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Abstract: Global warming is expected to increase the rate of CH, emission from acidic peatlands
leading to an increased interest on its mechanisms of formation. The main routes are through the
reduction of CO; by molecular hydrogen and through the cleavage of acetate. A predominance of
the former, a reaction which also competes with homoacetogenesis to form acetate, may enrich the
media in acetate, which could potentially be incorporated in the peat molecular markers. Acetates
of triterpenoid biomarkers have been identified in peats and lake sediments and related to the
input of higher plants. Nevertheless, the acetyl derivatives are found in very low amounts in fresh
plants and in much lower amount than other derivatives with alcohol or ketone functional groups.
The dichloromethane/methanol extracts of Asturian peat bog profiles (North Spain) were analyzed
using gas chromatography/mass spectrometry (GC/MS) and compound-specific-isotope-analysis
(CSIA). They show abundance of acetates of compounds with oleanane, ursane, and lupane skeletons
derived from higher plants and with hopane skeleton, which can be considered a characteristic of these
peats. Two families of 3-oxyhopenyl acetates with -17(21)- and -22(29)- configurations were detected in
the upper part of the peat profiles, having a §!3C isotopic composition enriched by 4%o compared with
that of higher plant triterpenoids, and similar to that of microorganism-derived regular hopanoids.
Both the acetate and ketone derivatives with the oxygenated functionality at C-3 were generally
present in a given extract and tended to accumulate at certain depth in the profiles and in specific levels.
The widespread occurrence of acetyl-derivatives, their higher concentration in the deeper layers of
the peat, the fact that the acetates correspond to different compound families of diverse source and the
very low amount of acetates identified in Ericaceae-contributing to the peat compared to the alcohols
suggest that they were formed in the peat under particularly favorable environmental conditions.
We postulate that these conditions could have been the existence of a medium enriched in acetic acid
produced by the dominance of hydrogenotrophic methanogenesis and/or homoacetogenesis over
acetoclastic methanogenesis. This phenomenon that has been preferentially described in Sphagnum
bogs at high latitudes, and in the deeper layers of peat, appears to be also present in the temperate
peats of the Asturian coast.

Keywords: temperate peat; acetyl-triterpenoids; hydrogenotrofic methanogenesis; Sphagnum-peat;
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1. Introduction

Acidic wetlands are the most extensive type of northern wetlands in Europe and North America
and contribute up to 50% of the global production of the atmospheric greenhouse gas, CHy [1,2].
Global warming is expected to increase the rate of emission of CH, from these peats and for this reason
research into the mechanisms of CH, production has received widespread attention in recent years [3-6].
Methane can either be generated by hydrogenotrophic methanogenesis through the reduction of CO,
by molecular hydrogen (CO, + 4H; — CHj + 2H,0) or by acetoclastic methanogenesis through
acetate cleavage (CH3COOH — CHj + CO;). Generally, hydrogenotrophic methanogenesis and
acetoclastic methanogenesis are expected to contribute to CHy production in most methanogenic
habitats by as much as one-third and two-thirds, respectively [7-9]. However, there are conflicting
findings with respect to the relative contributions of these mechanisms to CH4 formation in anoxic
peat. Hydrogenotrophic methanogenesis (H,/CO,) has been shown to be depth-dependent [10]
accounting for 50%-100% of the production of methane in the deeper anoxic layers [11,12]. In addition,
Sphagnum-containing wetlands such as bogs that typically develop at high latitudes are known to
favor methanogenesis from Hp/CO; [13,14]. A recent study on the dominant methanogenic route as a
function of vegetation type in Alaskan wetlands found that Sphagnum-rich sites tend to be enriched
in acetate, whereas vascular plant-rich sites favor acetoclastic methanogenesis [15]. CO,-reduction
was shown to dominate not only in acidic Sphagnum-rich peats, but also in a moderately acidic bog in
Germany, where CH, formation was favored by the addition of Hp/CO, and inhibited when there was
an excess of acetic acid [16]. The absence of acetoclastic methanogenesis may result in acetate becoming
a terminal product that will accumulate over time [17]. Acetate accumulation has been observed in
peatlands, particularly in bogs [14,18-20]. Alternatively, acetate can be generated from CO, and H,
by homoacetogenesis (the reduction of CO, with H; to acetate via the acetyl-CoA pathway; 2CO, +
4H,; — CH3COOH + 2H;0). This mechanism has recently shown to compete with hydrogenotrophic
methanogenesis in bogs, swamps and fens, although it was initially considered less thermodynamically
favorable [5].

Sphagnum peats in the North of Spain represent the southernmost limit for the common existence
of this type of peats in Europe, which develop in temperate and humid climates. Reports of acetylated
terpenols in some peats in the region [21-24] suggest that the accumulation of acetates is a widespread
phenomenon. Generally, acetyl triterpenoids are not reported in sediments or peats. One of the
reasons may be that a widely spread procedure for extract pretreatment prior to gas chromatography/
mass spectroscopy analysis involves acetylation [25], which would mask the naturally occurring
acetyl-derivatives. Among the few records of triterpenyl acetates in sediments, it can be mentioned
those recorded in a peatland topsoil with an acetate group at C-3 and with oleanane, ursane, friedelane,
and isobauerane skeleton [26], and their MeO counterparts that have been recorded in Gramineae [27]
and in turf and related lake sediments [28,29]. Bauerenyl and hopenyl with an acetate group at C-3
have also been recorded in Asteraceae plants [30,31] and hopenyl and lupenyl acetates have been
detected in large amounts in propolis extracted from beehives [32,33]. The present study focuses on
the variation in concentrations of triterpenyl acetates in various peat profiles from the North of Spain
with the aim of establishing the conditions under which natural acetylation might occur in Asturian
Sphagnum peat environments.

2. Experimental

2.1. Description of the Sampling Sites

The mires considered in this study are located in Asturias (North Spain), in the coastal high plains,
which are thought to be erosion surfaces representing ancient coastlines [34]. The studied sites are
Rofianzas (UTM 30 T; 365083; 4803428), La Borbolla (UTM 30 T 365314 4803546), Pendueles (UTM
30 T 368243 4805879), and Buelna (UTM 30 T 369898 4805333), which are located in an area of around
25 km? close to the boundary between Asturias and Cantabria. The peat bogs developed over low
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permeability quartzitic substrates at heights ranging from 134 to 256 m above sea level (masl) in a
strictly continental setting (Figure 1). They have limited areal extent (2-9 ha) and depths ranging
from 56 to 254 cm. The climate in this region is of the Atlantic type with humid temperate winters
and occasional droughts in the summer. The vegetation of the mires is dominated by Sphagnum with
some subordinate herbaceous plants and heather [35]. The studied mires correspond to the Erico
mackaianae-Sphagnetum papillosi association [36] and are of the Cantabro-Atlantic type, according
to the classification proposed by Fernandez Prieto et al. [36] for northern Spain peats. They are
characterized by the presence of bryophytes: Sphagnum (S. papillosum and S. tenellum), Odontoschisma
sphagni, and Aulacomnium palustre, and plants like Erica mackaiana, Erica ciliaris, Drosera rotundifolia,
Molinia caerulea, Potentilla erecta, and Arnica montana subsp. atlantica [37].
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Figure 1. Location of the Rofianzas, La Borbolla, Buelna, and Pendueles mires.

2.2. Analytical Methods

Samples were collected with a manual corer (5 cm diameter, 50 cm length). Once a description
of the profile had been carried out, they were sliced into 1 cm-thick portions within a period of 24 h
after their arrival at the laboratory and then freeze-dried before analysis to prevent alteration of
organic matter. The same freeze-drying procedure was applied to representative peat-forming plants
collected at the sampling sites. The studied plants comprise examples of the most common heather
(Calluna vulgaris, Erica mackaiana), sedge (Carex sp., Eriophorum angustifolium), grass (Molinia caerulea),
rush (Juncus articulatus), fern (Osmunda regalis), and moss (Sphagnum cuspidatum, S. capillifolium,
S. papillosum, S. denticulatum, S. tenellum).

The organic carbon content (Corg) was measured in a LECO CHN-2000 instrument to determine
the quantities of individual compounds in the extracts normalized to the bulk organic carbon in
the samples. Ashing at a moderate temperature (600 °C) was applied to estimate the amount of
mineral matter throughout the profile. Accelerator mass spectrometry 4C dating was carried out
by Beta-analytic in Miami and CNA in Seville to determine the age of up to 28 samples taken from
the various profiles. The numerical data including calibrated and uncalibrated figures are published



Quaternary 2019, 2, 30 4 of 26

elsewhere [23,38] and will not be tabulated here, although the mid value of the 20 interval is included
in Figure 2.
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Figure 2. Lithology of the peat profiles with indications of depth and age and the ash content.

For the organic geochemical analysis, fresh plants and peat samples were ultrasonically extracted
for 1 h in a mixture (3/1) of dichloromethane (DCM)/methanol (MeOH) at a sample/solvent ratio of 1:20.
The solutions were filtered and the solvent removed by means of a rotary evaporator followed by drying
under a N flow. The total and underivatized extracts were analyzed by gas chromatography-mass
spectrometry (GC-MS) using an Agilent 7890A gas chromatograph attached to an Agilent 5975C mass
spectrometer. The GC was equipped with a HP-5 GC column (30 m X 320 pm x 0.25 um) using He
as carrier gas and with an oven temperature program raising from 35 to 300 °C (held for 15 min)
at 3 °C min~!. The internal standard was dgg-n-tricosane. Some triterpenoids were identified by
comparing them with authentic standards (x-amyrenone, x-amyrin, 3-amyrenone, 3-amyrin, and
lup-20(29)-en-33-ol). The standards of triterpenyl acetates were prepared in the laboratory by mixing
520 pL of the corresponding alcohol for a-amyrin and f-amyrin and 770 pug for lup-20(29)-en-33-ol with
200 pL of pyridine and 200 pL acetic anhydride in an injection vial. After 90 min the triterpenols were
completely transformed into triterpenyl acetates. Then, 1 pL of the mixture was diluted with 400 pL
of dichloromethane for injection into the GC-MS spectrometer. Other compounds were identified
on the basis of their mass spectra and their retention times by comparing them with mass spectra
published in the literature and library spectra. Integration was performed using the suitable m/z mass
chromatograms and the results were converted to the total ion current (TIC) integration data using a
rate calculated from the standard of each compound.

Selected peat extracts, with a particularly high abundance of some triterpenoids, were submitted
to §13C compound specific isotope analysis (CSIA) at the Stable Isotope Laboratory of the Department
of Applied Geosciences and Geophysics at the University of Leoben (Austria). These samples were
fractionated prior to CSIA using column chromatography. Extracts (5 mg) were separated in a
column packed with silica gel 60 into four fractions according to their polarity: Aliphatic (eluted with
4 mL n-hexane), aromatic (4 mL n-hexane/DCM 9:1), ester (4 mL DCM), and polar (4 mL MeOH).
A GC-C-IRMS instrument was used for this CSIA analyses. The mass spectrometer was a Thermo
Fisher Delta V mass spectrometer connected to an Ultra series gas chromatograph, fitted with a similar
column to that of GC-MS. The GC oven temperature program, injection conditions and carrier gas flow
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were also the same as those used for the GC-MS analyses. The standard was an external mixture of
n-Cy5, n-Cyg, and n-Cps and the values are reported relative to Pee Dee Belemnite (PDB).

3. Results

3.1. Description of the Profiles

All the profiles have distinct intervals very rich in organic matter, indicating periods of
accumulation under an ombrothrophic regime (Figure 2). Rofianzas and La Borbolla can be classified
as raised bogs, whereas Pendueles and Buelna fit in the definition of a blanket bog [23,38]. Generally,
the profiles start at the bottom with an interval of light-grey limolite with ash percentages typically
over 80%. In the case of the Rofianzas and La Borbolla profiles, the sharp decrease in mineral matter
led to the instauration of ombrothrophic conditions of peat accumulation with mineral matter contents
of below 10% (Figure 2). The amount of mineral matter in the two raised bogs varies within narrow
limits for most of the section. The Buelna profile also shows a decrease in mineral matter content
at a depth of 60 cm, although in this case the mineral matter content of the peaty part of the profile
is generally higher (ca. 20%), reaching 40% at specific intervals. In Pendueles, with a peat profile
that developed on a slope, the mineral matter content of the profile is generally higher and only in
the topmost 50 cm is the mineral matter content less than 25%. The intervals, rich in organic matter,
are dominated by reddish bryophytic peat.

The age of the samples (Figure 2) indicates that Buelna and La Borbolla have condensed profiles
in which 87 and 56 cm of sediment, respectively, accumulated over a period of around 10,000 cal. yr BP
(Before Present), whereas the Rofianzas profile extends for 254 cm over 5700 cal. yr BP and Pendueles
profile extends for 145 cm over 3500 cal. yr BP.

3.2. Triterpenoids in the Major Peat-Forming Plants in the Region

The extracts of the major plants contributing to the peats in the studied sites were analyzed to
identify the triterpenoid derivatives that could be the source of these compounds in the peat extracts.
Higher plant triterpenoids derive from the enzymatic cyclization of 2,3-oxidosqualene present in plants,
giving rise to different structures with an oxygenated functionality in position C-3 [39]. Those with
lupane, ursane, and oleanane skeletons are generally considered as markers for angiosperms [40-45].
More specifically, both f-amyrin and x-amyrin have been found in the roots of Erica tetralix and in
the leaves of Calluna vulgaris and in both cases the former was less abundant than the latter [46].
Higher plants have shown to synthesize not only alcohols but also friedelan-3-one and lupen-3-one
and both may be transformed into lupan-3-one by biological and biochemical reduction [47], although
lupenone may also derive from the corresponding lupenol. Other less widespread triterpenoids,
such as D:C-Friedours-7-en-3-ol acetate, has recently been reported in significant amounts in the
catchment area of Lake Aydat in the French Massif Central and it has been claimed to originate from
Asteraceae [31]. Peat-forming plants as a source of molecular markers have been studied in various
locations [31,48] and also in Ronanzas, but with the focus on n-alkanes and n-alkan-2-ones [49].

Table 1 shows the abundance of triterpenoids and steroids in the fresh plants collected for this
study. The assemblages are dominated by alcohol derivatives, whereas ketone and acetates are found,
if present, in significant lower amounts. Stigmasterol was found to be the dominant compound in
Sphagnum sp., which predominated over other steroid compounds with lower specificity. Triterpenoids
with ursane, oleanane, and lupane skeletons were detected in most of the species with the largest
concentrations being found in Ericaceae, where ursanoids predominated over oleanoids. C. vulgaris
contained as major compounds x-amyrin and (3-amyrin, the corresponding ketones were absent and
the acetates were present in amounts 6 to 12 times lower than those of the alcohols (Table 1). Friedelin
was the ketone derivative identified in this fresh plant.
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Table 1. Concentrations of triterpenoid and steroid derivatives (ug/g) in the Roflanzas peat-forming plants.

Compound C.Vulgaris  E.Mackaiana M. Caerulea S. Cuspidatum S. Denticulatum  S. Papillosum  S. Tenellum
Ergost-5-en-3(3-ol (Campesterol) 0.09 69.70 0.39 0.53 0.51
Stigmast-5, 22-en-33-ol (Stigmasterol) 177.56 6.41 3.49 1.49
y-Sitosterol (Stigmast-5-en-33-ol) 1.12 18.49 0.79 0.30 0.22
Ergost-4-en-3-one 0.08 0.28
5a-Stigmastanone 0.10
24-Ftil-cholestan-3, 5-dien-7-one 0.06 0.70 0.07
Stigmast-4-en-3-one 5.18 1.24 0.42 0.22
B-Amyrin 55.65 110.41 4.07 0.14 2.80 0.45
-Amyrenone (olean-12-en-3-one) 0.13
-Amyrin Acetate (olean-12-en-3b-ol Acetate) 4.64 1.49 0.22
a-Amyrin 135.30 233.82 9.00 6.29 1.35
ax-Amyrenone (urs-12-en-3-one) 1.82 0.63 0.22
a-Amyrin Acetate (Urs-12-en-3b-ol Acetate) 9.12 8.60 0.23
Friedelin (D:A-Friedooleanan-3-one) 0.68
Lup-20 (29)-en-3-one 0.16 0.01 0.08 0.02
Lup-20(29)-en-33-0l Acetate 6.42
hop-22 (29) en-3-ol 0.07

hop-22 (29) en-3-one 0.04
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In the case of Erica mackaiana, an endemic species from the north of Spain, the major triterpenoids
were x-amyrin, lupeol, and -amyrin, while their acetates were present in amounts that were between
50 and 100 times lower. Low concentrations of hop-22(29)-en-3[3-ol were present in both species. These
results agree with those from Bargerveen peat profile and the Ericaceae plants at the site [48]. No higher
plants triterpenoids were detected in Molinia caerulea. In general, the alcohol derivatives predominated
over ketone and acetates in the fresh plants, whereas in the peats of the region alcohols were restricted
to the upper layers [23]. Low amounts of hopanoids functionalized in C-3 have been observed in these
plants, apparently having a low specificity.

3.3. Higher Plant Triterpenoids in the Peat Extracts

The relative abundance of the various higher plant triterpenoid families and the type of derivative
(ketone, acetate) will be presented in this section in order to establish their distribution in the different
peat profiles. Compounds belonging to similar families to those identified in the fresh plants were
identified in the peat extracts as shown in the higher retention time sections of the total ion current
(TIC) chromatograms of selected extracts from Rofianzas (as an example, TIC traces of samples R39 and
R163 are shown in Figure 3). The higher plant triterpenoids found in Rofianzas profile are generally
functionalized at the C-3 position with ketone or acetyl groups (Table 2). Among these compounds,
lupane derivatives are generally the most abundant ones and are represented by lupan-3-one (ranging
from 0.5 to 78 pg/g Corg) and lup-20(29)-en-33-ol acetate (ranging from 0.5 to 127.5 ug/g Corg).

Hop-17(21)-en-3B-ol acetate

R39
Hop-17(21)-en-3-one o-Amyrin acetate
Cai0p (Urs-12-en-3B-ol acetate)
Hop-22(29)-en-3-one +
Lup-20(29)-en-3B-ol acetate
/:riedelin
Kar Friedelinol acetate
c31 J
Cao
a—Amyrinone i
R163 (Urs-12-en-3-one) B-Amyrin o—Amyrin acetate
) acetate (Urs-12-en-3p-ol acetate)
p-Amyrinone | (Olean-12-en-3p-ol +
(Olean-12-en-3-one) acetate

Lup-20(29)-en-3B-ol acetate

/

Friedelin

C
i Lupan-3-one
Csiap

76 78 80 82 84 86 88 90

Friedelinol acetate

Figure 3. Total Ion Current (TIC) chromatographic traces of two selected samples from the upper and
lower part of the Rofianzas profile at 39 and 163 cm (R39 and R163) in the high retention time (tr) region
where triterpenoid acetates appear. In the chromatogram are also identified some of the n-alkanes (Cy)
and the C3; a3 R-Homohopane (C3; «f3 R).

Ursanoids are represented by x-amyrenone and D:C-friedours-7-en-3-one and their acetyl
derivatives in the peat extracts. The abundances of ax-amyrenone (0.3 to 27 nug/g Corg) and its acetate
(0.1 to 23.5 pg/g Corg), being of similar order of magnitude (Table 2).

Oleanoids and friedelanoids are represented in the Rofianzas profile by 3-amyrenone (0.1 to 27 ug/g
Corg), friedelin (0.4 to 84 ug/g Corg), and their acetyl derivatives. The 3-amyrin acetate concentrations
(0.3 to 43 pg/g Corg) are nearly twice as large as those of 3-amyrenone (Table 2), whereas the opposite
occurs for friedelanyl acetate throughout most of the profile (0.2 to 42 ng/g Corg). Contrarily to the
fresh plants, the oleanane-derivatives predominate over ursane-derivatives in Rofianzas peat (Tables 1
and 2), a characteristic known to be shared by other bogs and fens in the region [21-23,50].
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Table 2. Concentrations of triterpenoid derivatives (ug/g Corg) in the Rofianzas profile.
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Table 2. Cont.
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157 36.8 0.6 15.7 28.7 23.0 23.1 12.1 11.3 53.7 127.4
163 23.0 0.3 9.0 147 15.5 134 8.3 7.7 25.2 68.6
167 88.3 0.6 26.7 31.3 35.7 24.3 24.8 9.4 779 97.1
173 80.2 0.8 3.2 2.6 4.5 3.5 2.3 0.8 7.6 7.1
177 419 0.9 15.6 22.8 17.1 16.4 14.6 111 38.1 69.1
183 33.9 0.2 8.4 4.6 38.2 3.3 2.9 1.7 9.4 18.5
187 30.8 0.1 2.0 1.0 3.3 0.7 0.8 0.2 2.8 39
193 41.7 0.2 7.3 11.5 6.7 15.3 8.8 6.4 222 36.6
197 704 0.4 7.1 5.3 10.6 5.8 44 1.5 23.6 28.5
203 114.1 26.0 43.3 32.7 422 26.9 23.5 67.6 117.2 4.1
207 21.9 0.3 2.0 24 2.6 2.3 1.5 0.7 47 6.6 14
213 10.9 0.3 0.6 0.3 1.1 0.6 0.4 0.1 1.5 1.0
217 7.0 0.3 0.6 0.5 0.6 04
223 34.8 0.3 0.6 1.2 0.3 12.4
227 20.2 0.3 0.8 1.0 0.8 0.9 0.4 1.6 3.2 14 15.2
233 12.3 0.2 0.3 0.2 0.4 0.5 0.8 9.4

237 3.1 0.3 0.2 1.3 0.4 0.2 0.3 2.0 0.5 1.4 3.3 12.2
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In the Rofianzas profile D:C-Friedours-7-en-3-one (bauerenone) and D:C-Friedours-7-en-3{3-ol
acetate (bauerenyl acetate) are both detected in two distinct intervals (at a depth of 70-90 cm for the
highest concentrations, and below 200 cm). In addition, the acetyl derivative is also present in the
upper 20 cm. Whereas Bauerenone reaches a maximum concentration of 8 ng/g Corg, the bauerenyl
acetate goes up to 113 ug/g Corg (Table 2). The restricted distribution of this compound family in the
Ronanzas profile compared to other higher plant triterpenoids could indicate a more specific source.
Both Asteraceae tubuliflorae and Asteraceae liguliflorae pollen have been reported in this profile at distinct
intervals [51], which could be the source of bauerenyl derivatives according to Lavrieux et al. [31].

The variations in the concentration of the higher plants triterpenoids (lupanoids, ursanoids,
or oleanoids) in the Rofianzas profile show remarkable similarities regardless of the structure of
the compound and the type of derivative (Table 2). It can be seen that most of them accumulate
preferentially in the lower half of the profile (below 120 cm) and show maxima at 120-130, 140-170,
175-185, 195-205 cm (Figure 4). These intervals, with the exception of the first one, correspond to dry
periods identified for this bog on the basis of the n-alkane ratios [23,24,52,53]. The 120-130 cm interval,
where there is a moderate increase in higher plant triterpenoids, corresponds to a transition zone
between vegetation with an abundance of woody plants and vegetation dominated by Sphagnum, and
it coincides with high values of humidity proxies [23,52]. In the upper part of the profile, higher plant
triterpenoids are generally found in lower concentrations suggesting a lower input of woody plants
to the peat. Only friedelin is present in high concentrations at specific intervals (depths of 35-45 cm
and 85-100 cm) within this section and also D:C-fridours-7-en-33-ol acetate is concentrated at around
80 cm.

Ketones Acetates
uglgcorg pg/gcorg

Depth 0 30 60 90 0 40 80 120
(cm) 0 4 . .

40

80 &

120 &

160

200 "=

240 ®
— e a-Amyrinone —a— a-Amyrin acetate
—a— B-Amyrinone —4+— PB-Amyrin acetate
—o Friedelin s Friedelinol acetate
—+— Lupan-3-one —o— Lup-(20)29-en-3p-ol acetate
_x Bauerenone _x— Bauerenyl acetate

Figure 4. Variation of the concentration of higher plant triterpenoid ketones and acetates in the
Ronanzas profile (ug/g Corg).

Similar higher plant triterpenoids to those quantified in Rofianzas are also quantified in the
Buelna, La Borbolla, and Pendueles profiles. Both the oleanane and ursane derivatives generally tend
to concentrate at specific intervals in the different profiles (Figure 5), whereas the bauerane, lupane,
and friedelane derivatives exhibit different concentration patterns. The concentration of friedelin in
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La Borbolla (0.3 to 114 ug/g Corg) is significantly higher than that of the other ketones (0.1 to 6 ug/g
Corg). The differences are smaller in Buelna (0.5-11.2 vs. <2.6 ug/g Corg), where also lupan-3-one
show higher concentrations than both - and 3-amyrenone (Table 3). In the Pendueles profile, both
lupan-3-one and friedelin have uneven concentration patterns and predominate over other ketones,
the former being the most abundant one. Lupenol acetate could not be quantified in this profile due to
its co-elution with hop-17(21)-en-3$3-ol acetate. Bauerenyl acetate is present throughout the Buelna,
La Borbolla, and Pendueles profiles in significant concentrations (Table 3), whereas in Roflanzas it is
restricted to specific intervals. Common features to all the profiles are that friedelin and lupan-3-one
are generally more abundant than «-amyrenone and 3-amyrenone, and that oleanoid concentrations
are slightly higher than those of ursanoids (Table 3, Figure 5). Generally, higher plant triterpenoid
concentrations are lower in the Buelna and Pendueles profiles and higher in the Rofianzas profile
(Figures 4 and 5, Tables 2 and 3).

LA BORBOLLA BUELNA PENDUELES
Depth Ketones Acetates Ketones Acetates Ketones Acetates
(cm) Pglgcorg Pg/gcorg ”glgcorg ”glgcorg uglgcorg ”glgcorg
0 20 40 60 0 20 40 60 0O 3 6 9 12 0 20 40 60 0o 3 6 9 12 0 8 16 24 32
0 4 04 -

—

20
20 ke
30

40

—

>

40

s sa

60

—— a-Amyrinone —s=— 0-Amyrin acetate

—— B-Amyrinone —s— B-Amyrin acetate

—— Friedelin —— Friedelinol acetate

—— Lupan-3-one —— Lup-(20)29-en-3B-ol acetate
—x Bauerenone —x Bauerenyl acetate

Figure 5. Variation of the concentration of higher plant triterpenoid ketones and acetates in the Buelna,
La Borbolla, and Pendueles profiles (ug/g Corg).
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Table 3. Concentrations of triterpenoid derivatives (ug/g Corg) in the Buelna, La Borbolla, and Pendueles profiles.
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¥ &f 3 LE % LF EE 25f 3§ $37 $% 23 S5 FE §r E3%

J & = T < = T< a8 @< Fg Ege s s2< B [

BUELNA
7.5 9.6 0.7 4.6 5.5 2.2 0.8 0.7 3.1
16 134 1.6 20.0 12.2 34 1.2 0.3 2.3 1.8 0.4 04 1.6 45 0.2 12.9
20 124 1.7 20.6 12.6 2.8 0.9 0.5 5.0 0.7 0.5 04 1.1 0.6 0.5 23.6
24 3.3 1.3 49 24 1.1 0.3 0.3 2.5 0.4 0.2 0.3 1.0 0.3 0.5 224
28 0.6 0.9 0.4 0.1 0.0 0.6 5.1 0.3 0.2 2.2 0.2 52
32 0.3 0.6 0.5 2.3 0.1 0.2 2.6 0.4 13.3
36 0.1 0.2 0.1 0.1 0.6 0.1 0.0 0.2 0.6 0.1 0.3 18.4
40 0.3 0.6 0.5 0.1 9.2 0.1 0.4 1.9 0.7 48.8
44 0.1 0.2 0.1 0.1 0.4 0.1 0.0 0.2 0.5 0.1 0.2 20.9
48 0.6 0.7 0.3 0.1 5.0 0.1 0.5 1.0 0.3 0.5 54.6
52 0.2 0.7 0.2 0.2 0.5 0.1 0.4 0.9 0.3 0.4 46.0
56 6.3 0.7 0.3 0.1 1.0 0.1 0.6 1.2 0.7 75.8
60 3.0 2.0 0.4 0.6 1.0 1.2 0.1 1.1 2.0 0.8 1.2 1054
62 0.5 0.3 0.1 0.3 0.3 0.1 7.1
64 1.4 1.0 0.2 0.0 2.0 04 0.9 0.2 10.3
68 0.6 0.7 0.4 0.0 11.2 1.7 1.1 0.1 1.6
LABORBOLLA

35 16.8 2.5 26.0 19.1 2.7 1.4 0.9 0.3 13.5 1.8 0.9 0.4 0.9 3.8 0.2 79
8 31.5 9.7 45.5 31.3 12.8 4.0 3.8 1.0 114.2 10.7 2.3 25 4.2 16.0 14 50.6
12 10.2 8.3 108.2 38.8 23.5 8.8 1.2 39.0 1.5 0.5 0.5 2.0 5.6 54.9
16 9.5 7.1 50.9 22.0 10.7 2.1 0.5 54.0 2.2 0.9 0.5 1.4 0.7 27.5
20 19.0 3.0 8.0 4.8 2.5 0.9 1.1 5.0 26.6 74 1.3 1.9 4.5 23.3 0.7 18.7
22 4.2 5.8 0.5 0.3 0.7 0.1 4.2 0.9 0.4 2.3 0.7 17.6
24 2.3 17.1 1.1 8.8 1.8 1.0 5.5 44 81.3
26 4.0 5.6 0.9 3.1 1.1 0.5 0.9 5.5 41.2
28 41 31 0.1 0.9 0.2 34 20.2
32 1.5 1.9 0.3 04 0.2 1.8 32.7
34 1.0 1.1 0.1 0.5 0.7 0.3 0.2 62.9
36 2.1 2.2 1.0 0.8 3.1 45.6

12 of 26
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Table 3. Cont.
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PENDUELES
5 0.3 0.2 0.6 0.0 1.5
15 04 1.2 0.5 0.2 6.3
21 2.8 1.0 1.4 0.3 1.2 0.4
25 4.1 2.1 1.0
29 3.1 54 3.1 1.7 52 1.4 0.2
33 4.3 29 13.4 4.5 8.7 1.6 0.0 0.5
37 6.2 3.3 2.7 1.8 0.1 1.8 0.3 0.5
41 0.1 74 5.3 1.8 11 0.3 1.1 0.1 0.7
45 0.5 6.1 2.1 2.7 0.1 2.7 2.3
49 14.9 1.7 7.1 5.0 31.6 8.3 0.6 0.3 55 0.2 11.0
53 21.3 3.9 16.4 49.3 9.1 1.6 0.9 0.3 4.7 0.3 15.0
57 13.2 3.1 21.6 11.9 23.5 6.4 1.5 0.3 0.4 9.6 0.5 26.4
61 5.8 4.5 8.1 6.2 11.2 42 0.5 0.3 0.5 10.4 0.6 29.5
65 2.3 29 115 3.9 12 3.2 0.5 0.2 10.4 0.2 7.3
69 1.1 2.6 7.2 55 5.7 2.3 0.5 0.1 0.2 8.8 0.3 13.4
73 1.8 2.3 10.7 4.6 6.8 2.2 0.6 0.3 0.2 9.8 0.1 4.8
77 3.8 2.2 4.7 3.9 10.4 2.5 0.3 1.3 0.2 9.7 1.2
81 11.2 1.8 4.1 24 2.5 0.7 0.7 54 0.3 12.2 2.3
85 3.6 0.9 1.6 1.3 0.3 0.6 1.0 0.2 10.1 1.3
89 4.4 0.6 0.3 0.9 1.1 0.6 0.1 12.6 0.1 2.8
93 4.3 0.4 12.3 16.1 1.9 0.9 0.9 1.9 0.8 1.2 13.9 0.1 2.0
97 4.1 0.7 7.9 2.6 1.7 0.3 1.2 3.5 1.6 0.7 13.2 0.1 2.1
101 3.7 0.8 4.0 0.6 39 0.6 14 3.9 0.8 0.3 11.2 0.2 3.3
105 1.3 0.7 2.1 7.0 0.6 1.5 9.5 0.7 0.3 6.6 0.1 1.8
109 0.4 0.3 0.2 0.6 0.2 0.8 4.3 0.3 0.9 4.1 0.3 39
113 0.2 0.3 0.1 0.4 0.0 2.9 0.2 0.9 2.2 35
117 0.3 0.7 29 0.2 1.6 4.0 0.5 6.8
121 0.3 0.5 0.5 0.3 0.7 4.6 0.8 1.7 34 0.5 6.3
125 0.1 0.1 0.3 1.8 0.2 0.2 0.9 0.8 0.2 2.0
129 04 0.3 1.5 0.1 6.1 0.9 2.3 2.5

133 0.3 0.3 0.2 0.4 0.9 0.3 0.3 0.9
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3.4. Hopanoid Derivatives in the Peat Extracts

Hopanoids are pentacyclic triterpenoids produced by a wide range of bacteria [54] and by a handful
of lichens and plants where they modulate the fluidity and permeability of membranes [55]. The
relative abundance of the various hopanoids families, the type of derivative (ketone, acetate), and the
relation to higher plant triterpenoids will be presented and discussed in this section. Compounds
belonging to similar families to those identified in the fresh plants were identified in the peat
extracts as shown in Figure 6. The regular hopane structure, commonly associate to bacterial source,
is formed by the cyclization of the branched terpenoid hydrocarbon squalene. These compounds
have a biological configuration 173, 213(H)-hopanoid, which is transformed into the more stable 17«,
213 (H)-hopanoid [56] with increasing thermal maturity as occurs in old sediments. The biological
configurations are expected to dominate in recent peat sediments, although dominance of the homopane
C3; a3 Ris frequently reported. Explanations for the source of thermally stable hopanoid configurations
in peat comprise microbially mediated synthesis, a phenomenon which frequently occurs in decaying
organic matter [57], direct input of bacterial biomass—after the finding of the stable a3 configuration
in typical soil bacteria such as Frankia spp. [58]—and acid-catalyzed degradation [59,60]. The latter was
recently confirmed by the statistically significant correlation of C3; hopane isomerisation ratio with
pH [61]. Also, simple Csy biohopanoids such as diploptene (hop-22(29)-ene) are commonly reported in
peats, where it is thought to be directly inherited from living or recently decayed microorganisms [60].
In addition to bacterial sources, diploptene has also been reported to occur in some ferns [62] and in
mosses [63], including some common peat-forming species such as Polytrichum commune and Hypnum
revolutum [64].

R39 m/z 191 Csof R
Csap S
22,29,30-Trisnorhopan-21-one
22,29,30-Trisnorhop-17(21)-ene (C,7)
CoB
& CaiPB
R163 m/z 191 Cardf R
Cs0B8 S
22,29,30-Trisnorhopan-21-one
22,29,30-Trisnorhop-17(21)-ene (C,7)
Ca4pp
CoB AJ /
76 78 84 86 88

tr

Figure 6. m/z 191 traces of two selected samples from the upper and lower part of the Rofianzas profile
at 39 and 163 cm (R39 and R163) in the high retention time where hopanoids appear.

The presence of an oxygenated functionality at C-3 in hopanoids is not a common phenomenon [65],
and when it occurs, it is usually associated with a plant origin [66,67], where oxidosqualene,
instead of squalene, is the biosynthetic precursor [68]. Among the reports of a plant origin for
3-oxyhopanoids is that of 22-Hydroxihopan-3-one, which has been detected in dammar resin and it
is transformed through dehydration in either hop-21(22)-en-3-one or hop-22(29)-en-3-one, possibly
yielding hop-17(21)-en-3-one through isomerization in an acidic environment [66]. Hopen-3-ones,
including hop-17(21)- and/or -22(29)- have been found in leaves of Euphorbia lathyris [69] in Maprounea
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guianensis from Brazil [70], in Gentianaceae family plants in China [71], in the Quercus species in Hong
Kong [72,73], and in peatland topsoil in a French bog study [26]. The methyl ether derivative of the
hopanoid -22(29)- has been isolated from the epicuticular waxes of a graminea -Chionochloa- [74] while
its acetyl derivative has been isolated from a Vietnamese Asteraceae plant [30].

The m/z 191 mass chromatograms for samples R39 and R163 are shown in Figure 6, where regular
hopanes from Cyy to Cs; (except Cpg) can be appreciated corresponding to the « and 3 configurations
at positions C-17 and C-21, respectively. The most prominent peak of the regular hopanes is the
homopane C3;«f3 R (Figure 6).

All the studied peat profiles contain diploptene (not quantifiable due to co-elution with taraxerone),
hop-22(29)-en-3-one and its corresponding acetate. It also contains hop-17(21)-ene, hop-17(21)-en-3-one
and its acetate. The 3-oxyhopanoids are particularly abundant in the upper part of the profiles
(Figures 7 and 8), with exception of Pendueles profile where these compounds extend to deeper layers.
In both configurations, ketone predominates over the acetate derivative (Tables 2 and 3). Of the regular
hopanoids, the 17(H), 213(H)-homohopane R (C3; ¢ R hopane) is present throughout the Rofianzas
profile (ranging from 0.6 to 420 ug/g Corg), maximizing in the 30-80 cm interval (Figure 7 and Table 2).
The concentrations of C3; 3 R hopane in La Borbolla and Buelna profiles (ranging from 1.0 to 31.5 ug/g
Corg and 0.1 to 13.4 ng/g Corg, respectively) reach their maximum in the uppermost 20 cm, whereas in
Pendueles profile this hopanoid (ranging from 0.1 to 21.3 ng/g Corg) maximize at the interval 50-60 cm
and around the centimeter 80 (Figure 8 and Table 3). Hopanones with oxygenated functionality in
position C-21 and C-22 can also be appreciated. The distribution of 22, 29, 30-trisnorhopan-21-one
(ranging from 0.1 to 72 pg/g Corg) is different to that of the other hopanoids and is only found in
significant amounts in the 15-40 cm interval in Rofianzas profile (Figure 7 and Table 2). The distribution
of this trisnorhopanone is also different to the other hopanoids for La Borbolla, Buelna and Pendueles
profiles (Figure 8 and Table 3) and its concentration is lower than in Rofianzas profile (ranging from 1.1
to 17.1 ug/g Corg, from 0.2 to 2 pg/g Corg and from 0.1 to 7.4 ug/g Corg, respectively).

Regular hopanoids 3-Oxyhopanoids

”g/gcorg uglgcorg
Depth 0 90 180 270 360 0 40 80 120
(cm) 0
-
40 3 ‘_,‘Eg —
=
) e
80 1 :;—
A=
g .
120 i}
C
:{_D
160 {7
?,/“1
i’v
200 * e~
'
g
=]
240 ¥

—s— Hop-17(21)-en-3-one
+— 17a(H), 21p(H) Homohopane R —— Hop-17(21)-en-3p-ol acetate
—s— 22,29,30-Trisnorhopan-21-one ~ —*— Hop-22(29)-en-3-one
—e— Hop-22(29)-en-3p-ol acetate
Figure 7. Variation of the concentration of regular and 3-oxyhopanoid derivatives in the Rofianzas
profile (ug/g Corg).
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LA BORBOLLA BUELNA PENDUELES
Regular hopanoids  3-Oxyhopanoids Regular hopanoids 3-Oxyhopanoids Regular hopanoids 3-Oxyhopanoids
uglgcorg pglgcorg P«glgcorg uglgcorg p’g/gcorg p«glgcorg
Depth o 10 20 30 40 o 40 80 120 0 4 8 12 16 0 6 12 18 24 0 6 12 18 24 0 12 24 36 48
em) 4 0 4 0
N
10 N, I
20 /_/,"

20 ' 35
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40 ‘ 70 ¢

—=— Hop-17(21)-en-3-one ~
—=— 17a(H), 21p(H) Homohopane R —«— Hop-17(21)-en-3p-ol acetate o //

—+— 22,29,30-Trisnorhopan-21-one  —*— Hop-22(29)-en-3-one
—— Hop-22(29)-en-3p-ol acetate

105 4

140

Figure 8. Variation of the concentration of regular and 3-oxyhopanoid derivatives in the Buelna,
La Borbolla, and Pendueles profiles (ug/g Corg).

3.5. 613C Values of Specific Hydrocarbons

The stable carbon isotopic composition (5!C) of triterpenoids can provide insights into the origin of
these compounds. In modern peat-forming environments, the §'3C values of extended regular hopanes
are enriched by around 6%o compared to long chain n-alkanes derived from higher plants [75,76].
As such, they have been attributed to heterotroph organisms, which were consuming '*C-enriched
carbohydrates [77]. This difference is greater than the one between cyclic triterpenoid compounds and
linear n-alkane from the same source, which has been established on 2.5%o in average [78]. Also records
of lower §'3C values in C,; to C3y hopanes/hopenes have been found in peat and attributed to mixed
bacterial sources consuming both '3C-enriched carbohydrates and *C-depleted, methane-derived
CO, [79,80]. Therefore, the §'3C signature will support either a bacterial or higher plant source for the
studied triterpenoids.

Table 4 provides the average 5!3C values of some of the families of compounds in the different
profiles. The 8'3C values of n-alkanes and n-alkan-2-ones are also shown as a reference, in addition
to the triterpenoids discussed in this work. The values of the odd n-alkanes thought to derive from
higher plants (n-Cy7-n-Cs1) or Sphagnum (n-Cp3 and n-Cps) are similar and the average values range
from —32.6%o0 to —33.4%o0. These values are also similar to those reported for n-alkane in other peat
extracts [76,81-83]. The 5!3C values of the lupanoid, ursanoid, oleanoid, and friedelinoid compounds
range between —29.5%o0 and —31.9%o (Table 4) with average values of —30.6%o0 and with lupanoids
presenting the most enriched values.
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Table 4. Average §'3C values (%o) of some compound families in the different peat profiles with the
corresponding standard deviations (o).

Title Rofianzas Pendueles Buelna La Borbolla
n-Alkanes -32.9 -33.0 -33.4 -32.6
o n-Alkanes 0.5 0.6 1.0 0.5
n-Alkan-2-ones -29.5 -30.3 -31.5 -31.2
o n-Alkan-2-ones 0.4 0.6 0.6 0.3
Hopanoids -25.9 —-27.2 -27.9 -27.5
o Hopanoids 0.5 1.1 1.0 0.4
Higher Plants -30.7 -31.3 322 -323
Triterpenoids
o Higher Plants 24 12 1.0 0.8
Triterpenoids

In the present study, the scarce data available for acetates and their corresponding ketones indicate
similar & 13C values for both types of compound (Table 5). The D:C Friedours 7 en 3 ol acetate and its
isomer show & 13C depleted values (—32.4%o) compared to those of other higher plant triterpenoids
and they are similar in all the five samples analyzed.

As expected, enriched 6 13C values were obtained for hopanoids (—25.9%o to —28.4%0) compared
with higher plant triterpenoids (Table 4). They are also more enriched than those of n-alkan-2-ones
(—29.5%o0 to —31.2%o), for which a bacterial origin has been suggested by Lopez-Dias et al. [82] on
the basis of the difference between the & 13C values of n-alkane and n-alkan-2-ones. In addition,
the values are similar for C3y hopanoids with an oxygenated functionality in position C-3 and regular
extended hopanoids (Table 5), and also similar to those previously reported for microorganism-derived
compounds in soils [84,85]. The enriched & '3C values of the hopane derivatives compared to those
of the higher plant triterpenoids support their microbial source, even if they have an oxygenated
functionality in position C-3. Other potential sources for hopanoids, such as methanotrophs, which
have been described as Sphagnum symbionts, are not supported by the enriched & '3C signature [79,86].
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Table 5. § 13C values (%o) of some higher plant triterpenoids and hopanoid derivatives in the peat samples (R = Rofianzas; PE = Pendueles; B = La Borbolla; and

BU = Buelna).
Compound R33 R93 R123 R127 R163 R203 R233 PE25 PE53 PE77 PE105 PE121 B216 B228 BU120 BU132 BU160
Olean-12-en-33-ol acetate -30.6
Urs-12-en-33-ol acetate -30.8
Lup-20(29)-en-3(3-ol acetate -30.4
Lupan-3-one -29.8 -30.0 -30.3 -298 -29.6 -30.6
Friedelinol -30.9
Friedelin -321 -31.8 =315 -30.9 -31.9
Friedelinol acetate -29.5 -30.1
Bauer-7-en-3-one -314
Bauer-7-en-3[3-ol acetate -32.3 -322 -33.1 -32.6 -33.3
Bauerenol acetate isomer -32.9 -31.5 -32.5
3 Cp7 Hopane -281 279 -28.0 276 -26.3
ap C31 Hopane -259 -254 -249 -266 262 257 -260 -258 279 284 263 -272 =274 283
BB C3; Hopane -263 -260 -25.3 -26.3
22,29,30-Trisnorhopan-21-one -27.8 -27.1
Hop-22(29)-ene -26.1
Hop-22(29)-en-3-one -264 262 =277 -274
Hop-17(21)-en-33-ol acetate -26.5 -27.3
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4. Discussion: Relative Abundance of Acetate vs. Ketone Triterpenoids

Acetyl derivatives of molecular markers are rarely reported in sediments. In this section,
the records of these occurrences will be reviewed highlighting the similarities or differences with the
peatlands studied in this work. Of the few recorded cases of the presence of triterpenyl acetates in
sediments, the study of different soils of the Vosges Massif in France [87] deserves special mention
for the similarity of climate conditions in the area. In that case, the presence of naturally occurring
3p-friedelanyl acetate has been reported to be apparently restricted to grasslands. Decayed sycamore
leaves [88] and senescent Acer leaves [89] have been considered the source of 3-amyrin acetate in
Rothamsted Station. A greater variety of triterpenyl acetates has been reported in the catchment area
of the Lake Ayat in the French Massif Central. From these compounds, C3-acetates with bauerane,
taraxastane, swertane, and pichierane skeletons have been unequivocally associated to the Asteraceae
family, while other triterpenyl acetates have been considered to be less specific [31]. A recent study of
peats in central France has also reported a variety of triterpenyl acetates [26]. Olean-12-en-3(3-yl acetate,
D:C-friedo-olean-7-en-33-yl Acetate, Urs-12-en-33-yl acetate, and D:A-friedo-olean-33-yl acetate and
their corresponding ketones are also prominent compounds in this work. The simultaneous detection
of some of the acetates in Calluna vulgaris and in its peat and their absence in other peat-forming plants
led the authors of the French study to consider some triterpenyl acetates as markers for C. vulgaris.
The amounts reported for the French soil were significantly lower than the ones observed in the
Rofianzas profile. Pentacyclic triterpenol derivatives (a- and f-amyrinyl and lupenyl acetates) have also
been detected in in the sediments of the Cross-River system in Nigeria. In this case they were mainly
considered as markers for higher plants that have been preserved due to favorable conditions [90].
Nevertheless, the authors also pointed out that acetyl derivatives may be more frequent than has been
reported for recent sediments, being masked by the derivatization procedure used for the analysis of
acids. Triterpenones can be synthesized by plants and then form saturated ketones via biological or
biochemical oxidation [47], but generally they are considered to derive from oxidation of their alcohol
counterparts [91].

The extraction of Ericaceae fresh peat-forming plants in this study indicated that C. vulgaris
contained as major compounds the alcohol derivatives x-amyrin and (3-amyrin, that the ketones were
absent and that their acetates were present in amounts 6 to 12 times lower than those of the alcohols
(Table 1). A similar situation is observed in the case of Erica mackaiana, where the major triterpenoids
were the alcohols (x-amyrin, lupeol, and 3-amyrin), while their acetates were present in amounts that
were between 50 and 100 times lower. Low concentrations of hop-22(29)-en-33-ol were present in both
species. The absence of alcohol derivatives in the peat (found only in the uppermost samples of some
profiles) and the high amounts of the ketone and acetates led us to postulate that they were probably
formed from alcohols present in the sediments. A common source for both derivatives would be also
supported by their similar § '3C values. The formation of one or another could then depend on the
availability of acetate and/or the redox conditions.

The concentration of triterpenoid acetates in the studied profiles is significant (Tables 2 and 3) and in
many cases, it is within the range of n-alkane and n-alkan-2-one concentrations in the same extracts [82].
A simple plot of the acetate/ketone ratio for each family of compounds allows the predominance of
one or the other derivative for each compound throughout the profiles to be appreciated (Figure 9).
In most of the cases, the acetate/ketone ratios for the 3-oxyhopanoids are below one, indicating the
predominance of ketone. In addition, in all the profiles the ratios for the -17(21)- pair are greater
than for the -22(29)- one, suggesting preference for the formation of the hop-17(21)-en-33-ol acetate.
This is not necessarily related to the relative abundance of the configurations -17(21)- and -22(29)-
in the profiles because it applies to profiles where the -17(21)- configuration is dominant (Rofianzas,
Buelna and La Borbolla) and to the Pendueles profile where the -22(29)- configuration is dominant.
The 3-oxyhopanoids tend to concentrate in the upper part of the profiles and therefore, their acetates
were also concentrated in the same area.
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Figure 9. Variation of the acetate/ketone ratio with age for each family of compounds in the studied
peat profiles.

In the case of higher plant triterpenoids, a different behavior is observed between friedelanoid
derivatives on the one hand and oleananoid, ursanoid, and lupanoid derivatives on the other.
The acetate/ketone ratio is <1 for the friedelanoids in most of the profiles, although the ratio increases
towards the bottom. The acetate/ketone ratios are well over one for ursanoids in the lower part of the
Buelna, Pendueles, and Rofanzas profiles. This ratio is also high for oleanoids in Rofianzas, whereas it
is close to 1 in Buelna. In the case of lupanoids, the acetate/ketone ratio may have a different significance
because it was calculated with the saturated ketone instead of the unsaturated one, which was not
quantifiable due to co-elution in most of the cases. The high acetate/ketone ratios for lupanoids in
the Rofianzas profile, and also at few points in La Borbolla indicate, in any case, the formation of a
significant amount of lupenyl acetate derivatives. The fact that acetyl derivatives are found in large
amounts in the total extracts and that they are not restricted to a single family of compounds but
involve triterpenoids from different sources suggests that the formation of these compounds might be
environmentally related.

The environmental reason could be the presence of acetate in peats, which in turn may reflect the
dominance of hydrogenotrophic methanogenesis in which CO, is reduced by molecular hydrogen
over acetoclastic methanogenesis, where acetate cleavage occurs. The complex process involved in
the production of CHy requires the breakdown of recalcitrant organic carbon into simpler substrates
to be used by methanogens. As the accumulation of humus in litter and soils is favored in colder
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regions such as the boreal forests and peatlands and also the anaerobic degradation by fermenting
bacteria [92], the end products of these processes (acetate, CO, and H;) tend to accumulate at high
latitudes, in cold climates, in acidic conditions, in Sphagnum-dominated peats, and preferentially in the
deeper peat layers [11,13,15]. This is nevertheless not exclusive of these settings because it has also
been reported in some subtropical sediments of Florida Everglades soils [93].

Triterpenyl acetates can be appreciated throughout all the profiles (Tables 2 and 3 and Figure 9),
although they are generally more abundant in the lower part of the profiles (Table 2). A similar result
to that of Cadillo-Quiroz et al. [94], who found that although hydrogenotrophic methanogenesis
can predominate in a bulk peat bog, in the upper part of the profile, with high amounts of roots,
acetoclasctic methanogenesis has significantly higher contribution, lowering the availability of acetate
and the possibility of acetate derivatives formation.

5. Conclusions

A high abundance of acetylated derivatives of pentacyclic triterpenols/hopenols originating
from different precursors (higher plant and bacterial origin) was detected in Sphagnum-rich bogs
of the north of Spain. The similar distribution of the ketone and acetate derivatives of most of the
triterpenoid families in the profiles and their similar § 1*C values of acetate/ketone pair suggests that
both derivatives have a common source. Although a direct input from plants cannot be completely
ruled out for the origin of acetyl-derivatives of triterpenoids in these peats, their similar distribution
for various compounds and the fact it affects compounds from different sources points to a widespread
process for acetyl-derivatives formation. The predominance of acetyl- or keto-triterpenoids might be
related to the excess amount of acetic acid in the medium, and the relative stability of the functionality.
An excess of acetic acid in the environment indicates the predominance of either hydrogenotrophic
methanogenesis or homoacetogenesis over acetoclastic methanogenesis, extending the predominance
of this process to acidic Sphagnum-rich peats in temperate climatic regions. A specific plant input is only
required for bauerenol acetate, for which the Asteraceae family has been suggested in the literature.

The existence of an oxygenated functionality at C-3 apparently favors the formation of acetyl
derivatives, because all the triterpenyls identified have the acetyl group in this position. Among the
higher plant triterpenoids, the formation of acetates appears to be favored in the case of ursanoids and
lupanoids. Within the 3-oxyhopanoid group, the hopenyls with a -17(21)- configuration, typical of
more acidic environments, were generally more abundant than those with a -22(29)- configuration.

The 3-oxyhopanoids, which were very abundant in the upper part of the profiles, have & '3C
values similar to those of regular hopanoids (C3; x3R) of unequivocally prokaryotic origin. Both are
enriched by around 4%o compared to the & 13C values of the lupane, ursane, and oleanane derivatives.
This fact leaves open the question of a prokaryotic origin also for the 3-oxyhopanoids present in
these profiles.

Author Contributions: Conceptualization, A.G.B. and W.P;; Data curation, V.L.-D.; Formal analysis, V.L.-D., and
A.B.; Funding acquisition, A.G.B. and W.P,; Methodology, V.L.-D., A.B., C.G.B. and W.P,; Project administration,
C.G.B. and W.P; Supervision, C.G.B., A.G.B. and W.P.; Writing — original draft, V.L.-D.; Writing — review & editing,
A.G.B.

Funding: Financial support from the Spanish Ministry for Science and Innovation (MICINN) and the
German Academic Exchange Service (DAAD) through a bilateral research project (DE2009-0055) is gratefully
acknowledged. Further economic support was received from projects CGL2009-13990-C02-01 (MICINN) and
CGL2013- 46458-C2-1-R (MINECO) and the LOEWE program (Landes Offensive zur Entwicklung Wissenschaftlich-
okonomischer Exzellenz) of Hesse’s Ministry of Higher Education, Research, and the Arts by funding the
Biodiversity and Climate Research Centre (BiK-F).

Acknowledgments: We are grateful to the environmental office of the Asturian Government (Consejeria de Medio
Ambiente y Medio Rural), for providing permission for sampling. D. Alvarez is thanked for his support in the
field work.

Conflicts of Interest: The authors declare no conflict of interest



Quaternary 2019, 2, 30 22 of 26

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mathews, E.; Fung, I. Methane emissions from natural wetlands: Global distribution, area, and environmental
characteristics of sources. Glob. Biogeochem. Cycles 1987, 1, 61-86. [CrossRef]

Harriss, R.; Bartlett, K.; Frolking, S.; Crill, P. Methane emissions from northern high-latitude wetlands.
In Biogeochemistry of Global Change. Radiatively Active Trace Gases; Oremland, R.S., Ed.; Chapman & Hall: New
York, NY, USA, 1993; pp. 449-486.

Limpens, ].; Berendse, F; Blodau, C.; Canadell, ].G.; Freeman, C.; Holden, J.; Roulet, N.; Rydin, H.;
Schaepman-Strub, G. Peatlands and the carbon cycle: From local processes to global implications—A
synthesis. Biogeosciences 2008, 5, 1475-1491. [CrossRef]

Bridgham, S.D.; Cadillo-Quiroz, H.; Keller, ] K; Zhuang, Q. Methane emissions from wetlands:
Biogeochemical, microbial, and modeling perspectives from local to global scales. Glob. Chang. Biol.
2013, 19, 1325-1346. [CrossRef] [PubMed]

Ye, R,; Jin, Q.; Bohannan, B.; Keller, ].K.; Bridgham, S.D. Homoacetogenesis: A potentially underappreciated
carbon pathway in peatlands. Soil Biol. Biochem. 2014, 68, 385-391. [CrossRef]

Krohn, J.; Lozanovska, I.; Kuzyakov, Y.; Parvin, S.; Dorodnikov, M. CH4 and CO, production below two
contrasting peatland micro-relief forms: An inhibitor and §'3C study. Sci. Total Environ. 2017, 586, 142-151.
[CrossRef] [PubMed]

Jones, J.G.; Simon, B.M. Interaction of acetogens and methanogens in anaerobic fresh water sediments.
Appl. Environ. Microbiol. 1985, 49, 944-948. [PubMed]

Zinder, S.H. Physiological ecology of methanogens. In Methanogenesis. Ecology, Physiology, Biochemistry and
Genetics; Ferry, J.G., Ed.; Chapman & Hall: New York, NY, USA, 1993; pp. 128-206.

Conrad, R. Contribution of hydrogen to methane production and control of hydrogen concentrations in
methanogenic soils and sediments. FEMS Microbiol. Ecol. 1999, 28, 193-202. [CrossRef]

Kotsyurbenko, O.R.; Chin, K.-J.; Glagolev, M.V.; Stubner, S.; Simankova, M.V.; Nozhevnikova, A.N.;
Conrad, R. Acetoclastic and hydrogenotrophic methane production and methanogenic populations in an
acidic West-Siberian peat bog. Environ. Microbiol. 2004, 6, 1159-1173. [CrossRef] [PubMed]

Williams, R.T.; Crawford, R.L. Methane production in Minnesota peatlands. Appl. Environ. Microbiol. 1984,
47,1266-1271.

Nakagama, F; Yoshida, N.; Nojiri, Y.; Makarov, V.N. Production of methane from alasses in Eastern Siberia:
Implications from its '4C and stable isotopic compositions. Glob. Biogeochem. Cycles 2002, 1041, 14-1-14-15.
Chasar, L.S.; Chanton, J.P.; Glaser, P.H.; Siegel, D.L; Rivers, J.S. Radiocarbon and stable carbon isotopic
evidence for transport and transformation of dissolved organic carbon, dissolved inorganic carbon and CHy
in a northern Minnesota peatland. Glob. Biogeochem. Cycles 2000, 14, 1095-1108. [CrossRef]

Duddleston, K.N.; Kinney, M.A.; Kiene, R.P; Hines, M.E. Anaerobic microbial biogeochemistry in a northern
bog: Acetate as a dominant metabolic end product. Glob. Biogeochem. Cycles 2002, 16, 1063. [CrossRef]
Hines, M.E.; Duddleston, K.N.; Rooney-Varga, ].N.; Fields, D.; Chanton, J.P. Uncoupling of acetate degradation
from methane formation in Alaskan wetlands: Connections to vegetation distribution. Glob. Biogeochem.
Cycles 2008, 22, 1-12. [CrossRef]

Horn, M.A.; Matthies, C.; Kiisel, K.; Schramm, A.; Drake, H.L. Hydrogenotrophic Methanogenesis by
Moderately Acid-Tolerant Methanogens of a Methane-Emitting Acidic Peat. Appl. Environ. Microbiol. 2003,
69, 74-83. [CrossRef] [PubMed]

Hines, M.E.; Duddleston, K.N.; Kiene, R.P. Carbon flow to acetate and C; compounds in northern wetlands.
Geophys. Res. Lett. 2001, 28, 4251-4254. [CrossRef]

Shannon, R.D.; White, J.R. The effects of spatial and temporal variations in acetate and sulfate on methane
cycling in two Michigan peatlands. Limnol. Oceaongr. 1996, 41, 435-443. [CrossRef]

Keller, ] K.; Bridgham, S.D. Pathways of anaerobic carbon cycling across an ombrotrophic-minerotrophic
peatland gradient. Limnol. Oceanogr. 2007, 52, 96-107. [CrossRef]

Ye, R.; Jin, Q.; Bohannan, B.; Keller, ].K.; McAllister, S.A.; Bridgham, S.D. pH controls over anaerobic carbon
mineralization, the efficiency of methane production, and methanogenic pathways in peatlands across an
ombrotrophic-minerotrophic gradient. Soil Biol. Biochem. 2012, 54, 36—47. [CrossRef]


http://dx.doi.org/10.1029/GB001i001p00061
http://dx.doi.org/10.5194/bg-5-1475-2008
http://dx.doi.org/10.1111/gcb.12131
http://www.ncbi.nlm.nih.gov/pubmed/23505021
http://dx.doi.org/10.1016/j.soilbio.2013.10.020
http://dx.doi.org/10.1016/j.scitotenv.2017.01.192
http://www.ncbi.nlm.nih.gov/pubmed/28169027
http://www.ncbi.nlm.nih.gov/pubmed/4004224
http://dx.doi.org/10.1111/j.1574-6941.1999.tb00575.x
http://dx.doi.org/10.1111/j.1462-2920.2004.00634.x
http://www.ncbi.nlm.nih.gov/pubmed/15479249
http://dx.doi.org/10.1029/1999GB001221
http://dx.doi.org/10.1029/2001GB001402
http://dx.doi.org/10.1029/2006GB002903
http://dx.doi.org/10.1128/AEM.69.1.74-83.2003
http://www.ncbi.nlm.nih.gov/pubmed/12513979
http://dx.doi.org/10.1029/2001GL012901
http://dx.doi.org/10.4319/lo.1996.41.3.0435
http://dx.doi.org/10.4319/lo.2007.52.1.0096
http://dx.doi.org/10.1016/j.soilbio.2012.05.015

Quaternary 2019, 2, 30 23 of 26

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lépez-Dias, V.; Borrego, A.G.; Blanco, C.G.; Arboleya, M.; Lopez-Séez, ].A.; Lopez-Merino, L. Biomarkers in
a peat deposit in Northern Spain (Huelga de Bayas, Asturias) as proxy for climate variation. J. Chromatogr. A
2010, 1217, 3538-3546. [CrossRef]

Loépez-Dias, V.; Borrego, A.G.; Blanco, C.G. Vertical evolution of petrographic and organic geochemical
parameters in Las Duefias mire (Cantabrian Coast, North Spain). Int. ]. Coal Geol. 2010, 84, 179-189.
[CrossRef]

Lopez-Dias, V.; Urbanczyk, J.; Blanco, C.G.; Borrego, A.G. Biomarkers as palaeoclimate proxies in peatlands
in coastal high plains in Asturias, N Spain. Int. . Coal Geol. 2013, 116-117, 270-280. [CrossRef]
Lopez-Dias, V. Geoquimica organica y evolucién ambiental de turberas de las rasas costeras asturianas.
Ph.D. Thesis, University of Oviedo, Oviedo, Spain, 2013; 286p.

Cox, R.E.; Maxwell, J.R.; Ackman, R.G.; Hooper, S.N. The isolation of a series of acyclic alcohols from an
ancient sediment: Approaches to a study of the diagenesis and maturation of phytol. In Advances in Organic
Geochemistry 1971; von Gaertner, H.R., Wehner, H., Eds.; Pergamon: Oxford, UK, 1972; pp. 263-276.
Zocatelli, R; Jacob, J.; Gogo, S.; Milbeau, C.L.; Laggoun-Défarge, F. Spatial variability of soil lipids reflects
vegetation cover in a French peatland. Org. Geochem. 2014, 76, 173-183. [CrossRef]

Ohmoto, T.; Ikuse, M.; Natori, S. Triterpenoids of the Gramineae. Phytochemistry 1970, 9, 2137-2148.
[CrossRef]

Jacob, J.; Disnar, J.R.; Boussafir, M.; Sifeddine, A.; Albuquerque, A.L.S.; Turcq, B. Pentacyclic triterpene
methyl ethers in recent lacustrine sediments (Lagoa do Cag6, Brazil). Org. Geochem. 2005, 36, 449—461.
[CrossRef]

Zocatelli, R.; Jacob, J.; Turcq, B.; Boussafir, M.; Sifeddine, A.; Bernardes, M.C. Molecular evidence for recent
turf cultivation in Northeast Brazil (Lagoa do Boqueirao, RN State). Org. Geochem. 2010, 41, 427-430.
[CrossRef]

Luger, P; Weber, M.; Dung, N.X,; Ngoc, PH.; Tuong, D.T.; Rang, D.D. The crystal structure of
Hop-17(21)-en-3-yl acetate of Pluchea pteropoda Hemsl. from Vietnam. Cryst. Resolut. Technol. 2000,
35, 355-362. [CrossRef]

Lavrieux, M.; Jacob, J.; Le Milbeau, C.; Zocatelli, R.; Masuda, K.; Bréheret, J.G.; Disnar, J.R. Occurrence of
triterpenyl acetates in soil and their potential as hemotaxonomical markers of Asteraceae. Org. Geochem.
2011, 42, 1315-1323. [CrossRef]

Weinstein Teixeira, E.; Message, D.; Negri, G.; Salatino, A. Bauer-7-en-3-yl acetate: A major constituent of
unusual samples of Brazilian propolis. Quimica Nova 2006, 29, 245-246. [CrossRef]

Bracho, J.C.; Rodriguez, C.; Llanes, F. Triterpenos pentaciclicos en propdleo. Rev. Soc. Quim. Perii 2009, 75,
439-452.

Flor, G. Las rasas asturianas: Ensayo de correlacion y emplazamiento. In Trabajos de Geologia; Universidad de
Oviedo: Oviedo, Spain, 1983; Volume 13, pp. 65-81.

Menéndez Amor, J. Estudio de las turberas de la zona oriental asturiana. Asoc. Esp. Prog. Cienc. 1950, 15,
801-816.

Fernandez Prieto, J.A.; Fernandez Ordoénez, M.C.; Collado Prieto, M.A. Datos sobre la vegetacion de las
“turberas de esfagnos” galaico-asturianas y orocantdbricas. Lazaroa 1987, 7, 443-447.

Borrego, A.G.; Lopez-Dias, V.; Urbancyk, J.; Diaz, T.E.; Fernandez Casado, M.A.; Fernandez Ordofiez, C.;
Gutierrez, I.; Homet, J.; Arboleya, M.; Blanco, C.G. Relationship between the vegetation and the biomarkers
and Palynological assemblages in Asturian mires (N spain). In Proceedings of the Organic Geochemistry:
Trends for the 21st Century, IMOG 2013, Tenerife, Spain, 15-20 September 2013; Volume I, pp. 318-319.
Lopez-Dias, V.; Urbanczyk, J.; Blanco, C.G.; Borrego, A.G. Maceral composition and molecular markers of
two condensed Middle Holocene peat profiles in N Spain. Int. ]. Coal Geol. 2016, 168 Pt 1, 55-70. [CrossRef]
Haralampidis, K.; Trojanowska, M.; Osbourn, A.E. Biosynthesis of Triterpenoids Saponins in Plants.
Adv. Biochem. Eng./Biotechnol. 2002, 75, 31-49.

Cranwell, P.A. Organic geochemistry of lacustrine sediments: Triterpenoids of higher plants origin reflecting
post-glacial vegetational succession. In Lakes Sediments and Environmental History; Haworth, E.Y., Lund, JW.G.,
Eds.; University Press: Leicester, UK, 1984; pp. 69-92.

Simoneit, B.R.T. Cyclic terpenoids of the geosphere. In Biological Markers in the Sedimentary Record;
Johns, R.B., Ed.; Elsevier: Amsterdam, The Netherlands, 1986; pp. 175-221.


http://dx.doi.org/10.1016/j.chroma.2010.03.038
http://dx.doi.org/10.1016/j.coal.2010.08.004
http://dx.doi.org/10.1016/j.coal.2013.04.006
http://dx.doi.org/10.1016/j.orggeochem.2014.07.016
http://dx.doi.org/10.1016/S0031-9422(00)85379-0
http://dx.doi.org/10.1016/j.orggeochem.2004.09.005
http://dx.doi.org/10.1016/j.orggeochem.2009.12.008
http://dx.doi.org/10.1002/1521-4079(200003)35:3&lt;355::AID-CRAT355&gt;3.0.CO;2-9
http://dx.doi.org/10.1016/j.orggeochem.2011.09.005
http://dx.doi.org/10.1590/S0100-40422006000200013
http://dx.doi.org/10.1016/j.coal.2016.09.009

Quaternary 2019, 2, 30 24 of 26

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Karrer, W,; Hiirlimann, H.; Cherbuliez, E. Konstitution und Vorkommen der organischen Pflanzenstoffe,
Erginzungsband 2 (1); Birkhauser: Basel, Switzerland; Stuttgart, Germany, 1981.

Logan, G.A,; Eglinton, G. Biogeochemistry of the Miocene lacustrine deposit at Clarkia, northern Idaho, USA.
Org. Geochem. 1994, 21, 857-870. [CrossRef]

Jaffé, R.; Elimé, T.; Cabrera, A.C. Organic geochemistry of seasonally flooded rainforest soils: Molecular
composition and early diagenetic of lipid components. Org. Geochem. 1996, 25, 9-17. [CrossRef]

Hanisch, S.; Ariztegui, D.; Piittmann, W. The biomarker record of Lake Albano, central Italy—Implications for
Holocene aquatic system response to environmental change. Org. Geochem. 2003, 34, 1223-1235. [CrossRef]
Baas, M.; Pancost, R.; van Geel, B.; Sinninghe Damsté, ].S. A comparative study of lipids in Sphagnum species.
Org. Geochem. 2000, 31, 535-541. [CrossRef]

ten Haven, H.L.; Peakman, T.M.; Rullkotter, J. D2-Triterpenes: Early intermediates in the diagenesis of
terrigenous triterpenoids. Geochim. Cosmochim. Acta 1992, 56, 1993-2000. [CrossRef]

Pancost, R.D.; Baas, M.; van Geel, B.; Sinninghe Damsté, ].S. Biomarkers as proxies for plant inputs to peats:
An example from a sub-boreal ombrotrophic bog. Org. Geochem. 2002, 33, 675-690. [CrossRef]

Ortiz, ].E.; Diaz-Bautista, A.; Aldasoro, ].].; Torres, T.; Gallego, ].L.R.; Moreno, L.; Estébanez, B. n-Alkan-2-ones
in peat-forming plants from the Rofianzas ombrotrophic bog (Asturias, northern Spain). Org. Geochem. 2011,
42,586-592. [CrossRef]

Arboleya, M. Biomarcadores moleculares como indicadores paleoclimaticos en turberas asturianas de
ambiente submontano. Master’s Thesis, University of Oviedo, Oviedo, Spain, 2011; 30p.

Lopez-Dias, V.; Lopez Saez, ].A.; Dorado Valifio, M.; Pittmann, W.; Fiebig, J.; Blanco, C.G.; Borrego, A.G.
Integrating palynological and organic geochemical proxies for the palaeoenvironmental study of the Rofianzas
peatbog (N Spain). IX European Wetland Congress: 6°. In Proceedings of the European Pond Conservation
Network, Huesca, Spain, 14-18 September 2014.

Loépez-Dias, V.; Piittmann, W.; Fiebig, J.; Blanco, C.G.; Borrego, A.G. Palaeoenvironmental implications of the
biomarkers distribution in a 6000 years BP peat bog in N Spain. In Proceedings of the Organic Geochemistry:
Trends for the 21st Century, IMOG 2013, Tenerife, Spain, 15-20 September 2013; Volume II, pp. 277-278.
Ortiz, J.E.; Gallego, J.L.R.; Torres, T.; Diaz-Bautista, A.; Sierra, C. Palaeoenvironmental recontruction of
Northern Spain during the last 8000 cal yr BP based on biomarker content of the Roflanzas peat bog (Asturias).
Org. Geochem. 2010, 41, 454-466. [CrossRef]

Ourisson, G.; Rohmer, M.; Poralla, K. Prokaryotic hopanoids and other polyterpenoid sterol surrogates.
Annu. Rev. Microbiol. 1987, 62, 301-333. [CrossRef] [PubMed]

Belin, B.J.; Busset, N.; Giraud, E.; Molinaro, A; Silipo, A.; Newman, D.K. Hopanoid lipids: From membranes
to plant-bacteria interactions. Nat. Rev. Microbiol. 2018, 16, 304-315. [CrossRef] [PubMed]

Peters, K.; Moldowan, J. Effects of source, thermal maturity, and biodegradation on the distribution and
isomerization of homohopanes in petroleum. Org. Geochem. 1991, 17, 47-61. [CrossRef]

Quirk, M.M.; Wardroper, A M.K.; Weatley, R.E.; Maxwell, ].R. Extended hopanoids in peat. Chem. Geol. 1984,
42,25-43. [CrossRef]

Rosa-Putra, S.; Nalin, R.; Domenach, A.M.; Rohmer, M. Novel hopanoids from Frankia spp. and related soil
bacteria. Squalene cyclization and significance of geological biomarkers revisited. Eur. |. Biochem. 2001, 268,
4300-4306. [CrossRef] [PubMed]

van Dorsselaer, A.; Albrecht, P.; Connan, J. Changes in composition of polycyclic alkanes by thermal
maturation (Yallourn Lignite, Australia). In Advances in Organic Geochemistry; Campos, R., Goni, J., Eds.;
Enadimsa: Madrid, Spain, 1977; pp. 53-59.

Ries-Kautt, M.; Albrecht, P. Hopane derived triterpenoids in soils. Chem. Geol. 1989, 76, 143-151. [CrossRef]
Inglis, G.N.; David, B.; Naafs, A.; Zheng, Y.; McClymont, E.L.; Evershed, R.P; Pancost, R.D.; the “T-GRES Peat
Database collaborators. Distributions of geohopanoids in peat: Implications for the use of hopanoid-based
proxies in natural archives. Geochim. Cosmochim. Acta 2018, 224, 249-261. [CrossRef]

Ageta, H.; Arai, Y. Fern constituents: Pentacyclic triterpenoids isolated from Polypodium niponicum and
P. formosanum. Phytochemistry 1983, 22, 1801-1808. [CrossRef]

Toyota, M.; Masuda, K.; Asakawa, Y. Triterpenoid constituents of the moss Floribundaria aurea subsp. Nipponia.
Phytochemistry 1998, 48, 297-299. [CrossRef]

Huang, X.; Wang, C.; Xue, J.; Meyers, PH.; Zhang, Z.; Tan, K.; Zhang, Z.; Xie, S. Occurrence of diploptene in
moss species from the Dajiuhu peatland in southern China. Org. Geochem. 2010, 41, 321-324. [CrossRef]


http://dx.doi.org/10.1016/0146-6380(94)90045-0
http://dx.doi.org/10.1016/S0146-6380(96)00103-9
http://dx.doi.org/10.1016/S0146-6380(03)00118-9
http://dx.doi.org/10.1016/S0146-6380(00)00037-1
http://dx.doi.org/10.1016/0016-7037(92)90325-D
http://dx.doi.org/10.1016/S0146-6380(02)00048-7
http://dx.doi.org/10.1016/j.orggeochem.2011.04.009
http://dx.doi.org/10.1016/j.orggeochem.2010.02.003
http://dx.doi.org/10.1146/annurev.mi.41.100187.001505
http://www.ncbi.nlm.nih.gov/pubmed/3120639
http://dx.doi.org/10.1038/nrmicro.2017.173
http://www.ncbi.nlm.nih.gov/pubmed/29456243
http://dx.doi.org/10.1016/0146-6380(91)90039-M
http://dx.doi.org/10.1016/0009-2541(84)90003-2
http://dx.doi.org/10.1046/j.1432-1327.2001.02348.x
http://www.ncbi.nlm.nih.gov/pubmed/11488925
http://dx.doi.org/10.1016/0009-2541(89)90133-2
http://dx.doi.org/10.1016/j.gca.2017.12.029
http://dx.doi.org/10.1016/S0031-9422(00)80275-7
http://dx.doi.org/10.1016/S0031-9422(97)00902-3
http://dx.doi.org/10.1016/j.orggeochem.2009.09.008

Quaternary 2019, 2, 30 25 of 26

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Kannenberg, E.L.; Poralla, K. Hopanoid biosynthesis and function in bacteria. Naturwissenschaften 1999, 86,
168-176. [CrossRef]

Fazakerley, H.; Halsall, T.G.; Jones, E.R.H. The chemistry of triterpenes and related compounds. Part XXXIV.
The structure of Hydroxihopanone. J. Chem. Soc. 1959, 1877-1883. [CrossRef]

Mitova, M.; Taskova, R.; Popov, S.; Berger, R.G.; Krings, U.; Handjieva, N. GC/MS Analysis of Some Bioactive
Constituents from Cart. Lanatus L. Z. Nat. 2003, 58¢, 697-703.

Fischer, W.W.; Pearson, A. Hypotheses for the origin and early evolution of triterpenoid cyclases. Geobiology
2007, 5, 19-34. [CrossRef]

Koops, A.J.; Baas, W.J.; Groeneveld, H.W. The composition of phytosterols, latex triterpenols and wax
triterpenoids in the seedling of Euphorbia lathyris L.. Plant Sci. 1991, 74, 185-191. [CrossRef]

David, J.P.; Meira, M.; David, ].M.; Guedes ML da, S. Triterpenos e ferulatos de alquila de Maprounea
guianensis. Quim. Nova 2004, 27, 62-65. [CrossRef]

Kakuda, R.; lijima, T; Yaoita, Y.; Machida, K.; Kikuchi, M. Triterpenoids from Gentiana scabra. Phytochemistry
2002, 59, 791-794. [CrossRef]

Hui, W.-H.; Li, M.-M. Six new triterpenoids and other triterpenoids and steroids from three Quercus species
of Hong Kong. J. Chem. Soc. Perkin Trans. I 1977, 897-904. [CrossRef]

Arthur, HR.; Hui, WH.; Lam, C.N.; Szeto, S.K. An examination of Quercus championi of Hong Kong.
Aust. J. Chem. 1964, 17, 697-700. [CrossRef]

Rowan, D.D.; Russell, G.B. 3/3-Methoxyhop-22(29)-ene from Chionochloa Cheesemanii. Phytochemistry 1992, 31,
702-703. [CrossRef]

Pancost, R.D.; Baas, M.; van Geel, B.; Sinninghe Damsté, ].S. Response of an ombrotrophic bog to a regional
climate event revealed by macrofossil, molecular and carbon isotopic data. Holocene 2003, 13, 921-932.
[CrossRef]

Xie, S.; Nott, C.J.; Avsejs, L.A.; Maddy, D.; Chambers, EM.; Evershed, R.P. Molecular and isotopic stratigraphy
in an ombrotrophic mire for paleoclimate reconstruction. Geochim. Cosmochim. Acta 2004, 13-68, 2849-2862.
[CrossRef]

Naafs, B.D.A.; Inglis, G.N.; Blewetta, J.; McClymontc, E.L.; Lauretano, V.; Xie, S.; Evershed, R.P,; Pancost, R.D.
The potential of biomarker proxies to trace climate, vegetation, and biogeochemical processes in peat:
A review. Glob. Planet. Chang. 2019, 179, 57-79. [CrossRef]

Hayes, ].M. Factors controlling 13C contents of sedimentary organic compounds: Principles and evidence.
Mar. Geol. 1993, 113, 111-125. [CrossRef]

van Winden, J.E; Kip, N.; Reichart, G.-J.; Jetten, M.S.M.; Op den Camp, H.J.M.; Damsté, J.S.S. Lipids
of symbiotic methane-oxidizing bacteria in peat moss studied using stable carbon isotopic labelling.
Org. Geochem. 2010, 41, 1040-1044. [CrossRef]

Huang, X.; Pancost, R.D.; Xue, J.; Gu, Y.; Evershed, R.P; Xie, S. Response of carbon cycle to drier conditions
in the mid-Holocene in central China. Nat. Commun. 2018, 9, 1369. [CrossRef] [PubMed]

Yamamoto, S.; Kawamura, K.; Seki, O.; Meyers, P.A.; Zheng, Y.; Zhou, W. Environmental influences over the
last 16 ka on compound-specific 13C variations of leaf wax n-alkanes in the Hani peat deposit from northeast
China. Chem. Geol. 2010, 277,261-268. [CrossRef]

Lépez-Dias, V.; Blanco, C.G.; Bechtel, A.W,; Piittmann, W.; Borrego, A.G. Different source of n-alkanes and
n-alkane-2-ones in a 6000 cal. yr BP Sphagnum-rich temperate peat bog (Rofanzas, N Spain). Org. Geochem.
2013, 57, 7-10. [CrossRef]

Urbanczyk, J.; Bechtel, A.; Borrego, A.G. Organic geochemical evidence of postglacial paleoenvironmental
evolution of the Comeya peatland (Asturias, N Spain). Int. J. Coal Geol. 2017, 168, 46-54. [CrossRef]
Huang, Y.S.; Bol, R.; Harkness, D.D.; Ineson, P.; Eglinton, G. Post-glacial variations in distributions,'3C and
14C contents of aliphatic hydrocarbons and bulk organic matter in three types of British acid upland soils.
Org. Geochem. 1996, 24, 273-287. [CrossRef]

Pancost, R.D.; van Geel, B.; Baas, M.; Sinninghe Damsté¢, J.S. 13C values and radiocarbon dates of microbial
biomarkers as tracers for carbon recycling in peat deposits. Geology 2000, 28, 1126-1132. [CrossRef]

Kool, D.M,; Talbot, H.M.; Rush, D.; Ettwig, K.; Damste, J.5.S. Rare bacteriohopanepolyols as markers for an
autotrophic, intra-aerobic methanotroph. Geochim. Cosmochim. Acta 2014, 136, 114-125. [CrossRef]


http://dx.doi.org/10.1007/s001140050592
http://dx.doi.org/10.1039/jr9590001877
http://dx.doi.org/10.1111/j.1472-4669.2007.00096.x
http://dx.doi.org/10.1016/0168-9452(91)90045-A
http://dx.doi.org/10.1590/S0100-40422004000100013
http://dx.doi.org/10.1016/S0031-9422(02)00021-3
http://dx.doi.org/10.1039/p19770000897
http://dx.doi.org/10.1071/CH9640697
http://dx.doi.org/10.1016/0031-9422(92)90066-Y
http://dx.doi.org/10.1191/0959683603hl674rp
http://dx.doi.org/10.1016/j.gca.2003.08.025
http://dx.doi.org/10.1016/j.gloplacha.2019.05.006
http://dx.doi.org/10.1016/0025-3227(93)90153-M
http://dx.doi.org/10.1016/j.orggeochem.2010.04.015
http://dx.doi.org/10.1038/s41467-018-03804-w
http://www.ncbi.nlm.nih.gov/pubmed/29636471
http://dx.doi.org/10.1016/j.chemgeo.2010.08.009
http://dx.doi.org/10.1016/j.orggeochem.2013.01.006
http://dx.doi.org/10.1016/j.coal.2016.10.001
http://dx.doi.org/10.1016/0146-6380(96)00039-3
http://dx.doi.org/10.1130/0091-7613(2000)28&lt;663:CVARDO&gt;2.0.CO;2
http://dx.doi.org/10.1016/j.gca.2014.04.002

Quaternary 2019, 2, 30 26 of 26

87.

88.

89.

90.

91.

92.

93.

94.

Trendel, J.M.; Schaeffer, P.; Adam, P.; Ertlen, D.; Schwartz, D. Molecular characterisation of soil surface
horizons with different vegetation in the Vosges Massif (France). Org. Geochem. 2010, 41, 1036-1039.
[CrossRef]

Bull, .D.; van Bergen, P.F; Nott, C.J.; Poulton, PR.; Evershed, R.P. Organic geochemical studies of soils from
the Rothamsted classical experiments. V. The fate of lipids in different long-term experiments. Org. Geochem.
2000, 31, 389—-408. [CrossRef]

van Bergen, P; Bull, I; Poulton, PR.; Evershed, R.P. Organic geochemical studies of soils from the Rothamsted
Classical Experiments—1. Total lipid extracts, solvent insoluble residues and humic acids from Broadbalk
Wilderness. Org. Geochem. 1997, 26, 117-135. [CrossRef]

Oyo-lta, O.E.; Ekpo, B.O.; Oros, D.R.; Simoneit, B.R.T. Occurrence and sources of triterpenoid methyl ethers
and acetates in sediments of the Cross-River system, Southeast Nigeria. Int. J. Anal. Chem. 2010, 2010, 502076.
[CrossRef]

Meyers, P.A.; Ishiwatari, R. Lacustrine organic geochemistry—An overview of indicators of organic matter
sources and diagenesis in lake sediments. Org. Geochem. 1993, 20, 867-900. [CrossRef]

Drake, H.L.; Horn, M.A.; Wust, PK. Intermediary ecosystem metabolism as a main driver of methanogenesis
in acidic wetland soil. Environ. Microbiol. Rep. 2009, 1, 307-318. [CrossRef]

Chauhan, A.; Ogram, A. Phylogeny of Acetate-Utilizing Microorganisms in Soils along a Nutrient Gradient
in the Florida Everglades. Appl. Environ. Microbiol. 2006, 72, 6837—-6840. [CrossRef]

Cadillo-Quiroz, H.; Yavitt, J.; Zinder, S.; Thies, J. Diversity and community structure of Archaea inhabiting
the rhizoplane of two contrasting plants from an acidic bog. Microb. Ecol. 2010, 59, 757-767. [CrossRef]
[PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.orggeochem.2010.04.014
http://dx.doi.org/10.1016/S0146-6380(00)00008-5
http://dx.doi.org/10.1016/S0146-6380(96)00134-9
http://dx.doi.org/10.1155/2010/502076
http://dx.doi.org/10.1016/0146-6380(93)90100-P
http://dx.doi.org/10.1111/j.1758-2229.2009.00050.x
http://dx.doi.org/10.1128/AEM.01030-06
http://dx.doi.org/10.1007/s00248-009-9628-3
http://www.ncbi.nlm.nih.gov/pubmed/20024684
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Description of the Sampling Sites 
	Analytical Methods 

	Results 
	Description of the Profiles 
	Triterpenoids in the Major Peat-Forming Plants in the Region 
	Higher Plant Triterpenoids in the Peat Extracts 
	Hopanoid Derivatives in the Peat Extracts 
	13C Values of Specific Hydrocarbons 

	Discussion: Relative Abundance of Acetate vs. Ketone Triterpenoids 
	Conclusions 
	References

