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ABSTRACT

Diploptene is a ubiquitous hopanoid in the geosphere, synthesized by all hopanoid-
containing bacteria. Variations in the concentration and stable carbon isotopic
composition (8!°C) of diploptene in ancient peats and lignite can be used to
reconstruct certain aspects of the wetland methane cycle in the past. However, the
sources and mechanisms that control diploptene §'°C values in wetlands are not fully
constrained. To address this, here we determined the distribution and §'*C values of
diploptene, as well as n-alkanes, obtained from five genera of epiphytic bryophytes
(non-vascular plants such as mosses) that occupy three different habitats: soil, rock,
and tree bark. Our data show that the concentrations of diploptene are highly variable
with two order of magnitude differences between the various species. Mosses
collected from the soil habitat had higher concentrations compared to those from rock
and tree habitats. This suggests that the input from some habitats might dominate the
sedimentary signal. The 8'*C values of diploptene (5'*Cqip) also vary between species
with values ranging between —39.2%o and —31.2%o. Generally, the §'*C values of
diploptene and long chain n-alkanes (i.e., C29 and Cs1) are similar (+ 2%o) in most of
the bryophyte species. This may suggest that diploptene is produced by heterotrophic
bacteria that live in symbiosis with the mosses. However, for some bryophytes the
813Cqip values are much more '*C depleted (> —2%o) compared to long chain n-alkanes,
implying that for some mosses bacterial methanotrophs or methylotrophs may

contribute to the diploptene pool. Our findings expand our understanding of the
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biological sources of diploptene in terrestrial epiphytic bryophytes, which will allow
for a more detailed interpretation of the long chain n-alkanes and diploptene (5'*C

values) in past environmental and paleoclimatic reconstructions.

Keywords: Epiphytic bryophyte, Diploptene, Long chain n-alkanes, Carbon isotopic

composition

1. Introduction

Diploptene (hop-22(29)-ene) is one of the most common hopanoids and is often
present in immature sediments, such as soils, peat deposits, microbial mats, and
marine and lacustrine sediments (Venkatesan, 1988; Ries-Kautt and Albrecht, 1989;
Prahl et al., 1992; Pancost et al., 2000; Elvert et al., 2001; van Winden et al., 2012;
Davies et al., 2016). It is derived from a wide variety of microbial sources, including
cyanobacteria, purple non-sulfur bacteria, anammox and nitrifying bacteria, as well as
methylotrophic and methanotrophic bacteria (Rohmer et al., 1984; Douka et al., 2001;
Sinninghe Damst¢ et al., 2004; Hartner et al., 2005; Belin et al., 2018; van Winden et
al., 2020; Elling et al., 2022). Given the ubiquity of diploptene in bacteria, including
in hetero- and methanotrophic bacteria, its stable carbon isotopic composition (§'*C)
has been used to reconstruct past dynamics of the carbon cycle (Spooner et al., 1994;
Schouten et al., 2001; Lattaud et al., 2021). For example, diploptene is considered to

predominantly derive from methanotrophs when its §'3C value reaches below —60%o
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due to the uptake of isotopically light, methane-derived, carbon (Pancost et al., 2000;
Elvert et al., 2001; Thiel et al., 2001; Davies et al., 2016; Lattaud et al., 2021).
However, in many environments methanotrophs are not the only biological source for
diploptene (van Winden et al., 2012). The 8'C values of diploptene (5'*Caip) in peats
and modern peat mosses range from ca. —50%o to —30%o (Huang et al., 2010; van
Winden et al., 2010; Zheng et al., 2014; Inglis et al., 2019), exhibiting only limited
13C depletion as a result of their mixed heterotrophic and methanotrophic origin.

Furthermore, methanotrophs that use the serine cycle (type II, alphaproteobacteria)
can be important methanotrophs in peat bogs (Chen et al., 2008; Kip et al., 2010),
which could use methane and CO: as carbon source, diluting the '*C depleted
methane-derived signal in diploptene (van Winden et al., 2012). Although in a
mesocosm experiment that used '*C-labelled methane to track in situ methanotrophic
activity in Sphagnum the 8'*C values of diploptene (—41%o to —34%o) in Sphagnum
moss were strongly correlated with the incubation temperature and rate of methane
production (van Winden et al., 2020), it is still difficult to explicitly distinguish the
contribution of '*C-labelled methanotroph-derived diploptene to the total bacterial
diploptene pool.

Compared to the extensive investigation of diploptene (§'3C) in a global
distribution of peat mosses and peat deposits (Inglis et al., 2019; Naafs et al., 2019),
the distribution of diploptene in terrestrial epiphytic bryophytes remains largely
undetermined (Smith, 1982; Tuba et al., 2011). These mosses that grow on trees,

rocks, and soils are the dominant cover plants in many forest ecosystems (Holland-
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Moritz et al., 2021), and hence could be a significant source of diploptene to the
terrestrial sedimentary hopanoid pool. Although previous work has examined the
occurrence of diploptene from an epiphytic bryophyte in Japan (Toyota et al., 1998),
our knowledge about the distribution of diploptene and its §'3C values in epiphytic
bryophytes remains limited. Here we investigate the distribution and §'*C values of
diploptene, as well as the long chain n-alkanes, in several facultative epiphytic
bryophytes collected from three different substrates (i.e., soil, tree bark and rock), to
explore the mechanisms that control their abundance and stable carbon isotopic

composition.

2. Materials and Methods

2.1. Site description and sample collection

Due to the diverse microclimate and substrata in Wuhan, the capital city of Hubei
Province, central China, there is a large variety of epiphytic bryophytes in urban and
suburban areas. Haplocladium and Entodonaceae are the two most abundant moss
genera (Liu et al., 2001; Fan et al., 2017). The regional climate of Wuhan is
dominated by a typical subtropical East Asian monsoon, with maximum precipitation
and temperature in summer when the East Asian summer monsoon prevails, while the
intensified East Asian winter monsoon leads to dry and cold weather during the winter
(Chen et al., 2019). The mean annual precipitation of this region is ca. 1266 mm, and

the mean annual air temperature (MAAT) is 16 °C (Qian et al., 2019).
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A total of 14 epiphytic bryophytes from five genera and eight species were
obtained, including Funaria hygrometrica (n = 3), Haplocladium angustifolium (n =
4), Haplocladium disclor (n = 1), Haplocladium strictulum (n = 1), Entodon
auutrifolius (n = 1), Entodon viridulus (n = 1), Plagiomnium cuspidatum (n = 1) and
Taxiphyllum taxirameum (n = 2) (for more information, see Table 1). Their habitats
can be classified into three categories: surface soil (n = 6), rock (n = 6) and tree bark

(n=2) (Table 1).

2.2. Lipid extraction, quantification and stable carbon isotope analysis

Lipid extraction of mosses followed Huang et al. (2010). Briefly, the whole plant
was first rinsed thoroughly with distilled water to remove external contaminants, then
freeze-dried. About 1 g of each sample was ultrasonically extracted four times with a
mixture of dichloromethane (DCM) and methanol (MeOH) (9:1, v/v) for 10 min. An
internal standard (cholane, C24H42, Sigma-Aldrich) was added prior to extraction. The
total lipid extracts were separated into apolar and polar fractions using activated silica
gel column chromatography with n-hexane and MeOH as the eluting solvents,
respectively. The n-alkanes and diploptene in the apolar fraction were quantified using
a Shimadzu 2010 gas chromatograph with flame ionization detector (GC-FID)
equipped with a DB-5 capillary column and identified by gas chromatography—mass
spectrometry (GC-MS) equipped with an Agilent 5973 A mass selective detector.

The identification of diploptene was based on the comparison of previously

published mass spectra (Hartner et al., 2005; Huang et al., 2010; Sessions et al.,
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2013). The concentration of each compound was determined by comparative analysis
of its peak area with the internal standard (cholane) based on the GC-FID analysis.
The carbon isotopic compositions of n-alkanes and diploptene were determined
using a Finnigan Trace GC instrument coupled to a Thermo Finnigan Delta Plus XP
isotope ratio mass spectrometer. To check the reproducibility, an n-alkane standard
mixture (C16—C30, Indiana University) with known carbon isotopic composition values
was measured between every two samples (Xue et al., 2016). Squalene of known
carbon isotopic composition (—19.8%o) was used as an internal standard. The standard
deviation for the §!°C values of standards was < 0.5%o. The stable carbon isotope
ratios (8'3C) are reported as per mil (%o) deviations from the Vienna Pee Dee
Belemnite (VPDB) standard, calculated using: 8'°C (%o) = (Rsample/Rstandard) — 1, where
R is the ratio of *C/'?C in the sample and standard. The reproducibility (standard
deviation) of the §!°C values for odd numbered long-chain n-alkanes and diploptene

was better than 0.5%o based on the replicate analysis of several samples.

3. Results and discussion

3.1. Distribution of n-alkanes and diploptene in epiphytic bryophytes

Three representative chromatograms of the aliphatic fraction are shown in Fig. 1,
i.e., H. angustitolium collected from the rock habitat (ID: 4, 5 and 6). The n-alkane
distribution displays a strong odd/even predominance with a dominance of long chain

n-alkanes (C23—C33), and hence high carbon preference index (CPI) (Table 1, Fig. 2).
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The summed concentration of long-chain n-alkanes (C23—Cs3) ranged from 5 to 130
ug/g dry weight, with an average of ~ 25 ng/g dry weight (Table 1). We assigned
mosses to different categories based on the phylogenetic domain and growth habitat:
five genera (Fig. 2b—f) and three habitats (Fig. 2g—1). The predominant long chain
odd-carbon-numbered n-alkanes (C27—C31) of the mosses is consistent with the n-
alkane distributions found in terrestrial vascular plants (Bush and Mclnerney, 2013;
Diefendorf and Freimuth, 2017), with the long chain odd-carbon-numbered n-alkanes
as the most abundant homologues. However, the distribution is not uniform across the
habitats and genera. For example, n-C»7 is the most abundant homologue in genus
Entodon, n-C31 dominates in the genera of Funaria and Taxiphyllum, while in the
genera of Haplocladium and Plagiomnium n-Ca9 dominates (Table 1, Fig. 2b—f). A
dominance of the Cz7 to Cs1 n-alkanes is consistent with the findings from the moss
species (e.g., Hypnum revolutum, Polytrichum commune, and Aulacomnium palustre)
collected from peatlands and mires in UK, China and northern Spain (Nott et al.,
2000; Huang et al., 2010; Ortiz et al., 2016). However, this distribution is different
from that reported for Sphagnum, the most abundant moss in acidic peat deposits,
where the n-alkane distribution is typically dominated by the mid-chain n-Ca3 alkane
(Baas et al., 2000; Bingham et al., 2010).

Diploptene is present in all moss species. Its concentration is highly variable,
ranging from 1 to 109 pg/g dry wt, with an average of ~ 20 pg/g dry wt (Table 1, Fig.
3). Interestingly, in some mosses, the concentration of diploptene is higher than that

found in Sphagnum (Huang et al., 2010), indicating that bacteria living with these
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mosses could also be an important source to the sedimentary pool. Specifically, the
sample from 7. taxirameum collected from soil surfaces (ID: 14; Table 1) has the
highest abundance of diploptene with concentrations more than two orders of
magnitude higher than those found in H. disclor and F. hygrometrica, collected from
the rocky habitat (ID: 8 and 2; Table 1, Fig. 3). No significant trend between moss
species and their concentrations is found (Fig. 3). However, by habitat level, mosses
collected from the soil habitat generally have higher concentrations of diploptene
compared to mosses from the rock and tree habitats (Table 1). Furthermore, we also
noticed varying relationships between the concentrations of diploptene and n-alkanes
among the moss species. For example, only 7. taxirameum collected from rock habitat
(ID: 14; Fig. 3) has roughly equal amounts of diploptene and n-alkanes. The
abundance of diploptene is higher than the summed n-alkanes in H. angustitolium
from rock and soil habitats (ID: 4 and 7; Fig. 3), and in T taxirameum from soil
habitat (ID: 14; Fig. 3). However, in other moss species, the concentrations of
summed n-alkanes are considerably higher than diploptene (Fig. 3). These results
indicate that the high concentrations of diploptene produced by certain terrestrial
epiphytic bryophytes from some habitats could form a major contribution to the

hopanoid pool of sedimentary archives.

3.2. 63C values of n-alkanes and diploptene in epiphytic bryophytes
The stable carbon isotopic compositions of n-alkane are reported for the odd n-

alkanes Cy9 and C3; (Table 1; Fig. 2), the concentrations of the other homologues were
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too low for compound-specific carbon isotopic analysis. Notably, the average 8'*C
values for the n-Ca9 (—32.9 + 1.4%o) was less 3C-depleted compared to n-Cs; (-34.0 =
1.5%o) (Table 1). The §'3C values of n-Ca9 and n-Cs; fall into the typical range of
values previously reported for terrestrial plants and Sphagnum mosses (Freimuth et
al., 2019; Naafs et al., 2019; Liu and An, 2020). Thus, there is no substantial
difference in ' values for n-Ca9 and n-C31 between terrestrial bryophytes and
previously reported values from Sphagnum. For example, our data are identical to the
average 6'° values for n-Ca9 and n-C31 (—32.4%o) reported from a Scottish montane
peat bog (Ficken et al., 1998), implying that it is difficult to distinguish moss species
using the 8'3C values of long-chain n-alkanes only.

The 8'3C values of diploptene have a wider range than the n-alkanes, ranging from
—39.2%o0 to —31.2%o (Table 1, Fig. 3). The average 8'*Caip value is —34.9%o, which is
close to the average value for C31 (—34.0%o), but ca. 2%o more depleted in '*C than the
average value of n-Ca9 (—32.9%o0) (Table 1). However, for individual moss species, the
813Cqip value shows high variability even for the same species collected from the same
habitat. For example, 8'*Caip values in F. hygrometrica from the soil habitat vary by
8%o (ID: 1 and 3; Table 1, Fig. 3). The 8'*Cqip values of terrestrial bryophytes are
much more enriched compared to those found in some marine and lake environments
with an active methanotroph community (Pancost et al., 2000; Thiel et al., 2001;
Davies et al., 2016; Lattaud et al., 2021). In comparison, our results fall into the range
of 83 Caip reported from peatlands (—50%o to —30%o) (Zheng et al., 2014; Inglis et al.,

2019), as well as peat mosses collected from China (Huang et al., 2010), UK, and
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Argentina (van Winden et al., 2010).

We also evaluated the average 8'*Caip value by habitats. The average §'°Caip value
from the soil habitat is the most depleted (—35.4 + 2.8%o), followed by those from the
rock habitat (-34.7 £ 2.0%o). The average §'*Cqip value of two moss species that
belong to the Entodon genus collected from the tree habitat is the most enriched (—
33.5 £ 0.9%o) (Table 1; Fig. 3). There is no significant difference in §'*Cgip values
between the rock and soil habitats, which could be further demonstrated by an
independent sample #-test ( = 0.53; p = 0.61). Thus, species type and habitat are not

the main factors affecting diploptene §'°C values.

3.3. Potential sources of diploptene in epiphytic bryophytes

The molecular and isotopic composition of n-alkanes and diploptene allows us to
explore the sources of diploptene in epiphytic bryophytes. Most of the bryophytes
have similar §'3C values for the long-chain n-alkanes and diploptene (Table 1; Fig. 4).
For instance, H. angustitolium collected from the rock habitat (ID: 4; Fig. 3) has a
high ratio of diploptene relative to the summed n-alkanes and has a similar §'*Caip
value (—=33.7%o) compared to 1n-Ca9 (—32.1%0) and n-C31 (—32.6%o) (Table 1). This
could mean that the heterotrophic bacteria that live in symbioses with mosses
consume organic substrates like n-alkanes. Although direct proof of the interaction
between heterotrophs and moss species for our study is lacking, the presence of
Rhizobium, a heterotrophic N fixer, has been observed in peatland and bryophytes in

karst rocky areas (Larmola et al., 2014; Cao et al., 2020).
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In contrast, for some samples there is a significant difference between the §'*C
values of long-chain n-alkanes and diploptene. For example, F. hygrometrica
collected from the soil habitat (ID: 1) has the most depleted §'*Cqip value (~39.2%o)
among the mosses (Table 1; Fig. 3). The §'3C value of n-alkanes (avg. —33.8%o for n-
C29~C31) is clearly more enriched than the §!°Cgip value of this bryophyte (Table 1;
Fig. 4). Such *C-depleted values could imply that diploptene may partly derive from
endophytic methanotrophic bacteria that are in symbiosis with these mosses. This can
be confirmed by the presence of Methylobacterium on the surface of F. hygrometrica,
a Funaria-associated Methylobacterium which can utilize methanol emitted by the
stomata of plants (Hornschuh et al., 2002). This is in agreement with previous studies
that suggested methylotrophs are abundant in peat ecosystems (Chen et al., 2008), and
the phyllosphere and rhizosphere of mosses (Hornschuh et al., 2002; Tani et al., 2012;
Iguchi et al., 2015).

Interaction between mosses and methanotrophic and methylotrophic bacteria has
been observed in peat bogs (Raghoebarsing et al., 2005; Kip et al., 2010) and karst
rocky desertification areas (Cao et al., 2020). On the other hand, 7. taxirameum which
was collected from the soil habitat (ID: 14) has the highest amount of diploptene
among the mosses (Fig. 3) and has a more enriched §'3C value for the n-alkanes (avg.
—34.7%o for n-Ca9~Cs31) compared to 8> Caip (~37.4%0) (Table 1 and Fig. 4).

In general, the difference between average values of long chain n-alkanes (n-
C29~C31) and diploptene (A Cai-dip) is < 2%o in most of the mosses (Fig. 4). This

could indicate that diploptene is derived from heterotrophic bacteria, which utilized a
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variety of substrates such as n-alkanes. In contrast, mosses with a large A*Caik-dip
offset likely have a contribution from bacterial methanotrophs and methylotrophs
(Kip et al., 2010). Overall, our results demonstrate that methylotrophic and
heterotrophic bacteria are both present in these mosses. Mosses emit methane and
methanol (C1 compounds) from their phyllosphere and provide habitats for
methylotrophs and heterotrophs. Meanwhile, methanotrophs/methylotrophs convert
methane/methanol into organic compounds, which are further utilized by
heterotrophs. Thus, our data are indicative of a mutually beneficial interactions
between mosses and methylotrophic and heterotrophic bacteria.

We also measured the A*Cai.dip values by species and habitat, however no
significant differences were observed (Fig. 4). Previous studies of diploptene in
terrestrial environments have mainly been focused on the Sphagnum moss-associated
methanotrophs in peatland (van Winden et al., 2020) where methanotrophic activity is
evident. Methane concentrations would be relatively low in the environments where
we obtained our terrestrial bryophytes, consistent with the lack of significantly

depleted 5'°C values in most samples.

4. Conclusions

We determined the distribution pattern of diploptene and long chain n-alkanes as
well as their §'*C values in epiphytic bryophytes obtained from three different
habitats. The concentrations of diploptene and n-alkanes in bryophytes show a high

variability across species and habitats. Bryophytes collected from the surface of soil
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habitat have higher abundance of diploptene compared to those collected from the
rock and tree habitats. Likewise, the §'3Cqip values also show a high variability among
the bryophytes. In some bryophytes, diploptene and long-chain n-alkanes have similar
8'3C values, which can be attributed to the assimilation by shared carbon source(s),
1.e., the heterotrophic bacteria that are symbiotic with the bryophytes. However, there
are some bryophytes with much more depleted &'*Caip values than the long chain n-
alkanes, which could indicate a contribution of methanotrophs or methylotrophs. Thus
far, we have not been able to analyze the isotopic composition of methane and CO; in
these different microhabitats, which could have further assisted in the interpretation of
the results. However, our findings provide evidence for the biological sources of
diploptene in terrestrial bryophytes. Our study has helped ascertain the occurrence of
diploptene and its potential sources in terrestrial environments, which has improved
our understanding of the occurrence and §'3C of the long chain n-alkanes and

diploptene in paleoenvironmental and paleoclimatic reconstructions.
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Fig. 1. The total ion chromatogram (TIC) of aliphatic fraction of Haplocladium
angustitolium that collected on the surface of rock (Sample ID: 4, 5 and 6) with

varying amouns of n-alkanes and diploptene.

Fig. 2. Histograms of normalized n-alkane distribution in bryophytes showing
averaged distribution values with mean standard deviation of each genus (b—f) and
habitat (g—i) including » samples as indicated, overlain by the average stable carbon
isotope (8'3C) data for odd-numbered long-chained n-alkane (Ca7, Ca9, C31 and Cs3)

homologues.

Fig. 3. Concentration of the summed n-alkanes (C23-C33) and diploptene, and the §'°C
values of diploptene in 14 moss species belong to five genera that collected from three

habitats including soil (S), rock (R) and tree (T).

Fig. 4. Differences between the average §'*C values of long chain n-alkanes (Ca9, C31)
and diploptene (A'*Caik-aip) across the moss species (a) and habitats (b). The

abbreviation refers to the genus of moss in Table 1 and Fig. 2.



Table 1. Quantification and 8'*C values (%o) of n-alkanes and diploptene (Dip) in 14 moss species belong to five genera and collected from three

habitats including the surface of soil, rock and tree in Wuhan City, China (The standard deviation of §'3C values is better than £0.5%o)

n—C23 n—C25 I’l—C27 I’l—ng I’I—C31 I’l—C33 Sum Dlp n—C27 n—ng l’l—C31 n—C33 Dlp

ID Species Genus Habitat
ug/g dry weight 33C (%o)

1 Funaria hygrometrica Hedw.  Funaria Soil 0.2 0.4 1 5 8 1 18 4 -34.1  -333  -342  -348 -392
2 Funaria hygrometrica Hedw.  Funaria Rock 0.5 0.9 2 4 4 4 16 1 -335  -338  -350 -36.0 -344
3 Funaria hygrometrica Hedw.  Funaria Soil 0.2 0.2 0.4 1 2 1 7 2 -30.3  -329  -341  -342 312
4 Haplocladium angustitolium Haplocladium Rock 0.4 0.2 0.7 2 2 7 34 -30.1  -30.2 -32.1  -326 -337
5 Haplocladium angustitolium Haplocladium Rock 0.4 0.5 2 10 12 2 28 4 -326 -31.5 -324 -335 -385
6 Haplocladium angustitolium Haplocladium Rock 0.5 0.6 2 4 4 2 16 1 -31.8  -325 -329 -316 -342
7 Haplocladium angustitolium  Haplocladium Soil 0.4 2 1 2 3 10 43 -31.0 -33.1 -384 -355
8 Haplocladium disclor Haplocladium Rock 0.3 0.4 1 3 2 4 11 1 -359 -354 355 -369 -347
9 Haplocladium strictulum Haplocladium Soil 2 2 10 38 39 30 130 15 -36.8  -341 -348 -36.7 -36.1
10 Entodon auutrifolius Entodon Tree 0.2 0.1 1 1 1 1 5 2 -33.1 -335  -33.1  -329
11 Entodon viridulus Entodon Tree 0.5 0.5 7 3 3 1 16 3 -389  -327  -329 -326 -34.1
12 Plagiomnium cuspidatum Plagiomnium Soil 0.5 1 5 11 9 4 34 20 -344 372 -38.6 -333
13 Taxiphyllum taxirameum Taxiphyllum Rock 0.5 3 7 9 10 3 36 40 -333  -323  -33.1  -329 327
14 Taxiphyllum taxirameum Taxiphyllum Soil 0.8 2 4 8 12 33 109 -358  -33.7  -357 -37.4
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