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Abstract

Mangroves play a globally significant role in carbon capture and storage, known
as blue carbon ecosystems. Yet, there are fundamental biogeochemical processes
of mangrove blue carbon formation that are inadequately understood, such as the
mechanisms by which mangrove afforestation regulates the microbial-driven transfer
of carbon from leaf to below-ground blue carbon pool. In this study, we addressed
this knowledge gap by investigating: (1) the mangrove leaf characteristics using state-
of-the-art FT-ICR-MS; (2) the microbial biomass and their transformation patterns of
assimilated plant-carbon; and (3) the degradation potentials of plant-derived carbon
in soils of an introduced (Sonneratia apetala) and a native mangrove (Kandelia obo-
vata). We found that biogeochemical cycling took entirely different pathways for S.
apetala and K. obovata. Blue carbon accumulation and the proportion of plant-carbon
for native mangroves were high, with microbes (dominated by K-strategists) allocating
the assimilated-carbon to starch and sucrose metabolism. Conversely, microbes with
S. apetala adopted an r-strategy and increased protein- and nucleotide-biosynthetic
potentials. These divergent biogeochemical pathways were related to leaf character-
istics, with S. apetala leaves characterized by lower molecular-weight, C:N ratio, and
lignin content than K. obovata. Moreover, anaerobic-degradation potentials for lignin
were high in old-aged soils, but the overall degradation potentials of plant carbon
were age-independent, explaining that S. apetala age had no significant influences on
the contribution of plant-carbon to blue carbon. We propose that for introduced man-
groves, newly fallen leaves release nutrient-rich organic matter that favors growth of
r-strategists, which rapidly consume carbon to fuel growth, increasing the proportion
of microbial-carbon to blue carbon. In contrast, lignin-rich native mangrove leaves

shape K-strategist-dominated microbial communities, which grow slowly and store
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1 | INTRODUCTION

Mangroves are among the most carbon (C)-rich ecosystems on
earth, providing immense ecological services for C storage (Adame
et al., 2021; Macreadie et al., 2021; Wang et al., 2020). Along with
salt marshes and seagrasses, these coastal wetlands were considered
blue C ecosystems (BCEs), and play a crucial role in mitigating climate
change (Bertram et al., 2021; Wang et al., 2023). Globally, there is a
growing interest in BCEs as a natural climate solution for offsetting
greenhouse gas emissions through preservation and restoration ef-
forts (Donato et al., 2011; Macreadie et al., 2019; Sanders-DeMott
etal., 2022; Wang et al., 2021). Unfortunately, mangroves have been
adversely impacted by anthropogenic activities since the 1950s.

In China, for example, the mangrove area has decreased from
50,000ha in the 1950s to 15,000ha in 1990 (Ren et al., 2009).
Afforestation has been identified as an effective way for mitigat-
ing these losses and enhancing ecosystem services (Macreadie
et al., 2021). It is important to note that mangrove soil harbors
49%-98% of carbon in these ecosystems (Donato et al., 2011;
Liang, 2020; Mambelli et al., 2011). Moreover, the relative contribu-
tion of externally-produced C (‘allochthonous’) versus self-produced
C (‘autochthonous’) to mangrove blue C stocks varies widely (Canuel
& Hardison, 2016; Hiraishi et al., 2014; Kramer et al., 2017). Thus,
understanding soil C cycling is critical for restoring belowground
ecosystem structure and function during afforestation efforts
(Bardgett & van der Putten, 2014). However, little is known about
how afforestation regulates the microbial-driven transfer of C from
plant litter to the underlying soil horizons in mangroves.

Microbes with different growth strategies determine how
plant-derived C is decomposed and incorporated into soil organic C
(SOC) (Cotrufo et al., 2013; Liang et al., 2017). Microbial communities
can differentiate into communities dominated by r- and K-strategists,
respectively, depending on the forms and concentration of ambient
C (Chen et al., 2016; Schneckenberger et al., 2008). R-strategists
dominate when labile C is abundant, allocating plant-derived C to
energy and biosynthesis processes (protein/nucleotides biosyn-
thesis) for rapid growth (Blagodatskaya & Kuzyakov, 2008; Malik
et al., 2020). In contrast, K-strategists dominate when labile C is
scarce, and they secrete enzymes to decompose recalcitrant C and

mangrove ecosystems.

assimilated-carbon in cells, ultimately promoting the contribution of plant-carbon to
the remarkable accumulation of blue carbon. Our study provides new insights into

the molecular mechanisms of microbial community responses during reforestation in

biogeochemistry, blue carbon, carbon cycling, coastal ecosystem, FT-ICR-MS, functional
potential, mangrove restoration, metagenome sequencing, microbial biomass, microbiome

store the plant-derived C primarily in the form of polysaccharides,
contributing to SOC accumulation and stabilization (Prosser et al.,
2007). In mangrove, the organic matter in soil mainly originate from
litterfall (Alongi, 2014; Kristensen et al., 2008). Hence, the tree spe-
cies used for afforestation have far-reaching influence on the mi-
crobial-driven SOC formation and stabilization due to the distinct
characteristics of their leaf litter C.

In terrestrial ecosystems, plant litter Cis aerobically decomposed
and assimilated into microbial biomass (Dignac et al., 2005; Dungait
et al., 2012; Robertson et al., 2008), contributing to SOC formation
(Marschner et al., 2008; Sayer, 2006; Xu et al., 2013). However, un-
like terrestrial ecosystems, mangroves are periodically exposed to
tidal inundation, and undergo highly complex redox reactions (Arndt
et al., 2013). These fluctuating redox conditions closely determine
the decomposition of plant litter C (mainly lignin, cellulose, hemi-
cellulose, etc.) in mangroves, which may differ from terrestrial eco-
systems (Dittmar & Lara, 2001; Leadbeater et al., 2021; Marchand
et al., 2005). As previously demonstrated, anaerobic degradation of
plant litter C is significant in waterlogged sediments (Yu et al., 2018).
Hence, an integrated assessment of anaerobic and aerobic degrada-
tion potential of the plant litter C is crucial to understand its contri-
bution to SOC formation.

To efficiently restore the degraded mangroves, Sonneratia
apetala, a pioneer species with high adaptability and growth rate,
was introduced in China (Ren et al., 2008). Previous studies have
shed some light on the impacts of introducing S. apetala on the biodi-
versity, and SOC storage in mangrove ecosystems (Ren et al., 2010;
Soares & Schaeffer-Novelli, 2005). However, two major issues re-
main unresolved. First, the leaf litter of the introduced S. apetala
and the long-growing native species Kandelia obovata, differ signifi-
cantly, such as in cellulose-to-lignin ratio (Rao et al., 2021), but little
is known about their differences in characteristics of leaf dissolved
organic matter (DOM) and their effects on microbial-driven SOC se-
questration. Second, during afforestation, litterfall forms layers on
the topsoil, creating potential anaerobic micro-environments (Huang
& Spohn, 2015; Leitner et al., 2016), but it is unclear whether the
anaerobic lignin degradation in soils becomes more significant with
the increasing age of S. apetala, thereby changing the contribution of
plant litter C to SOC storage.
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Here, we integrated Fourier-transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS), soil carbon component analysis,
and metagenome sequencing to clarify the variability in leaf char-
acteristics, soil lignin contents, and soil microbial communities of S.
apetala compared with the native species/tidal flat on Qi'ao Island in
South China. FT-ICR-MS, a cutting-edge technology, allowed precise
characterization of diverse DOM formulas (Blackburn et al., 2017,
Gan et al., 2021). We hypothesize that (1) S. apetala leaf DOM has
a lower molecular weight than native species, and shapes the soil
microbial communities dominated by r-strategists, leading to greater
partitioning of plant-derived C to microbial growth and division,
rather than storage; (2) old-aged S. apetala soils exhibit higher lig-
nin anaerobic degradation potentials due to the thicker litter layer.
The island of Qi'ao was selected as a suitable location for investi-
gating the potential of S. apetala and K. obovata soils as blue C sinks.
This choice was based on the similarity of the tidal flats where both
species were planted and the sediments environments they encoun-
tered (Yu et al., 2020). We believe that our findings provide insights
into the molecular mechanisms of microbial community responses

during mangrove reforestation.

2 | MATERIALS AND METHODS
2.1 | Study site and soil sampling

We conducted leaf, pedological, and microbial investigations in June
2022 at a sampling site located in Qi'ao Mangrove Wetland Park
(22°26'N, 113°38'E), Guangdong Province, China. The average
temperature is 22.4°C, and the average annual precipitation is 1700-
2200mm, with most occurring between April and September (Yu
etal., 2020). The tides are irregularly semidiurnal, with mean high and
low tides of 0.17 and -0.14m, respectively (Chen et al., 2014). The
soils are mainly coastal sandy soil. Due to large-scale deforestation
from 1984 to 1998, only a small proportion of the native mangrove
species Kandelia obovata remains, with S. apetala becoming dominant
since 1999 (Yu et al., 2020).

Soil samples were collected from four different sites: tidal flat
control (CK), 10-year-old S. apetala (SA10), 20-year-old S. apetala
(SA20), and 40-year-old K. obovata (KO). They were planted on tidal
flats with similar tidal levels (1.45-1.55m) and flooding duration time
(10.3-10.6 h). Each site had four sampling plots (10x 10 m) with sim-
ilar initial conditions in terms of tide level and elevation, which were
ensured using a surface elevation table. Each plot was randomly dis-
tributed within each site and separated from others by more than
10m. For each plot, three soil cores were randomly collected, with
0-10cm topsoil collected using a steel semi-opened corer (5cm di-
ameter, 100cm depth) after removing plant litter. Three core seg-
ments from each plot were homogenized to establish a composite
soil sample. In total, 12 composite soil samples (3 replicates x 4 sites)
were obtained. Each sample was separated into two portions: one
was immediately frozen in dry ice in situ and stored at -80°C for
analyses of phospholipid fatty acid (PLFA) and metagenomics; and
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the other portion was air-dried at room temperature for analyses of

SOC and lignin content.

2.2 | Comparison of leaf DOM and soil microbial
communities between S. apetala and K. obovata

2.21 | Leafsampling and FT-ICR-MS-based
characterization

To investigate how the introduced S. apetala and native species
K. obovata regulate SOC formation by altering the composition of
soil microbial community, the leaves of K. obovata and S. apetala
and soils from the tidal flat, 10-year-old S. apetala, and K. obovata
were sampled along the intertidal region at the study site. Ten fresh
leaves of S. apetala and K. obovata were randomly picked and freeze-
dried. Ten fresh leaves from each species were freeze-dried, ground,
and immersed in Milli-Q water (leaf to water mass ratio=1:10)
for 24h (Hur et al.,, 2009). The leaf leachate was then filtered
and concentrated using tyrene-divinyl-benzene polymer (PPL)
cartridges for FT-ICR-MS measurements (Dittmar et al., 2008). FT-
ICR-MS analysis was performed on a 7T FT-ICR-MS equipped with
an ESI source in negative mode. Detailed leaf treatment, leachate
preparation, and FT-ICR-MS detection procedures can be found in

the supplementary files.

2.2.2 | Phospholipid fatty acids-based microbial
biomass analyses

Soil samples were sieved to 2mm and used for PLFAs extraction
and analysis. PLFAs are important components of microbial cell
membranes, rapidly decomposing after cell death, making them
indicators to distinguish living from dead organisms (Frostegard &
Baath, 1996). The PLFAs were extracted from 8 g of frozen and sieved
soil in a mixture of chloroform, methanol, and phosphate buffer
(1:2:0.8, v:v:v), and then evaluated by gas chromatography (GC7890,
Agilent, California, USA) after further separation, purification, and
methyl esterification of the organic phase (Frostegard et al., 2011).
Standard internal peak (C19:0) was used for peak identification,
and PLFAs were assigned following standard nomenclature (Tunlid
et al., 1989). Biomarker PLFAs were estimated for fungi (18:2wéc,
18:3w3c, and 16:1w5c) and bacteria (i14:0, i15:0, a15:0, i16:0,
i17:0 al7:0, 16:107c, 18:109c, 18:1w7c, 15:0 and 17:0) (Bossio
et al.,, 2006). The total PLFA biomass was calculated as the sum
of the fungi, bacteria and PLFAs 14:0, 16:0, 16:1w5c, and 17:108c
(Bardgett et al., 1999).

2.2.3 | Microbial assimilated C partitioning analyses

To analyze the partitioning patterns of assimilated plant-derived
C in microbes, we used metagenomics data and calculated total
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gene abundances in four pathways (starch and sucrose metabolism,
fatty acid biosynthesis, amino acid metabolism, and nucleotide
metabolism), all starting with acetyl-CoA as a precursor. Next, we
determined the relative changes in pathway abundances in S. apetala
and K. obovata soils by comparing them to the corresponding pathway
abundances in tidal flat soils. For example, the gene abundance of
the starch and sucrose metabolism pathway in S. apetala was divided

by the corresponding gene abundance in tidal flat soils.

2.2.4 | Microbial-derived C extraction and
quantification

We employed the Indorf et al. (2011) protocol to extract and assess
soil amino sugars (glucosamine (GluN), muramic acid (MurN), and
galactosamine (GalN)), which are indicators of microbial-derived C.
Briefly, 0.5g of air-dried soil (<2mm) was subjected to hydrolysis
at 105°C for 8h with 10mL 6 M HCI, followed by cooling to 25°C
and filtration. To eliminate the HCI, 0.5mL supernatant was
evaporated using an evaporator, and the resulting residue was
dissolved in ultrapure water and stored at -20°C for quantification
and determination of GIuN, MurN, and GalN (Liang et al., 2019) (see
Supplemental file for details).

2.3 | Exploration of the effects of S. apetala ages
on the lignin degradation and its contribution to SOC

2.3.1 | Soil selection

Given the age discrepancy between the studied S. apetala and K.
obovata, we further investigated whether the age of S. apetala influ-
ences the degradation potential of plant-derived C and its contribu-
tion to SOC. This experiment aimed to eliminate any confounding
effects of S. apetala age on SOC formation, so as to better compare
the distinctions in the SOC formation mechanisms of S. apetala and
K. obovata. We selected a chronosequence of afforestation sites rep-
resenting over 20years of restoration: a tidal flat control, 10-year-
old S. apetala, 20-year-old S. apetala. The chronosequence sampling
was based on the principle of space-for-time substitution, providing
a unique opportunity to study the long-term dynamics of lignin deg-
radation potentials and its contribution to SOC.

2.3.2 | Metagenomics-based analysis of plant C
degradation potentials

Details on the DNA extraction, library construction, metagenomic
sequencing, genome assembly, and gene prediction can be found in
the Supplementary files. Taxonomic annotation of the representative
sequences of non-redundant gene was performed using DIAMOND
(http://www.diamondsearch.org/index.php, version 0.8.35; Buchfink
et al., 2015) combined with NCBI's non-redundant protein (NR)

database, with an e-value cutoff of 1e-5. Functional annotation was
achieved using carbohydrate-active enzymes (CAZymes; Cantarel
et al., 2009) and Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/keeg) databases, also with an e-value cutoff
of 1le-5. The genes for CAZymes, aerobic- and anaerobic lignin deg-
radation were selected from CAZymes and KEGG databases. Gene
abundances were normalized into reads per kilobase of transcript per
million mapped reads (RPKM), which is commonly used in metagen-
omics to counteract the effects of total read counts and gene lengths

when comparing the gene abundances between samples.

2.3.3 | Lignin extraction and plant-derived C
quantification

Soil lignin phenols were extracted using the alkaline CuO oxidation
method following Hedges and Ertel (1982). Briefly, about 1.0g of air-
dried soil samples was mixed with 500mg CuO, 100mg Fe(NH,),(SO,),
in 15mL NaOH solution (2M) in Teflond vessels. After flushing the
headspace with N, for 5min, the vessels were heated at 170°C for 2h
and kept at room temperature overnight. The CuO-oxidated products
were then derivatized at 60°C for 3h with N,O-bis-(trimethylsilyl) tri-
fluoroacetamide (BSTFA) and pyridine to produce trimethylsilyl (TMS)
derivatives (Ma et al., 2018). The derivatives were detected using an
Agilent 7890B gas chromatography equipped with a 710B TQ mass
spectrometer (Agilent, USA). The lignin phenols were quantified by
the total amounts of vanillyl (V)-, syringyl (S)-, and cinamyl (C)-based
phenols. The plant-derived C was calculated using Equation (1):

Vv S
(w + 507 +C)

40% x SOC

Plant — derived C (% SOC) = % 100%, (1)

where 33.3% and 90% represent the release efficiencies of V- and S-
based phenols, respectively, based on the CuO oxidation method. The
value 40% indicates the minimum lignin content found in empirical
mangrove residues (Yang et al., 2018).

2.4 | Statistical analysis

Data analyses and visualization were performed in R (v4.2.0, R
Development Core Team, 2009), unless otherwise specified. Gene
and species abundances represented by log-transformed RPKMs
were used for analyses. Means and standard deviations were shown
in figures and tables. Brays-Curtis distance-based principal com-
ponents analysis (PCA) and analysis of similarity (ANOSIM) were
performed using vegan and ggpubr packages to assess differences
in microbial community composition among groups. The differences
in log-transformed RPKMs of genes or species among groups were
tested using Kruskal-Wallis one-way analysis of variance (Kruskal-
Wallis test; function: Kruskal.test). Pairwise differences between
genes or species were tested using pairwise Wilcoxon rank-sum test
with false discovery rate correction (FDR; function: pairwise.wilcox.
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test (x, g, p.adjust.method = "fdr"), where x and g represent response
and group, respectively).

Visualization of gene and species abundance was achieved using
pheatmap package (Kolde & Kolde, 2018), targeting the top 20 species
and CAZymes. Alpha diversity was analyzed using picante and vegan
packages to calculate Chaol, Shannon, and Simponeven indices, and
bar plots were created with ggplot2. Abundance of substrate-specific
and total CAZymes, lignin degradation genes, and so forth were pre-
sented using scatter, bar, and/or box plots with ggplot2. Significantly
changed genes in the anaerobic lignin degradation pathway were la-
beled in red based on p-values <.05 with the Kruskal-Wallis test and
gene abundances were exhibited by a bar plot using ggplot2. C flow
changes in the soil microbial community were visualized using radar
diagrams for the starch and sucrose metabolism, fatty acid biosyn-
thesis, amino acid metabolism, and nucleotide metabolism pathways

from the KEGG database, created with ggradar package.

3 | RESULTS

3.1 | Leaf DOM and soil microbial communities of
S. apetala and K. obovata

3.1.1 | Leaf DOM characteristics

S. apetala leaf DOM had 3144 assigned formulas, while K. obovata
had 2327 formulas (Supplementary File 1). The mass distributions
of these formulas (Figure 1a) indicated that S. apetala leaf DOM had
a lower molecular weight (419.6) compared to K. obovata (458.9,
Figure 1b). The DOM characteristics analysis revealed that S. apetala
had higher percentages of lipid (3.69%), protein-like (31.14%), and

carbohydrate-like (4.80%) components, and lower percentages of
lignin-like (40.97%), tannins (7.67%), aromatic structures (8.65%),
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and unsaturated hydrocarbons (2.13%) than K. obovata. In addition,
the C:N mass ratios of S. apetala and K. obovata leaf DOM were 82.3
and 109.7, respectively (Figure 1b).

3.1.2 | Soil microbial community composition

Microbial diversity analyses revealed lower Chaol index in tidal flat soil
than vegetated soils (p <.05, Wilcoxon rank-sum test); but no significant
differences were observed among the vegetated soils (p=.16, Kruskal-
Wallis test, Figure 2A). The Shannon index did not show significant
differences (p=.06, Figure 2B). Nevertheless, the Simpsoneven index sig-
nificantly decreased in the vegetated soils compared to tidal flat (p<.05,
Wilcoxon rank-sum test, Figure 2C), with the lowest value obtained at
K. obovata. Bacterial community compositions significantly differed
between tidal flat and vegetated soils (PERMANOVA, R?=.65, p<.01;
Anosim, R?=.58, p<.01) and were visualized with three distinct clusters
(Figure 2D). The top 5 most abundant species were Deltaproteobacteria
bacterium, Acidobacteria bacterium, Gammaproteobacteria bacterium,
Chloroflexi bacterium, and Proteobacteria bacterium (Figure 2E). D. bacte-
rium was significantly more abundant in K. obovata soils compared to the
other two groups (p <.01, Wilcoxon rank-sum test), accounting for 12.2%
of the relative abundance. The decrease in the Simpsoneven index in K.
obovata soils can be attributed to an increase in D. bacterium abundance

and a decrease in P. bacterium abundance.

3.1.3 | PLFA microbial biomass and its
partitioning of assimilated plant-C

The PLFA analysis showed increased microbial biomass after in-
troducing S. apetala, but it remained lower than in K. obovata soils

(p<.05, Figure 3A). The total gene abundances of starch and sucrose

(@) 0.4 (b)
& S. apetala - Proportion (%) S. apetala K. obovata
>
= & A
@ 031 K. obovata Lipid 3.69 1.59
)
< o Protein 31.14 11.09
o 02 i
> 3 Carbohydrate 4.80 3.05
= 01| Lignin 40.97 50.62
o s
1 Tannins 7.67 10.44
0 00O 00O 0000000000 QO c> Others 11.73 23.2
B O OV O WV O 1V O 1V O U O WU O B O W
O T T NARRY TR QNN PP
b~~~ = ~S i~~~ I~ - 2 Average Mass  419.6 458.9
~ — N N OO - T OO O O ~NMNO®
C:N mass ratio 82.3 109.7

Observed M/z

FIGURE 1 The FT-ICR-MS-based characteristics of leaf DOM from Sonneratia apetala and Kandelia obovata. The distribution of molecular

size (a) and a summary of characteristics (b).
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FIGURE 2 The diversity and composition of soil microbial communities. (A)-(C) Differences analyses of alpha-diversity indexes; (D)
principal components analysis (PCA), Anosim, and Permanova analyses of the differences of microbial composition based on Brays-Curtis
distance; (E) a heatmap showing the abundance of the top 20 species. CK, SA, and KO represent soils sampled from the tidal flat control,
Sonneratia apetala, and Kandelia obovata, respectively.
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metabolism, fatty acid biosynthesis, amino acid metabolism, and
nucleotide metabolism were used to calculate the increasing fold,
representing their relative abundance in the vegetated mangrove
soils versus those in the tidal flat (Figure 3B). S. apetala soils had
slightly increased potentials for amino acid metabolism, fatty acid
biosynthesis, and nucleotide metabolism with 1.048x, 1.046x, and
1.041x higher abundances, respectively, but the potential for starch
and sucrose metabolism did not significantly differ (1.006x higher
abundance; p=.51, Wilcoxon rank-sum test between S. apetala and
tidal flat soils). In contrast, K. obovata soils exhibited significant in-
creases in all pathways (starch and sucrose metabolism, fatty acid
biosynthesis, amino acid metabolism, and nucleotide metabolism)
compared to the tidal flat soils (all p values <.05). Notably, C flow into
the starch and sucrose metabolism pathway increased significantly

in K. obovata compared to S. apetala (p <.05).

3.2 | The effects of S. apetala ages on the
plant-litter C degradation

3.2.1 | The overall degradation potential of
plant-litter C

The overall degradation potential of plant-litter C was assessed by
examining the abundance of CAZyme families. A total of 30,925,757
non-redundant genes were obtained from the unassembled
mangrove forest soil metagenomes, and 568 CAZy gene families
were identified (see Supplementary File 2 for the detailed
abundances). Sixty of these CAZy gene families showed significant
differences after introducing S. apetala (p <.05, Kruskal-Wallis test,
see Supplementary File 3 for details). The top 50 most abundant
CAZy genes were primarily involved in degrading starch, cellulose,
hemicellulose, extensin, and lignin (Figure S2A). Although the total
abundances of CAZy genes did not significantly differ with the age
of S. apetala increasing (p=.058, df=2, ;{2=7.47, Kruskal-Wallis
test, Figure S2B), the relative proportions of the substrate-specific
CAZy genes exhibited different patterns (Figure 4). The abundance
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of genes responsible for degrading starch, hemicellulose, and pectin

significantly increased in S. apetala soils (p <.05, Kruskal-Wallis test).

3.2.2 | Aerobic and anaerobic degradation
potentials of lignin

The KGEE-based analysis of potential for lignin degradation
showed similar trends as CAZymes database (Figure 5A). The gene
abundances involved in lignin degradation (including aerobic and
anaerobic pathways) did not significantly differ between SA10
and SA20 soils, but both were higher than in the tidal flat soil
(both p values <.05, Wilcoxon rank-sum test, Figure 5A). In our
metagenomes, we identified all genes matching the lignin aerobic
and anaerobic degradation pathways annotated in the KEGG
database (Figure 5; Figure S2; Tables S1 and S2). The aerobic lignin
degradation pathways showed similar trends, with lower gene
abundances in tidal flat soil than in vegetated soils (both p values
<.05, Figure 5A). However, the total abundance of 22 anaerobic
degradation-associated genes significantly increased with the
increasing age of S. apetala (Wilcoxon rank-sum test, p<.05, SA20
vs. SA10, Figure 5A). Specifically, 7 genes exhibited significant
differences during reforestation (p<.05, Kruskal-Wallis test,
Figure 5B), which were shown in yellow (Figure 5C). The ligases E.C.
6.2.1.25, 6.2.1.27, and 6.2.1.37 responsible for C-S bond formation
and the oxidoreductase E.C. 1.1.7.1 increased significantly with
the increasing age of S. apetala (all p values <.05, Wilcoxon rank-
sum test, Figure 5C,D) at the beginning of anaerobic degradation
pathway.

3.3 | SOC storage and the contribution of
plant-derived C and microbial-derived C

The introduction of S. apetala significantly enhanced the SOC forma-
tion (p<.01, Wilcoxon rank-sum test, Figure 6). For example, SOC
concentrations of SA10 and SA20 was 19.9% and 18.6% higher,
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FIGURE 4 Patterns of substrate-
specific degradation potential for plant-
derived C in soils with the increasing
age of Sonneratia apetala. Different
letters: Significant difference at p<.05
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FIGURE 5 Changes of lignin degradation with the increasing age of Sonneratia apetala. (A) Comparison of aerobic and anaerobic
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Different letters indicate significant differences among groups (Wilcoxon rank-sum test). Values are presented as means + SE for n=3. SA10
and SA20 represent soils sampled from the 10-year-old and 20-year-old S. apetala, respectively.

respectively, compared to tidal flat soil (13.2%). However, the age of
S. apetala did not significantly affect the SOC concentration (p=.3,
SA10 vs. SA20). Similarly, the contribution of plant-derived C to SOC
was significantly influenced by the introduction of S. apetala (p <.01),
but there were no remarkable changes as mangrove restoration pro-
gressed. On average, S. apetala communities had approximately 5
times more plant-derived C than tidal flat soil. Nonetheless, the SOC
concentration of S. apetala (both SA10 and SA20) was significantly
lower than in K. obovata soil (p <.01). Additionally, the contributions
of microbial-derived C to SOC in soils vegetated by S. apetala were

higher than in K. obovata soil.

4 | DISCUSSION

There is an increasing interest in restoring ecological functions dur-
ing afforestation. Afforestation not only restores the aboveground
vegetation, but also enhances the aboveground-underground eco-
logical relationship by increasing the amount of leaf litter. However,
little is known about how leaf litter regulates the microbial-driven
transfer of plant-derived C to underlying soil horizons, thereby af-
fecting SOC sequestration during mangrove afforestation. In this
study, we investigated changes in FT-ICR-MS-based characteristics

of leaf DOM, microbial community diversity and functional potentials
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after introducing S. apetala, using the tidal flat and the native species
as references (Figure 7). Our first hypothesis was supported by the
finding that the leaves of S. apetala have relatively lower molecular
weight and C:N mass ratio compared to K. obovata, suggesting that
S. apetala can release more small-molecule C and nutrients into the
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FIGURE 6 Patterns of soil organic carbon and the contribution
of plant-derived C (indicated by green color) and microbial-derived
C (indicated by orange color). Different letters indicate significant
differences in the soil organic carbon concentration among groups
(Wilcoxon rank-sum test). SA10, SA20, and KO represent the soils
sampled from 10-year-old and 20-year-old Sonneratia apetala, and
the native mangrove species Kandelia obovata.
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soil with the same amount of litterfall. Consequently, the microbial
community was dominated by r-strategists, which allocated the as-
similated plant-derived C into the cell growth, ultimately resulting
in a weaker capacity for SOC sequestration in S. apetala-vegetated
soils. We also clarified whether the age of S. apetala affects the deg-
radation of plant-derived C and its contribution to SOC. Our results
indicated that the age of S. apetala did not significantly influence the
degradation potentials of plant-derived C, and thus its contribution
of SOC; however, the potentials for anaerobic lignin degradation
were significantly elevated in SA20 likely due to the reduced ORP,
supporting our second hypothesis. Overall, our study provides valu-
able insights into the microbial transformation of plant-derived C to

SOC during mangrove restoration.

4.1 | Regulation of afforestation on the
microbial-driven transfer of C from leaf to blue
C pool

Vegetation composition shifts are a key factor dominating changes
in C cycling and the formation of the blue C pool during mangrove
afforestation (Alongi, 2014; Yang et al., 2016). The C in blue C pools
comes primarily from photosynthetically fixed C in autochthonous
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mangrove tree (providing over 50% of the total C sources), with
the remainder coming from surrounding terrestrial and marine C
(Kristensen et al., 2008). Although previous research has indicated
that the relative contribution of terrestrial and marine sources de-
pends on forest location, river flow, and tidal pulse intensity (Krauss
et al., 2010; Osland et al., 2012); within the same restoration site,
these other factors are relatively consistent. Therefore, the im-
portance of tree species selection becomes more prominent when
afforestation. Our study compared the differences between the
introduced S. apetala and the native K. obovata based on the same
forest location, tidal timing, and intensity. We demonstrate that the
surface SOC concentration in both 10-year-old and 20-year-old S.
apetala is only one-third of that found in native K. obovata. This find-
ing aligns with previous research results (Feng et al., 2019; Lunstrum
& Chen, 2014; Yu et al., 2020). Therefore, the selection of tree spe-
cies is a crucial factor determining the size of the blue C pools during
mangrove afforestation.

Mangrove tree species regulate the formation of blue C primar-
ily through leaf litter production (Adame et al., 2021; Kristensen
et al.,, 2008). Although on average about 50% of the average
mangrove litterfall is exported from the ecosystem (Adame &
Lovelock, 2011); the remaining litterfall still contributes nearly 40%
to its total carbon burial (Alongi, 2014; Kristensen et al., 2008). The
litterfall triggers a series of soil microbial metabolic activities (Chao
et al., 2019; Wang et al., 2014). The quantity and characteristics of
leaf litter determine the amount and types of C sources that soil mi-
croorganisms can utilize. A long-term observation of litter produc-
tion of S. apetala and K. obovata over 10years revealed that S. apetala
produces more aboveground biomass and leaf litter compared to K.
obovata (Liu et al., 2014). Despite the greater quantity of leaf litter
from S. apetala, the blue C pool remains smaller compared to K. obo-
vata. Our findings can provide two explanations:

First, the overall degradation potentials of plant-derived C
showed no significant differences between S. apetala and K. obo-
vata, suggesting a similar transform rate from leaf litter-derived C
to SOC pool. Additionally, we observed no significant differences
in the extensin-specific decomposition potential were observed be-
tween S. apetala and K. obovata soils. Extensin, a hydroxyproline-rich
glycoprotein in the plant cell wall (Camilleri & Ribi, 1986; Lamport
et al., 2011), acts as a front-line defense against the breakdown of
plant litterfall by microbes (Castilleux et al., 2021). This series of evi-
dence indicates that although there are differences in litter quantity
(Liu et al., 2014), the size of the ‘valve’ regulating the input of litter
C into the SOC pool does not significantly differ between S. apetala
and K. obovata. Therefore, the key to clarifying the plant-derived C
received by surface soil microbial communities is the characteristics
of leaf DOM.

Second, S. apetala leaf DOM was characterized by lower mo-
lecular weight and C:N mass ratio, and greater amounts of labile
nutrients (protein and carbohydrate) than K. obovata leaves. After
receiving such distinct leaf litter DOM, soil microbial communities
exhibited different structures. According to the growth rate hy-
pothesis, fast-growing bacteria (r-strategists) require high levels of

nucleotides and proteins to support microbial growth and division
(Elser et al., 2003; Makino et al., 2003). Our C partitioning analyses
supported our hypothesis I, as manifested by the increased nucle-
otide and amino acid metabolism potentials and decreased starch
and sucrose metabolism potentials in the S. apetala soils. Therefore,
we suggest that the microbial communities in the S. apetala soils are
primarily dominated by r-strategists.

The different growth rates of microbial communities greatly de-
termines their utilization of plant-derived C, thereby explaining the
SOC dynamics. R-strategists, known for their short lifespan and rapid
reproduction under favorable conditions (Hamer & Marschner, 2002;
Kuzyakov & Bol, 2006), play a predominant role in decomposing both
plant inputs and ‘old’ SOC when litter releases DOM with a relative
low C:N ratio, a phenomenon called the priming effect (Bingeman
et al., 1953; Kirkby et al., 2014; Trevathan-Tackett et al., 2018). With
this understanding, we propose that in S. apetala soils, DOM leach-
ing from the freshly fallen litter enriched in low-molecular-weight C
and nutrients, stimulates the growth and dominance of r-strategists.
Consequently, most of the assimilated plant-derived C is allocated
to microbial growth rather than the formation of stabile SOC (Fang
et al., 2018; Malik et al., 2020). Therefore, although the mangrove
soils (SA10 and SA20) received more fresh litter C than the tidal flats
after reforestation, the litter C is likely consumed by microbes and
consequently transformed to atmospheric CO, (Blagodatskaya &
Kuzyakov, 2008; Shao et al., 2021). This suggestion well explained
our finding that the SOC in SA10 and SA20 topsoil was not highly
increased compared to the tidal flat.

Overall, our study sheds light on the role of leaf DOM in shaping
structure of soil microbial communities, and emphasizes the signif-
icance of microbial community growth strategies in explaining the
SOC dynamics during mangrove afforestation. The DOM leaching
from S. apetala favors the proliferation of r-strategists, which rap-
idly consume C to fuel growth rather than store it. In contrast, the
lignin-predominant leaf DOM of K. obovata shapes a microbial com-
munity dominated by K-strategists that grow slower, store the assim-
ilated C in their cells, and ultimately promotes the stabilization and
accumulation of SOC. Since parts of these leaf DOMs are exported
from mangroves to other blue C ecosystems, such as saltmarshes and
seagrasses (Maher et al., 2018; Odum, 1968), the active S. apetala
leaf DOM may provide a subsidy to nourish adjacent nearshore food
webs. However, the contemporary understanding reveals a more in-
tricate scenario that the contribution of mangrove litter to adjacent
coastal food webs is limited (Adame et al., 2012). We suggest that it
is likely due to the fact that the labile DOM of S. apetala leaf is de-

pleted by aquatic microbes as they are tidally exported.

4.2 | Age of afforested species enhances the
anaerobic degradation potentials for plant-derived C

Lignin constitutes one-fourth of leaf litter and is catabolized through
both aerobic and anaerobic degradation (Durante et al., 2018;
Levy-Booth et al., 2021). Despite prevalence of anoxic conditions
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in mangrove soils, microbial anaerobic lignin degradation remains
inadequately understood (Cabral et al., 2018; Durante et al., 2018;
Foght, 2008). Our investigation indicates that the potential for an-
aerobic lignin degradation is equivalent to that for aerobic degra-
dation, highlighting the crucial role of anaerobic lignin degradation
in the biospheric cycling of C in mangrove soils. This finding aligns
with the study by Benner et al. (1984), which reported highly ac-
tive anaerobic lignin biodegradation in waterlogged soils. However,
we observed an intriguing phenomenon that the potential for
anaerobic lignin degradation is enhanced with the progression
of mangrove afforestation. Metagenomic analysis further eluci-
dated that 4-hydroxybenzoate-CoA ligase (E.C. 6.2.1.25, 6.2.1.27,
6.2.1.37) were the principal ligase responsible for anaerobic deg-
radation in response to the age of S. apetala. This ligase catalyzes
the conversion of lignin-based compounds into benzoyl-coenzyme
A (benzoyl-CoA), the initial step in the central reductive pathway
for aromatic ring degradation under anaerobic conditions (Gibson
et al., 1997; Merkel et al., 1989). The regulation of soil enzyme ac-
tivity by functional genes in microorganisms is a well-established
phenomenon (Bahram et al., 2018; Trivedi et al., 2016), and extra-
cellular enzymes play a pivotal role in the decomposition of soil C
(Burns et al., 2013). Therefore, the elevated abundance of genes
for anaerobic lignin degradation is associated with increased ligase
activity, facilitating C anaerobic decomposition. AadR, a regulatory
gene associated with 4-hydroxybenzoate-CoA ligases, serves as a
redox potential sensor (Egland et al., 1997) that activates the ex-
pression of this ligase in response to low redox conditions (Egland &
Harwood, 2000). As expected, we observed a reduction in the oxi-
dation-reduction potential (ORP) of the topsoil with increasing age
of S.apetala (Figure S4). This decline in ORP is likely a consequence
of the accumulation of perennial leaf litter layers, which inevitably
lead to hypoxic topsoil conditions (Huang & Spohn, 2015; Leitner
etal., 2016). Thus, the reduced ORP activated AadR and the expres-
sion of 4-hydroxygenzoate-CoA ligase, thus promoting the poten-
tial for anaerobic lignin degradation in the old-aged S.apetala soil.
Organic matter, like lignin, settling onto the anoxic sediment
acts as an electron source for alternative electron acceptors, such
as nitrates and sulfates (Canfield, 1989; Davidova et al., 2007; Evans
& Fuchs, 1988; Fernandes et al., 2012). Our study observed that
sulfate or nitrate reduction contributed to half of the electron ac-
ceptors required for anaerobic reactions, and both anaerobic and
aerobic respiration (oxidative phosphorylation pathway) show similar
potentials (Figure S5). Additionally, the dominant taxa we observed
(D. bacterium) is a generalist capable of aerobic and anaerobic lignin
degradation, oxidative respiration, and dissimilatory sulfate/nitrate
reduction (Figure Sé). This highlights D. bacterium's fundamental
ability to engage in diverse chemical processes relevant to anaerobic
degradation of plant litter, emphasizing the crucial role of anaerobic
lignin degradation in mature mangrove soils. Furthermore, anaero-
bic respiration generates substantial amounts of inorganic reduced
compounds, such as sulfur, which contribute to chemoautotrophic C
fixation (Gong et al., 2018). Our study found that the C fixation po-
tential of prokaryotes increased with the age of S. apetala (Figure S7),
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suggesting that the growing importance of anaerobic lignin degra-
dation in old-aged mangrove soils may enhance the capacity of the
surficial soil to sequester atmospheric CO, by accelerating C fixation.
Given these findings, existing models may underestimate the C sink
capacity of mangroves if microbial anaerobic lignin degradation and
its possible accompanying CO, fixation processes are not considered.
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