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Project Objectives: The project has three objectives

1. To evaluate the tolerance of newly released/developed citrus cultivars to "Ca. L. asiaticus' pathogen.
2. To evaluate the tolerance of newly released/developed citrus cultivars to Diaphorina citri.
3. To determine the mechanism underpinning the tolerance of the newly developed cultivar to HLB.

Major accomplishments per objective

This project addressed the urgent need to provide growers with the necessary information about the tolerance of
the newly developed citrus cultivars to Huanglongbing (HLB) disease. It addressed priority 4 “Plant
improvement in an HLB era” by serving as a tool for screening new cultivars for their tolerance toward
HLB to advise growers which varieties are anticipated to be tolerant in the field. This study aimed to provide
growers with a list of newly developed cultivars that are potentially tolerant to HLB and give insights about the
mechanism behind their tolerance. We focused on leaf chemical analyses because this is the site of landing,
feeding, and reproduction for Diaphorina citri, the Asian citrus psyllid (ACP) and subsequent *Ca. Liberibacter
asiaticus' inoculations. We compared the newer varieties to established varieties to discriminate any differences
and to determine their potential for ACP resistance and "Ca. L. asiaticus' tolerance.

Obj. 1. To evaluate the tolerance of newly released/developed citrus cultivars to "Ca. L. asiaticus’.

To complete this objective, we used 'Ca. L. asiaticus'-infected D. citri to inoculate several of the new varieties
including Sugar Belle, NovaxOsceola, and its hybrid called 'Lucky'. We performed qPCR one year after
ACP-inoculation and found that infection rates of 20%, 60%, and 80% for SB, Nova and 'Lucky' respectively.
Unfortunately, the hybrid called "Lucky' was did not show resistance to the HLB pathogen "Ca. L. asiaticus' in this
small study. However, Sugar Belle had a low infection rate and has shown HLB tolerance in the field. To our
knowledge, "Lucky' has not been released, and it may yet prove to be tolerant in the field if it retains vigorous
growth and production similar to its parent, *Sugar Belle'.

Obj. 2. To evaluate the tolerance of newly released/developed citrus cultivars to D. citri.

1. The first work we completed was an evaluation of three new hybrids of Pummelo x Citrus latipes. We
investigated the ACP attraction of three new hybrids produced from the cross metabolomic profiles of C2-5-12
Pummelo (Citrus maxima (L.) Osbeck) X pollen from C. latipes. The hybrids were selected based on leaf
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	ABSTRACT: §         Project Objectives: The project has three objectives
1.         To evaluate the tolerance of newly released/developed citrus cultivars to `Ca. L. asiaticus' pathogen.
2.         To evaluate the tolerance of newly released/developed citrus cultivars to Diaphorina citri.
3.         To determine the mechanism underpinning the tolerance of the newly developed cultivar to HLB.
§         Major accomplishments per objective
This project addressed the urgent need to provide growers with the necessary information about the tolerance of the newly developed citrus cultivars to Huanglongbing (HLB) disease. It addressed priority 4 “Plant improvement in an HLB era” by serving as a tool for screening new cultivars for their tolerance toward HLB to advise growers which varieties are anticipated to be tolerant in the field. This study aimed to provide growers with a list of newly developed cultivars that are potentially tolerant to HLB and give insights about the mechanism behind their tolerance.  We focused on leaf chemical analyses because this is the site of landing, feeding, and reproduction for Diaphorina citri, the Asian citrus psyllid (ACP) and subsequent `Ca. Liberibacter asiaticus' inoculations. We compared the newer varieties to established varieties to discriminate any differences and to determine their potential for ACP resistance and `Ca. L. asiaticus' tolerance.
Obj. 1. To evaluate the tolerance of newly released/developed citrus cultivars to `Ca. L. asiaticus'.
To complete this objective, we used `Ca. L. asiaticus'-infected D. citri to inoculate several of the new varieties including Sugar Belle, Nova×Osceola, and its hybrid called `Lucky'. We performed qPCR one year after ACP-inoculation and found that infection rates of 20%, 60%, and 80% for SB, Nova and `Lucky' respectively. Unfortunately, the hybrid called `Lucky' was did not show resistance to the HLB pathogen `Ca. L. asiaticus' in this small study. However, Sugar Belle had a low infection rate and has shown HLB tolerance in the field. To our knowledge, `Lucky' has not been released, and it may yet prove to be tolerant in the field if it retains vigorous growth and production similar to its parent, `Sugar Belle'.
Obj. 2. To evaluate the tolerance of newly released/developed citrus cultivars to D. citri.
1.         The first work we completed was an evaluation of three new hybrids of Pummelo x Citrus latipes. We investigated the ACP attraction of three new hybrids produced from the cross metabolomic profiles of C2-5-12 Pummelo (Citrus maxima (L.) Osbeck) × pollen from C. latipes. The hybrids were selected based on leaf morphology and seedling vigor. The selected hybrids exhibited compact and upright tree architecture as seen in C. latipes. To examine the effect of released volatiles on the attraction of D. citri, we conducted the preference assay using the parents and their offspring. The preference assay was repeated ten times in ten different designs to exclude the effect of orientation of host plants. Hybrid II was the most attractive to D. citri (40% landing) followed by hybrid III (22%) and C. latipes (14%). Pummelo and hybrid I were the least attractive to D. citri and the number of psyllids attracted to each of these two hosts was not significantly different from the number of psyllids that did not make any choice. This work was published: “Metabolic profiling of hybrids generated from pummelo and Citrus latipes in relation to their attraction to Diaphorina citri, the vector of huanglongbing” (Killiny et al., 2020).  
2.         In our small study involving a new mandarin hybrid we call `Lucky' (two parents are Sugar Belle and Nova×Osceola) we performed two three-way choice challenges with ACP, one in the winter of 2020/21 and again this summer 2021. Survival of ACPs on the three varieties was not good in either experiment, the first due to cold weather (January 2021 outside experiment) and the second (growth room experiment in July and August, 2021) may have been due to residual pesticide treatment for mites. In both cases, however, ACP survival and reproduction was the highest on the hybrid `Lucky' compared to the two parental varieties. Therefore, we can suggest a correlation may exist between the lack of inheriting thymol and several other deterrent compounds from its parents (see Obj. 3) and the higher ACP counts, so maybe it is not very `Lucky' after all.
3.         `Sugar Belle' response to ACP infestation.  In this study we focused on the leaf volatile organic compounds (VOC) response of Sugar Belle mandarin hybrid to infestation with the Asian citrus psyllid. Since Sugar Belle has been widely accepted as `tolerant' of HLB, we wanted to examine the effects of D. citri infestation on the secondary metabolites produced in the leaves using gas chromatography-mass spectrometry (GC-MS). Previous work determined the leaves contain thymol, which has known antimicrobial activity and is thought to be one reason behind its tolerance to the HLB pathogen.  In this study we found that Sugar Belle had a robust volatile response one month after D. citri infestation, producing increased amount of VOCs in a rootstock-dependent manner. This work was published: “Influence of rootstock on the leaf volatile organic compounds of citrus scion is more pronounced after the infestation with Diaphorina citri”. Plants 10 (Jones & Killiny, 2021).
Obj. 3. To determine the mechanisms underpinning the tolerance of the newly developed cultivars to HLB. The majority of the work we completed was in this area of objective 3. We did extensive biochemical evaluation on the following sets of data:
o         Vernia, Valquarius, Valencia 
o         CUPS Mandarins
o         CUPS Grapefruit
o         UFR Rootstocks
o         USDA Roostocks
Evaluation of `Vernia' and `Valquarius'  - We examined two newer releases, `Vernia' and `Valquarius' compared to traditional `Valencia'. Qualitatively, the three sweet orange varieties are very similar, but the total VOC content was highest in Valencia, followed by Valquarius, then Vernia. We identified 47 VOCs in the hexane-extracted leaves of the three varieties. We did not detect any unique compounds among the three varieties. Many differences (37/47) were statistically significant because of the high content found in the traditional Valencia variety as compared to the two newer varieties. We have previously associated higher levels of VOCs to ACP attraction, so there may be a slight advantage to the newer varieties in having a lower VOC content. Quantitatively, `Valencia' had the largest total VOC content 4252.51 µg/g fresh weight compared to 3350 and 2900 µg/g respectively for `Valquarius' and `Vernia'. The compounds found in the highest concentrations included phytol, sabinene, neral, geranial, β-myrcene, δ-carene, linalool, trans-β-ocimene, and limonene. Due to the high similarity with Valencia, we did not pursue any ACP biology with these new varieties.
Evaluation of `Lucky' mandarin hybrid - 
We sampled the mature leaves and did two different extractions  - 1) hexane for leaf volatiles such as limonene, linalool and caryophyllene; and 2) methanol- chloroform-water for non-volatile metabolites such as sugars, amino acids and organic acids. 
1.         We completed the volatile organic compound (VOC) analysis to determine if “Lucky” will have any of the chemical properties of Sugar Belle, which is considered tolerant to HLB. Overall, we detected 54 volatile compounds among the leaf extracts of the three varieties. `Lucky' and Nova produced sabinene and β-ocimene as their major monoterpenes, whereas in Sugar Belle (SB) the major monoterpenes are β-ocimene and γ-terpinene. Linalool appears at similar levels in all three, and limonene is relatively low in all three (compared to sweet orange varieties, where it is the dominant monoterpene). The dominant sesquiterpenes are caryophyllene and β-and γ-elemene. We found `Lucky' had slightly more total VOCs than either of the parents, and about the same as `Valencia' sweet orange, which we used for a comparison. Like other mandarins, it was low in d-limonene and almost completely lacked neral and geranial, the aldehydes that dominate `Valencia' sweet orange leaves. The majority of the compounds detected were in common between the three varieties, but a few were unique to each variety. As reported previously, the characteristic VOCs for SB included thymol and thymol methyl ester. Neither `Lucky' nor Nova produced thymol, but Nova produced traces of the thymol methyl ester. In addition, we detected the monoterpenes para-cymenene and para-methatriene in SB, which was not found in the hybrid `Lucky' offspring or Nova. Overall, the VOC profile of `Lucky' showed contributions from both parents but did not express all of the possible compounds (44/54). There are many that are found uniquely or in two of the three varieties. These include para-cymene, para-menthatriene, and thymol (in SB only), thymol methyl ether (SB, Nova), germacrene C (Nova only), β-and γ-elemene (SB, Nova), 7-epi-thujene (Nova, Lucky), β-cubebene (Lucky), 4-epicubedol (new, in Nova), and β-sesquiphellandrene (Nova, Lucky).
 2.         Polar leaf metabolites (TMS) samples were run on the GC-MS (3 varieties x 5 biological samples) and 68 compounds were detected and quantified. The compounds detected consisted of amino acids, organic acids, sugars, sugar alcohols, sugar acids, phenolic compounds, fatty acids, and sterols. The three varieties grouped well in principal component analysis.
 Evaluation of `Marathon' mandarin hybrid  - we were only able to obtain one tree from a nursery, so we made cuttings for the mist bed. Although some of the cuttings did grow roots, when transplanted, the cuttings have not grown well. In addition, repeated attempts to graft Marathon onto several different rootstocks were not successful. We were unable to obtain additional `Marathon' trees from local nurseries. Our trial showed that compared with many other citrus varieties with which we have experience with vegetative propagation, `Marathon' is much less easily propagated. The source tree is growing fairly well and for this reason, we completed the metabolite work using only one biological sample, but 5 or more technical replicates. The GC-MS analysis found eucalyptol in Marathon, which we have only detected once before, in `Bingo'. The Marathon VOC profile was unique, containing elements of sweet orange (limonene and valencene), but lacking thymol as found in HLB-tolerant Sugar Belle. The overall VOC profile was weak, suggesting possible tolerance to ACP, and contain eucalyptol, which has known insect repellence, so further study of Marathon is warranted, when more trees are readily available from nurseries to carry out ACP challenges.


We combined the `Marathon' mandarin results with those of leaf samples of new and traditional mandarin varieties generously provided by Dr. Arnold Schumann's CUPS facility. They are presently one of the few sources of healthy mature citrus trees. We greatly appreciate the Schumann Lab for granting access to the CUPS at CREC for this part of the study. This will comprise a separate set of experiments under CUPS/semifield conditions. The table below summarizes the varieties sampled and the main results after analyzing solvent extracted leaves by GC-MS.
Classification                      Scion               Rootstock         HLB 
                                                                              Tolerance                       Thymol    y-                     High
                                                                              Status             Thymol    ME          terpinene    Sabinene                                               
Mandarin hybrid         Sugar Belle         X639         Tolerant         x            --              x                     --         
Tangelo mandarin         Minneola         US897         Susceptible         x            x              x                     x         
Tangerine mand                      Dancy            Sour Orange         Susceptible         x            x              x                     --         
Mandarin hybrid         UF711                Test         Unknown         x            --              x                     x         
Mandarin hybrid         BB4-8-20     Test         Unknown         x            --              x                     --         
Mandarin hybrid         Murcott                 Kuharsky         Susceptible         --            --              --                     x         
Mandarin hybrid         UF411                 Test         Unknown         --            --              --                     x         
Mandarin hybrid         Bingo            Sour Orange         Unknown         --            --              --                     x         
Clementine hybrid         UF950                 Test         Unknown         --            --              --                     x         
Mandarin hybrid         Kinnow                 US802         Unknown         --            --              --                     x         
Mandarin hybrid         Early Pride   X639         Unknown         --            --              --                     --         
 From the leaf VOC analysis we found two distinct chemotaxonomic groups  - those that produce thymol and non-producers. Previously we found that Sugar Belle leaves, a mandarin hybrid considered tolerant to HLB, contained thymol and its methyl ether, and leaves of sweet orange (considered HLB susceptible) do not. We associated thymol with tolerance to HLB due to its well-established antimicrobial and insect deterrent properties and its absence in sweet orange. 
1.         The group that contained thymol and/or its methyl ether included Sugar Belle, Dancy tangerine (a parent of Sugar Belle), Minneola (also a parent of Sugar Belle), BB4-8-20, and UF711. The thymol non-producers were UF950 clementine, Murcott, Bingo, Early Pride, UF411, and Kinnow. These thymol non-producers also did not produce γ-terpinene, and had high levels of sabinene. 
2.         In the comparison of “Marathon” to other mandarin varieties from the CUPS, we found it separated distinctly in the principle component analysis in terms of leaf volatiles. The compound distinguishing Marathon are shown in the lower left quadrant of the PCA loading plot. These include phellandrene-8-ol, eucalyptol, sesquiphellandrene, octanal, trans-sabinene hydrate acetate, and isopinocampene. We are preparing the manuscript for publication.
The overall leaf VOC content of each cultivar reveals that Minneola, which is HLB-sensitive, contained the least VOC content, while `Early Pride' had the highest VOC content in our samples. 
Evaluation of CUPS UF-914 pummelo/grapefruit hybrid 
New grapefruit variety from CUPS  - UF914 is being evaluated and compared to traditional Duncan, Ruby Red and Ray Ruby varieties for volatile and non-volatile metabolite content. UF-914 is a low furanocoumarin variety so special attention is being paid to these compounds. We have detected several coumarins and sterols in the grapefruit extracts and quantification is in progress. 
 To support objective 2 (understanding the role of rootstocks in citrus tolerance to HLB), we collected leaves from all of the varieties of grapefruits that were available (see table below). 
Grapefruits were available on four rootstocks, one of which was a test rootstock so we compared it to the established rootstocks. The leaf samples were analyzed by GC-MS for volatile and non-volatile metabolites. The compounds of interest with grapefruits are the coumarins and sterols and are shown in the table. The UF-914 pummelo/grapefruit hybrid is considered low furanocoumarin variety and its tolerance to HLB is not well established. The table below shows the differences in coumarins and sterols found in the grapefruit leaves sampled from CUPS.  These are shown by “X” if it was present, and ND if not detected in hexane extracts analyzed by GC-MS.
 Scion         Rootstock         HLB Tolerance          
Geranyl-
oxycoumarin         Friedelan-3-one         Squalene         α-Tocopherol         
 
Sitosterol         α-Amyrin         
Duncan         Volk         Susceptible         X         X         X         X         ND         ND         
Duncan         Cleo          Susceptible         X         X         X         X         X         X         
Duncan         BSBO         Susceptible         X         X         X         X         X         X         
Duncan         US897         Susceptible         X         X         X         X         X         X         
Ruby Red         US897         Susceptible         X         X         X         X         X         X         
Ray Ruby          US897         Susceptible         X         X         X         X         X         X         
Ray Ruby         X639         Susceptible         X         X         X         X         X         X         
UF914 (low FC)         Test RS         Unknown         ND         X         X         X         ND         X         
 Volatile metabolites. From the grapefruit leaf volatiles analyses we found (A) a rootstock effect for Duncan grapefruit; (B) the new UF-914 low FC varieties on test rootstock showed distinct differences in VOC profile between Duncan and the two pink grapefruit varieties on US-897 (see below). We look forward to further work investigating the chemometric properties of UF914 hybrid. We are preparing the manuscript for publication.
 Non-volatile leaf metabolites. Leaf extracts were derivatized and injected into the GC-MS (4 varieties x up to 4 rootstocks x 5 biological samples). 68 compounds were detected and identified from eight metabolite classes (amino acids, organic acids, sugars, sugar alcohols, sugar acids, phenolic compounds, fatty acids, and sterols). The four varieties grouped well in principal component analysis. The newer variety UF-914 pummelo hybrid (green symbols) separated well from the traditional grapefruits and the principle components that contributed to the separation of UF-914 were benzoic acid, phenylalanine, gulonic acid, isoleucine and an unknown with ion m/z 68. We are preparing the manuscript for publication.
Rootstock evaluations
UFR Rootstocks - For the eight trifoliate rootstocks we propagated and that are growing well: UFR-1, -2, -4, -5, -6, -15 and -17: Stored leaf volatiles (hexane extracts): 35 samples were run on the GC-MS (7 varieties x 5 biological samples), resulting in good chromatograms. 
1.          All except UFR-17 contain large amounts of limonene (peak @ 10.09 min) and methyl anthranilate (peak @17.98 min) and the similarity in chromatograms suggest they are closely related. UFR-17 contains sabinene, citronellal, and valencene in higher quantities than the others, suggesting it may have some sweet orange heritage. Data analysis is progressing for these samples. Out of our many previous leaf VOC studies, this is the first time we have detected such a large quantity of methyl anthranilate (MeA). In fact, limonene and MeA together comprised from 50-90% of the total peak area for the UFR rootstock leaves, with the exception of UFR-17. A common floral ester, MeA has been associated with attraction in thrips but not with ACP attraction. It would be interesting to further study if scions grafted to these high MeA rootstocks would also produce the volatile in the scion leaves, and the resulting effects on ACP attraction/repellency.  UFR-17 is distinct from the others.
2.         USDA rootstocks. We received the seeds from the USDA for evaluation in December of 2020 (US-802, 812, 897, 942, 1283, 1284, 1516). They are still quite small in size, but we recently collected leaf samples from all of the USDA rootstocks for volatile metabolite profiling.  These samples are in the freezer and await processing and analysis. In addition, we have initiated challenges with ACP in the spring of 2022 to determine if any of these are tolerant toward HLB. We will conduct ACP survival assays and test the plants for HLB in the next few months. 
 Examination of Mid-Rib structure
We are investigating the phloem structure (sieve plates, sieve tubes, and companion cells) of the `Ca. L. asiaticus' tolerant cultivars because the phloem plays an important role in `Ca. L. asiaticus'. We will investigate the midrib structure (the fibrous ring around the phloem; sclerenchyma) of the new tolerant cultivars because thick sclerenchyma could prevent the stylet of D. citri from reaching the vascular bundle of the host plant (Ammar et al., 2014). Briefly, a piece of the midrib from each variety will be immersed into a drop of phosphate buffered saline (PBS, pH 7.4) solution, and sectioned by hand using a new clean razor blade to the thinnest possible sections (50-60 µm) under a stereomicroscope. Sections will be quickly immersed in fixative solution (4% paraformaldehyde in PBS) for 1 -3 days, and then washed with PBS-T (PBS with 0.1% TritonX100). Finally, the sections will be stained for 5 min in 3 nM solution of the fluorescent nucleic acid stain propidium iodide, washed again with PBS-T, and examined using confocal laser scanning microscopy (CLSM). For epifluorescence microscopy, midrib pieces will be fixed and washed before sectioning, and will be examined without staining. Data are not available right now. 
 §         Major shortcomings, unfinished business
While we were able to gain some insights about the mechanisms behind the tolerance, we were unable to provide growers with a list of newly developed cultivars that are tolerant to HLB.  The lack of truly HLB-tolerant citrus means our ability to make fair comparisons between “sensitive” and “tolerant” are limited. We relied heavily on `Sugar Belle' as the hallmark for “tolerant” citrus in the current studies because it was readily available and has proven performance in the field. Determining key biomarkers or volatiles involved in HLB pathology is complex and will require more effort when more tolerant varieties are readily available for comparisons. 
It was also a problem growing rootstocks from seeds and cuttings, as this process was too slow for obtaining plants of usable size within the project's time frame. Future work should be begin with nursery sized trees. We had planned to complete the challenge of rootstocks with ACP to determine their response to HLB, but slow growth has prevented accomplishing this task on time. We will continue this part of the project, however, and report the results at a later time.
§         Opportunities going forward 
We look forward to continuing this work with promising new hybrids and cultivars arising from the citrus breeding programs. We will complete our robust data analysis that will help separate the varietal differences and identify key volatiles or volatile blends involved in ACP deterrence or action against `Ca. L. asiaticus' bacteria. We hope to be able to develop an accurate model to help predict or screen for HLB tolerance based on the chemometric profiles.
 §         Publications from this project
 Killiny N, Jones SE, Hijaz F et al., 2020. Metabolic profiling of hybrids generated from pummelo and Citrus latipes in relation to their attraction to Diaphorina citri, the vector of huanglongbing. Metabolites 10.
Jones SE, Killiny N, 2021. Influence of rootstock on the leaf volatile organic compounds of citrus scion is more pronounced after the infestation with Diaphorina citri. Plants 10.
Three more manuscripts are being prepared from the project.
§         Methodology
Plant and Insect Materials
Selected citrus cultivars and rootstocks were obtained as seed, cuttings, seedlings or nursery trees as available. Plants were reared in a secure greenhouse with a temperature of 26 to 32 °C or in semi-field conditions (outside in screen cages). Samples from the CUPS were obtained as young branches and the leaves were detached and frozen prior to analysis. ACP-inoculated citrus plants were exposed to ACP from our `Ca. L. asiaticus' -infected ACP colony with infection rates of at least 50% as confirmed by qPCR. 
Leaf VOC and polar metabolite analyses
 
Released citrus volatile organic compounds (VOCs) for the pummelo/C. latipes hybrid study were collected by static headspace solid phase microextraction (SPME) in vivo. Briefly, an living juvenile leaf bundle was inserted into a plastic tube and sealed at the stem end by Parafilm. The SPME fiber (StableFlex™ 1 cm 50/30 μm carboxen/divinylbenzene/polydimethylsiloxane) was inserted and sealed into the opposite end with parafilm. After 5 min of equilibration, the SPME fiber was exposed to the citrus leaves for 2 h at 27 °C and then was carefully retracted. After the collection of released leaf volatiles, the SPME fiber was inserted into the GC inlet for 5 min at 250 °C for thermal desorption.
 
Stored leaf volatiles were extracted with hexane and analyzed using GC-MS as described in Jones & Killiny (2021). Briefly, 0.1 g of the leaf blade was diced, placed into a 2 mL screw-cap tube with one 5 mm stainless steel ball. Sample tubes were placed into liquid nitrogen for 5 min and then homogenized using a TissueLyser II for 1 min at 30 Hz. The samples were placed on ice and extracted with 0.5 mL hexane by sonication for 5 min, followed by 30 min rotation at 8 °C. After centrifuging, 200 µL of the supernatant was transferred to a GC autosampler vial. Each sample was spiked with 2,4-nonadienal as an internal standard (5 µL of 1 mg·mL−1), and chromatographic peak areas were normalized to the area of the internal standard. Volatiles were analyzed using a Clarus 680 GC-MS system (Perkin Elmer) fitted with a 30 m ZB-5MS column. 
The polar leaf compounds were extracted and analyzed as described by Killiny et al. (2020).  Briefly, 0.1 g of each sample prepared and homogenized in the Tissuelyser as previously mentioned for hexane extracts. Polar metabolites, however, were extracted using a mixture of methanol, chloroform, and water (8:1:1, v/v/v) by overnight rotation in the solvent mixture at 8 °C.  Extract supernatants were placed into a silanized GC vial, spiked with 10 µL ribitol as an internal standard, dried by nitrogen gas, derivatized using the trimethylsilylation (TMS) procedure (Killiny et al. 2020), and analyzed by GC-MS.
Identification and Quantification of Leaf VOCs and Polar Metabolites
The citrus leaf VOCs and polar metabolites were separated by gas chromatography-mass spectrometry (GC-MS), and peaks of interest were identified by comparing their mass spectra to those of authentic standards and by matching them to one of two mass spectral libraries with a score of at least 700 (Wiley Flavor and Fragrances of Synthetic and Natural Compounds or NIST 2011 Mass Spectral Database). Reference compounds were treated in the same way and injected into the GC-MS under the same chromatographic conditions as experimental samples to establish their retention time on the column. Peak areas were integrated using TurboMass software v. 5.4.2, and were normalized to the area of the internal standard, either trans-2-nonenal for VOCs or ribitol for polar metabolites. Quantification of compounds was based on the peak areas obtained from a dilution series of reference standards at known concentrations. Calibration curves were constructed from the linear regressions obtained by plotting the concentration vs. peak area for each reference compound at each concentration 
Statistical analysis
Statistical analyses were performed using JMP version 9.0 (SAS Institute Inc., Cary, NC, USA). The score and loading plot for volatile and non-volatile compounds was generated from normalized peak areas using a principal component analysis (PCA). 
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