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Bio-essential sugars in samples from  
asteroid Bennu
 

Yoshihiro Furukawa    1  , Sako Sunami1, Yoshinori Takano    2,3, Toshiki Koga    2, 
Yuta Hirakawa2, Yasuhiro Oba    4, Hiroshi Naraoka5, Daisuke Saigusa    6,7, 
Takaaki Yoshikawa8, Satoru Tanaka9, Daniel P. Glavin    10, Jason P. Dworkin    10, 
Harold C. Connolly Jr.11,12,13 & Dante S. Lauretta    11

Deliveries of organic molecules from space, such as those found in 
carbonaceous meteorites, have long been hypothesized as a source of 
the inventory of the first life on Earth. This hypothesis is strengthened by 
detections of two of life’s fundamental building blocks—nucleobases and 
protein-building amino acids—in pristine samples returned by spacecraft 
from the carbonaceous asteroids Bennu and Ryugu. However, life also 
requires sugars, which cannot be searched for in Ryugu samples due to 
limited available mass, and their presence in some meteorites is equivocal 
owing to terrestrial exposure. Here we analyse an extract from a sample 
of asteroid (101955) Bennu collected by the OSIRIS-REx spacecraft and 
identify several bio-essential sugars, including ribose (RNA sugar) and 
glucose (metabolism substrate). These sugars complete the inventory of 
ingredients crucial to life. Their distribution is consistent with that in the 
condensation products of formaldehyde solution. Given that Bennu contains 
formaldehyde and originates from an ancient parent asteroid that underwent 
long-term alteration by aqueous fluids, we postulate that the detected sugars 
formed in the parent asteroid from brines containing formaldehyde. This 
indicates that material with all three components necessary to life could have 
been dispersed to prebiotic Earth and other inner planets.

Ribose and 2-deoxyribose are key sugar constituents of nucleic acids in 
terrestrial biology (RNA and DNA), which record genetic information 
and translate it to form proteins that work as the primary catalyst for 
most biological reactions. Ribose is regarded as a particularly impor-
tant molecule for the origin of life because RNA may have been a cru-
cial step in the early evolution of life as gene carriers and enzymes1–3. 
Glucose, a sugar molecule, is a ubiquitous energy source and critical 
component of catabolic pathways, notably glycolysis, the pentose 

phosphate pathway and the Entner–Doudoroff pathway. Because 
glycolysis is the common catabolic pathway for nearly all organisms, 
including aerobic and anaerobic microorganisms, it is regarded as a 
primitive catabolic pathway4. Thus, the origins and distributions of 
these sugars in extraterrestrial materials have been investigated to 
understand the potential for extraterrestrial habitability and exog-
enous contributions to the early Earth’s prebiotic organic inventory 
that led to the emergence of life5–7.
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well-documented challenge in meteoritics because even well-preserved 
and well-handled meteorites were exposed to uncontrolled terrestrial 
environments before collection. However, the returned samples of 
Bennu have not experienced such exposure. The chiral amino acids 
in a recently analysed Bennu aggregate sample were racemic (d = l) or 
nearly so17, indicating no measurable biological contamination, which 
would have resulted in a higher abundance of l- relative to d-amino 
acids. Furthermore, the SiO2 procedural blank (Methods) is free from 
sugar contamination (Figs. 1 and 2), confirming that the Bennu sample 
was not contaminated during analytical processing.

Meteorites contain diverse organic compounds, including the 
building blocks of life, such as amino acids, nucleobases, sugars and 
related compounds6–12. Dihydroxyacetone, a triose (three-carbon 
sugar), was found in the Mighei-type (CM) carbonaceous chondrites 
Murchison and Murray6. Ribose and other pentoses (five-carbon sug-
ars) were found in Murchison and the Renazzo-type (CR) carbona-
ceous chondrite NWA 8017. Although the carbon isotope compositions 
of the ribose and pentoses in Murchison and NWA 801 indicate an 
extraterrestrial origin7, meteorites experience uncontrolled exposure 
to the biosphere and terrestrial weathering before collection, and 
they usually have unknown solar system origin. In addition, because 
terrestrial organisms can grow on meteorites13, if such organisms 
selectively use 13C-enriched molecules among many others, the heavy 
carbon isotopic compositions of sugars and other organic molecules 
previously measured in meteorites may not be proof of an entirely 
extraterrestrial source.

The OSIRIS-REx mission delivered 121.6 g of regolith (unconsoli-
dated granular material) collected from Bennu to Earth on 24 Septem-
ber 2023, under carefully controlled conditions14. The samples were 
curated under high-purity N2 at NASA’s Johnson Space Center15. Early 
studies showed that Bennu has similar mineralogical and elemental 
characteristics to Ivuna-type (CI) carbonaceous chondrites; is enriched 
in carbon and nitrogen compared to most meteorites, but resembles 
ungrouped carbonaceous chondrites; and experienced extensive 
aqueous alteration14,16. The Bennu samples analysed to date contain 
soluble organic compounds, including amino acids, amines, carboxylic 
acids, aldehydes, nucleobases, polycyclic aromatic hydrocarbons and 
a diverse mixture of soluble molecules composed of carbon, hydro-
gen, nitrogen, oxygen and sulfur17. We took advantage of this pristine 
asteroidal material to search for extraterrestrial bio-essential sugars.

Detection of Bennu sugars
Using gas chromatography–mass spectrometry (GC-MS) and GC–
tandem MS (GC-MS/MS), we searched for sugars in an acid and water 
extract of a 603.4-mg aliquot (sample ID OREX-800107-108) of homog-
enized powder made from crushing an aggregate (unsorted) Bennu 
sample (OREX-800107-0; Methods, Extended Data Fig. 1). The acid 
extraction was conducted to avoid potential sugar formation and deg-
radation because these reactions are limited in low pH18–20.

The Bennu extract shows several identical GC-MS/MS peaks to 
the investigated sugars in all the characteristic fragment masses of the 
derivatized sugars (Figs. 1 and 2 and Extended Data Figs. 2 and 3). We 
detected all four aldopentoses—ribose, lyxose, xylose and arabinose—
and two aldohexoses, glucose and galactose (Fig. 3a). These identifica-
tions were confirmed using a different GC-MS system and a different 
separation column (Extended Data Figs. 4–6). The abundances of 
ribose, lyxose, arabinose and xylose were 0.097 ± 0.014, 0.018 ± 0.007, 
0.11 ± 0.03 and 0.079 ± 0.033 nmol g−1, respectively (Table 1). Glucose 
had the highest concentration of the sugars at 0.35 ± 0.05 nmol g−1, 
whereas galactose was 0.014 ± 0.004 nmol g−1 (Table 1).

The characteristic fragment masses of hexoses also have peaks 
indicative of the two other hexoses (mannose and altrose), but these 
identifications are not definitive. Thus, we do not assert the detec-
tion of these sugars and only report their upper limits: mannose, 
<0.05 nmol g−1; altrose, <0.1 nmol g−1.

Small amounts of sugar alcohols, xylitol (0.005 nmol g−1) and 
arabitol (0.002 nmol g−1), were also detected (Extended Data Fig. 7). 
We also searched for other sugars and related compounds, includ-
ing sugar acids that have previously been reported in meteorites6,21: 
2-deoxyribose, threose, erythrose, ribulose, xylulose and branched 
aldopentoses ((2 R,3S)-2,3,4-trihydroxy-2-(hydroxymethyl)butanal 
and (2S,3S)-2,3,4-trihydroxy-2-(hydroxymethyl)butanal) (Table 1). All 
of them were below the analytical detection limit.

We considered the possibility that contamination by biological 
organic compounds could have affected our findings. Contamination is a 
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Fig. 1 | Pentoses found in Bennu sample OREX-800107-108. a, Multiple reaction 
monitoring (MRM) chromatograms of derivatized pentose fragments in the 
Bennu extract using a DB-17ms column. b, MRM chromatograms of derivatized 
pentose standards. c, MRM chromatograms of SiO2 blank. d, Fragmentation of 
electron ionization (EI) of derivatized ribose (ribononitrile tetraacetate). e, EI 
fragment spectrum of derivatized ribose. Collision-induced dissociations of 
the EI fragments are shown in Extended Data Fig. 2. Only the presence of peaks 
for all five transitions with consistent intensity ratios to standards leads to a 
confident detection. The additional peaks observed are derived from co-eluting 
compounds. The co-eluting compounds least influenced the mass transition of 
m/z 242 to 140. Signal Int., signal intensity; STD, standard.

http://www.nature.com/naturegeoscience


Nature Geoscience | Volume 19 | January 2026 | 19–24 21

Article https://doi.org/10.1038/s41561-025-01838-6

The abundances of the biologically important sugars in the Bennu 
sample (glucose, arabinose, ribose and xylose) might nevertheless 
suggest the possibility of contamination. However, glucose, arabinose 
and xylose are relatively stable18,19. The higher thermal stability and 
lower reactivity of glucose among the aldoses, characterized by a more 
than one order of magnitude lower reaction rate than that of ribose, is 
particularly compelling. Thus, the relatively high abundances of these 
sugars in the Bennu sample are reasonable.

Ribose, though, is not a chemically stable sugar. The reason for 
its relatively high abundance in the Bennu sample is not immediately 
apparent, but laboratory simulations of interstellar and asteroidal 

sugar synthesis22,23 have shown ribose as one of the abundant pentoses, 
similar to arabinose and xylose. Thus, the observed abundances in the 
Bennu sample are not inconsistent with abiotic synthesis (Fig. 3b).

The higher abundance of larger sugars compared to smaller 
sugars, such as hexoses compared to tetroses, is the inverse of the 
typical distribution of soluble organic compounds, including amino 
acids, carboxylic acids and amines, in meteorites and other asteroid 
samples10,17,24,25. However, the higher abundance of larger sugars in 
Bennu is consistent with a transient state of sugar-forming reactions 
seen in laboratory experiments of aldehyde reactions, including a 
reaction simulating asteroidal environments, in which larger sugars 
form by successively consuming smaller sugars23.

The total abundance of the detected sugars (0.668 nmol g−1) is 
about 1 mol% of the total abundance of amino acids measured previ-
ously in Bennu samples (70 nmol g−1) (ref. 17). Given the low abundances 
of sugars, high abundances of interfering molecules and sample mass 
available for this study, stable isotopic and enantiomeric measure-
ments of the sugars were not possible.

We also analysed the pH of hot-water extracts of homogenized 
Bennu powder (OREX-800107-106) and carbonaceous meteorites 
(Murchison, Murray and the CI Orgueil) to estimate the parent body pH 
conditions (Table 2). The pH values we found for Bennu (pH 8.23 ± 0.02) 
are higher than that of a hot-water extract of Ryugu (pH 3.95–4.19) in 
which many sulfate and organo-sulfates were contained26. The implied 
alkaline pH for Bennu’s parent body is consistent with the observation 
of evaporite minerals16 and the detection of NH3-bearing fluid inclu-
sions27 in other Bennu samples.

Possible formation processes of sugars
Bennu’s large D and 15N enrichments14,17 indicate that its parent body 
accreted ices and organic matter from a reservoir(s) in the early outer 
solar system17. Laboratory simulations of ultraviolet and cosmic ray irra-
diation of an interstellar ice analogue made from methanol and water 
suggests that sugars, including ribose with larger amounts of smaller 
sugars such as glyceraldehyde, could have formed in the interstellar 
medium and the cold outer solar system, before asteroid accretion22,28,29. 
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Formose-type reactions, in which formaldehyde reacts successively to 
form larger sugars via smaller sugars, have previously been proposed 
as a possible formation mechanism for sugars in asteroids and in the 
interstellar medium7,22,23,30. Aldehydes, the source materials of the for-
mose reaction, have been found in interstellar space, comets, many 
carbonaceous meteorites and Bennu samples17,31–33. Aldehydes and 
small sugars can react with each other to form diverse larger sugars, 
including those found in Bennu, through the formose reaction in weakly 
acidic to alkaline fluids, as shown in laboratory simulations7,23,30,34. 
Veins of potential carbonates in boulders on Bennu observed by the 
OSIRIS-REx spacecraft indicate a history of large-scale fluid activity35, 
and evaporites in Bennu samples point to past alkaline fluids rich in 
sodium, magnesium and calcium carbonate16. Calcium and magnesium 
ions are effective catalysts for sugar synthesis through the formose 
reaction34,36–38. Also, abundant phyllosilicate minerals in the Bennu 
samples are evidence of microscale ancient aqueous activity14. This 
geologic history, together with the weakly alkaline pH we measured 
(8.23 ± 0.02), suggests the plausibility of sugar synthesis through the 
formose reaction during aqueous processing in Bennu’s parent body.

The formose reaction is followed by several side reactions, includ-
ing the synthesis of sugar acids and sugar alcohols, and the rearrange-
ments between branched and linear sugars and aldoses and ketoses37–40. 
Sugar alcohols and sugar acids have been detected in some carbona-
ceous meteorites6,21. These compounds are generally formed through 
disproportionation of sugars via the Cannizzaro and cross-Cannizzaro 
reactions under highly alkaline solutions. Our detection of small 
amounts of sugar alcohols in the Bennu sample suggests that these 
side reactions may have occurred to a limited extent, although they 
probably did not dominate the prebiotic chemistry. Catalysts for the 
formose reaction, such as Ca2+, generally direct aldehydes toward 
sugar synthesis and suppress the Cannizzaro reaction38,39. Bennu’s 
mineralogy14,35 supports the presence of dissolved divalent cations 
(that is, Mg and Ca) in aqueous fluids on the parent asteroid.

Experimental studies of the formose reaction under short dura-
tions at room temperature have shown that the products contain 
abundant ketoses and branched sugars34,40, neither of which were 
detected in the Bennu sample. In contrast, longer-duration reactions 
at elevated temperatures, particularly with Ca2+ as a catalyst, favour the 
formation of linear aldopentoses over ketoses and branched sugars34. 
These findings highlight that the distribution of sugars in the formose 
reaction is highly sensitive to fluid chemistry and reaction duration38. 
Thus, further investigation is needed to constrain the specific reaction 
mechanisms and environmental conditions that led to the formation 
of asteroidal sugars.

The total abundance of pentoses we detected in the Bennu sample 
(0.36 nmol g−1) is comparatively low, about 16% of that in the Murchison 
meteorite (2.2 nmol g−1) (ref. 7) (Table 1 and Fig. 3c). A possible reason 
for this could be the relatively abundant ammonia in Bennu17: ammonia 
can react with aldehydes, including sugars, yielding a Schiff base, which 
could be converted into other molecules such as amino acids, amines 
and nitrogen heterocycles41–45. However, these compounds are also less 
abundant in Bennu samples17—about 30–50% of those in Murchison—
suggesting additional reasons for the lower abundance of sugars.

The slightly more alkaline pH of the Bennu extract compared with 
carbonaceous meteorites (Table 2) could be related to Bennu’s ammo-
nia enrichment and might indicate that the reactions between sugars 
and aldehydes progressed faster in Bennu’s parent asteroid, because 
alkaline pH substantially promotes these reactions34. Abundant evapo-
rites, phyllosilicates and carbonates in the Bennu samples14,16 record 
more substantial aqueous processes in the parent asteroid of Bennu 
than that of Murchison. Thus, the progress of the reactions between 
sugars and aldehydes is a more probable reason for the lower abun-
dance of sugars in Bennu. Because successive formaldehyde addi-
tion to existing small sugars forms new, larger sugars, pentoses and 

Table 1 | Amounts of detected and investigated sugars in 
Bennu sample ID OREX-800107-108

Class Compound Content (nmol g−1)

Bennu Murchison7 NWA 8017

C4 aldose

Threose BD ( < 0.004) BD 
( < 0.004)

BD 
( < 0.004)

Erythrose BD ( < 0.004) BD 
( < 0.004)

BD 
( < 0.004)

C5 aldose

Ribose 0.097 ± 0.014 0.17 0.03

Lyxose 0.018 ± 0.007 0.044 0.015

Arabinose 0.11 ± 0.03 0.8 0.073

Xylose 0.079 ± 0.033 1.2 0.04

C5 branched 
aldose

Threo 
branched 
pentose

BD ( < 0.003) BD 
( < 0.003)

BD 
( < 0.003)

Erythro 
branched 
pentose

BD ( < 0.003) BD 
( < 0.003)

BD 
( < 0.003)

C5 deoxy-aldose 2-Deoxyribose BD ( < 0.003) BD 
( < 0.003)

BD 
( < 0.003)

C5 ketose
Ribulose BD ( < 0.003) BD 

( < 0.003)
BD 
( < 0.003)

Xylulose BD ( < 0.003) NA NA

C6 aldose

Glucose 0.35 ± 0.05 NA NA

Mannose NC ( < 0.05) NA NA

Gulose BD ( < 0.005) NA NA

Altrose NC ( < 0.1) NA NA

Galactose 0.014 ± 0.004 NA NA

Allose BD ( < 0.005) NA NA

Tarose BD ( < 0.005) NA NA

Idose BD ( < 0.005) NA NA

C6 deoxy-aldose Deoxyglucose BD ( < 0.005) NA NA

C6 ketose

Psicose BD ( < 0.005) NA NA

Tagatose BD ( < 0.005) NA NA

Fructose BD ( < 0.005) NA NA

Sorbose BD ( < 0.005) NA NA

BD: below detection, NA: not analysed, NC: not clear. Data for the Bennu sugars present mean 
values ± standard deviation in triplicate measurements.

Table 2 | pH profiles for Bennu OREX-800107-106 and other 
carbonaceous meteorite references

Sample Extract pH

Asteroids

Bennu
8.23 ± 0.02

(OREX-800107-106)

SiO2 blank 7.08 ± 0.03

Ryugu_TD1 site (A0106) 3.95 ± 0.01 [*]

Ryugu_TD2 site (C0107) 4.19 ± 0.01 [*]

Meteorites

Murchison (CM) [†] 7.92 ± 0.02

Murray (CM) [‡] 7.89 ± 0.03

Orgueil (CI) [‡] 6.92 ± 0.01

[*]Extraction and analysis were conducted in ref. 26; [†]extraction was conducted in ref. 24; 
and [‡] extraction was conducted in ref. 49.
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hexoses that existed before the asteroidal aqueous processing were 
most likely consumed in the reactions. We therefore propose that the 
detected Bennu sugars were formed by asteroidal processes acting on 
interstellar materials, rather than having been formed in interstellar 
environments and surviving the reactive asteroidal processes.

We did not find the DNA sugar, 2-deoxyribose, in the Bennu sample 
we analysed. 2-Deoxyribose and deoxy sugar derivatives were reported 
in a laboratory photochemical reaction in methanol-containing ice28 
and a laboratory formose reaction23. The 2-deoxyribose has more 
than two orders of magnitude higher chemical reactivity than sugars 
detected in the Bennu sample19, yet this molecule has lower sensitiv-
ity to thermal decomposition, by a factor of 2.6, than ribose18. Thus, 
if 2-deoxyribose was formed before asteroid accretion and/or within 
the parent asteroid, the subsequent aqueous reactions most likely 
consumed this sugar by the reactions with other molecules. The high 
reactivity of 2-deoxyribose is also consistent with the limited formation 
of this sugar in a thermally driven formose reaction23.

Implications for prebiotic chemistry
All five of the canonical nucleobases in DNA and RNA, and phosphate, 
were previously found in Bennu samples14,17. Our detection of ribose 
means that all the components of RNA are present in Bennu. The detec-
tion of ribose and non-detection of 2-deoxyribose further indicates 
that ribose may be much more prevalent than 2-deoxyribose in B-type 
carbonaceous asteroids. The RNA world hypothesis proposes that RNA 
was the first informational and catalytic polymer that led to the origin 
of life; later, the system was replaced by DNA and proteins through 
biological evolution1–3. This hypothesis is supported by the chemical 
and biological functions of RNA in life. The higher availability of ribose 
over 2-deoxyribose in a primitive asteroid provides additional support.

Hexoses were reported in meteorites in the 1960s46,47. However, 
these detections were highly uncertain given analytical issues and 
possible contamination, characterized by the highest abundance of 
sugars detected in an ordinary chondrite that is now known to con-
tain almost no polar soluble organic compounds47. Hexoses have not 
been reported in any other extraterrestrial materials. Our confident 
detection in Bennu of abundant glucose—the hexose molecule that is 
life’s common energy source—and other hexoses indicates that they 
were present in the early solar system. Given that the fragments of 
carbonaceous asteroids appear to be widely distributed in the inner 
solar system, such asteroids or fragments of asteroids (for example, 
carbonaceous chondrites), would have provided glucose and other 
bio-essential sugars to broad areas of the inner solar system, together 
with nucleobases and protein-building amino acids17,24,25,48. Thus, all 
three crucial building blocks of life would have reached the prebiotic 
Earth and other potentially habitable planets.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41561-025-01838-6.
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Methods
Sample extraction and derivatization
The physical homogeneity of the powdered Bennu aliquot (OREX-
800107-108; 603.4 mg) was verified by X-ray computed tomography50. 
The negligible effects of X-rays on sugars during the X-ray computed 
tomography imaging were previously verified using the Murchison 
meteorite51. All the extraction and purification steps were conducted in 
an ISO Class-5 clean bench. Sugars in the powdered Bennu aliquot were 
extracted into 15 ml of 2% HCl (TAMAPURE-AA10, Tama Chemicals) in 
a glass test tube with sonication for 30 min under a temperature less 
than 25 °C. The supernatant of the centrifuged solution was collected 
(480 × g, 45 min at 10 °C). This process was conducted five times. Sugars 
in the residue were further extracted with 15 ml water (TAMAPURE-AA, 
Tama Chemicals) three times. The supernatant was added to the HCl 
extract. All of the extract was evaporated under a vacuum with a rotary 
evaporator. Sugars in the residue were extracted into 10 ml of methanol 
five times (Q-Tof grade, Wako Pure Chemicals), and the methanol was 
removed under a vacuum with the rotary evaporator. The cation in the 
residue was removed with 40 ml of a cation exchange resin (AG50-X8 
200–400 mesh, Bio-Rad). The resin was washed with 10% NH4OH 
(ultrapure grade, KANTO Chemical), 1 mol l−1 NaOH (ultrapure grade, 
KANTO Chemical), 1 mol l−1 HCl (TAMAPURE-AA, Tama Chemicals) and 
water (TAMAPURE-AA, Tama Chemicals) before the sample load. The 
sugar fraction was collected by washing the resin with 100 ml water. 
The resin with cations was further used for nucleobase analysis. The 
sugar fraction was dried under a vacuum. Ten percent of this fraction 
was used for nucleobase analysis. The other 90% was combined with 
an internal standard (2-deoxy-fluoro-glucose) and derivatized into 
aldonitrile acetate. A similar mass of silica powder from a thermally 
treated (500 °C overnight) synthetic SiO2 (600 mg; Isomass Analyt-
ics, 0.85–1.7 mm diameter chips) was used as the procedural blank 
material to assess the potential for contamination of the Bennu sample 
during sample powdering, extraction, derivatization and analysis. 
We used a well-characterized silica material as a control rather than 
a phyllosilicate mineral (such as serpentine found in Bennu) because 
SiO2 is stable at the 500 °C bakeout temperature used. Moreover, the 
synthetic SiO2 used is distinct from any minerals in Bennu, therefore any 
cross-contamination of particles that occurred during sample process-
ing (note that the SiO2 and Bennu aggregate material were crushed in 
different quartz mortar and pestle sets on separate days to minimize 
this possibility) could be readily identified in the Bennu sample and the 
SiO2 control. The derivatization was reported elsewhere7. All sample 
handling was conducted with glassware thermally cleaned at 500 °C 
in air for 6 h before use.

Identification and quantification
The derivatized sample was dissolved in 100 μl of 50% hexane and 50% 
ethyl acetate. The identification of sugars was conducted with GC-MS/
MS (GCMS-TQ8040, SHIMADZU) and GC-MS (5977B, Agilent) using 
two different separation columns (DB-17 ms and DB-5 ms, Agilent). For 
the GC-MS/MS, 5 μl of the sample was injected into the inlet at 250 °C 
with splitless mode. The temperatures of the transfer line and the ion 
source were 250 and 200 °C, respectively. For the GC-MS, 5 μl of the 
sample was injected into the inlet (CIS4, GERSTEL) with solvent vent 
mode of Programmable Temperature Vaporization. The Programmable 
Temperature Vaporization inlet was initially at 10 °C for 1 min, followed 
by the ramp up at 12 °C s−1 to 300 °C and kept for 10 min. The tempera-
tures of the transfer line, ion source and quadrupole were 300, 230 and 
150 °C, respectively. The separation with the DB-17ms column (60-m 
length, 0.25-mm inner diameter, 0.25-μm film thick) was conducted 
with a He column flow rate of 0.8 ml min−1. The column oven, initially at 
50 °C for 2 min, was ramped up to 122 °C at the rate of 15 °C min−1, kept 
for 5 min, ramped up to 160 °C at the rate of 5 °C min−1, ramped up to 
195 °C at the rate of 3 °C/ min−1, kept for 15 min and finally ramped up 
to 270 °C at the rate of 1.5 °C min−1. The separation with the DB-5 ms 

column (30-m length, 0.25-mm inner diameter, 0.25-μm film thick) was 
conducted with a total He flow rate of 18.2 ml min−1 and a column flow 
rate of 1.2 ml min−1. The column oven, initially at 50 °C, was ramped up 
to 100 °C at the rate of 10 °C min−1, 170 °C at the rate of 3 °C min−1, 220 °C 
at the rate of 1.5 °C min−1 and 300 °C for 10 min at the rate of 40 °C min−1. 
The retention time was calibrated with the internal standard. The 
quantification of the detected sugars was conducted using the same 
external standard and an internal standard (2-deoxy-fluoro-glucose). 
All these sugars were absent in the procedural blank (Figs. 1 and 2 and 
Extended Data Figs. 4–6).

We investigated the mass chromatograms of characteristic frag-
ment ions of target sugars at the calibrated retention times correspond-
ing to the sugars. Several fragment chromatograms are disturbed by 
co-eluting compounds. We identified the compounds based on the 
following criteria: (1) each of the five key fragments has a peak at the 
same retention times corresponding to pentose standards and each of 
the six fragments for the hexose standards, (2) the relative abundance 
of the fragments are also consistent with the standard, considering 
the interference by partly overlapping near peaks and background 
increase for specific chromatograms. When one of the chromatograms 
has a retention time that differs by more than 0.05 min, we exclude 
the identification. The abundance was calculated based on a peak 
area among the key fragment multiple reaction monitoring (MRM) 
chromatograms (that is, mass transitions of m/z 242 > 140 for pentoses 
and m/z 121 > 152 for hexoses. These fragment chromatograms have 
not been interfered with by co-eluting peaks. The peak identification 
was further confirmed by the analysis of a spiked sample with stand-
ards. The spiking experiment was conducted using the original Bennu 
sample and standard, approximately ten months after the extraction 
and derivatization. The sample and the standard were dried and stored 
at −80 °C until the second analysis. Although the peak intensity was 
reduced to approximately 50% from the original analysis, peaks still 
have sufficient intensities (Extended Data Fig. 8).

pH Measurement
We performed the hot-water extraction based on a previously pub-
lished method (105 °C, 20 h) (ref. 24). Then, we conducted small-scale 
pH measurements ( <7 μl) of the hot-water extract (49.7 mg of OREX-
800107-106) at 21.5 °C (within ± 0.1 °C in ambient atmosphere) by using 
a LAQUA F-73 instrument (HORIBA Advanced Techno Co. Ltd.) with a 
pH electrode (model 0040-10D), as reported in a previous study26. A 
three-point calibration was performed with phosphate standard solu-
tions of pH 4.01 and 6.86 (certificate) and a tetraborate standard solu-
tion of pH 9.18 (Kanto Chemical Co. Inc.). All pH measurement scans 
were statically performed at least 200 times for each measurement 
(~1 Hz) (Extended Data Fig. 9). We also represent the pH measurement 
of the procedure blank with 49.1 mg of SiO2. We also measured the pH 
profiles for similar extracts of representative carbonaceous meteorites 
(that is, Murchison, Murray and Orgueil) as references. The Murchison 
extract was prepared by ref. 24, and the extracts of Murray and Orgueil 
were prepared by ref. 49.

Data availability
The instrument data products underlying the findings of this work are 
available via astromat.org at the DOIs listed in Supplementary Table 1.
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Extended Data Fig. 1 | Sample processing and analytical scheme for the Bennu sugar and pH. Credit: TAGSAM head and sample tray A4, NASA/Erika Blumenfeld and 
Joseph Aebersold.
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Extended Data Fig. 2 | Collision-induced dissociation (CID) ions from 
characteristic EI fragments of standard ribononitrile acetate in GC-MS/MS.  
a, CID spectrum of the m/z 115 ion. b, CID spectrum of the m/z 145 ion.  
c, CID spectrum of the m/z 103 ion. d, EI spectrum of ribononitrile acetate.  

e, CID spectrum of the m/z 242 ion at a lower collision energy. f, CID spectrum 
of the m/z 242 ion at a higher collision energy. Precursor ions are shown in 
bold black, and the product ions measured for MRM are shown in bold red. CE: 
collision energy (Volts). Other aldopentoses produce identical EI and CID ions.
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Extended Data Fig. 3 | CID of characteristic electron ionization (EI) fragments 
of standard glucononitrile acetate in GC-MS/MS. a, CID spectrum of the m/z 115 
ion. b, CID spectrum of the m/z 145 ion. c, CID spectrum of the m/z 103 ion.  
d, EI spectrum of glucononitrile acetate. e, CID spectrum of the m/z 212 ion.  

f, CID spectrum of the m/z 242 ion at a lower collision energy. g, CID spectrum 
of the m/z 242 ion at a higher collision energy. Precursor ions are shown in 
bold black, and the product ions measured for MRM are shown in bold red. CE: 
collision energy (Volts). Other aldohexoses produce identical EI and CID ions.

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-025-01838-6

Extended Data Fig. 4 | GC-MS/MS analysis of hexoses in Bennu (sample OREX-800107-108) with DB-5ms column. a, Mass chromatograms of the Bennu sample.  
b, Mass chromatograms of hexose standards. c, Mass chromatograms of SiO2 blank (procedural blank).
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Extended Data Fig. 5 | GC-MS analysis of pentoses in Bennu (sample OREX-800107-108) with DB-17ms column. a, Mass chromatograms of the Bennu sample.  
b, Mass chromatograms of pentose standards. c, Mass chromatograms of SiO2 blank (procedural blank).
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Extended Data Fig. 6 | GC-MS analysis of hexoses in Bennu (sample OREX-800107-108) with DB-17ms column. a, Mass chromatograms of the Bennu sample. b, Mass 
chromatograms of hexose standards. c, Mass chromatograms of SiO2 blank (procedural blank).
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Extended Data Fig. 7 | Sugar alcohols detected in Bennu (sample OREX-800107-108). a, Standards of sugar acids and sugar alcohols. b, Bennu. c, SiO2 blank.
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Extended Data Fig. 8 | Co-injection of Bennu sample and pentose standards. a, Bennu. b, Bennu sample added by a pentose standard mixture.
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Extended Data Fig. 9 | The pH profiles for Bennu (sample OREX-800107-106), procedural SiO2 blank, and standard solutions. The scan (horizontal axis) represents 
each static integration as raw data acquisition.
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