -0.09 YES
Succinate semialdehyde C00232 101.0244 1.79 101.0246 1.38 0.00015 1.49 -0.41 NO
Succinate C00042 117.0193 1.41 117.0195 1.77 0.000204 1.74 0.36 NO
Syringaldehyde 181.0507 9.42 181.0535 9.82 0.002737 15.12 0.40 NO
Taxifolin C01617 303.051 10.13 303.0499 10.45 -0.00116 -3.84 0.32 YES
Tryptophan C00078 203.0826 3.5 203.0826 3.65 -1.3E-05 -0.06 0.15 YES
Uracil C00106 111.02 1.37 111.0201 1.35 0.000126 1.14 -0.02 YES
Urate C00366 167.0211 1.39 167.0227 1.33 0.00159 9.52 -0.06 NO
Uridine 5'-diphosphoglucose C00029 565.0478 1.68 565.0424 1.41 -0.00531 -9.40 -0.27 NO
Uridine 5'-diphosphoglucose C00029 565.0478 1.68 565.051 1.46 0.003252 5.76 -0.22 YES
Uridine C00299 243.0623 1.37 243.0621 1.65 -0.00015 -0.61 0.28 NO
Urocanate C00785 137.0357 1.33 137.0342 1.35 -0.00144 -10.48 0.02 NO
Urocanate C00785 137.0357 1.33 137.0352 1.34 -0.00047 -3.46 0.01 YES
Vitexin C01460 431.0983 9.85 431.0967 9.83 -0.0016 -3.72 -0.02 YES
Xanthine C00385 151.0262 1.36 151.0261 1.71 -6.9E-05 -0.46 0.35 NO
Xanthosine 5'-monophosphate C00655 363.0347 1.72 363.0304 1.41 -0.00435 -11.99 -0.31 NO
Xanthosine 5'-monophosphate C00655 363.0347 1.72 363.0352 1.40 0.000474 1.31 -0.32 NO
Zeatin C00371 218.1047 2.06 218.1035 2.28 -0.00118 -5.40 0.22 YES

POSITIVE IONIZATION MODE
Standard parent ion Measured in samples 

(calibrated)
m/z Error After 

Calibration

RT Error 
After 

Calibration

KEGG ID m/z RT m/z RT Dalton PPM min Good 
Match?

(S)-dihydroorotate C00337 159.04 1.57 159.0434 1.19 0.003331 20.95 -0.26 NO
1-aminocyclopropane-1-carboxylate C01234 102.055 1.29 102.0549 1.28 -8E-05 -0.79 0.09 YES
1-methyladenine C02216 150.0774 1.3 150.0773 1.39 -0.00012 -0.77 0.20 YES
1-methyladenosine C02494 282.1197 1.37 282.1207 1.62 0.001033 3.66 0.36 NO
2,1-hydroxypregnenolone C05485 333.2424 15.63 333.2431 15.83 0.000708 2.13 0.25 YES
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2-aminophenol C01987 110.06 1.39 110.06 1.32 -2.4E-05 -0.22 0.04 YES
2-deoxy-d-glucose C00586 165.0758 1.35 165.0773 1.19 0.001502 9.10 -0.05 NO
2-hydroxyphenylacetic acid C05852 153.0546 8.82 153.0545 8.89 -7.9E-05 -0.52 0.15 YES
2-hydroxyphenylacetic acid C05852 153.0546 8.82 153.0546 8.31 -4.9E-05 -0.32 -0.43 NO
2-methylmaleate C02226 131.0339 2.06 131.034 1.62 6.12E-05 0.47 -0.33 NO
3-(2-hydroxyphenyl)propanoate C01198 167.0703 10.74 167.0701 10.73 -0.00018 -1.08 0.06 YES
3,4-Dihydroxybenzoic acid C00230 155.0339 3.01 155.0339 3.22 2.98E-05 0.19 0.31 NO
3-amino-4-hydroxybenzoic acid C12115 154.0499 1.39 154.0499 1.65 -1.7E-05 -0.11 0.37 NO
3-Hydroxycinnamic acid 165.0546 9.39 165.0545 9.44 -6.7E-05 -0.41 0.13 YES
3-methoxytyramine C05587 168.1019 1.78 168.1019 1.73 1.41E-05 0.08 0.06 YES
3-methyl-2-oxindole CA1325 148.0757 11.21 148.0756 10.89 -8.6E-05 -0.58 -0.25 YES
4-acetamidobutanoate C02946 146.0812 1.38 146.0811 1.54 -4.9E-05 -0.33 0.27 NO
4-aminobutanoate C00334 104.0706 1.25 104.0705 1.25 -7.2E-05 -0.69 0.10 YES
4-guanidinobutanoate C01035 146.0924 1.32 146.0922 1.28 -0.00022 -1.49 0.07 YES
4-hydroxy-2-quinolinecarboxylic acid C01717 190.0499 4.49 190.0499 4.20 7.42E-05 0.39 -0.19 YES
4'-hydroxyacetophenone C10700 137.0597 8.94 137.0596 9.13 -5.9E-05 -0.43 0.26 YES
4-hydroxy-l-phenylglycine CA1445 168.0655 1.35 168.0654 1.37 -0.0001 -0.62 0.13 YES
4-hydroxy-l-proline C01157 132.0655 1.33 132.0656 1.63 5.56E-05 0.42 0.41 NO
4-imidazoleacetic acid C02835 127.0502 1.32 127.0499 1.22 -0.00028 -2.18 0.01 YES
4-imidazoleacetic acid C02835 127.0502 1.32 127.0502 1.63 -2.2E-05 -0.17 0.42 NO
5,6-dihydrouracil C00429 115.0502 1.36 115.0503 1.50 0.000103 0.89 0.24 YES
5-aminopentanoate C00431 118.0863 1.28 118.0862 1.21 -9E-05 -0.77 0.04 YES
5-hydroxy-l-tryptophan C01017 221.0921 1.4 221.0923 1.70 0.00019 0.86 0.40 NO
5-hydroxy-l-tryptophan C01017 221.0921 1.4 221.0921 1.29 2.22E-05 0.10 0.00 YES
5-methylcytosine hydrocloride C02376 126.0662 1.28 126.0659 1.23 -0.00025 -1.98 0.06 YES
5'-methylthioadenosine C00170 298.0968 2.86 298.0972 2.77 0.000371 1.24 0.01 YES
6-benzylaminopurine C11263 226.1087 8.92 226.1075 8.75 -0.00118 -5.23 -0.10 YES
6-Phosphogluconic acid C00345 277.0319 1.55 277.0328 1.27 0.000919 3.32 -0.17 YES
6-Phosphogluconic acid C00345 277.0319 1.55 277.0303 1.26 -0.0016 -5.77 -0.18 YES
Abscisic acid C06082 265.1435 12.66 265.1436 12.96 7.35E-05 0.28 0.36 YES
Acacetin C01470 285.0758 15.62 285.0758 15.64 4.83E-05 0.17 0.07 YES
Acetoacetate C00164 103.039 1.82 103.0389 1.62 -5.7E-05 -0.56 -0.09 YES
Adenine C00147 136.0618 1.35 136.0617 1.34 -0.00011 -0.81 0.10 YES
Adenosine C00212 268.104 1.38 268.1045 1.61 0.000493 1.84 0.34 NO
Adenosine C00212 268.104 1.38 268.1023 1.25 -0.00171 -6.36 -0.02 NO
Agmatine sulfate C00179 131.1291 1.22 131.1293 1.17 0.00021 1.60 0.06 YES
Alpha-aminoadipate C00956 162.0761 1.34 162.0761 1.57 -2.5E-06 -0.02 0.34 NO
Alpha-d-glucose 1-phosphate C00103 261.037 1.54 261.0379 1.26 0.000935 3.58 -0.17 YES
Anethole C10428 149.0961 17.85 149.0961 17.76 4.38E-05 0.29 -0.05 YES
Aniline C00292 94.06512 1.93 94.06499 1.59 -0.00013 -1.33 -0.23 YES
Ascorbate C00072 177.0394 1.36 177.0391 1.18 -0.00025 -1.43 -0.07 YES
Ascorbate C00072 177.0394 1.36 177.038 1.15 -0.0014 -7.89 -0.10 NO
Aspartate C00049 134.0448 1.41 134.0447 1.26 -0.00011 -0.83 -0.04 YES
Benzaldehyde C00261 107.0492 10.58 107.049 10.94 -0.00012 -1.11 0.43 YES
Benzaldehyde C00261 107.0492 10.58 107.049 10.18 -0.00011 -1.03 -0.33 YES
Beta-alanine C00099 90.05496 1.28 90.05477 1.22 -0.00019 -2.06 0.05 YES
Carvone C11383 151.1118 16.1 151.1118 15.85 3.92E-06 0.03 -0.20 YES
Carvone C11383 151.1118 16.1 151.1118 16.40 2.78E-05 0.18 0.35 YES
Caryophyllene C09629 205.1951 20.2 205.195 20.60 -6.7E-05 -0.32 0.43 YES
Caryophyllene C09629 205.1951 20.2 205.195 20.11 -0.00013 -0.62 -0.06 YES
Catechin C06562 291.0863 1.47 291.0851 1.26 -0.00121 -4.16 -0.10 YES
Chlorogenic acid C00852 355.1024 1.41 355.1014 1.37 -0.00093 -2.63 0.07 YES
Chlorogenic acid C00852 355.1024 5 355.1028 4.79 0.000422 1.19 -0.12 YES
Chrysin C10028 255.0652 15.56 255.0654 15.64 0.000189 0.74 0.13 YES
Corticosterone C02140 347.2217 13.82 347.2218 13.39 0.000107 0.31 -0.37 YES
Creatine phosphate C02305 212.0431 1.51 212.0442 1.23 0.001087 5.13 -0.17 YES
Cytidine C00475 244.0928 1.29 244.0932 1.24 0.00043 1.76 0.06 YES
Cytosine C00380 112.0505 1.26 112.0506 1.31 1.07E-05 0.10 0.16 YES
Cytosine C00380 112.0505 1.26 112.0523 1.19 0.001725 15.39 0.04 NO
Dehydroascorbate C05422 175.0237 1.39 175.0238 1.61 5.77E-05 0.33 0.33 NO
Deoxycarnitine C05543 146.1176 1.29 146.1174 1.37 -0.00015 -1.02 0.18 YES
Emodin C10343 271.0601 17.41 271.0606 17.60 0.000485 1.79 0.23 YES
Emodin C10343 271.0601 18.36 271.0606 18.30 0.00054 1.99 -0.02 YES
Epigallocatechin C12136 307.0813 1.44 307.0843 1.61 0.002971 9.67 0.27 NO
Epigallocatechin C12136 307.0813 1.44 307.0802 1.25 -0.00109 -3.54 -0.08 YES
Epigallocatechin C12136 307.0813 4.27 307.0821 3.98 0.000776 2.53 -0.19 YES
Eriodictyol C05631 289.0707 12.26 289.0707 12.31 -1.3E-05 -0.04 0.11 YES
Ferulate C01494 195.0652 10.14 195.0651 9.95 -4.9E-05 -0.25 -0.12 YES
Fisetin C10041 287.055 10.13 287.055 10.27 -1.3E-05 -0.05 0.21 YES
Galangin C10044 271.0601 15.88 271.0601 15.93 5.49E-05 0.20 0.10 YES
Gallic acid C01424 171.0288 1.67 171.0288 1.67 3.82E-05 0.22 0.11 YES
Gamma-linolenic acid C06426 279.2319 18.1 279.232 18.05 0.00015 0.54 -0.01 YES
Gamma-linolenic acid C06426 279.2319 19.34 279.232 19.39 0.00014 0.50 0.08 YES
Gibberellin A3 C01699 347.1489 9.86 347.1493 9.93 0.000462 1.33 0.15 YES
Glutamic acid C00025 148.0605 1.29 148.0604 1.24 -8.3E-05 -0.56 0.06 YES
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Gluthathione reduced C00051 308.0911 1.35 308.0921 1.48 0.001013 3.29 0.24 YES
Guanine C00242 152.0567 1.33 152.0567 1.46 -2.6E-05 -0.17 0.24 YES
Guanosine C00387 284.099 1.36 284.1001 1.62 0.001166 4.10 0.37 NO
Hesperetin C01709 303.0863 13.51 303.0864 13.07 7.75E-05 0.26 -0.38 YES
Hesperetin C01709 303.0863 13.51 303.0862 13.86 -3.6E-05 -0.12 0.41 YES
Histamine C00388 112.0869 1.3 112.0869 1.15 -4.9E-05 -0.43 -0.04 YES
Homogentisate C00544 169.0495 2.51 169.0495 2.11 -6.9E-05 -0.41 -0.30 YES
Homogentisate C00544 169.0495 2.51 169.0495 2.66 -5.9E-05 -0.35 0.26 YES
Hypoxanthine C00262 137.0458 1.4 137.0457 1.58 -9.1E-05 -0.67 0.29 NO
Indole-3-ethanol C00955 162.0913 11.34 162.0914 11.45 8.26E-05 0.51 0.18 YES
Isocitric acid C00311 193.0343 1.58 193.0344 1.61 0.000129 0.67 0.14 YES
Isorhamnetin C10084 317.0656 13.65 317.0657 13.59 0.000152 0.48 0.00 YES
Jasmonic acid C08491 211.1329 13.47 211.133 13.68 0.000157 0.74 0.27 YES
Kaempferol C05903 287.055 13.49 287.0551 13.47 0.000123 0.43 0.04 YES
L-arginine C00062 175.119 1.25 175.119 1.16 6.88E-05 0.39 0.02 YES
L-asparagine C00152 133.0608 1.31 133.0605 1.25 -0.0003 -2.27 0.05 YES
L-carnitine C00318 162.1125 1.27 162.1123 1.51 -0.00016 -1.02 0.35 NO
L-cystine C01420 241.0311 1.28 241.0297 1.26 -0.00141 -5.87 0.09 YES
Leucine C16439 132.1019 1.37 132.1019 1.58 -5.2E-05 -0.39 0.32 NO
L-glutamine C00064 147.0764 1.32 147.0763 1.24 -8.4E-05 -0.57 0.03 YES
L-histidine C00135 156.0768 1.26 156.0767 1.18 -4.4E-05 -0.28 0.03 YES
Ll-2,6-diaminoheptanedioate C00666 191.1026 1.31 191.1027 1.30 5.19E-05 0.27 0.10 YES
L-lysine C16440 147.1128 1.23 147.1129 1.13 0.000119 0.81 0.01 YES
L-methionine C01733 150.0583 1.37 150.0582 1.62 -9.5E-05 -0.63 0.36 NO
L-phenylalanine C00079 166.0863 2.15 166.0862 2.13 -9.8E-05 -0.59 0.08 YES
L-pipecolic acid C00408 130.0863 1.35 130.0861 1.27 -0.00014 -1.06 0.03 YES
L-proline C00148 116.0706 1.35 116.0708 1.23 0.000141 1.22 -0.01 YES
L-serine C00065 106.0499 1.29 106.0498 1.25 -8.4E-05 -0.79 0.07 YES
L-threonine C00188 120.0655 1.31 120.0652 1.25 -0.00033 -2.73 0.04 YES
L-tyrosine C00082 182.0812 1.37 182.0812 1.59 1.36E-05 0.07 0.33 NO
Maleamate C01596 116.0342 1.44 116.0344 1.26 0.000226 1.95 -0.08 YES
Methyl jasmonate C11512 225.1485 16.43 225.149 16.29 0.00045 2.00 -0.09 YES
Methyleugenol C10454 179.1067 16.1 179.1067 16.26 -5.2E-07 0.00 0.21 YES
Methylmalonate C02170 119.0339 1.99 119.034 2.08 0.000102 0.85 0.20 YES
Myristicin C10480 193.0859 18.17 193.086 17.77 0.000103 0.53 -0.36 YES
Myristicin C10480 193.0859 18.17 193.086 18.32 0.000144 0.75 0.19 YES
N-acetyl-dl-glutamic acid C00624 190.071 1.77 190.0711 1.76 0.000106 0.56 0.10 YES
N-acetyl-d-tryptophan C03137 247.1077 10.29 247.1077 10.44 -2.1E-05 -0.09 0.22 YES
N-acetyl-l-aspartic acid C01042 176.0554 1.57 176.0554 1.62 7.28E-06 0.04 0.16 YES
N-acetyl-l-leucine C02710 174.1125 9.01 174.1125 8.97 -1.3E-06 -0.01 0.04 YES
Nalpha-acetyl-l-lysine C12989 189.1234 1.28 189.1235 1.56 9.05E-05 0.48 0.39 NO
Naringenin C00509 273.0758 13.31 273.0759 13.58 0.000122 0.45 0.33 YES
Naringin C09789 581.1865 10.7 581.1885 10.69 0.002058 3.54 0.06 YES
Nepsilon,nepsilon,nepsilon-trimethyllysine C03793 189.1598 1.3 189.1601 1.16 0.000362 1.91 -0.03 YES
Nicotinamide C00153 123.0553 1.36 123.0552 1.54 -0.0001 -0.85 0.29 NO
Ophthalmic acid C21016 290.1347 1.38 290.1357 1.57 0.001061 3.66 0.30 NO
P-Anisaldehyde C10761 137.0597 12.72 137.0596 12.36 -3.7E-05 -0.27 -0.30 YES
P-Anisaldehyde C10761 137.0597 12.72 137.0597 12.91 -1.3E-05 -0.10 0.25 YES
Picolinic acid C10164 124.0393 1.35 124.0392 1.62 -7.9E-05 -0.64 0.38 NO
Picolinic acid C10164 124.0393 1.35 124.0411 1.06 0.001768 14.25 -0.18 NO
Quercitin C00389 303.05 12.41 303.05 12.35 6.32E-05 0.21 0.01 YES
Quinate C00296 193.0707 1.57 193.0706 1.29 -2.4E-05 -0.12 -0.17 YES
Rac-glycerol 1-myristate CA1370 303.253 21.31 303.2538 21.33 0.000836 2.76 0.05 YES
Resorcinol monoacetate C12064 153.0546 10.87 153.0545 10.65 -9.6E-05 -0.63 -0.15 YES
Rhamnetin C10176 317.0656 14.66 317.0662 14.79 0.000613 1.93 0.18 YES
Rhapontin C10288 421.1493 10.64 421.1474 10.77 -0.00186 -4.41 0.20 YES
Ribitol C00474 153.0758 1.31 153.0754 1.29 -0.00034 -2.23 0.09 YES
Riboflavin C00255 377.1456 8.29 377.1471 8.00 0.001544 4.09 -0.20 YES
S-carboxymethyl-l-cysteine C03727 180.0325 1.5 180.0339 1.51 0.001387 7.70 0.12 NO
Serotonin C00780 177.1022 1.86 177.1023 1.82 2.02E-05 0.11 0.07 YES
Sphinganine C00836 302.3054 17.66 302.3057 17.31 0.000361 1.19 -0.31 YES
Succinate C00042 119.0339 1.41 119.0349 1.53 0.001043 8.76 0.23 NO
Syringaldehyde 183.0653 9.42 183.0651 9.39 -0.00016 -0.87 0.05 YES
Taxifolin C01617 305.0656 10.13 305.0658 10.13 0.000211 0.69 0.08 YES
Theobromine C07480 181.072 2.23 181.0733 1.84 0.001326 7.33 -0.28 NO
Trigonelline C01004 138.055 1.36 138.0549 1.22 -8E-05 -0.58 -0.03 YES
Trimethylamine C00565 60.08078 1.28 60.08054 1.19 -0.00024 -3.96 0.02 YES
Tryptophan C00078 205.0972 3.5 205.0972 3.62 8.59E-05 0.42 0.22 YES
Uracil C00106 113.0346 1.37 113.0346 1.60 7.7E-06 0.07 0.34 NO
Urate C00366 169.0356 1.39 169.0343 1.29 -0.00128 -7.57 0.01 NO
Uridine C00299 245.0768 1.37 245.0774 1.62 0.000601 2.45 0.36 NO
Uridine-5-monophosphate C00105 325.0432 1.68 325.0409 1.18 -0.00225 -6.92 -0.39 NO
Vitexin C01460 433.1129 9.85 433.1139 9.79 0.000972 2.24 0.01 YES
Xanthine C00385 153.0407 1.36 153.0407 1.62 -2.4E-05 -0.16 0.37 NO
Zeatin C00371 220.1193 2.08 220.1181 2.18 -0.00121 -5.48 0.20 YES
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Metabolite assignations were kept as valid when met the following criteria:
· If m/z error (PPM) < 6.
· If RT error between min 1-2 < 0.25 min.
· If RT error > 0.3 min for features with RT > 10 min only if m/z error (PPM) < 4.
· If RT error between min 2-10 < 0.3min.

Table S3. Parameters applied to GC-MS chromatograms in Metabolite Detector 2.5 to obtain the 
GC-MS metabolomics dataset for Baccharis plants. 

Tool settings
Centroid Threshold begins 10

Peak threshold end -5
Maximal baseline 30
FWHM 0.1

Deconvolution Peak threshold 10
Minimum peak height 10
Deconvolution width (scans) 8

Identification Max RI difference 20
Cutoff score 0.6
Pure/Impure 0.6
Scaled lib Yes
Combined score Yes

Quantification Minimal distance 0.5
Minimal required quality index 1
Exclude 72.5 to 73.5

146.5 to 
147.5

Batch quantification Settings
Compound matching ARI 20

Pure/Impure 0.6
Req. Score 0.6
RI+Spec OK

Identification ARI 20
Pure/Impure 0.6
RI+Spec OK

Other settings Compound reproducibility 0
Max. Peak drisc. index 100
S/N 15
Number of ions 4
Extended SIC Scan Yes
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Table S4. Matching score, retention time of standard (RT), measured RT (Average in min) and 
signal to noise ratio (S/N) for the assigned metabolites in GC-MS chromatograms. Decision on 
whether a metabolite match was considered for the study as a good identification (YES) or kept as 
unknown (NO) is indicated. Decision on whether the metabolite match was considered as reliable 
identification was made on whether the metabolite mass fragmentation pattern could be verified 
using NIST GC-MS library.

Matching 
Score

RT
(Standard)

Measured Avg. 
RT (Min)

Avg. 
S/N

Considered as 
good match 

glyceric.acid 0.99 10.74 10.75 177.1 YES
L.serine.2 0.99 11.23 11.15 294.7 YES

D.arabinose 0.97 15.2 15.24 193.8 YES
D.mannose.1 0.97 17.67 17.7 583.8 YES
L.threonine.2. 0.97 11.6 11.52 144.6 YES
D.malic.acid 0.96 12.79 12.83 350.8 YES
D.mannose.2 0.95 17.83 17.89 288.2 YES
porphine.1 0.95 10.77 10.79 21.5 YES
quinic.acid 0.95 17.34 17.29 404.9 YES

chlorogenic.acid 0.93 27.38 27.52 196.4 YES
citric.acid 0.93 16.84 16.75 334.3 YES

pyrrole.2.carboxylic.acid 0.93 10.97 11.05 9.4 NO
shikimic.acid 0.93 16.43 16.58 210.5 YES

fructose.2 0.92 17.29 17.43 539 YES
kaempferol.1 0.92 26.86 26.99 175.6 YES

L.glutamic.acid.2 0.92 14.4 14.41 253.9 YES
norvaline.2 0.92 9.47 9.13 138 YES

scyllo.inositol 0.92 19.1 18.99 525.3 YES
Sucrose 0.92 24.41 24.35 88.1 YES

myo.inositol 0.91 19.71 19.59 581.7 YES
D.gluconic.acid.3 0.9 18.8 18.9 27.6 YES

ferulic.acid 0.9 19.31 19.35 50.6 YES
L.aspartic.acid.2 0.9 13.03 13.23 317.7 YES

lactose.1 0.9 24.92 25.11 98.7 NO
talose.2 0.9 17.58 17.62 60.4 YES

4.guanidinobutyric.acid.2 0.9 13.35 13.31 33.9 NO
citramalic.acid 0.89 12.75 12.65 72.6 YES
salicylic.acid 0.89 13.08 13.1 37.9 NO

xylitol 0.89 15.7 15.81 29.5 NO
arabitol 0.88 15.6 15.47 143.1 YES

isomaltose.1 0.88 25.63 25.64 94.7 YES
L.glutamic.acid.1 0.88 13.34 13.29 104.5 YES

L.ornithine.2 0.88 16.63 16.68 18.4 YES
D.lyxose.1 0.87 15.01 14.99 77.4 YES
D.lyxose.2 0.87 15.11 15.07 51.1 YES

glycerol.3.phosphate 0.87 16.06 16.14 55.4 YES
linoleic.acid 0.87 20.4 20.36 68.5 YES
palatinitol.1 0.87 25.92 25.97 48.6 YES

arachidic.acid 0.85 22.37 22.29 66.8 YES
D.allose.2 0.85 17.52 17.59 18.1 NO

kaempferol.2 0.85 26.93 27.11 194.9 YES
D.melezitose 0.83 29.95 29.92 78.7 YES

D.lyxosylamine.2 0.83 14.86 14.91 44 YES
D.threitol 0.83 13.13 13.14 32.1 YES

DL.isoleucine.1 0.83 8.58 8.27 14 YES
urea 0.83 9.6 9.46 8.2 NO

chrysin 0.82 24.71 24.82 48.8 NO
methyl.caffeate 0.82 18.62 18.58 29.8 NO

fumaric.acid 0.81 10.94 10.88 161.4 YES
L.proline.2 0.81 10.32 10.27 128.2 YES
D.mannitol 0.8 18.13 18.15 13.8 NO

4.hydroxy.3.methoxybenzoic.acid 0.8 15.99 16.04 3.2 NO
6.deoxy.D.glucose.2 0.8 15.75 15.81 31 YES

D.glucose.2 0.79 17.99 18.06 283.9 NO
L.asparagine.2 0.79 14.98 15.13 85.9 YES

D.galactaric.acid 0.78 19.23 19.18 118.5 NO
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maleic.acid 0.78 10.32 10.34 23.3 NO
phytol.2 0.78 20.03 20.05 427.9 YES

turanose.1 0.78 24.81 24.71 177 YES
acetol.2 0.77 15.29 15.3 73.1 NO

beta.cyano.L.alanine 0.77 11.29 11.3 38.8 NO
lactose.2 0.77 25 25.18 91.4 YES
maltose.1 0.77 25.22 25.22 19 NO

melibiose.2 0.77 26.36 26.61 38.8 NO
palatinitol.2 0.77 26.01 26.08 62.9 NO
lactulose.1 0.76 23.87 23.97 117.9 YES
tagatose.2 0.76 17.21 17.53 418.7 YES

tartaric.acid 0.76 14.59 14.31 92.2 YES
isomaltose.2 0.75 25.86 25.94 29.6 YES

L.asparagine.1 0.74 14.5 14.35 9.8 NO
liquiritigenin.1 0.74 24.71 24.6 137.2 NO

maltose.2 0.74 25.4 25.33 183.5 NO
melibiose.1 0.74 26.11 26.38 46.4 NO

1.hexadecanol 0.74 18.05 17.98 84.8 YES
D.maltitol 0.73 25.97 26.21 73.4 NO
L.leucine.2 0.73 9.95 9.91 60 NO

valproic.acid.glucuronide 0.73 21.97 22.06 154.6 NO
D.glucose.6.phosphate.1 0.72 21.84 21.89 5.8 NO

L.alanine.1 0.71 7.54 7.51 101.8 YES
lactobionic.acid.1 0.71 24.58 24.63 32.2 NO

raffinose 0.71 29.94 30.29 44.9 NO
resorcinol 0.71 11.53 11.41 31.6 NO

ribitol 0.71 15.66 15.55 34 NO
4.nitroquinoline 0.71 13.64 13.38 112.7 NO

galacturonic.acid.2 0.7 18.11 18.1 15.2 NO
D.gluconic.acid.2 0.69 18.32 18.53 78.2 NO
gluconolactone.1 0.69 17.56 17.49 197.9 NO

fructose.1 0.68 17.18 17.14 51.7 NO
L.tyrosine.2 0.68 17.86 17.93 32.9 NO
melezitose 0.68 29.88 29.99 93.8 NO

phenylethylamine 0.68 13.77 13.98 120.4 NO
alpha.tocophereol 0.67 27.38 27.47 31.3 NO

D.galactose.2 0.67 18 18.1 5.8 NO
L.sorbose.1 0.67 17.19 17.01 16.7 NO

maltotriose.1 0.67 29.27 29.21 59.1 NO
N.formylglycine.2 0.67 11.53 11.34 87 NO

alizarin 0.66 23.46 23.62 305.9 NO
D.fructose.6.phosphate.2 0.66 21.71 21.62 24.3 NO

erythritol 0.66 13.18 13.43 70.5 NO
gentisic.acid 0.66 16.12 16.25 62.3 NO
lactulose.3 0.65 24.43 24.56 28.5 NO

trans.trans.farnesol 0.65 16.43 16.46 127.1 NO
lactobionic.acid.3 0.64 25.41 25.43 37.8 NO

sialic.acid 0.64 22.25 22.51 3.7 NO
3.aminopropionitrile.2 0.64 9.93 9.83 178.4 NO

ethyl.glucuronide 0.63 18.62 18.45 130.5 NO
iminodiacetic.acid.1 0.62 12.49 12.36 21.5 NO

oleic.acid 0.62 20.5 20.43 90.4 NO
6.deoxy.D.glucose.1 0.62 15.6 15.71 204.9 NO

guanidinosuccinic.acid.2 0.61 18.62 18.4 75 NO
maltotriitol 0.61 31.8 31.8 14.1 NO

p.toluenesulfonic.acid 0.61 14.27 14.62 16.8 NO
3.indolelactic.acid.1 0.61 19.81 19.72 71.2 NO

acetol.3 0.6 15.38 15.39 61.6 NO
naringin 0.6 29.08 29.12 513 NO

             Score: Score value obtained for each metabolite matching with the library. 
              T (Standard): Retention Time from the specific standard
              Avg. RT (min): Average Retention Time (minutes)
              Avg. S/N: Average Signal to Noise
              Hits: number of samples where the metabolite was detected
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Table S5. The result of PERMANOVA analysis on plant foliar metabolome 

Degrees of freedom Sums of squares Mean square Pseudo-F R2 P value
Aphid Treatment 1 1.89×1019 1.89×1019 17.3 0.203 < 0.0001

Residuals 68 7.44×1019 1.09×1018 0.78
Total 69 9.33×1019 1

Table S6. The result of PERMANOVA analysis on plant volatile compounds

Degrees of freedom Sums of squares Mean square Pseudo-F R2 P value
Aphid Treatment 1 162.89 162.89 0.65 0.1 0.5969

Residuals 6 1509.49 251.58 0.9
Total 7 1672.38 1

Table S7. The individual t-test for all identified metabolite and total amino acids
Metabolite Control_Mean Control_SE Aphid_Mean Aphid_SE T P_value

1.hexadecanol 1.77E+06 1.66E+05 6.43E+05 6.67E+04 6.30E+00 6.27E-08

1-methyladenine 1.03E+04 8.80E+02 7.49E+04 1.11E+04 -5.78E+00 1.12E-05

1-hydroxypregnenolone 4.61E+04 3.20E+03 1.23E+04 1.55E+03 9.50E+00 2.77E-13

3-dihydroxybenzoate 1.00E+04 7.38E+02 2.50E+04 2.53E+03 -5.68E+00 8.10E-06

5-dihydroxybenzoate 5.20E+04 1.95E+03 9.85E+03 9.49E+02 1.94E+01 1.29E-26

6-diaminoheptanedioate 1.32E+03 4.62E+02 2.19E+04 8.37E+03 -2.46E+00 2.31E-02

2-deoxy-d ribose 1.58E+05 1.10E+04 4.84E+04 6.14E+03 8.67E+00 4.19E-12

2-hydroxyphenylacetic acid 2.94E+04 7.54E+02 2.18E+04 1.28E+03 5.12E+00 1.16E-05

2-oxovaleric acid 4.27E+03 3.49E+02 7.41E+03 5.84E+02 -4.61E+00 5.25E-05

4-dihydroxybenzoic acid 5.31E+04 1.62E+03 2.88E+04 2.86E+03 7.38E+00 1.69E-08

3.aminopropionitrile.2 3.68E+06 1.32E+05 4.35E+06 3.35E+05 -1.84E+00 7.66E-02

3.indolelactic.acid.1 1.00E+06 3.70E+04 4.64E+05 4.67E+04 9.08E+00 1.09E-11

3-dehydroshikimate 3.25E+04 1.35E+03 9.34E+03 1.75E+03 1.05E+01 1.76E-13

3-hydroxy-3-methylglutarate 7.29E+05 3.86E+04 5.39E+05 7.59E+04 2.23E+00 3.34E-02

3-hydroxybenzoate 5.63E+04 3.44E+03 1.38E+05 1.11E+04 -7.06E+00 2.73E-07

3-hydroxycinnamic acid 4.83E+04 3.40E+03 5.88E+04 7.60E+03 -1.26E+00 2.17E-01

3-hydroxyphenylacetate 8.94E+03 6.92E+02 1.85E+04 1.64E+03 -5.41E+00 9.81E-06

3-methyl-2-oxindole 4.11E+04 2.92E+03 2.32E+04 2.03E+03 5.02E+00 4.86E-06

4.guanidinobutyric.acid.2 1.41E+06 9.34E+04 3.37E+06 1.19E+06 -1.65E+00 1.15E-01

4.hydroxy.3.methoxybenzoic.acid 3.26E+06 2.90E+05 2.76E+06 3.06E+05 1.19E+00 2.40E-01

4.nitroquinoline 1.58E+06 1.17E+05 3.28E+06 4.90E+05 -3.37E+00 2.74E-03

4-aminobutanoate 2.64E+05 1.27E+04 3.26E+05 2.05E+04 -2.56E+00 1.48E-02

4-guanidinobutanoate 1.11E+04 1.16E+03 7.93E+04 1.03E+04 -6.57E+00 1.86E-06

4-hydroxy-2-quinolinecarboxylic acid 1.41E+06 7.12E+04 2.46E+06 1.07E+05 -8.18E+00 6.44E-10

4-hydroxybenzoic acid 7.18E+05 1.76E+04 2.21E+06 2.62E+05 -5.66E+00 1.48E-05

4-imidazoleacetic acid 7.03E+04 5.83E+03 3.50E+04 4.74E+03 4.71E+00 1.54E-05

6-dihydrouracil 6.04E+04 7.29E+03 7.34E+05 1.66E+05 -4.04E+00 6.35E-04

5-aminopentanoate 7.73E+08 1.78E+07 9.64E+08 2.27E+07 -6.60E+00 4.36E-08
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5-methylcytosine hydrocloride 1.15E+04 1.24E+03 2.00E+04 2.04E+03 -3.55E+00 1.12E-03

5'-methylthioadenosine 2.21E+05 2.07E+04 2.40E+05 3.67E+04 -4.47E-01 6.58E-01

5-oxo-l-proline 1.80E+05 1.37E+04 2.05E+05 3.00E+04 -7.39E-01 4.66E-01

6-deoxy.d.glucose 6.02E+06 2.99E+05 4.55E+06 3.68E+05 3.10E+00 3.34E-03

6-phosphogluconic acid 1.75E+06 1.15E+05 4.53E+05 7.06E+04 9.67E+00 7.10E-14

abscisic acid 5.49E+07 3.90E+06 3.17E+07 5.80E+06 3.33E+00 1.94E-03

acacetin 2.67E+08 9.12E+06 2.65E+08 1.34E+07 1.51E-01 8.81E-01

acetol 2.52E+06 8.43E+04 1.49E+06 1.09E+05 7.43E+00 2.94E-09

adenine 7.83E+06 7.28E+05 4.92E+06 9.17E+05 2.48E+00 1.69E-02

alanine 4.41E+06 1.95E+05 4.03E+06 5.41E+05 6.61E-01 5.15E-01

alizarin 1.13E+07 7.04E+05 8.16E+06 3.79E+05 3.92E+00 2.32E-04

allose.2 1.78E+05 1.27E+04 2.34E+05 1.60E+04 -2.69E+00 9.91E-03

alpha.tocopherol 2.26E+05 3.14E+04 2.46E+05 4.13E+04 -3.96E-01 6.94E-01

alpha-d-glucose 1-phosphate 3.27E+05 1.71E+04 3.17E+05 3.48E+04 2.68E-01 7.90E-01

anethole 4.83E+05 1.40E+04 2.23E+05 2.15E+04 1.01E+01 2.81E-12

arabinose 4.12E+06 2.63E+05 3.40E+06 2.28E+05 2.07E+00 4.32E-02

arabitol 2.47E+06 8.75E+04 2.57E+06 1.41E+05 -6.29E-01 5.33E-01

arachidic.acid 6.33E+05 4.24E+04 1.19E+06 8.32E+04 -5.97E+00 1.39E-06

arginine 2.79E+05 3.95E+04 9.13E+06 3.02E+06 -2.93E+00 8.32E-03

ascorbate 1.07E+05 3.47E+03 1.13E+05 1.12E+04 -4.57E-01 6.52E-01

asparagine 4.30E+06 5.01E+05 6.68E+07 1.54E+07 -4.06E+00 6.14E-04

aspartic acid 1.23E+07 6.57E+05 1.42E+07 1.79E+06 -9.76E-01 3.38E-01

azelaic acid 2.46E+04 9.58E+02 1.35E+05 4.60E+04 -2.40E+00 2.63E-02

beta.cyano.alanine 4.22E+06 1.73E+05 4.28E+06 3.67E+05 -1.63E-01 8.72E-01

betaine 5.24E+03 6.38E+02 1.74E+04 4.84E+03 -2.49E+00 2.11E-02

biliverdin 8.12E+04 1.44E+04 4.24E+04 6.86E+03 2.43E+00 1.84E-02

caryophyllene 1.96E+08 6.75E+06 9.33E+07 6.64E+06 1.08E+01 3.45E-15

catechol 5.91E+04 1.70E+03 2.70E+04 2.68E+03 1.01E+01 4.40E-12

chlorogenic acid 3.72E+08 1.10E+07 1.71E+08 1.54E+07 1.06E+01 3.23E-13

chrysin 5.24E+08 1.25E+07 4.30E+08 1.23E+07 5.32E+00 2.00E-06

cinnamaldehyde 1.84E+03 1.99E+02 1.08E+03 2.17E+02 2.57E+00 1.32E-02

citramalic.acid 9.20E+05 4.46E+04 9.09E+05 1.42E+05 7.99E-02 9.37E-01

citrate 2.00E+07 1.23E+06 6.39E+06 7.76E+05 9.36E+00 2.26E-13

cytidine 1.92E+04 2.78E+03 2.43E+04 6.13E+03 -7.50E-01 4.60E-01

cytosine 1.27E+05 1.89E+04 4.81E+04 1.53E+04 3.23E+00 2.01E-03

dehydroascorbate 4.22E+05 4.60E+04 2.66E+05 3.68E+04 2.65E+00 1.03E-02

disoleucine 2.14E+05 1.73E+04 5.17E+05 1.25E+05 -2.40E+00 2.60E-02

emodin 3.04E+05 1.29E+04 2.62E+05 1.52E+04 2.10E+00 4.12E-02

epigallocatechin 3.40E+05 3.54E+04 2.35E+05 2.60E+04 2.39E+00 1.98E-02

eriodictyol 3.58E+05 2.45E+04 3.44E+05 3.28E+04 3.43E-01 7.33E-01

erythritol 8.67E+05 3.18E+04 8.63E+05 6.82E+04 4.62E-02 9.63E-01

ethyglucuronide 2.61E+06 1.26E+05 1.38E+06 1.24E+05 6.97E+00 4.51E-09

ferulic.acid 5.55E+05 1.69E+04 3.82E+05 2.73E+04 5.39E+00 4.62E-06
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fisetin 2.25E+06 7.67E+04 1.99E+06 2.30E+05 1.08E+00 2.91E-01

fructose.6.phosphate 2.66E+05 9.96E+03 1.58E+05 1.66E+04 5.58E+00 2.84E-06

fructose 2.95E+07 1.52E+06 3.61E+07 3.16E+06 -1.87E+00 7.12E-02

fumaric.acid 2.53E+06 1.97E+05 4.33E+06 5.48E+05 -3.09E+00 4.81E-03

galactaric.acid 2.17E+06 7.30E+04 2.04E+06 1.27E+05 8.67E-01 3.92E-01

galactose 2.93E+05 2.13E+04 4.19E+05 3.33E+04 -3.18E+00 2.99E-03

galacturonic acid 5.71E+05 6.16E+04 6.37E+05 5.26E+04 -8.22E-01 4.14E-01

galangin 8.23E+08 2.83E+07 6.83E+08 2.30E+07 3.83E+00 3.12E-04

gallic acid 5.81E+04 3.58E+03 9.76E+04 1.68E+04 -2.30E+00 3.15E-02

gamma-linolenic acid 3.82E+05 1.77E+04 6.69E+05 1.35E+05 -2.10E+00 4.80E-02

gentisic.acid 8.85E+05 3.22E+04 3.68E+05 2.92E+04 1.19E+01 3.94E-17

gibberellin a3 2.33E+05 1.32E+04 3.44E+04 3.83E+03 1.44E+01 5.14E-19

gluconic acid 4.59E+06 1.14E+05 5.60E+06 7.74E+05 -1.30E+00 2.09E-01

gluconolactone.1 5.31E+06 2.03E+05 4.15E+06 5.02E+05 2.14E+00 4.13E-02

glucose.6.phosphate 2.86E+05 2.70E+04 5.43E+05 7.57E+04 -3.20E+00 3.72E-03

glucose 9.53E+06 3.22E+05 5.62E+06 4.74E+05 6.83E+00 3.86E-08

glutamic acid 2.06E+07 8.85E+05 1.79E+07 1.64E+06 1.44E+00 1.60E-01

glutamine 7.80E+05 8.96E+04 5.75E+06 1.55E+06 -3.19E+00 4.52E-03

gluthathione reduced 3.59E+04 1.49E+04 2.95E+05 9.62E+04 -2.66E+00 1.45E-02

glyceraldehyde 5.62E+05 1.41E+04 3.11E+05 2.28E+04 9.33E+00 4.04E-11

glycerate 3.65E+06 1.14E+05 2.66E+06 1.20E+05 5.99E+00 2.07E-07

glycero.3.phosphate 5.76E+05 2.43E+04 8.10E+05 8.04E+04 -2.79E+00 1.03E-02

glycine 4.37E+03 3.17E+02 8.42E+03 9.79E+02 -3.93E+00 6.14E-04

glyoxilic acid 4.08E+04 1.96E+03 1.70E+04 1.32E+03 1.01E+01 1.30E-14

guanidinosuccinic.acid 5.68E+05 2.26E+04 4.61E+05 2.95E+04 2.89E+00 6.00E-03

guanine 8.18E+05 1.25E+05 9.19E+04 1.40E+04 5.78E+00 8.14E-07

gulonic acid gama-lactone 3.38E+04 1.59E+03 3.21E+04 3.01E+03 5.14E-01 6.11E-01

hesperetin 2.47E+07 8.70E+05 2.33E+07 1.42E+06 8.13E-01 4.22E-01

histamine 2.35E+04 1.14E+03 1.45E+05 2.43E+04 -4.99E+00 6.92E-05

histidine 3.59E+05 4.82E+04 4.88E+06 1.23E+06 -3.67E+00 1.50E-03

homogentisate 1.90E+04 3.94E+02 1.25E+04 9.05E+02 6.63E+00 3.57E-07

hydroxypyruvate 8.19E+05 5.82E+04 4.79E+05 1.06E+05 2.81E+00 8.41E-03

iminodiacetic.acid 3.82E+05 3.43E+04 2.51E+05 2.82E+04 2.94E+00 4.61E-03

indole-3-ethanol 1.05E+03 3.02E+01 1.94E+04 1.07E+04 -1.72E+00 1.00E-01

isocitric acid 4.06E+04 2.32E+03 7.87E+03 1.55E+03 1.17E+01 3.04E-17

isomaltose 3.70E+06 1.61E+05 5.24E+06 3.12E+05 -4.38E+00 1.25E-04

isorhamnetin 1.73E+08 8.73E+06 1.63E+08 1.22E+07 6.14E-01 5.43E-01

jasmonic acid 9.59E+01 3.14E+01 4.73E+03 9.03E+02 -5.12E+00 5.13E-05

kaempferol 2.85E+08 1.36E+07 2.29E+08 9.24E+06 3.36E+00 1.33E-03

lactobionic.acid 4.12E+06 1.07E+05 5.81E+06 3.35E+05 -4.79E+00 6.98E-05

lactose 7.25E+06 2.95E+05 4.85E+06 4.08E+05 4.76E+00 2.42E-05

lactulose 2.44E+06 2.98E+05 2.95E+06 2.25E+05 -1.38E+00 1.72E-01

leucine 5.57E+05 6.97E+04 5.24E+05 1.30E+05 2.20E-01 8.27E-01
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linoleic.acid 1.25E+06 5.34E+04 1.20E+06 1.04E+05 3.77E-01 7.09E-01

liquiritigenin 3.16E+06 2.54E+05 3.31E+06 2.55E+05 -4.07E-01 6.86E-01

lumazine 1.73E+05 1.33E+04 5.88E+04 1.40E+04 5.90E+00 2.82E-07

lysine 9.63E+04 1.04E+04 1.73E+05 4.20E+04 -1.78E+00 8.87E-02

lyxose 2.22E+06 9.13E+04 1.88E+06 2.31E+05 1.40E+00 1.74E-01

lyxosylamine 4.36E+05 2.27E+04 7.81E+05 1.42E+05 -2.40E+00 2.56E-02

maleamate 1.23E+05 1.31E+04 5.07E+05 1.25E+05 -3.05E+00 6.18E-03

maleic.acid 3.63E+05 5.60E+04 2.12E+05 3.72E+04 2.24E+00 2.88E-02

malic acid 3.22E+07 1.96E+06 1.25E+07 1.31E+06 8.35E+00 1.10E-11

maltitol 2.60E+06 1.00E+05 4.50E+06 3.12E+05 -5.80E+00 5.45E-06

maltose 1.24E+07 4.83E+05 5.72E+06 4.91E+05 9.75E+00 1.92E-13

maltotriitol 6.57E+05 7.03E+04 0.00E+00 0.00E+00 9.35E+00 1.02E-11

maltotriose 3.41E+06 2.55E+05 1.96E+06 2.40E+05 4.13E+00 1.23E-04

mandelic acid 5.32E+04 1.47E+03 8.63E+03 9.46E+02 2.56E+01 3.39E-34

mangiferin 4.23E+04 4.26E+03 1.48E+03 1.83E+02 9.56E+00 5.28E-12

mannitol 2.98E+05 1.80E+04 3.02E+05 1.58E+04 -1.66E-01 8.69E-01

mannose 4.07E+07 2.34E+06 4.04E+07 2.93E+06 7.27E-02 9.42E-01

melezitose 5.70E+06 3.67E+05 7.57E+06 7.60E+05 -2.22E+00 3.45E-02

melibiose 1.35E+06 9.53E+04 1.62E+06 3.31E+05 -7.84E-01 4.41E-01

melibiose 2.55E+06 1.25E+05 1.65E+06 8.64E+04 5.94E+00 1.49E-07

methycaffeate 3.36E+05 2.51E+04 2.02E+05 2.87E+04 3.53E+00 9.30E-04

methylmalonate 2.13E+04 1.46E+03 4.93E+04 5.95E+03 -4.57E+00 1.42E-04

myo.inositol 3.69E+07 1.16E+06 2.20E+07 8.24E+05 1.04E+01 3.29E-15

n.formylglycine 1.25E+06 3.55E+04 7.00E+05 5.23E+04 8.71E+00 1.20E-10

n-acetyl-d-glucosamine 8.27E+03 6.70E+02 2.38E+04 3.00E+03 -5.04E+00 4.74E-05

n-acetyl-dl-glutamic acid 5.24E+04 2.19E+03 8.01E+04 7.88E+03 -3.39E+00 2.51E-03

n-acetyl-d-tryptophan 1.67E+04 1.02E+03 4.92E+05 2.03E+05 -2.34E+00 2.97E-02

n-acetyl-l-aspartic acid 9.60E+03 5.17E+02 2.98E+04 3.06E+03 -6.51E+00 1.82E-06

n-acetyl-l-leucine 5.21E+03 9.36E+02 2.23E+03 4.54E+02 2.86E+00 5.86E-03

n-alpha-acetyl-l-asparagine 1.07E+02 3.05E+01 4.57E+03 1.72E+03 -2.59E+00 1.74E-02

naringenin 1.46E+08 6.75E+06 1.21E+08 6.51E+06 2.70E+00 9.12E-03

naringin 5.42E+07 2.66E+06 4.64E+07 2.44E+06 2.15E+00 3.60E-02

nepsilon 3.93E+04 2.31E+03 2.82E+05 5.44E+04 -4.46E+00 2.39E-04

n-methyl-l-glutamate 3.30E+04 1.80E+03 5.74E+04 5.78E+03 -4.02E+00 4.96E-04

norvaline 1.27E+06 1.00E+05 3.99E+06 8.88E+05 -3.04E+00 6.39E-03

oleic.acid 1.43E+06 8.11E+04 1.36E+06 1.34E+05 4.59E-01 6.49E-01

omega-hydroxydodecanoic acid 5.44E+02 4.57E+01 5.86E+02 6.65E+01 -5.12E-01 6.11E-01

ophthalmic acid 0.00E+00 0.00E+00 2.40E+03 9.83E+02 -2.44E+00 2.41E-02

ornitine 2.92E+03 5.23E+02 1.01E+06 3.18E+05 -3.18E+00 4.71E-03

o-succinyl-l-homoserine 6.91E+03 3.90E+02 8.21E+03 9.68E+02 -1.24E+00 2.24E-01

oxaloacetic acid 1.11E+04 9.93E+02 2.05E+03 5.75E+02 7.92E+00 7.20E-11

p.toluenesulfonic.acid 0.00E+00 0.00E+00 9.33E+05 2.34E+05 -3.99E+00 7.28E-04

palatinitol 3.45E+06 1.74E+05 6.83E+06 4.96E+05 -6.44E+00 9.50E-07
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phenylalanine 1.51E+07 1.14E+06 2.16E+07 5.43E+06 -1.18E+00 2.53E-01

phenylethylamine 1.25E+06 1.11E+05 3.33E+06 5.42E+05 -3.76E+00 1.10E-03

phenylpyruvic acid 1.99E+04 1.33E+03 1.70E+04 2.74E+03 9.46E-01 3.52E-01

pinitol 3.91E+05 1.19E+04 2.71E+05 2.70E+04 4.08E+00 3.39E-04

pipecolic acid 1.12E+07 1.10E+06 5.75E+06 6.76E+05 4.21E+00 8.51E-05

porphine 5.86E+04 5.26E+03 7.44E+04 6.80E+03 -1.85E+00 7.18E-02

proline 3.13E+06 1.12E+05 6.77E+07 1.56E+07 -4.14E+00 5.02E-04

pyrrole.2.carboxylic.acid 1.07E+05 6.07E+03 2.06E+05 2.71E+04 -3.55E+00 1.78E-03

pyruvic acid 3.26E+05 3.18E+04 2.21E+05 1.97E+04 2.82E+00 6.49E-03

pyruvic aldehyde 2.05E+05 7.76E+03 1.14E+05 6.30E+03 9.12E+00 6.60E-13

quercitin 3.83E+07 2.05E+06 4.49E+07 4.20E+06 -1.42E+00 1.67E-01

quinic acid 8.18E+07 4.05E+06 1.39E+07 1.89E+06 1.52E+01 1.96E-21

rac-glycerol 1-myristate 3.84E+02 7.13E+01 1.41E+04 2.36E+03 -5.80E+00 1.12E-05

raffinose 8.20E+05 7.16E+04 8.74E+05 1.03E+05 -4.33E-01 6.68E-01

resorcinol monoacetate 3.12E+04 2.09E+03 5.48E+05 6.74E+04 -7.66E+00 2.25E-07

resorcinol 2.32E+05 9.34E+03 1.69E+05 9.05E+03 4.84E+00 1.10E-05

rhamnetin 3.05E+05 1.70E+04 3.64E+05 3.19E+04 -1.64E+00 1.11E-01

rhapontin 1.34E+06 5.96E+04 1.18E+06 8.28E+04 1.56E+00 1.26E-01

rhein 5.56E+03 5.70E+02 3.21E+03 4.96E+02 3.10E+00 2.96E-03

riboflavin 1.05E+05 7.67E+03 1.95E+05 1.66E+04 -4.91E+00 3.30E-05

ribose 5-phosphate 5.41E+03 4.05E+02 3.78E+03 6.29E+02 2.18E+00 3.55E-02

rs-mevalonic acid lithium salt 2.95E+04 4.29E+03 8.57E+03 7.67E+02 4.81E+00 1.84E-05

saccharic acid 2.05E+04 1.34E+03 1.46E+04 1.05E+03 3.50E+00 8.75E-04

salicylate 6.21E+05 1.74E+04 2.44E+06 3.36E+05 -5.39E+00 2.76E-05

scyllo.inositol 2.71E+07 8.39E+05 2.08E+07 1.40E+06 3.86E+00 4.73E-04

secologanin 7.33E+04 5.52E+03 1.51E+05 1.74E+04 -4.25E+00 2.77E-04

serine 4.52E+06 4.48E+05 1.65E+07 1.93E+06 -6.05E+00 4.17E-06

serotonin 1.27E+04 1.07E+03 5.96E+03 1.11E+03 4.35E+00 6.35E-05

shikimic acid 8.58E+06 2.99E+05 1.94E+06 1.52E+05 1.98E+01 3.08E-27

sialic.acid 0.00E+00 0.00E+00 2.83E+05 8.77E+04 -3.23E+00 4.24E-03

sn-glycerol 3-phosphate 3.20E+04 4.44E+03 2.21E+04 4.79E+03 1.50E+00 1.39E-01

sorbate 5.00E+04 2.33E+03 2.24E+04 2.07E+03 8.87E+00 2.36E-12

sorbose 3.32E+05 1.25E+04 2.90E+05 1.78E+04 1.92E+00 6.25E-02

suberic acid 5.84E+03 2.91E+02 1.02E+04 6.06E+02 -6.42E+00 4.60E-07

sucrose 1.47E+06 4.12E+04 1.81E+06 5.65E+04 -4.73E+00 2.67E-05

sugar-alcohol-hexoses 1.25E+04 5.97E+02 3.23E+04 4.33E+03 -4.54E+00 1.82E-04

sugars-alcohol-pentoses 5.11E+05 2.00E+04 3.44E+05 3.59E+04 4.07E+00 2.78E-04

sugars-deoxy-hexoses 4.60E+04 1.48E+03 3.65E+04 4.69E+03 1.93E+00 6.54E-02

sugars-monosaccharides-hexoses 1.58E+06 3.55E+04 1.26E+06 8.43E+04 3.50E+00 1.64E-03

sugars-monosaccharides-pentoses 1.89E+06 6.28E+04 1.70E+06 1.14E+05 1.50E+00 1.43E-01

tagatose 2.38E+07 1.46E+06 2.63E+07 2.69E+06 -8.08E-01 4.25E-01

talose 1.82E+06 1.28E+05 1.11E+06 5.96E+04 5.02E+00 5.60E-06

tartaric.acid 1.74E+06 1.15E+05 3.80E+05 3.24E+04 1.14E+01 4.01E-15
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taxifolin 5.39E+04 6.21E+03 4.33E+04 3.01E+03 1.53E+00 1.32E-01

threitol 1.97E+05 8.48E+03 2.97E+05 1.25E+04 -6.61E+00 7.65E-08

threonine 2.00E+06 1.12E+05 3.72E+06 4.79E+05 -3.50E+00 1.99E-03

trans.trans.farnesol 4.50E+06 2.97E+05 7.65E+05 7.01E+04 1.22E+01 5.77E-16

trigonelline 3.97E+06 4.55E+05 7.40E+06 4.93E+05 -5.10E+00 5.08E-06

trimethylamine 3.67E+04 1.81E+03 2.05E+04 1.74E+03 6.45E+00 2.98E-08

tryptophan 1.19E+07 6.61E+05 5.82E+07 7.38E+06 -6.26E+00 3.84E-06

turanose 4.86E+06 2.02E+05 4.18E+06 2.36E+05 2.20E+00 3.30E-02

tyrosine 3.65E+05 1.52E+04 1.07E+05 1.61E+04 1.17E+01 4.33E-16

uracil 3.53E+03 4.94E+02 1.08E+04 2.53E+03 -2.81E+00 1.02E-02

urea 0.00E+00 0.00E+00 5.34E+05 1.35E+05 -3.95E+00 7.95E-04

uridine 5'-diphosphoglucose 6.90E+03 5.98E+02 4.05E+03 4.56E+02 3.79E+00 3.47E-04

urocanate 7.24E+03 5.54E+02 4.10E+03 5.95E+02 3.87E+00 3.08E-04

valproic.acid.glucuronide 5.39E+06 3.38E+05 2.05E+06 1.61E+05 8.92E+00 2.54E-12

vitexin 8.24E+05 4.35E+04 3.86E+05 3.84E+04 7.55E+00 3.60E-10

xylitol 1.03E+06 4.35E+04 1.41E+06 8.61E+04 -4.02E+00 3.51E-04

zeatin 1.08E+05 1.08E+05 3.80E+06 4.11E+05 4.21E-01 6.78E-01

Total amino acids 7.87E+09 1.10E+10 4.99E+09 7.23E+08 -4.37E+00 2.36E-03

Table S8: Linear trendline r2 value of yield curve slopes vs. relative contribution of individual 
compounds to total VOCs for all trials.

Compound r2 of linear trendline

α-pinene 0.42

camphene 0.10

α-phellandrene 0.02

β-myrcene 0.21

3-carene 0.50

limonene 0.07

β-ocimene                                     0.19

sabinene 0.12

α-copaene 0.03

caryophyllene 0.03

β-guaiene 0.03

patchoulene 0.03

aristolochene  0.26
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6. Figures:

Figure S1: a) Average relative contribution of mono- & sesqui-terpene distribution for each 
control and aphid trials, other refers to α-phellandrene and camphene, b) sesquiterpenes 
average relative contribution to total BVOCs for each control and aphid trials. Aphid and 
Control refer to treated and control Baccharis trials, respectively. The error bars were removed 
to be able to see the detailed profiles.
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CHAPTER 3 

Secondary organic aerosol from the photooxidation of oxygenated biogenic volatile organic 

compounds 

INTRODUCTION 

 Biogenic volatile organic compounds (BVOCs) released primarily from terrestrial 

vegetation are estimated to contribute up to 90% of total atmospheric VOCs (Carlton et al., 2009b; 

Claeys et al., 2004; Guenther et al., 1995). These volatile compounds are highly reactive and can 

contribute to the formation of secondary organic aerosol (SOA) (Ehn et al., 2014). Atmospheric 

aerosols, including SOA, impact atmospheric chemistry (D. Abbatt et al., 2012; Pöschl and 

Shiraiwa, 2015; Shiraiwa et al., 2011), and contribute to air pollution (Huang et al., 2014; 

Volkamer et al., 2006), and affect human health negatively (Baltensperger et al., 2008; Lelieveld 

et al., 2015; Nault et al., 2021; Nel, 2005; Shiraiwa et al., 2017b). They also can impact climate 

directly by scattering and absorbing solar radiation and indirectly by affecting cloud properties and 

formation when acting as cloud condensation nuclei (CCN). The type of plant VOCs varies 

between plant species (Courtois et al., 2009) and environmental regions (Loreto et al., 2014). 

Various types of plant species are undergoing significant range shifts due to climate change 

(Wieczynski et al., 2019), and it is expected that there will be range expansion of plants that can 

better tolerate drought and high temperatures (Bradley et al., 2012; Seager and Vecchi, 2010). This 

complexity (Guenther, 2013) means that it is required to investigate SOA formation from different 

VOCs with different chemical structures and chemical functional groups for regions with different 

BVOC compositions. SOA chemistry of a couple of plant emissions has been studied well in 

laboratory experiments (Griffin et al., 1999a; Ng et al., 2006; Odum et al., 1996). These studies 

have provided the foundation for SOA model predictions. The SOA formation mechanisms in 
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global climate and air quality models are highly variable (Kanakidou et al., 2005; Lee et al., 2016), 

and SOA formation consistently has been under-predicted in current models compared to actual 

measurements and observations (Hodzic et al., 2010, 2009; Yang et al., 2018). The uncertainties 

in the inputs of these models arise from incomplete chemical knowledge of degradation pathways 

and significant variability in measured SOA yields (Fry et al., 2014; Marais et al., 2017; 

M. Donahue et al., 2005). For instance, oxygenated terpenes, one type of plant VOCs, dominate 

emissions from drought-tolerant shrubs in southern California’s coastal sage scrub ecosystem 

(Mehra et al., 2020), but very few studies have investigated SOA generated from the oxidation of 

these types of plant VOCs. 

 Isoprene and α-pinene, as the most abundant BVOCs from plants, have been the subject of 

many SOA studies (Carlton et al., 2009b; Després et al., 2012; Guenther et al., 2012; Kroll et al., 

2006; Zhang et al., 2015), while other types of BVOCs have gotten less attention as oxygenated 

terpenes. Oxygenated terpenes can play important roles in ecosystems (Hallquist et al., 2009; 

Hamilton et al., 2009), and it has been suggested that oxygenated terpenes are the possible cause 

of the discrepancies between single component and actual plant emissions experiments (Mentel et 

al., 2009). The oxygenated monoterpene emissions and their ambient mixing ratios, dominated by 

linalool and perillene, were higher than anthropogenic and monoterpene emissions, with 

approximately four times higher average diurnal mixing ratios, in some agricultural regions in 

California (Gentner et al., 2014), which suggests that this type of BOVCs may be more significant 

for SOA production than other types in this area. Another study reported that BVOC profiles of 

coastal sage scrub shrubs consisted of more than 80% oxygenated monoterpenes such as camphor 

and 1,8-cineol (Mehra et al., 2020). These oxygenated terpenes can react with the OH radical (rate 

constants with OH are provided in Table 1) and form SOA. These types of shrubs are widely spread 
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across the U.S. and Canada (USDA Plants Database), and SOA mass is extremely underestimated 

across the western U.S., with a broad distribution of this plant type (Carlton et al., 2018). 

 Among oxygenated terpenes, camphor and 1,8-cineole have received more attention 

because of their contributions from essential oils, candles, and cleaning products to the indoor 

environment. For instance, the indoor total VOC mixing ratio, including 1,8-cineole as one of the 

major contributors, significantly increased upon evaporating essential oils (Su et al., 2007), 

potentially contributing to indoor secondary pollutants such as SOA in the presence of ozone. 

However, the impact of the oxygenated terpenes on atmospheric chemistry has not been studied 

well. Another less-studied oxygenated terpene is bornyl acetate which was reported as the major 

terpene of Siberian fir needle oil emission, with approximately 32% contribution to the total plant 

BVOCs (Hatfield and Huff Hartz, 2011). Bornyl acetate was the most frequently associated with 

insect infestation, increasing during the defoliation of the Calabrian pine needle tree (Foti et al., 

2020). Borneol emissions could be increased due to biotic or abiotic stresses; for instance, 

increased temperature impacted the BVOC emission profiles of pine seedlings, which included a 

significant increase in the proportions of linalool and borneol (Kivimäenpää et al., 2016). Despite 

all of these potential significant impacts of oxygenated terpenes on atmospheric SOA chemistry, 

they have not been represented in detail in the literature.  

 This study investigated SOA formation and composition from the photooxidation of four 

oxygenated terpenes and α-pinene, as a reference compound, in an oxidation flow reactor (OFR) 

(Table 3.1). The investigation of these types of SOA produced important new knowledge on 

oxidation products, SOA yields, and SOA condensed phase composition from these important 

SOA precursors.  
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MATERIALS AND METHODS  

SOA generation and collection. All the experiments were conducted in a laboratory at the 

University of California, Irvine. SOAs were generated in an oxidation flow reactor (OFR; 

Aerodyne, Inc.) with photooxidation of α-pinene (Acros Organics Inc., 98%) as a model 

compound, and four oxygenated terpenes, including camphor (Alfa Aesar Inc., 98%), 1,8-cineol 

(Sigma Aldrich Inc., 99%), borneol (Acros Organics Inc., 97%), and bornyl acetate (Sigma Aldrich 

Inc., 95%) using the set-up shown in Figure 3.1, and a summary of experimental conditions is 

provided in Table 3.2. Clean air was generated with a zero-air generator (Environics® Series 7000) 

and humidified by passing the clean air through a bubbler to produce and hold relative humidity 

(RH) in the OFR. Humid clean air was introduced into the glass sealed jar continuously as the 

VOC source with a flow rate of 10 L min-1. The VOC from the VOC source and the humidified 

air was introduced to the inlet OFR. At the OFR outlet, there was a vacuum line with a vacuum 

pump (Thomas, Model 617CA22) and controlled with a needle valve at a flow rate of 6.8 L min-

1, which was applied for SOA mass yield curve and SOA mass yield versus OH exposure 

experiments. This vacuum flow was used for SOA collection for aerosol chemical composition 

analysis through a filter holder. Particle size distributions were continuously monitored at the OFR 

outlet with a scanning mobility particle sizer (SMPS; custom-built from TSI, Inc. and Brechtel 

Inc. components) with a pulling flow of 0.35 L min-1. An ozone monitor (2B Technologies Inc., 

Model 106-M) was used to monitor the ozone level during experiments with a pulling flow of 1 L 

min-1. The total outlet flow of the OFR was 8.15 L min-1 with a corresponding residence time of 

1.59 min. For each point of each experiment, VOCs were collected at the OFR inlet and outlet on 

stainless steel vapor adsorbtion cartridges containing quartz wool, Tenax TA, and carbograph 5TD 

(Markes International, Inc.) by pulling 0.42 L min-1 through duplicate cartridges in a row for 4 to 
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5 min. Cartridges were capped and stored in a refrigerator until they were analyzed off-line with a 

thermos-desorption gas chromatograph-mass spectrometer (TD-GC-MS, Markes International 

TD-100xr autosampler, Agilent GC 7890B, equipped with a 30 m, DB-5 column, and Agilent 5975 

MS). For each SOA sample type, two Teflon filters were collected in two separate experiments 

with exactly the same experimental design. Details of the GC operation and VOC quantification 

are provided in Appendix 3. 

 Detailed information about this Aerodyne OFR has been provided elsewhere (Lambe et al., 

2015, 2011a, 2011b; Peng et al., 2019; Peng and Jimenez, 2020), and we explain briefly the OFR 

setting we used in this study here. The OFR in this study is a 13 L (45.7 cm length OD × 19.7 cm 

ID) aluminum cylinder equipped with two low-pressure mercury 185 and 254 nm lamps (BHK, 

Inc., model no. 82-904-03) to generate hydroxyl radicals (OH) through the photolysis of H2O, O2, 

and O3. The OFR was operated in 185 mode; both 185 nm and 254 nm lamps were used in all 

experiments. This OFR 185 mode can reproduce conditions that better represent more realistic 

atmospheric conditions that drive aerosol chemistry (such as the ratio of RO2/HOx radicals) (Peng 

and Jimenez, 2020). These more realistic conditions were met by keeping RH more than 50% and 

keeping VOC mixing ratios relatively low (between 20 to 90 ppb).  In this OFR mode, OH radicals 

were produced inside the OFR with the reaction of oxygen O(1D) radicals with water vapor, where 

O(1D) was produced via UV photolysis of ozone with 254 nm lamps inside the reactor. The ozone 

(O3) was generated within the OFR with UV photolysis of oxygen with 185 nm lamps. The OH 

radicals then reacted with introduced VOCs to form SOA. For OFR calibration, the OH 

concentrations were varied by changing the UV light intensity by stepping the lamps' settings, and 

toluene (Alfa Aesar Inc., ≥ 99.5%) was introduced to the OFR as an OH tracer. Detailed 

information about the OFR calibration is provided in Appendix 3. 
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 To generate SOA mass yield vs. OH exposure curves, the oxidant concentration, OH 

concentration, was adjusted by increasing and decreasing UV light intensity. The SOA mass yields 

were calculated for the OH exposure range of 4.2×1011 to 3.6×1012 molec s cm-3 with the 

corresponding equivalent of atmospheric photochemical ages of 3.2 to 27.8 days, respectively. The 

equivalent of the atmospheric photochemical ages was calculated assuming an ambient OH 

concentration of 1.5 × 106 molec cm-3 (Mao et al., 2009). 

 The SOA mass yield was calculated as formed condensed organic aerosol mass (COA) 

divided by the mass of gas-phase VOCs that reacted (ΔVOC) inside the OFR. COA was calculated 

from SMPS particle size distributions measured at the OFR outlet by assuming a particle density 

of 1.4 g cm-3, which is a reasonable value for these types of SOA (Faiola et al., 2018; Malloy et 

al., 2009; Nakao et al., 2013). SOA mass yield curve is a plot of aerosol mass yield versus total 

condensed organic mass, which has been applied as a common approach to characterize the SOA 

formation efficiency of VOCs (Ahlberg et al., 2017; Faiola et al., 2018; Griffin et al., 1999a; Odum 

et al., 1996; Pankow, 1994). For generating the SOA mass yield curves for each sample, the SOA 

mass yield was measured at multiple mass loadings. SOA mass yield curves for each chemical 

system were fit via two methods:  

 The first method is the two-product model developed by Odum et al. (1996) with the 

following equation:   

𝑌𝑌 = 𝑀𝑀0[
 𝛼𝛼1 𝐾𝐾𝑂𝑂𝑂𝑂1

1 + 𝐾𝐾𝑂𝑂𝑂𝑂1 𝑀𝑀0
+

 𝛼𝛼2 𝐾𝐾𝑂𝑂𝑂𝑂2
1 + 𝐾𝐾𝑂𝑂𝑂𝑂2 𝑀𝑀0

] 

 

where Y is mass yield; M0 is the organic particle mass (μg/m3); KOMi is the partitioning coefficient 

of product i, and αi is the mass-based stoichiometric yield of product i. 
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The second method is the volatility-basis set (VBS) model proposed by Donahue et al. 

(Donahue et al., 2006) with the following equation: 

𝑌𝑌 = �𝛼𝛼𝑖𝑖 (
 1

1 + 𝑐𝑐𝑖𝑖∗
𝐶𝐶𝑂𝑂𝑂𝑂

) 

where Y is mass yield; 𝛼𝛼𝑖𝑖 is the mass-based stoichiometric yield for product i, and 𝑐𝑐𝑖𝑖∗ is the 

effective saturation concentration in μg/m3 of i. For fitting a curve to the data point in the SOA 

mass yield plots, a four-product basin set was used with 𝛼𝛼1,𝛼𝛼2,𝛼𝛼3, and 𝛼𝛼4, where 𝑐𝑐∗ =

{1,10,100,1000} μg/m3. The 𝑐𝑐𝑖𝑖∗ values were fixed while the 𝛼𝛼𝑖𝑖 values were the free parameters in 

the basis set.  

High-resolution mass spectrometry sample run and data analysis. For each sample type, 

generated SOA particles were collected at the outlet of OFR on Teflon filters (MilliporeSigma, 

Sigma Aldrich Inc., 0.2 μm PTFE membrane) for high-resolution Orbitrap mass spectrometry. The 

composition of each SOA type was determined from duplicate samples. Immediately after 

collection, the filter samples were kept in a -80°C freezer until the analysis time. For chemical 

composition analysis, each filter was thawed and extracted into 4 mL of a mixture of 1:1 

acetonitrile (ACN) (Honeywell Inc., Burdick & Jackson®, ≥ 99.93%) and water (18.2 MW cm; 

Thermo Scientific, Barnstead; model 7146). The SOA extracts were then analyzed using an ultra-

performance liquid chromatography-mass spectrometer (UPLC-MS) equipped with a Vanquish 

Horizon UPLC system (including a binary liquid chromatography pump, an autosampler, a column 

manager, and a diode array detector) coupled to a high-resolution Q Exactive Plus Orbitrap mass 

spectrometer. A Luna Omega 1.6 μm particle size Polar C18 150 × 2.1 mm (Phenomenex) column 

fitted with a SecurityGuard ULTRA cartridge (porous polar C18, 2.1 mm; Phenomenex) 

maintained at 30°C was used for the compound separation. The mobile phase combination was 
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(A) 0.1% formic acid (Fisher Chemical) in HPLC grade water (Fisher Chemical) and (B) 0.1 % 

formic acid in HPLC grade acetonitrile (Fisher Chemical).  The eluent gradient was as follows: 0-

3 min hold at 5% B, 3-14 min linear gradient to 95% B, 14-16 min hold at 95% B, 16-22 min linear 

gradient back to 5% B with a flow rate of 300 μL min-1. Analysis was carried out using the heated 

electrospray source (HESI), and the source conditions were as follows: capillary voltage, 2.50 kV 

(negative mode) and 3.50 kV (positive mode); capillary temperature 320 °C (negative mode) and 

325°C (positive mode); sheath gas flow rate, 50; auxiliary gas flow rate, 10; sweep gas flow rate, 

1; S-lens RF level 50; auxiliary gas heater temp, 300C.  The analysis for each sample (injection 

volume = 10 mL) was performed in both positive (ESI (+)) and negative (ESI (-)) ion modes using 

a full scan data-dependent MS/MS (FS-ddMS2) approach.  In this approach, full MS scans were 

recorded over the m/z 50-750 mass range with a resolution of 140,000 and an AGC target of 106 

(max. IT = 100 ms), while MS/MS scans were recorded for the top 3 most abundant ions from the 

adjacent full MS scan (res. 17,500; AGC target 5 × 104; max. IT 50 ms) using normalized collision 

energies (NCE) of 10, 30 and 50.  The data were acquired using Xcalibur 4.2 software (Thermo 

Scientific) and then processed using FreeStyleTM version 1.6.75.20 (from Thermo Scientific Inc.).  

Almost no peaks were observed in the ESI (+) modes; thus, only the ESI (-) mode results are 

presented in the result and discussion section. In addition to SOA extracts, two types of blank 

samples were run with SOA samples so that the background spectra could be subtracted from the 

sample spectra. The first blank sample was just the solvent (water and ACN) and the second blank 

sample type was an extract of a Teflon filter from the collection at the OFR outlet when only clean 

humid air was through the OFR without any introduced VOCs at the OFR inlet.  

 The analysis of the high-resolution mass spectrometry (HR-MS) and assignment of the 

molecular formulas was performed following similar previous works (Fleming et al., 2018; 
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Nizkorodov et al., 2011; Romonosky et al., 2015). Briefly, peaks and their intensities were 

determined using the Decon2LS software (https://omics.pnl. gov/software/decontools-decon2ls). 

13C isotopes and obvious impurities (if they existed) with anomalous mass defects were removed 

from peaks. All peaks were assigned to the formulas CXHYOZ with an accuracy of ±0.001 m/z 

units, while elemental ratios for assigning were constrained to 0.30 < H/C < 2.25 and 0 < O/C < 

2.30 (Smith et al., 2021), where O/C is the oxygen to carbon ratio and H/C is the hydron to carbon 

ratio. The high-resolution mass spectra results presented in this paper were reported as formulas 

of neutral SOA compounds.  

 To get further insight into the SOA chemical composition of samples, based on chemical 

composition analysis, each organic compound identified in the SOA samples was plotted in two-

dimensional space, including the oxidation state of carbon (OSC) and carbon number, which has 

been referred to as a “Kroll diagram” (Kroll et al., 2011). OSC for each compound was calculated 

as OSC=2×O/C-H/C based on methods presented by Kroll et al. (Kroll et al., 2011), where O/C is 

the oxygen to carbon ratio and H/C is the hydron to carbon ratio. 

SOA formation mechanism.   SOA formation was investigated using the Generator for Explicit 

Chemistry and Kinetics of Organics in the Atmosphere (GECKO-A). The description of the 

GECKO-A is provided in detail by Aumont et al. (Aumont et al., 2005), and updates have been 

provided (Aumont et al., 2013; La et al., 2016; McVay et al., 2016; Valorso et al., 2011). This 

model is a tool to generate nearly explicit gas-phase oxidation mechanisms for organic compounds, 

as well as the properties, to show the gas-particle partitioning of organic compounds in the 

mechanism. 

Volatility and viscosity predictions.  The volatility of oxidation products in each SOA sample was 

determined via assigned molecular formulas from the high-resolution MS data, and it was 
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estimated based on the number of carbon and oxygen atoms in each molecule based on the 

parameterizations of pure compound saturation mass concentration (C0) reported in Li et al. (Li et 

al., 2016) for CHO compounds using the following equation: 

𝑙𝑙𝑙𝑙𝑙𝑙10 𝐶𝐶0 = (𝑛𝑛𝐶𝐶0 − 𝑛𝑛𝐶𝐶)𝑏𝑏𝐶𝐶 − 𝑛𝑛𝑂𝑂𝑏𝑏𝑂𝑂 − 2
𝑛𝑛𝐶𝐶𝑛𝑛𝑂𝑂
𝑛𝑛𝐶𝐶 + 𝑛𝑛𝑂𝑂

𝑏𝑏𝐶𝐶𝑂𝑂 

 where 𝑛𝑛𝐶𝐶𝑂𝑂 is the reference carbon number, and 𝑛𝑛𝐶𝐶 and 𝑛𝑛𝑂𝑂 are the number of carbon and oxygen 

atoms, respectively. The values for  𝑛𝑛𝐶𝐶𝑂𝑂, 𝑏𝑏𝐶𝐶, 𝑏𝑏𝑂𝑂, and 𝑏𝑏𝐶𝐶𝑂𝑂 were 22.6, 0.448, 1.656, and -0.779,   

respectively, for reference CHO compounds recommended by (Li et al., 2016). 

The viscosity of each SOA sample was estimated using the method presented by DeRieux 

et al. (DeRieux et al., 2018a). The glass transition temperature (𝑇𝑇𝑔𝑔,𝑖𝑖), at which between amorphous 

solid and semi-solidstatates a phase transition happens (Koop et al., 2011), was predicted as a 

function of molecular composition for each SOA compound in each SOA sample as following 

equation (DeRieux et al., 2018a): 

𝑇𝑇𝑔𝑔,𝑖𝑖 = (𝑛𝑛𝐶𝐶0 + ln(𝑛𝑛𝐶𝐶))𝑏𝑏𝐶𝐶 + ln(𝑛𝑛𝐻𝐻) 𝑏𝑏𝐻𝐻 + ln(𝑛𝑛𝐶𝐶) ln(𝑛𝑛𝐻𝐻)𝑏𝑏𝐶𝐶𝐻𝐻 + ln(𝑛𝑛𝑂𝑂) 𝑏𝑏𝑂𝑂 + ln (𝑛𝑛𝐶𝐶)ln (𝑛𝑛𝑂𝑂)𝑏𝑏𝐶𝐶𝑂𝑂 

where 𝑛𝑛𝐶𝐶, 𝑛𝑛𝐻𝐻, and 𝑛𝑛𝑂𝑂 are the numbers of carbon, hydrogen, and oxygen atoms, respectively. For 

CHO compounds, the coefficients 𝑛𝑛𝐶𝐶0, 𝑏𝑏𝐶𝐶, 𝑏𝑏𝐻𝐻, 𝑏𝑏𝐶𝐶𝐻𝐻, 𝑏𝑏𝑂𝑂, and 𝑏𝑏𝐶𝐶𝑂𝑂 were 12.13, 10.95, -41.82, 21.61, 

118.96, and -24.38, respectively (DeRieux et al., 2018b). The glass transition temperature of the 

SOA under dry conditions (𝑇𝑇𝑔𝑔,𝑜𝑜𝑜𝑜𝑔𝑔) was calculated based on the Gordon-Taylor equation, assuming 

the Gordon-Taylor constant (𝜅𝜅𝐺𝐺𝐺𝐺) as 1 for each organic compound (Dette et al., 2014): 

𝑇𝑇𝑔𝑔,𝑜𝑜𝑜𝑜𝑔𝑔 = �𝜔𝜔𝑖𝑖𝑇𝑇𝑔𝑔,𝑖𝑖 

where  𝜔𝜔𝑖𝑖   is the mass fraction of an organic compound i from mass spectra. The water content in 

SOA was calculated using the effective hygroscopicity parameter (κ) (Petters and Kreidenweis, 

2007). The value of κ was from cloud condensation nuclei measurements of 0.15 by Zhao et al. 
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(Zhao et al., 2017). 𝑇𝑇𝑔𝑔 for organic-water mixtures (𝑇𝑇𝑔𝑔,𝑚𝑚𝑖𝑖𝑚𝑚) was calculated by Gordon-Taylor 

equationwith constant of 𝑘𝑘𝐺𝐺𝐺𝐺= 2.5 (Koop et al., 2011; Zobrist et al., 2008) as following: 

𝑇𝑇𝑔𝑔,𝑚𝑚𝑖𝑖𝑚𝑚 =
�1 − 𝑤𝑤𝑜𝑜𝑜𝑜𝑔𝑔�𝑇𝑇𝑔𝑔,𝐻𝐻2𝑂𝑂 + 1

𝑘𝑘𝐺𝐺𝐺𝐺
𝑤𝑤𝑜𝑜𝑜𝑜𝑔𝑔𝑇𝑇𝑔𝑔,𝑂𝑂𝑂𝑂𝐺𝐺

�1 − 𝑤𝑤𝑜𝑜𝑜𝑜𝑔𝑔� + 1
𝑘𝑘𝐺𝐺𝐺𝐺

𝑤𝑤𝑜𝑜𝑜𝑜𝑔𝑔
 

where 𝑇𝑇𝑔𝑔,𝐻𝐻2𝑂𝑂and 𝑇𝑇𝑔𝑔,𝑜𝑜𝑜𝑜𝑔𝑔 are the glass transition temperatures of water and SOA organics and 𝑤𝑤𝑜𝑜𝑜𝑜𝑔𝑔 

is the mass fraction of the organic compounds. The mass of water (𝑚𝑚𝐻𝐻2𝑂𝑂) and SOA (𝑚𝑚𝑆𝑆𝑂𝑂𝑂𝑂) were 

used to calculate  𝑤𝑤𝑜𝑜𝑜𝑜𝑔𝑔 as  𝑤𝑤𝑜𝑜𝑜𝑜𝑔𝑔 = 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆
(𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆+𝑚𝑚𝐻𝐻2𝑆𝑆)

    , and can be estimated by the effective 

hygroscopicity factor (κ) (Petters and Kreidenweis, 2007)  as following: 

𝑚𝑚𝐻𝐻2𝑂𝑂 =
κρ𝑤𝑤𝑚𝑚𝑆𝑆𝑂𝑂𝑂𝑂

ρ𝑆𝑆𝑂𝑂𝑂𝑂( 1
𝑎𝑎𝑤𝑤

− 1)
 

The density of water (𝜌𝜌𝑤𝑤) is 1 g cm-3, and the density of SOA (𝜌𝜌𝑆𝑆𝑂𝑂𝑂𝑂) is assumed to be as 1.4 g cm-

3 (Faiola et al., 2018; Malloy et al., 2009; Nakao et al., 2013), and 𝑎𝑎𝑤𝑤 is the water activity is 

RH/100 (Kuwata and Martin, 2012). 

The Vogel-Tammann-Fulcher (VTF) equation was used to calculate the temperature-

dependence of viscosity using 𝑇𝑇𝑔𝑔,𝑚𝑚𝑖𝑖𝑚𝑚: 

log(𝜂𝜂) = −5 + 0.434
𝑇𝑇0𝐷𝐷𝑓𝑓
𝑇𝑇 − 𝑇𝑇0

 

where  𝑇𝑇0 is the Vogel temperature as : 𝑇𝑇0 = 39.17𝐺𝐺𝑔𝑔
𝐷𝐷𝑓𝑓+39.17

  with assumed viscosity of 1012 Pa s at the 

glass transition temperature (Angell, 2002), and T is the temperature at which measurements were 

done, which was 291 K. The fragility parameter (𝐷𝐷𝑓𝑓) was assumed to be 10 (DeRieux et al., 2018a). 

This parameter characterizes temperature dependence of viscosity deviation from the Arrhenius 

behavior (Angell, 1991; DeRieux et al., 2018a). 
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Aerosol Mass Spectrometer Measurements of SOA from Real Plants. We included SOA results 

from previous work (Mehra et al., 2020) to compare SOA formed from real plant emissions as a 

complex system and SOA formed from single pure VOCs. The plants used for SOA generation 

are among common plant species in southern California’s coastal sage ecosystem 

(www.calflora.org), with BVOC emission profiles dominated by oxygenated terpenes. Details of 

how this study was conducted are provided in Mehra et al., 2020. Briefly, SOA was formed inside 

an OFR from the photooxidation of black sage (Salvia mellifera; Sage) and California sagebrush 

(Artemisia californica; Artemisia) and pure standards, including oxygenated terpenes (Mehra et 

al., 2020). The Sage BVOC emission profile was dominated by camphor with  57% contribution 

to the total and 13% contribution of 1,8-cineole. The Artemisia plant BVOC emission profile 

included 25% contribution of 1,8-cineole and 5% contribution of camphor.SOA composition was 

continuously measured at the OFR outlet with a high-resolution long-time-of-flight aerosol mass 

spectrometer (HR-LToF-AMS; Aerodyne Research, Inc.), described in detail elsewhere (DeCarlo 

et al., 2006). The AMS data was analyzed using the Squirrel (v1.60P) and Pika (v1.20P) ToF-AMS 

toolkits in Igor Pro (v6.37; WaveMetrics, Inc.). 

Statistical Analysis. The hierarchical clustering analyses on the chemical composition of SOA 

samples were performed using R (version1.2.5001). Heatmap was plotted using the function 

heatmap.2 from the “gplots” package (Warnes et al., 2022). 

RESULTS and Discussion 

SOA Mass Yield versus Oxidant Exposure 

 The OH concentration influenced the mass yields of each SOA type generated in the OFR, 

as expected (Lambe et al., 2015; Li et al., 2019; Palm et al., 2018, 2017, 2016; Zhao et al., 2021), 
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and this effect was shown for each chemical system included in this study (Figure 3.2). Between 

all chemical systems, maximum SOA mass yield values are 0.47±0.04, 0.35±0.06, 0.33±0.06, 

0.31±0.04, and 0.21±0.04 for camphor, 1,8-cineole, borneol, α-pinene, and bornyl acetate, 

respectively (± represent standard deviation). These maximum SOA yield values occurred at 

corresponding OH exposures as 5.02×1011, 5.08×1011, 5.14×1011, 5.14×1011, and 5.13×1011 molec 

s cm-3 for camphor, 1,8-cineole, borneol, α-pinene, and bornyl acetate, respectively. The OH 

exposures ranged from 4.2×1011 to 3.7×1012 molec s cm -3, corresponding to equivalent 

atmospheric photochemical ages of ~3-28 days, respectively, assuming the ambient OH 

concentration of 1.5×106 molec s cm-3 (Mao et al., 2009). Overall oxidation of bornyl acetate 

formed SOA (BAC) had low yields, while α-pinene formed SOA (API) with moderate yields as 

expected based on a previous study on α-pinene (Eddingsaas et al., 2012; Lambe et al., 2015). 

Camphor SOA (CAM) had the highest yields compared to the other compounds. The OH exposure 

inflection points, where SOA yields shift from increasing with increasing OH exposure to 

decreasing with increasing OH exposure, were similar across all the chemical systems in this study, 

occurring at OHexp~ 5.1×1011 molec s cm -3. This suggests that the chemistry of all the systems 

moved from being dominated by functionalization to fragmentation reactions at approximately the 

same level of OH exposure (equivalent to 4 atmospheric photochemical age) regardless of their 

different chemical structures and reactivities (Table 3.1). At low OH exposures (less than 5.1×1011 

molec s cm -3) with increasing the OH exposure,  the photooxidation of precursors generated more 

condensation products with lower volatility compared to the region with high OH levels (greater 

than 5.1×1011 molec s cm -3), and these condensation products increased the SOA yields. While at 

high OH levels, fragmentation reaction became a significant mechanism with increasing OH 

exposure. Previous studies reported that the SOA mass yields for α-pinene reached a maximum 
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yield of 0.39 (Zhao et al., 2021) and 0.35 (Lambe et al., 2015) at approximately 6×1011 molec s 

cm-3 within an OFR. These results are comparable to the maximum α-pinene yield measured in 

this study of 0.31 (Figure 3.2). Comparing the α-pinene plot to the previous study, the yield of α-

pinene dropped more rapidly at the lower OH exposure values (left side of the inflection point), 

which may be due to the losses of low-volatility compounds inside the OFR in this study. Borneol 

yields did not decrease as rapidly as 1,8-cineole, α-pinene, and bornyl acetate by increasing OH 

exposure, which could possibly mean that borneol is more resistant to fragmentation, causing 

higher yields. 

SOA Mass Yield Curves 

 SOA mass yields were calculated as a function of total condensed organic mass loading for 

each SOA precursor to compare the SOA formation efficiency of the four oxygenated terpenes 

with α-pinene as a reference compound (Figure 3.3). The experimental conditions used for these 

experiments correspond to the OH exposure that led to the highest SOA yields in Figure 3.2. SOA 

mass yield curves for each chemical system were fit via two methods. The estimated coefficients 

are summarized in Table 3.3 for these two models. Overall, the range of SOA mass yield was from 

3% to 56% across a condensed organic aerosol (COA) mass range of 3-176 μg/m3 in the OFR. 

Bornyl acetate (BAC) had the lowest SOA mass yields and was the only oxygenated terpene with 

a lower yield than α-pinene (API). Borneol (BOR) and 1,8-cineole (CIN) had very similar SOA 

mass yields slightly higher than α-pinene. Camphor (CAM) had the highest SOA mass yield 

among these oxygenated terpenes and α-pinene. At mass loading COA=40 μg/m3 the corresponding 

yields were 11%, 20%, 24%, 25%, and 33% for bornyl acetate, α-pinene, 1,8-cineole, borneol, and 

camphor, respectively.  
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 These results for SOA from oxygenated terpenes were compared to SOA generated from 

blends of BVOC emissions of Salvia mellifera (Sage) and Artemisia californica (Artemisia) in an 

OFR via OH oxidation obtained in a previous study (Mehra et al., 2020). The plant emissions in 

this study were dominated by oxygenated monoterpenes such as camphor and 1,8-cineol. The SOA 

mass yields for Sage and Artemisia were reported as 9%±4% and 6%±1% at mass loadings of 

11.4±6.3 μg/m3 and 11.2±2.7 μg/m3, respectively, which are comparable with SOA mass yields of 

15% and 13% for camphor and 1,8-cineole with mass loadings of 8 μg/m3 and 11 μg/m3, 

respectively. These low yields for SOA from real plant emissions could be due to the VOC mixture 

effects. Sage plant BVOC emissions were dominated by camphor with 57% contribution and with 

13% contribution of 1,8-cineole. Artemisia emissions included 25% of 1,8-cineole and 5% of 

camphor. It should be considered that the BVOC profiles of these plant emissions include other 

BVOCs, which might differ in SOA mass yield. Deviations from expected yields for complex 

systems such as VOC mixtures were reported previously; for instance, a higher than expected yield 

was reported in mixtures containing myrcene which was attributed to producing a significantly 

higher number of nucleation particles compared to the other precursors in the mixture (Ahlberg et 

al., 2017). Thus, SOA from complex VOC systems, such as plant emissions, can impact oxidant 

reactivity and subsequent generated products compared to single VOC systems (McFiggans et al., 

2019); thus, this causes deviation from expectation from SOA mass yields of single VOC systems. 

This highlights the importance of investigating the SOA formed from mixed plant volatiles instead 

of SOA from a single precursor.   

SOA Chemical Composition 

High-resolution Mass Spectra. The high-resolution mass spectra of CAM, BOR, CIN, and BAC 

in ESI (-) modes, compared to API, are shown in Figure 3.4. The five most abundant peaks of each 
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SOA type, with assigned formula, are presented. The relative contributions of these five dominant 

peaks to the total detected peaks were 28%, 27%, 24%, 22%, and 13% for BOR, CIN, CAM, API, 

and BAC, respectively. Most of the abundant peaks detected in API were consistent with previous 

studies, including C8H12O4, C8H12O5, C10H16O5, C10H14O6, and C10H16O6 (Jia and Xu, 2020; 

Kourtchev et al., 2015; Kristensen et al., 2014; Romonosky et al., 2017; Winterhalter et al., 2003; 

Wong et al., 2021; Zhang et al., 2015). Some of the abundantly detected peaks in the API sample 

were also observed among the most abundant compounds in other SOA types, such as C8H12O4, 

C10H16O5, C10H14O6, C9H14O4, C10H16O6, and further investigation about the peaks with the same 

assigned formulas is provided in the results from GECKO-A model further in this section. In BOR 

and CAM sample, C9H14O3 was among top-5 detected peaks, and this chemical formula was 

assigned to pinalic acid in the α-pinene oxidation experiment (Jia and Xu, 2020; Wong et al., 

2021). The monomer-to-dimer transition point on each mass spectra is mentioned in the caption 

of Figure 3.4. The shift of the mass spectrum toward the molecules with higher mass was expected 

for BAC as a C12-compound, retaining its backbone, compared to the other SOAs, which are C10-

compounds. There were large contributions of C8, C9, and C10 compounds for all SOA types and 

a large C10 and C12 contribution for BAC.  

 The general carbon contributions (Figure 3.5) were comparable with a previous study for 

SOA from monoterpenes (Dam et al., 2022), and it demonstrates that the mass spectrum of CAM 

had the largest contribution of dimeric compounds (17%) than those of API (15.5%), CIN (14.5%), 

BOR (14%), and BAC (10%), and the order of distribution of monomeric compounds was exactly 

in contract with dimeric compounds as BAC (90%), BOR (86%), CIN (85.5%), API (84.5%), and 

CAM (83%). Thus, the order of dimer to monomer ratio from the highest to the lowest was as 

follows, CAM with the highest and BAC with the lowest dimer to monomer ratio, CAM (0.21), 
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API (0.18), CIN (0.17), BOR (0.16), and BAC (0.11). This order of dimer to monomeric ratio 

agrees with the order of mass yield curves from the highest to the lowest in Figure 3.3, in which 

camphor had the highest and bornyl acetate showed the lowest SOA mass yields. The carbon 

distribution in dimeric and monomeric regions was as expected. For instance, there were more C8, 

C9, and C10 for API, CAM, BOR, CIN (as C10-compounds), and more C11-C14 for BAC (as a C12-

compound), in the monomeric region. There was a large contribution of C18 compounds in the 

dimeric region of API and BAC, while BOR, CAM, and CIN had the highest contribution of C12-

C14 in this region, which is in agreement with the orders of SOA mass yields (Figure 3.3), as these 

dimeric compounds can contribute effectively to SOA formation. The oxygen distributions for 

monomeric and dimeric regions are also provided in the summary table to get further insight into 

oxidation. BAC had distributions of oxygen evenly in both dimeric and monomeric regions; 

however, API, CAM, and BOR showed the highest contributions of O4 and O5 in the monomeric 

region and O9 in the dimeric region.  

 The reaction pathways of OH oxidation of camphor, 1,8-cineole, and bornyl acetate are 

shown in Figure S3.1. I modeled these three compounds with GECKO-A, as borneol had a very 

similar chemical SOA composition (Figures 3.4), and α-pinene has been modeled previously 

(Afreh et al., 2021).  A couple of reaction products had the matched chemical formulas with the 

peaks detected by HR-MS data analysis. These matched compounds with matched formulas are 

shown in Figure S3.1. To compare the result with oxidation products for α-pinene, the potential 

structures associated with the masses/formulas from HR-MS data analysis, we used a previous 

work that analyzed SOA from the photooxidation of α-pinene with HR-MS equipped with orbitrap 

in ESI (-) mode (Jia and Xu, 2020). The summary of these aligned peaks between HR-MS data 

analysis and GECKO-A mechanisms with potential structures associated with formulas is shown 
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in Table S3.3. Some of these matched masses also corresponded to exact masses with the same 

predicted chemical formulas that were expected for α-pinene oxidation. For instance, comparing 

the chemical formulas between HR-MS and GECKO-A model results, C7H10O4, C9H14O4, 

C10H16O4, and C10H16O5 were observed in both API and CAM. C9H14O5 was present in BAC, API, 

CAM, and C9H16O6 was observed in both API and CIN. C9H16O5 was seen in all samples, including 

BAC, CIN, CAM, and API. Comparing the proposed structures associated with these chemical 

formulas (Table S3.3), they were actually different compounds with different chemical structures 

but the same chemical formulas/masses. However, C7H10O5 observed in CAM and API had the 

same proposed chemical structure. Those different compounds with the same chemical formulas 

highlight that just looking at the HR-MS data from ambient SOA samples and assigning chemical 

structures might be misleading and need further investigation. Based on the GECKO model 

outputs, BAC and CAM had more matches between the model predicted compound and HR-MS 

data analysis than CIN.  

 Figure 3.6 shows that highly oxidized organic compounds in aerosols have OSC ≥ +1, 

while the reduced compounds have OSC ≤ 0 (Kroll et al., 2011). Figure 3.6 shows that consistent 

with previous studies, the majority of compounds in each SOA had OSC between -1 and +1 with 

carbon numbers up to 30 (Benoit et al., 2021; Chhabra et al., 2015; Kourtchev et al., 2015; Kroll 

et al., 2015, 2011; Zhang et al., 2015). It has been suggested that multi-step oxidation reactions 

generate semivolatile and low volatility oxidized organic aerosols with OSC between -1 and +1 

carbon number ≤ 1 (Kroll et al., 2011). It should be considered that the large clusters of molecules 

with carbon numbers ≥ 15 are likely related to dimers and trimers of the oxidation products. The 

clusters with more compounds at higher carbon numbers (between 25 to 30) at OSC < -1 in BAC, 

BOR, and API samples can indicate oligomerization (Kroll et al., 2011). The relative intensities of 
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these highly reduced large molecules are very small. In general, contributions of higher-order 

oligomers tend to have lower OSc than monomers and dimers, which can favor lower O:C ratios 

in larger particles (Tu and Johnston, 2017). Overall, the average O:C ratios calculated from the 

high-resolution mass spectrometry data were 0.66±0.25 for CIN, 0.60±0.22 for CAM, 0.60±0.25 

for BOR, 0.60±0.24 for API, and 0.59±0.24 for BAC. These average O:C ratios (average ± 

standard deviation) are within a very similar range, meaning that the SOA compounds were 

approximately oxidized at the same level inside the OFR. 

Estimated SOA Properties. To investigate the chemical characteristics of these oxygenated 

terpenes SOAs further, the glass transition temperatures (Tg) of SOA were plotted as a function of 

saturation mass concentration of individual compounds (defined as C0) (Figure 3.7). Four regions 

representing extremely low volatility organic compounds (ELVOC, C0 < 3×10-4 μg/m3), low-

volatility organic compounds (LVOC, 3×10-4 < C0 < 0.3 μg/m3), semi-volatile organic compounds 

(SVOC, 0.3 < C0 < 300 μg/m3), and intermediate volatility organic compounds (IVOC, 300 < C0 

< 3×106 μg/m3) (Li et al., 2020) are shown. Because CAM and BOR had very similar Tg,org plots, 

which agree with Figure 3.4 and Figure 3.5, only CAM is shown in Figure 3.7.  

 For all SOA experiments, Tg,org decreases with increasing C0, and this is because smaller 

compounds tend to be more volatile (Shiraiwa et al., 2014) and less viscous (Rothfuss and Petters, 

2017; Thomas et al., 1979). There are more individual compounds with large abundance across 

the SVOC region in BAC than API, CAM, and CIN. The larger abundance of lower volatility 

compounds in BAC with larger Tg,org could cause SOA with higher viscosity. CAM and API 

showed individual compounds with larger abundance within the IVOC region. CIN also has more 

individual compounds with a larger abundance within the IVOC region; however, the most 

abundant compounds were in the threshold of the SVOC region. 
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 The SOA viscosity is affected by molecular weight, the degree of chemical constituent 

oxidation, temperature, and RH (Dette et al., 2014; Koop et al., 2011; Saukko et al., 2012; Shiraiwa 

et al., 2017a). A parameterization method has been developed and applied for predicting the 

viscosity of several types of SOA (DeRieux et al., 2018a; Li et al., 2016; Shiraiwa et al., 2017a).  

Based on this method, estimated viscosity values were 2700 Pa s, 1800 Pa s, 1600 Pa s, 1300 Pa 

s, and 780 Pa s for SOA generated from bornyl acetate, α-pinene, camphor, borneol, and 1,8-

cineole, respectively. This parameterization has been used to estimate the viscosity of SOA from 

α-pinene in previous studies (DeRieux et al., 2018a; Renbaum-Wolff et al., 2013; Smith et al., 

2021), and at RH around 50%, the predicted viscosity was between 103 to 104 Pa s. Bornyl acetate 

with the lowest SOA mass yields had the highest estimated viscosity. Overall, there were small 

differences in predicted viscosity values of these different SOA types, which seem internally 

consistent in this study. However, the overall variation observed between these systems is very 

small. These systems all have quite similar viscosity relative to ambient aerosol ranges.  

SOA Composition Comparison. Figure 3.8 shows the hierarchical clustering analysis result, 

heatmap, for HR-ToF-AMS and HR-MS equipped with Orbitrap data. These heatmaps can help 

compare/contrast and link SOA composition from single precursors with SOA from a complex 

system, such as real plant emissions. Interestingly, hierarchical clustering of the HR-ToF-AMS 

data (Figure 3.8a) showed that the real plant SOA were most similar to each other and were equally 

dissimilar to SOA formed from 1,8-cineole. Based on the analysis on SOA chemical composition 

from HR-MS data (Figure 3.8b), the composition of borneol and camphor SOA were most similar 

to one another, while 1,8-cineole SOA had the largest differences in composition compared to all 

other samples (Figure 3.7b). This result is consistent with Figure 3.4, in which camphor and 

borneol had similar MS plots, while 1,8-cineole and bornyl acetate had the most different mass 
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spectra plots compared to all samples. Mehra et al. (2020) reported that sage. These results suggest 

that SOA formed from simple standards does not accurately represent the complexity of real plant 

emissions. 

CONCLUSION 

 Our study suggests that among oxygenated monoterpenes that we study, camphor had the 

highest SOA formation potential, and bornyl acetate had the lowest SOA formation potential in 

the following order from the highest to the lowest: camphor, borneol, 1,8-cineol, α-pinene, and 

bornyl acetate. Based on the GECKO-A oxidation schemes for camphor, 1,8-cineole, and borneol, 

there were a couple of matched products with the same chemical formulas from the HR-MS data. 

However, it was observed that the proposed chemical structures of these matched compounds were 

different from the chemical structures of the compounds with the same mass/formulas for α-pinene 

SOA. This result highlights that by looking at the HR-MS data, this would be misleading to assign 

chemical structures to ambient SOA samples using the common previously reported structures 

based on the exact mass or chemical formulas. Based on the GECKO model outputs, BAC and 

CAM had more matches between the model predicted compound and HR-MS data analysis than 

CIN Hierarchical clustering analysis of HR-MS data showed that the composition of borneol and 

camphor SOA were most similar to each other. 1,8-cineole SOA had the largest differences in 

composition compared to the other SOA types. The hierarchical clustering analysis of HR-ToF-

AMS data showed that the SOA formed from real plants emissions, dominated by oxygenated 

monoterpenes, was most similar to each other and were equally dissimilar to SOA formed from 

oxygenated monoterpenes, such as camphor. In agreement with the other hierarchical clustering 

analysis on SOA from oxygenated monoterpenes, 1,8-cineole SOA was the most different in this 
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analysis. This suggests that SOA formed from single VOC systems is not accurately representing 

the real plant emissions complexity.  
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Figure 3.1. Experimental design. A schematic of the experimental setup. Solid lines represent 
PFA tubing, and dashed lines refer to copper tubing. LPM indicates liter per minute. Sampling 
refers to VOC and SOA sampling locations on cartridges and Teflon filters, respectively. SMPS 
refers to a scanning mobility particle sizer.   
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Figure 3.2. SOA mass yield versus oxidant exposure. SOA yields from photooxidation in an 
OFR/PAM as a function of OH exposure. The error bars indicate standard deviations of OH 
exposures and SOA mass yield over x- and y-axis from duplicate points, respectively. Red un-
filled circles indicate data from Lambe et al. (2015), and un-filled pink circles indicate data from 
Zhao et al. (2021). 
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Figure 3.3. SOA mass yield curves. SOA mass yield curves for camphor (CAM), borneol (BOR), 
1,8-cineole (CIN), α-pinene (API), and bornyl acetate (BAC), and SOA mass yields from real plant 
emissions of Salvia mellifera and Artemisia californica (from a previous work of Mehra et al. 
(2020)). Error bars denote standard deviations of measurements. 
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.

 
Figure 3.4. SOA mass spectra. High-resolution mass spectra in ESI (-) modes (normalized 
intensities) of α-pinene SOA (API), borneol SOA (BOR), camphor SOA (CAM), 1,8-cineol SOA 
(CIN), and bornyl acetate SOA (BAC). The monomeric and dimeric are as follows: the monomeric 
region for α-pinene is Mw < 300 Da, and the dimeric region is 300 Da <Mw < 500 Da; the 
monomeric region for borneol and camphor is Mw < 260 Da, and the dimeric region is 260 Da 
<Mw < 500 Da; the monomeric region for 1,8-cineole is Mw < 250 Da, and the dimeric region is 
250 Da <Mw < 500 Da; the monomeric region for bornyl acetate is Mw < 320 Da, and the dimeric 
region is 320 Da <Mw < 600 Da. 
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   API CAM BOR CIN BAC 
 monomer 84.5% 83% 86% 85.5% 90% 
 dimer 15.5% 17% 14% 14.5% 10% 

m
on

om
er

 c
ar

bo
n < C6 5% 2% 1% 7% 2% 

C6 5% 3% 1% 13% 2% 
C7 13% 8% 8% 11% 6% 
C8 20% 17% 16% 15% 11% 
C9 18% 34% 37% 23% 18% 

C10 38% 36% 36% 30% 27% 
C11-14 0% 0% 0% 0% 33% 

di
m

er
 c

ar
bo

n 

C12-14 13% 19% 25% 20% 0% 
C15 10% 9% 9% 10% 11% 
C16 15% 11% 11% 13% 13% 
C17 16% 16% 15% 16% 15% 
C18 18% 19% 21% 17% 20% 
C19 12% 15% 12% 16% 14% 
C20 10% 8% 6% 6% 13% 

C21-28 6% 2% 2% 2% 14% 

C
7-

12
O

X
 

< O3 4% 4% 3% 4% 4% 
O3 3% 11% 9% 1% 6% 
O4 23% 21% 17% 18% 16% 
O5 29% 37% 39% 19% 25% 
O6 23% 19% 21% 34% 22% 
O7 12% 6% 8% 17% 15% 
O8 5% 2% 2% 5% 8% 

O9-13 2% 0% 0% 1% 4% 

C
14

-2
1O

X
 

< O7 3% 6% 7% 2% 7% 
O7 9% 11% 11% 6% 9% 
O8 16% 17% 14% 11% 12% 
O9 23% 19% 19% 17% 18% 
O10 19% 17% 19% 20% 19% 
O11 13% 14% 12% 19% 13% 

O12-15 17% 16% 17% 24% 22% 
 

Relative to total 0% 15% 50% 80% 100% 
 

Figure 3.5. Carbon and oxygen distributions. Ratios of oxidized products separated into 
categories for α-pinene SOA (API), borneol SOA (BOR), camphor SOA (CAM), 1,8-cineol SOA 
(CIN), and bornyl acetate SOA (BAC) from HR-MS results in ESI (-) mode; the color axis 
indicates the relative contribution to the total. In each section of the table in Figure 3.5, including 
monomer and dimer, monomer carbon, dimer carbon, C7-12OX, and C14-21OX, the sum of the 
distributions for each sample in each column adds up to 100. The color of each cell is based on the 
relative abundance of signal intensity of the corresponding detected peak/s to the total. 
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Figure 3.6. Kroll diagrams. Carbon oxidation state (OSC) versus the number of carbon atoms for 
assigned compounds from HR-MS results in ESI (-) mode for α-pinene SOA (API), borneol SOA 
(BOR), camphor SOA (CAM), 1,8-cineol SOA (CIN), and bornyl acetate SOA (BAC). Each 
marker denotes a detected peak, and the size of the marker indicates the relative abundance of the 
intensity. 
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Figure 3.7. Glass transition temperature. Glass transition temperature (Tg) of α-pinene SOA 
(API), camphor SOA (CAM), 1,8-cineol SOA (CIN), and bornyl acetate SOA (BAC) as a function 
of saturation mass concentration of individual compounds (C0). The warmer the color, the higher 
the O/C ratio. The size of the marker indicates the relative abundance (normalized to the maximum 
signal intensity) of the species based on the HR-MS results in ESI (-) mode. 
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Figure 3.8. Heatmaps of SOA composition. Heatmap of a) SOA from sages and camphor, 
camphene, and 1,8-cineole form HR-ToF-AMS data, b) CAM, BOR, API, BAC, and CIN from 
SOA chemical composition analysis of HR-MS data in ESI (-) mode. The values are based on 
mean values over two replicates for each SOA type.    
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Table 3.1. SOA precursors that are investigated in this study:  

SOA Precursor Formula Structure KOH (cm3 molec -1 s-1) 

α-pinene C10H16  5.23 × 10-11  

(Atkinson and Arey, 2003) 

camphor C10H16O  3.8 × 10-12 
(Ceacero-Vega et al., 2012) 

borneol C10H18O  1.24 × 10-11 
(Jenkin et al., 2018) 

1,8-cineol C10H18O  1.11 × 10-11 
(Corchnoy and Atkinson, 1990) 

bornyl acetate C12H20O2  1.25 × 10-11 
(Jenkin et al., 2018) 
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Table 3.2. Summary of experimental conditions:  

Experiment Precursor ID Introduced 
VOC (ppb) 

RH 
(%) 

O3 
(ppm) 

SOA mass yield 
versus  

OH exposure 

α-pinene API 81± 5 59±3 1.8 - 25 
camphor CAM 56±8 60±3 2 - 26 
borneol BOR 72±2 57±4 1.6 - 27 

1,8-cineole CIN 78±6 59±4 2.5 - 26 
bornyl acetate BAC 58±5 58±4 1.8 - 27 

SOA mass yield curve 

α-pinene API 19 - 88 62±3 4.0±0.2 

camphor CAM 6 - 51 60±2 4.1±0.3 

borneol BOR 8 - 70 60±1 4.0±0.1 

1,8-cineole CIN 5 - 51 61±2 4.2±0.1 

bornyl acetate BAC 12 - 92 61±2 4.1±0.2 
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Table 3.3. SOA parameterization. The coefficients form a two-product model and volatility-
basis set (VBS) model with 4 bins for fitting lines to SOA mass yield curves. (values ± standard 
deviations) 
 two-product model volatility-basis set model 

 
α1 α2 KOM1 KOM2 

α1                          
(C*

1= 1 
μg/m3) 

α2                          
(C*

2= 10 
μg/m3) 

α3                          
(C*

3= 102 
μg/m3) 

α4                          
(C*

4= 103 
μg/m3) 

α-pinene 0.94 0.20 0.001 0.08 0.01 0.15 0.12 0.84 
camphor 0.63 0.16 0.01 0.46 0.07 0.17 0.31 0.95 
borneol 0.41 0.31 0.001 0.08 0.03 0.22 0.10 0.50 
1,8-cineole 0.98 0.15 0.003 0.31 0.09 0.02 0.37 0.81 
bornyl acetate 2.27 0.13 0.0003 0.07 0.01 0.08 0.09 0.62 
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SUPPLEMENTAL MATERIALS 

Appendix 3: Supplementary information 

 

Gas-Phase Characterization: TD-GC-ToF-MS Operation and Compound Identification. 
     Cartridge samples were run through a thermo-desorption gas chromatograph-mass 

spectrometer (TD-GC-MS, Markes International TD-100xr autosampler, Agilent GC 7890B, 

equipped with a 30 m, DB-5 column, and Agilent 5975 MS) using the following method 

parameters: Samples were desorbed and injected through TD100-xr automated thermal desorber 

(Markes International Inc.). The cartridges were heated to release compounds trapped in the 

absorbents. The sample injection was done at 350°C, He flow at 15 mL min−1. The oven starts at 

-30°C; 1-minute hold; then a ramp of 8.0°C min−1 up to 194°C (Ramp1), followed by a ramp 16°C 

min−1 up to 210°C (Ramp 2), and finally a ramp of 25°C min−1 up to 260°C (Ramp3), and a 3-

minute hold. The total runtime was 35 min per sample. Compounds were identified by mass 

spectrum, and the NIST database (version 2.2) with >85% match was used. The calibration factor 

was used to quantify the compounds for area peaks in all the runs. The calibration factor for each 

sample was calculated based on the average of the peak areas from the known amount of the 

introduced standard (Table S3.1). To get the compound mass in the unit of µg m-3, the calculated 

mass in the unit of µg of each compound was divided by the sampling volume, with a flow rate of 

0.420 L min-1 for 4 to 5 minutes, in the unit of m3. 

Oxidation Flow Reactor Calibration 
For OFR calibration, OH concentrations were varied by changing the UV light intensity 

with changing the lamp's settings. Toluene was introduced at the OFR inlet by passing clean air 

through a glass jar (Figure 3.1). Calibration was conducted at the same relative humidity used in 

the SOA experiments. The OFR setting and toluene mixing ratios at the OFR inlet (initial VOC, 

VOCi) and the OFR outlet (final VOC, VOCf) are presented in Table S3.2. At each lamp setting, 

OH exposures were calculated using the following equation and applying the known OH rate 

constant with toluene (kOH,toluene= 5.63e-12 cm3 molec-1 s-1) (Atkinson and Arey, 2003): 

OH exposure= −1
𝑘𝑘𝑆𝑆𝐻𝐻,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

× ln ([𝑉𝑉𝑂𝑂𝐶𝐶𝑓𝑓]
[𝑉𝑉𝑂𝑂𝐶𝐶𝑖𝑖]

) 
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GECKO-A Model Predictions: 
SOA formation from OH oxidation of three precursors (camphor, 1,8-cineole, and bornyl 

acetate) was modeled using GECKO-A. The oxidation scheme of each precursor is shown in 

Figure S3.1. Compounds that had matched chemical formulas with the HR-MS data analysis are 

indicated with red circles along with their corresponding formulas. To compare results from the 

model and the HR-MS data analysis, the peaks aligned between both methods are summarized in 

Table S3.3 The suggested corresponding chemical structure for a couple of major components of 

SOA formed from α-pinene based on previous studies are also provided in the table.  
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c) 

 

 

 

Figure S3.1 Oxidation schemes from GECKO-A. GECKO-A reaction pathways of OH-
oxidation of a) camphor, b) 1,8-cineole, and c) bornyl acetate. The matched products with detected 
peaks via HR-MS data are shown with chemical formulas and red circles. HO2 and RO2 refer to 
hydroxyalkyl radicals and peroxy radicals, respectively.   
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Table S3.1. The calibration factors for quantification of peaks from GC-MS results 
 

Compound Calibration factor 

(mass (ng)/area) 

α-pinene 2.37e-6 

camphor 2.08e-6 

1,8-cineole 2.29e-6 

borneol 2.59e-6 

bornyl acetate 4.01e-6 
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Table S3.2. OFR calibration setting using toluene to determine the impact of UV photon flux 
changes on OH exposure at a constant RH with three lamp settings. 

 
 

Irradiance 

(μW/cm2)  

RH 

(%) 

Initial VOC 

(ppb) 

Final VOC 

(ppb) 

OHexp  

(molec s cm-3) 

 

1.48 

60 

641 73 3.87e+11  

12.15 
 

655 22 5.99e+11  

51.17 782 10 1.01e+12  
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Table S3.3. The matched oxidation products detected by negative HR-MS, ESI (-) mode, and 
the corresponding chemical structure from GECKO-A for SOA formed from camphor, 1,8-
cineole, and bornyl acetate.  
*The predicted/suggested chemical structures for observed oxidation products from previous 
studies (cited in the main text of the chapter) for α-pinene SOA (Jia and Xu, 2020) are also 
provided. 

Sample MW (Da) Formula Molecular structure 
from GECKO-A 

Camphor  158.05 
 
 
 
 
 
 
 

174.05 
 
 
 

158.09 
 
 
 
 
 

154.09 
 
 
 
 

170.08 
 
 
 
 
 
 
 
 

186.08 
 
 
 
 
 
 

 
 
 
 

C7H10O4 
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1,8-cineole 186.08 
 
 
 
 
 

218.07 
 
 

204.09 
 
 
 

220.07 
 
 
 
 
 
 
 
 
 
 

218.11 

C9H14O4 
 
 
 

 

 
C9H14O6 

 

 
C9H16O5 

 
 

 
C9H16O6 

 
 
 
 
 
 
 
 

 

 
C10H18O5 

 
 
 

 
 

 
 

 
 

 
 
 

 

 
 

 

 
 

 
 

bornyl acetate 128.04 
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218.07 
 

C6H8O3 
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C9H14O6 
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