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A N T H R O P O L O G Y

Pre-Clovis occupation of the Americas identified  
by human fecal biomarkers in coprolites from  
Paisley Caves, Oregon
Lisa-Marie Shillito1*†, Helen L. Whelton2†, John C. Blong1, Dennis L. Jenkins3, 
Thomas J. Connolly3, Ian D. Bull2*

When and how people first settled in the Americas is an ongoing area of research and debate. The earliest sites 
typically only contain lithic artifacts that cannot be directly dated. The lack of human skeletal remains in these 
early contexts means that alternative sources of evidence are needed. Coprolites, and the DNA contained within 
them, are one such source, but unresolved issues concerning ancient DNA taphonomy and potential for contam-
ination make this approach problematic. Here, we use fecal lipid biomarkers to demonstrate unequivocally that 
three coprolites dated to pre-Clovis are human, raise questions over the reliance on DNA methods, and present a 
new radiocarbon date on basketry further supporting pre-Clovis human occupation.

INTRODUCTION
It is largely, but not entirely, accepted by the archaeological com-
munity that people first settled the Americas before Clovis (1–3), 
which was seen as the earliest technological tradition on the continent 
for most of the 20th century, dating to 11,500 radiocarbon years before 
the present (14C yr B.P.) However, many questions still remain over 
who the earliest settlers were, when they arrived, and what route they 
took. The Western Stemmed Tradition (WST) is the oldest nonfluted 
lithic technology in the American Far West. Sites like Coopers Ferry, 
Idaho and Paisley Caves, Oregon provide evidence that WST tech-
nology predates Clovis, establishing this as the oldest well-defined 
technological tradition in North America, with links to late Pleistocene 
sites in East Asia and Siberia (3, 4). The Paisley Caves contain ad-
ditional evidence for pre-Clovis occupation in the form of coprolites 
dating to 12,400 14C yr B.P. identified as human on the basis that they 
contain human DNA (3, 5). This is a crucial case study as it remains 
the only site where a pre-Clovis WST assemblage has been found in 
direct association with well- preserved organic cultural material, en-
abling us to better understand these early settlers and their way of life.

Advances in sequencing and analyzing genomes of ancient peo-
ple, plants, animals, and even microbiomes, has had a profound in-
fluence on the field of archaeology and our understanding of human 
evolution, but there are several criticisms of the technique, not least 
a lack of understanding of DNA taphonomy (6). DNA has been 
shown to be mobile in sediments in a range of environments and is 
also relatively easy to degrade. Because the polymerase chain reac-
tion (PCR) method amplifies vanishingly low amounts of DNA, 
such analyses are particularly prone to contamination.

Because of the contentious nature of the first Americans debate 
and the uncertainties surrounding potential contamination, the 
findings from the coprolites from Paisley Caves have been the sub-
ject of criticism (7, 8). Given the importance of the Paisley Caves, it 

is crucial to address outstanding questions about the age of the earliest 
deposits and reliability of ancient DNA (aDNA) analyses at the site. 
Currently, 285 radiocarbon dates have been obtained from Paisley 
Caves, and DNA analysis has been completed on 65 coprolites. The 
results presented by Jenkins et al. (3) showed that, in one sample, 
the dates obtained on macrofossils and water- soluble extracts from 
a Camelidae coprolite were 12,125 ± 30 14C yr B.P. for the macro-
fossil and 11,315 ± 25 14C yr B.P. for the water- soluble extract. This 
suggests that, in some samples, water-soluble compounds, includ-
ing non-endogenous DNA, could be moving through the profile. 
Three coprolites identified as human were also dated this way but 
showed an agreement between the macroflora and solute dates. 
While this strongly supports the interpretation that humans occu-
pied the site in pre-Clovis times, the ambiguity remains that DNA is 
potentially mobile in sediments (9, 10), and linking a DNA signal 
with a specific radiocarbon date is problematic. Moreover, DNA is 
much more labile in the natural environment, susceptible to rapid 
degradation through hydrolytic cleavage of the phosphate ester 
backbone and oxidation of the pyrimidine bases and sugar moieties, 
although preservation through desiccation and association with 
minerals may enhance preservation (11).

As well as being repositories of DNA, coprolites also contain 
complex mixtures of lipids derived from the producer organism, its 
diet and biochemical processes occurring in its gut; some lipids are 
diagnostic of fecal origin [e.g., (12, 13)]. In archaeology, lipid bio-
markers have been used extensively in the analysis of ancient pottery, 
where they have revolutionized the study of ancient diet and other 
subsistence practices (14–16). Additional archaeological applications 
include agricultural soils [e.g., (17)] and human remains (18). Their 
innate hydrophobicity means that lateral and vertical movement 
within burial contexts is minimal (19, 20). They are also chemically 
stable, with lipid biomarkers existing in rocks dating to 1.6 billion 
years (21), far greater than more recent archaeological time scales; 
5-stanols and bile acids are two lipid compound classes already 
well established as fecal biomarkers [see (12, 13) and references 
therein]. Figure 1 summarizes how 5-stanols and bile acids may be 
used to identify both fecal material and producer organism.

While not prevalent in archaeological investigations, fecal bio-
markers have been successfully deployed, enabling the identification 
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of a Roman latrine (22), identifying sanitation practices in ancient 
cities and early settlement sites (23–25), and identifying early wild 
animal penning and management before domestication (26). Criti-
cally, 5-stanols and bile acids have a substantial advantage over DNA 
in that they are (i) hydrophobic and therefore unlikely to move within 
the stratigraphy of a sedimentary profile, (ii) highly recalcitrant (far 
more so than DNA) within a sedimentary context over archaeological 
time scales, and (iii) highly diagnostic of fecal material and its pro-
ducer organism(s). Here, we present compelling new, fecal biomarker– 
based evidence that reveals, without any ambiguity from the inter-

pretation, that pre-Clovis coprolites from the Paisley Caves complex 
are human.

RESULTS
Twenty-one coprolites, previously subjected to mitochondrial DNA 
(mtDNA) analysis by Gilbert and coworkers (3, 5), were subsampled, 
and their fecal biomarker (sterol and bile acid) content was deter-
mined (see Fig. 2 and fig. S1 for site and coprolite location and data 
S1 for physical descriptions). Figure 3 and data S1 summarize the 
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Fig. 1. The dominant fecal sterol and bile acids in fecal material of humans, canids, pigs, and bovids. 
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results obtained from fecal biomarker analysis of the coprolites and 
provide an origin assignment based on criteria originally proposed 
by Bull and coworkers (12) (see fig. S2). In addition to criteria explicitly 
outlined in fig. S2, carnivore identifications were confirmed with a 
coprostanol to cholesterol ratio of <1 (see Table 1), in conjunction 
with a predominance of deoxycholic acid and a higher proportion of 
cholic acid in the bile acid profiles. Figure 4 shows examples of gas 
chromatography (GC) profiles illustrating the distribution of steroid 
compounds for coprolites identified as human (S226) and carnivore 
(S249). In addition, all but one of the coprolites has an associated 
radiocarbon date (see table S1). Two of the coprolites yielded incon-
clusive results, most likely arising from a mixture of environmentally 
derived lipids and low fecal lipid preservation. Of the 18 coprolites 
identified as containing human mtDNA by Gilbert and coworkers, 
10 are interpreted as human in origin, 6 are ascribed a carnivore ori-
gin, and a remaining coprolite is most likely of mixed (human/carni-
vore) origin. Of the six pre-Clovis coprolites identified as human by 
mtDNA, three are confirmed as human by this analysis (Fig. 2 and 
Table 1), supporting the pre-Clovis age of the earliest occupation at 
Paisley Caves. Both carnivore mtDNA coprolites contain fecal bio-
markers consistent with a carnivore origin.

To further address outstanding questions about the age of the 
earliest deposits, a bulrush shaft with the features of an S-twist (clock-
wise) twined basket or mat weft fragment (fig. S3) was submitted for 
accelerator mass spectrometry (AMS) radiocarbon analysis. Twining, 
the only basketry type known from the region before the late Holocene, 
uses a pair of weft elements twisted around a warp in a clockwise 
(stitches oriented up to the right) or counterclockwise (down to the 
right) direction. The dated element has a slight clockwise twist and 
is crimped and flattened, where it would press against opposing warps. 
Bulrush is one of the most common basketry fibers in the region; it 
is not natural to the cave deposits and is a cultural addition. This 
artifact was recovered above coprolite 185 directly dated to 12,290 ± 60 
and 12,345 ± 55 14C yr B.P. (table S1) and yielded a radiocarbon date 
of 12,273 ± 56 14C yr B.P. (table S3), confirming the pre-Clovis age 
and stratigraphic integrity of the deposit.

DISCUSSION
Burial context and preservation
All of the coprolites analyzed are identifiable as intact structures 
(figs. S4 and S5); this is critical as it constrains the interpretation of 

Fig. 2. Site location map. (A) Location of Paisley Caves in the western Great basin. (B) Spatial location of coprolites in cave 5. (C) Stratigraphic profiles in cave 5.
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observed biomarkers to those consistent with the observed morphology, 
i.e., a species assignment of a rat (for example) would not be viable, 
as it would be inconsistent with the shape of the coprolite. Compar-
ative assessment of lipids derived from coprolite 283 and a sediment 
sample collected directly underneath the coprolite (table S2) reveal 
distinctly different distributions where sediments are differentiated 
by a high level of n-alkanols (C14-C34) with an even-over-odd pre-
dominance, characteristic of an input from higher plants (27). Sterols, 
including sitosterol and stanols (5-cholestanol and 5-stigmastanol), 
microbially transformed in the environment, are also dominant 
within the lipid extract (28). Crucially, this shows that the lipids are 
representative of the matrix from which they are derived and 
have experienced minimal leaching or lateral movement within the 
sedimentary profile. Fecal biomarkers predominate in lipid extracts 
from coprolites recovered from the younger phases of the cave, and 
there is a general trend toward the concentration of fecal sterols 
decreasing as radiocarbon age of the coprolite increases from 
573 g g−1 in the youngest coprolite to 9.5 g g−1 in the oldest coprolite. 

Lipids (and hence fecal biomarkers) are chemically stable and, although 
some microbial or diagenetic alterations do occur with time, the 
resulting structures can be linked back to their original source (29). 
Environmental conditions can greatly influence the preservation of 
fecal sterols (30–33). The slow deposition of sediment and aerobic 
conditions of the burial environment is likely the cause for the 
greater degradation of lipids in the oldest coprolites.

Fecal biomarker results and coprolite origins
Fecal biomarker interpretations for 13 of 21 coprolites analyzed agree 
with mtDNA classifications reported previously (Table 1) (3, 5). Of 
these, the majority indicate a human origin (both Homo sapiens 
mtDNA haplogroups A and B) and range in age from 1308 ± 28 to 
12,260 ± 60 14C yr B.P. Two of the 13 coprolites reported as contain-
ing mtDNA from Lynx rufus (216) and Panthera leo (271) yielded 
fecal biomarker distributions consistent with those of a carnivore. A 
single coprolite (195) reported to contain mtDNA from H. sapiens 
and Canis lupus/familiaris also yielded fecal biomarker distributions 
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Table 1. Classifications of coprolites and sediment sample based on the relative distributions of fecal biomarkers. LCA, lithocholic acid; 
DCA, deoxycholic acid; CDCA, chenodeoxycholic acid; CA, cholic acid; UDCA, ursodeoxycholic acid; 7-keto-LCA, 7-keto-lithocholic acid; 12-keto-LCA, 12-keto-
lithocholic acid; n/a, not applicable; nd, not determined. Bile acids are presented in the order of abundance. 

Sample 
ID

Paisley 
catalog 
number

Published aDNA 
results (3, 5)

Ratio 2 
(12)

Ratio 3 
(12)

Coprostanol/
cholesterol Bile acids

Lipid 
biomarker 

results
Age 14C yr B.P.

165 1294-PC-5/7D-
4-3a

H. sapiens mtDNA 
haplogroup B2, 
Canis latrans

0.9 2.5 3.0 DCA, 12-keto-LCA, 
7-keto-LCA, LCA, CA Human 1308 ± 28 (OxA-16377)

223 1704-PC-
5/12C-13-6a

H. sapiens mtDNA 
haplogroup A 0.1 2.7 0 DCA, 12-keto-LCA 

LCA, CA Carnivore 4950 ± 15 (UCIAMS-79710)

216 1704-PC-
5/12C-13-4a L. rufus 0.1 1.5 0 DCA, CA, 12-keto-LCA 

CDCA, LCA Carnivore 5380 ± 15 (UCIAMS-79715)

228 1704-PC-
5/12C-12-6a

H. sapiens mtDNA 
haplogroup A 0.5 5 1.1 DCA, 12-keto-LCA, 

7-keto-LCA, LCA, CA. Human 5595 ± 15 (UCIAMS-79702); 
5655 ± 15 (UCIAMS-79703)

226 1704-PC-
5/12C-14-6a

H. sapiens mtDNA 
haplogroup A 0.7 13.6 4.0 DCA, 12-keto-LCA, 

7-keto-LCA, LCA, CA Human 5715 ± 15 (UCIAMS-76186)

224 1704-PC-
5/12C-15-5a

H. sapiens mtDNA 
haplogroup B 0.1 0 0 DCA, CA, 12-keto-LCA, 

LCA, CDCA Carnivore 6115 ± 15 (UCIAMS-76185)

227 1704-PC-
5/12C-14-9a

H. sapiens mtDNA 
haplogroup A 0.7 1.8 1.5 DCA, 12-keto-LCA, 

LCA, CA, UDCA Human 6970 ± 15 (UCIAMS-76180)

251 1830-PC-
2/4D-33-2

H. sapiens mtDNA 
haplogroup A 0.2 0 0.2 DCA, 12-keto-LCA, CA, 

7-keto-LCA, LCA Carnivore 7025 ± 15 (UCIAMS-79713)

249 1830-PC-
2/4C-34-101

H. sapiens mtDNA 
haplogroup A 0.2 3.8 0.2

DCA, CA, 12-keto-LCA, 
CDCA, LCA, 
7-keto-LCA,

Carnivore 7490 ± 20 (UCIAMS-79704); 
7605 ± 20 (UCIAMS-79705)

250 1830-PC-
2/4-D-33

H. sapiens mtDNA 
haplogroup A 0.9 1.4 12.4 DCA, CA, LCA, 12-keto-

LCA, 7-keto-LCA Human 7645 ± 20 (UCIAMS-79712)

217 1704-PC-
5/12A-16-9a

H. sapiens mtDNA 
haplogroup A 0.4 1.4 –

DCA, 12-keto-LCA, 
LCA, CA, 7-keto-LCA, 
CDCA

Human 9170 ± 20 (UCIAMS-76183)

215 1704-PC-
5/12A-16-10a

H. sapiens mtDNA 
haplogroup A 0.7 13.4 11.2 CA, DCA, 12-keto-LCA 

LCA Human 9585 ± 20 (UCIAMS-76181)

195 1294-PC-5/6B-
40-6a

H. sapiens mtDNA 
haplogroup B2, 
C. lupus/familiaris

0.5 1.5 1.0 CDCA, DCA, CA, LCA Human/
carnivore*

10,050 ± 50 (-213423); 
10,965 ± 50 (OxA-16376)

282 1896-PC-
5/16A-24-7

H. sapiens mtDNA 
haplogroup A 0.7 1.0 6.4 DCA, LCA Human 11,205 ± 25 (UCIAMS-90583); 

11,250 ± 25 (UCIAMS-90584)

283 1896-PC-
5/16A-25-12a Camelidae 0.2 2.4 – DCA n/a 11,315 ± 25 (UCIAMS-90586); 

12,125 ± 30 (UCIAMS-90589)

280 1830-PC-
5/11B-33

H. sapiens mtDNA 
haplogroup A 0.6 nd 6.9

DCA, CA, LCA, 12-keto-
LCA, 7-keto-LCA, 
CDCA

Human 12,050 ± 25 (UCIAMS-79707); 
12,165 ± 25 (UCIAMS-79706)

194 1294-PC-5/6B-
50-5a†

H. sapiens mtDNA 
haplogroup A2, 
V. vulpes

0.5 nd 32.2 DCA, LCA, 12-keto-
LCA, CA Human 12,140 ± 70 (OxA-16495); 

12,260 ± 60 (-216474)

271 1830-PC-
5/11B-31-12 P. leo 0.3 1.4 0.2 DCA, CDCA Carnivore From same context as 

coprolite 281.

281 1830-PC-
5/11B-31-2

H. sapiens mtDNA 
haplogroup B 0.4 5.7 0.5 DCA, CA, CDCA, 

12-keto-LCA, LCA Carnivore 12,260 ± 30 (UCIAMS-76190); 
12,265 ± 25 (UCIAMS-76190)

185 1294-PC-5/7C-
31-9a

H. sapiens mtDNA 
haplogroup B2 0.1 0.1 0.1 DCA n/a 12,290 ± 60 (-213426); 

12,345 ± 55 (OxA-16497)

182 1374-PC-5/5D-
31-2a5

H. sapiens 
mtDNA 
haplogroup B?

0.2 nd – nd Carnivore‡ 12,275 ± 55 (OxA-16498); 
12,400 ± 60 (-213424)

*Possible mixing of fecal matter due to high proportion of CDCA in bile acids. 
†Several coprolites are associated with the same catalog number, and we cannot be 100% certain that we analyzed the same coprolite that was analyzed 
for mtDNA. 
‡Potentially carnivore (unable to confirm due to lack of bile acids).
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indicative of a mixed human/carnivore origin. One explanation for 
these results from a single specimen is coprophagy of human feces 
by carnivores. Coprophagy in canids is a well-recognized phenomenon 
(34) and could explain both the presence of carnivore-derived lipids 
and human mtDNA, but it is unlikely that humans were eating car-
nivores as suggested by Gilbert and coworkers (6). This is supported 
by the fecal biomarker evidence, i.e., only coprophagy would result 
in a human/canid mix of biomarkers in a discrete coprolite. More-
over, not only carnivores have a lower biomass transfer efficiency but 
also consumption of carnivore meat can be hazardous to human 
health due to parasitic infections and the bioaccumulation of toxins 
(35–37). Of the remaining eight coprolites, two did not yield enough 
lipid to be viable for biomarker analysis. At 12,125 ± 30 14C yr B.P. 
(283) and 12,345 ± 55 14C yr B.P. (185), these both represent copro-
lites from the oldest deposits in the cave and a lower recovery of 
lipid is therefore not unexpected.

Six of the coprolites classified as human using mtDNA contain 
fecal biomarkers indicative of carnivores. Sterols derived from canid 

feces are characterized by very high levels of cholesterol, and only 
trace amounts (if any) of cholesterol-derived 5-stanols (coprostanol 
and epicoprostanol) as canids lack the gut microbiota responsible 
for producing these compounds (38). Carnivores differ from other 
animals in their bile acid composition and are identifiable from the 
higher levels of cholic and chenodeoxycholic acids in addition to 
deoxycholic acid (39–42). Conversely, human feces are usually 
characterized by high levels of coprostanol and higher amounts 
of deoxycholic acid and lithocholic acid (43). Previous work has 
reported that about a quarter of North American subjects in a study 
exhibited little to no conversion of cholesterol to coprostanol (44). 
This may potentially result in false negatives when differentiating human 
coprolites from carnivores and may explain the lack of agreement 
between mtDNA and fecal biomarker results in these six coprolites.

Implications for aDNA analysis and early human occupation
mtDNA analyses rely upon amplification of ultratrace amounts of 
extant mtDNA using the PCR, thereby making such an approach 

Fig. 4. Partial gas chromatograms illustrating the distribution of steroid compounds in coprolites identified as human or carnivore. (A) human (S226) and 
(B) carnivore (S249), where ● denotes n-alcohols of carbon chain length C20 to C32, and their corresponding bile acids (C) human (S226) and (D) carnivore (S249), 
where ▲ denotes diacids (methylated), ■ denotes hydroxy fatty acid methyl esters (TMS derivatives), and ⧫ denotes ω-hydroxy fatty acid methyl esters (TMS derivatives). 
IS denotes added internal standards: Preg-5en-3β-ol is the sterol standard, and hyocholic acid is the standard for bile acids.
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not only more sensitive but also more susceptible to contamination 
(45). Conversely, fecal biomarker analyses are reliant upon coprolites 
containing enough of each compound to enable detection and 
quantification (typically in the region of >0.4 g g−1

coprolite), with the 
concentration of compounds remaining being a direct reflection of 
age and depositional environment (30–33). However, because of 
their source specificity, contamination is very unlikely. Ideally, both 
techniques should be used together in a complementary fashion for 
the assessment of feces from both single and multiple sources. 
While fecal biomarker analysis lacks the detailed information that 
mtDNA may provide, it does deliver a more rapid assessment of 
coprolites that, as in this study, can provide robust supporting 
evidence where results obtained by mtDNA-based approaches are 
open to criticism. It also represents an ideal screening method 
before attempting mtDNA analyses that are far more laborious and 
require a greater degree of verification, i.e., Gilbert and coworkers 
(6) used several different DNA typing and sequencing methods 
across six independent laboratories. Where no fecal biomarker 
results are available, the matrix either is of a nonfecal origin or is 
sufficiently old and/or has been environmentally exposed such that 
interpretations of a fecal origin using mtDNA only should be, at 
best, speculative.

The peopling of the Americas is a complex story. The continents 
are large, and early populations were likely to be sparsely distributed. 
The lack of early human skeletal remains, and the ethical issues 
associated with destructive analysis of the handful that have been 
discovered (46, 47), means that coprolites are the best direct archae-
ological evidence that people occupied a particular site. Human 
occupation at Paisley Caves is now proven to 12,200 14C yr B.P. 
using fecal lipid biomarkers. Coprolites 194 and 280 are the oldest 
coprolites determined to be unequivocally human based on fecal 
biomarker analysis, a methodology that bypasses current uncertainties 
surrounding mtDNA. These coprolites also show agreement between 
both mtDNA and fecal biomarker analyses. Fecal lipid biomarkers 
offer access to hitherto unknown (or at best, uncertain) information, 
adding to the growing body of evidence that is helping to build a picture 
of not only when and by what route people arrived but also how these 
people adapted to diverse landscapes across the continent (48–50).

MATERIALS AND METHODS
Where possible, the exterior of the coprolite was removed with a 
scalpel before analysis to minimize any environmental contamination. 
Subsequent to solvent extraction and compound class isolation, the 
coprolites were analyzed by GC and GC-MS to characterize poten-
tially extant organic molecules.

Extraction of lipids from coprolites
Approximately 0.5 g of a coprolite was crushed using a mortar and 
pestle and then passed through a 2-mm sieve. Suitable amounts of 
two internal standards (hyocholic acid and preg-5-en-3-ol; 50 l, 
0.1 mg ml−1 solution) were added to the powdered samples. The lipids 
were then microwave-extracted into 10 ml of 2:1 dichloromethane/
CH3OH (v/v). The total lipid extract obtained was subsequently 
hydrolyzed, and the sterol and bile acid fractions were isolated as 
outlined by Bull et al. (51) and Elhmmali et al. (43), respectively. For 
the methylation of bile acids, BF3-methanol was used as an alterna-
tive methylation reagent. The fractions containing the target bio-
markers were then analyzed by GC and GC-MS.

Instrumental analyses
Initial screening of biomarker isolates was performed using an HP 
5890 Series II gas chromatograph. Trimethylsilylated sterols and 
methylated and trimethylsilylated bile acids were introduced (1.0 l) 
via an on-column injector. The analytical column was a 50 m  × 
0.32 mm fused silica capillary column coated with a 100% dimethyl-
polysiloxane nonpolar stationary phase (HP-1, 0.17 m; Agilent). 
For the sterol analyses, the GC temperature program was set to hold 
at 50°C for 2 min, followed by a gradient increase to 200°C at 10°C 
min−1, and then to 300°C at 3°C min−1 before a final isothermal at 
300°C for 20 min. For the analyses of bile acids, the GC temperature 
program was set to hold at 40°C for 1 min, followed by a gradient 
increase to 230°C at 20°C min−1, and then to 300°C at 2°C min−1 
before a final isothermal at 300°C for 20 min. Helium was used as 
the carrier gas set to constant flow of 2.0 ml min−1, and the flame 
ionization detector (FID) used to monitor column effluent was 
kept at a constant temperature of 300°C. Data were acquired using 
DataApex Clarity (version 2.6.2.226).

GC-MS analyses of sterols and bile acids were performed using 
an Agilent 7890-7200B GC/Q-TOFMS. Samples (1.0 l) were in-
jected using a 7693 autosampler and a multimode inlet (set to track 
the oven temperature) onto a 50 m × 0.32 mm (Agilent) fused silica 
capillary column coated with a 100% dimethylpolysiloxane nonpolar 
stationary phase (HP-1, 0.17 m; Agilent). The GC temperature 
programs used were the same as for the corresponding GC analyses. 
Helium was used as the carrier gas, set to a constant flow of 2 ml 
min−1. The GC transfer line, ion source, and quadrupole were set to 
320, 230, and 150°C, respectively. The MS was set to acquire in the 
range of m/z (mass to charge ratio) 50 to 1050 at a scan rate of 0.2 Hz 
in extended dynamic range mode.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/29/eaba6404/DC1
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