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ABSTRACT

The microbial community inhabiting the root-soil contact interface, rhizobiomes, represent
a critical link between plant, ecosystems, and geomorphic processes. In landslides where
fresh silicate rocks are exposed, rhizobiomes may set in motion several biogeochemical
transformations with local to global impacts. Given the prevalence of landslides in humid
mountains wordwide and the understudied role of rhizobiomes in these environments, |
designed a field study to address two aims: 1) characterize the composition, and function
of plant rhizobiomes established in “landslide-like” areas, and 2) evaluate the role of
rhizobiomes in (Ca,Mg)-silicate rock weathering through an rock incubation experiement.
| found two key results: 1) that the distinctive biotic and abiotic factors between landslides
and forests habitats were important in structuring microbial community composition and
functioning, and 2) that rock weathering occurrs faster in landslides compared to forest,

and that the resulting nutrient mobilization drives microbial diversity and composition.
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CHAPTER 1. LANDSLIDES: MICROBIALLY-MEDIATED HOTSPOTS OF

BIOGEOCHEMICAL ACTIVITY

15



INTRODUCTION

The rhizobiomes — the microbial community inhabiting the root-soil contact interface —
represent a critical link between plant, ecosystems, and geomorphic processes within the
critical zone-CZ (Calvaruso et al. 2006, Amundson et al. 2007, Brantley et al. 2007,
Calvaruso et al. 2007, Uroz et al. 2011, Gadd 2013, Visioli et al. 2015). Here, rhizobiomes
contribute to the decomposition of organic matter and the cycling of nutrients (Ehrenfeld
et al. 2005, Bever et al. 2010, Larsen et al. 2015, Jackson et al. 2019) as well as the
weathering of soil and rock (Calvaruso et al. 2006, Calvaruso et al. 2007, Turpault et al.
2009), ultimately sustaining ecosystems and life on Earth. In montainous areas, particularly
in the tropics with their high weathering rates, the aforementioned links may be particularly
important, yet they remain little-studied. In these environments, landsliding exposes fresh
rock where rhizobiomes may set in motion several biogeochemical transformations with
local to global impacts. Among these, the weathering of calcium and magnesium-bearing
silicate rocks stand out due to their role in the carbon cycle (Berner 1992, Drever 1994b,
Hilley and Porder 2008, Schwartzman 2017, Emberson et al. 2018) (Figure 1). To date,
however, a limited number of studies has explored the role of rhizobiomes in rock
weathering in these environments.

In mountainous environments underlain by calcium and magnesium-bearing silicate
rocks, rhizobiomes may couple landsliding and rock weathering and ultimately, the short-
and long-term carbon cycles (Fig. 1.1). First, weathering of a number of Ca, Mg-bearing
silicate rocks often originates coarse textured soils that increase slope instability (Durgin
1977, Monroe 1979, Larsen and Torres-Sanchez 1996), especially in humid tropical

environments (Ruxton and Berry 1957, Matsukura et al. 2007). The work of Guida et al.
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(2014) albeit in regions underlain by different rocks, shows that rock weathering is
enhanced by soil microorganisms, ultimately influencing landslide probability. Second,
landslides expose little weathered substrates where the establishment of plants and their
rhizobiomes might help mobilize nutrients, including Ca?* and Mg?*, contributing to the
short-term carbon cycle. Third, landslides themselves transport and increase leaching of
Ca?" and Mg?*, among other nutrients through streams and rivers to the sea (Berner et al.
1983, Berner and Kothavala 2001, McAdams et al. 2015). In marine ecosystems, these
cations participate in further reactions that ultimately translate into the net fixation of CO2
(Berner et al. 1983, Drever 1994, Berner and Kothavala 2001). Thus, humid steep
environments create a feedback loop between landslides and soil production that will
promote the exposure and weathering of (Ca, Mg)-silicate rocks, influencing the worldwide
carbon cycle.

Indirect evidence for the role of landsliding and rhizobiomes on the mobilization of
element nutrients through rock weathering may come from three broad sets of studies. A
first set focuses on soil production as a function of rock weathering (Dixon and Riebe
2014). A second set involves mineral weathering experiments to study the role of bacteria
and fungi associated to rhizobiomes. The last set encompasses studies of primary
succession particularly in humid environments. Ultimately, these studies suggest that
landslides may represent hot spots biogeochemical activity mediated by rhizobiomes.

The general processes outlined above are likely to be influenced by anthropogenic
activities in gross and subtle ways. At one extreme, road construction and mining can
exacerbate the formation of landslides and/or create and maintain “landslide-like”

conditions (Molinelli 1984, Larsen and Torres-Sanchez 1996, Wills et al. 2001, Rollerson
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et al. 2004, VanBuskirk et al. 2005, Muenchow et al. 2012, Brenning et al. 2015). At the
other, deforestation and land use changes, such as agriculture and urbanization, may also

increase landsliding (Sajinkumar et al. 2011).

LANDSLIDING AND SOIL PRODUCTION FUNCTIONS

The build-up of soil represents the combined effect of soil production and soil erosion
(Dixon and von Blanckenburg 2012). Two existing models describe a negative relationship
between soil production or weathering rates with soil thickness (Figure 1.2) (Cox 1980,
Heimsath et al. 1997, Dixon and von Blanckenburg 2012, Dixon and Riebe 2014). The
exponential and the humped models show that soil production rates are highest at lower
and intermediate soil depths, respectively (Figure 1.2).

The above models suggest that landslide activity through its effect on soil depth may
strongly influence soil production or rock weathering rates. At the same time, plants
colonizing landslides may reduce soil erosion through the stabilizing role of roots and their
rhizobiomes (Cammeraat et al. 2005, Walker and Shiels 2008, Tang et al. 2011). Using soil
data from a landslide chronosequence in New Zealand (Trustrum and De Rose 1988), | was
able to show a humped relationship between soil depth and soil production rates (Fig. 1.3)
that further suggests that increased soil production rates at intermediate soil depths may be
due to a synergism between environmental effects attributable to shallow soil thickness

and the rhizobiomes influence on rock weathering (Figure 1.2).
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SILICATE MINERAL WEATHERING EXPERIMENTS

A few studies have investigated microbial activity associated with weathering of silicate
rocks. One set of studies focuses on microbial rock weathering in natural settings, and
microbially-mediated dissolution experiments under lab and field conditions (Vuorinen et
al. 1981, Bennett et al. 2001, Roberts 2004, Rogers and Bennett 2004, Gleeson et al. 2006).
A second set of studies focuses on the effect of microbial metabolism on silicate
weathering, particularly the production of organic acids, ligands and biofilms (Welch and
Ullman 1993, Rogers et al. 1998, Welch et al. 1999, Kalinowski et al. 2000, Maurice et al.
2001, Welch et al. 2002, Neaman et al. 2006, Uroz et al. 2009b). A last, and at the same
time least developed, set of studies have examined microbial rock weathering on whole
silicate rocks with its multi-mineral complexity (Song et al. 2007, Wu et al. 2008, Song et
al. 2010).

Microbial mineral-weathering have been assessed through ex-situ and in-situ
experiments. The ex-situ experiments are very diverse, but central to them is the use of
different substrates that are inoculated with different microbes to assess the role of
microorganisms on rock weathering. In the batch experiments, the substrate used for the
weathering experiment fluctuates from a single granulated or pulverized mineral to a whole
silicate rock. On the other hand, the substrate is inoculated with either soil from the study
site, specific culturable bacterial species (e.g. Arthrobacter spp., Bacillus spp.,
Burkholderia spp., Collimonas spp., Janthinobacterium spp., Leifsonia spp., Polaromonas
spp., Pseudomonas spp., and Streptomyces spp.), fungal species (Mucor hiemalis,
Umbelopsis 19egl19inatel9 and Mortierella alpine) or microbial exudates (e.g.

siderophores and low molecular weight organic acids). Albeit the large variability in
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methodologies, the results have been consistent in that the added microorganisms or their
exudates increased rock weathering rates from 1.5 to 20 times as shown by the mobilization
of Al, Si, Fe, Na, Ca, Mg, K (Vuorinen et al. 1981, Vandevivere et al. 1994b, Barker et al.
1998, Kalinowski et al. 2000, Maurice et al. 2001, Frey et al. 2010, Brunner et al. 2011).
Therefore, rhizobiomes could be major contributors of soil production and further
weathering of silicate rocks in areas prone to landslides.

The in-situ weathering experiments are fewer in number, and have been mostly based
on incubation of experiments of crushed rocks or pure minerals that include root exclusion
treatments (Quirk et al. 2012, Koele et al. 2014, Kirtzel et al. 2020). These studies have
shown that mycorrhizal fungi form tunnels as they contribute to weathering of minerals
and rocks. Unfortunately, these studies did not | a budget analyses to estimate rock
weathering rates. These studies open two major questions. The first pertains to
microorganisms involved in the succession of surfaces where bare rock has been exposed,
including their contribution to weathering under natural settings. The second question
pertains to root microbes, which have been widely studied, but their role in silicate rock
weathering have only began to gain attention (Taylor et al. 2009). There are a number of

bare rock surfaces, and among these landslides are the least investigated.

LANDSLIDING AND MICROBIAL PRIMARY SUCCESSION

The contribution of microorganisms to the diversity and functioning of landslides comes
from two broad sets of studies that indicate that these bare rock surfaces experience extreme
environmental, as well as oligotrophic, conditions (Geertsema and Pojar 2007, Restrepo et

al. 2009). The first set of studies focuses on “primary substrates” created from the retreat
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of glaciers, the deposition of lava and ash by volcanic activity, sand dunes, and human-
made structures such as road cuts, mines, and buildings. These bare surfaces experience
extreme UV radiation, temperature and moisture conditions, and lack of readily available
nutrients which most likely has determined unique microbial life history strategies (Uroz
et al. 2009a, Gadd 2013). On the one hand, microorganisms establishing in these
environments need protection against desiccation, temperature fluctuations, and UV
radiation. On the other hand, these microorganisms can take advantage of the sunlight as
their energy source and the high concentration of rock-derived nutrients “trapped” in these
little-weathered substrates. This combination of stressful and disturbed conditions suggests
a rich array microbial traits and life-history strategies (Krause et al. 2014).

Traits that may allow microorganisms to colonize open areas that combine high levels
of UV radiation, temperature, and desiccation include the production of pigments such as
melanin, carotenoids, mycosporines (Gorbushina et al. 2003, Volkmann et al. 2003,
Gorbushina et al. 2008), formation of biofilms through the production of exopolymeric
substances (Gadd 2007, 2017), and occupation of pores and fissures in rocks to avoid direct
exposure (Hoppert et al. 2004, Walker and Pace 2007, Omelon 2008, Gorbushina and
Broughton 2009, Gadd 2017). Species among the Actinobacteria, Acidobacteria,
Firmicutes and Cyanobacteria phyla, and Betaproteobacteria class are expected to be
primary colonizer of landslide-disturbed habitats because they produce biofilms and
acidify rock surfaces (Omelon 2008, Olsson-Francis et al. 2012), as well as melanized
fungi which can overcome UV radiation (Gorbushina et al. 2003, Gorbushina and

Broughton 2009).
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A second set of traits involve oligotrophic life-history strategies that improves energy
acquisition in low nutrient environments. Microbes growing in primary substrates either
obtain energy through the sun (autotrophs that may include photoautotrophs,
chemoautotrophs, lithoautotrophs) or through chemical reactions as their energy source
(e.g., chemoorganotrophs, chemolithotrophs). Microbes also release nutrients “trapped” in
rocks by producing exudates including low molecular weight organic acids, siderophores,
and oxidoreductases (Ullman et al. 1996, Warscheid and Braams 2000, Hoppert et al. 2004,
Gorbushina 2007, Roeselers et al. 2007, Omelon 2008, Gorbushina and Broughton 2009,
Uroz et al. 2009a, Gadd 2017). Species within Verrucomicrobia, Acidobacteria,
Basidiomycota and Glomeromycota phyla are known to be associated to oligotrophic
environments (Ho et al. 2017), where they thrive with lower concentrations of bioavailable
nutrients (Eilers et al. 2010), including soil C (Fierer et al. 2007) and N (Chen et al. 2014,
Chen et al. 2016), while degrading recalcitrant compounds (Baldrian 2006). Other species,
including various members of the Proteobacteria phyla and zygomyceteous fungi releases
a variety of organic acids, including oxalate, citrate and malate to release mineral nutrients
(Uroz et al. 2009a, Brunner et al. 2011).

The second set of studies focus directly on landslides. Albeit the increased recognition
of the role of microbes on rock weathering in landslides (Emberson et al. 2018), only few
studies have characterized microbial communities (Singh et al. 2001, Sparling et al. 2003,
Li et al. 2005). The first approach relies on measuring microbial biomass and mycorrhizal
inoculum (Singh et al. 2001, Li et al. 2005). The second approach estimated microbial
diversity through phospholipid fatty acids measurements (DeGrood et al. 2005). These

works have documented reduced microbial inoculum/diversity in landslide or landslide-
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like disturbances and that both recover as ecosystems matured. These approaches cannot
elucidate the complexity of microbial groups, their contributions to rock weathering and
implications on biogeochemical cycles.

Given the prevalence of landslides in humid mountains wordwide and the understudied
role of rhizobiomes in these environments, in particular in silicate rock weathering, I
designed a field study to address two aims. Chapter 2 focuses on Aim 1 of my thesis to
characterize the composition, structure, and function of plant rhizobiomes established in
“landslide-like” areas, namely road cuts within an area underlain by (Ca,Mg)-silicate rocks.
This field study that to my knowledge, is the first to provide a taxonomic and functional
characterization of plant rhizobiomes established in landslide-like areas based on next
generation sequencing-NGS. Chapter 3 focuses on Aim 2 to evaluate the role of
rhizobiomes in (Ca,Mg)-silicate rock weathering. This “in situ” experiment, is also the
first to my knowledge that estimates whole-silicate rock weathering rates associated with
plant rhizobiomes. Finally, I use Chapter 4 to wrap up my work with an overall conclusion.
Studying the role of rhizobiomes in Ca-Mg silicate rock weathering in landslide areas is
critical to understand the contribution of microbial communities to the sequestration of

carbon at short and long-temporal scales. The composition of rhizobiomes coupled with

functional analysis will help us to quantify and understand in more detail the essential

processes that enable ecosystem functioning at varying scales, from local to global.
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Figure 1.1. Conceptual model linking the weathering of silicate rocks (gray) to the short-
(green) and long-term (blue) carbon cycles. Rhizobiomes may contribute to the weathering
of silicate rocks. Weathering of Ca and Mg-silicate rocks contribute to the release of Ca?*
and Mg?* cations. These cations can either be used by plants, contributing to the short-term
carbon cycle, or subsequently leached and transported through streams and rivers to the
sea (Berner et al. 1983, Berner and Kothavala 2001). In marine ecosystems, these cations
participate in further reactions that ultimately translate into the net fixation of CO; (Berner
etal. 1983, Drever 1994a, Berner and Kothavala 2001). Microbial contribution to the long-
term carbon cycle may represent the missing CO: sink (Gorbushina and Krumbein 2005).
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Figure 1.2. Soil production models as a function of soil depth. A) Two hypothetical soil
production models, a function of the soil-saprolite interface depth, the exponential (black
line) and the humped (grey line). B) Data from a landslide chronosequence in New Zealand
(Trustrum and De Rose 1988) was plotted and fitted through a polynimial function. The
resulting model resembled the humped soil production model.
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Figure 1.3. The rhizobiome-rock interface. Rhizobiomes of plants growing in landslides
areas are in close contact with little weathered silicate rock. Under this case scenario,
rhizobiomes might accelerate silicates rock weathering through the production of exudates.
After the rhizobiome is no longer in contact with the silicate rock, the rock weathering rates

might halt as shown in the Humped soil production model.
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CHAPTER Il: LANDSLIDING AND SILICATE ROCK WEATHERING
INFLUENCE THE TAXONOMIC AND FUNCTIONAL COMPOSITION OF
SOIL MICROBIOMES
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INTRODUCTION

In areas where primary substrates have been exposed, complex interactions between the
substrate, plants, and associated microorganisms are likely to yield hotspots of
biogeochemical activity. Plant roots were originally postulated as the main contributors to
this activity in areas underlain by silicate rocks (Berner 1992, Beerling and Berner 2005).
Today, however, it is known that plant roots host diverse microbial communities — the
rhizobiome — and that both bacteria (Leyval and Berthelin 1991, Calvaruso et al. 2006,
Balogh-Brunstad et al. 2008, Uroz et al. 2009a, Quirk et al. 2012) and mycorrhizal fungi
(Leake et al. 2008a, Koele et al. 2009, Taylor et al. 2009, Bonneville et al. 2011, Smits et
al. 2012, Koele et al. 2014) play a critical role in soil formation, rock weathering and
nutrient mobilization. One environment in which rhizobiomes may set in motion important
biogeochemical transformations includes humid mountains, particularly those underlain by
(Ca,Mg)-silicate rocks. In these environments, landslides expose slightly weathered
substrates that are subjected to rhizobiome activity (Chapter 1). To date, however, little is
known about the structure, composition, and functioning of rhizobiomes in landslides,
including their role in rock weathering.

In areas undergoing primary or quasi-primary succession, abiotic and biotic factors
influence soil microbial composition and their ecological function over time. In areas
affected by landslides these abiotic factors include soil nutritional status and water
retention, as well UV radiation and extreme temperatures fluctuations. Altogether, these
abiotic factors affect microbial communities by selecting for microbes with oligotrophic
life history strategies that allow them to thrive in ruderal and stressful conditions (Fierer et

al. 2007, Krause et al. 2014). Among the traits needed to thrive in primary succession
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habitats are the production of organic acids, siderophores and other exudates that weather
rock and release nutrients (Kalinowski et al. 2000, Frey et al. 2010, Styriakova et al. 2012,
Schulz et al. 2013). Landsliding is known to affect microbial diversity and biomass, both
of which have been found to increase as soil matures (Singh et al. 2001, DeGrood et al.
2005).

Biotic factors also influence microbial communities in areas undergoing primary
succession. The presence of potential plant hosts with their root systems can affect
microbial community composition. Yet, plant phylogeny and lifeform can further influence
microbial communities in ways that suggest reciprocal feedbacks (Knelman et al. 2012,
Yeoh et al. 2017). On the one hand, plant host phylogeny has been found to significantly
alter rhizosphere microbial community composition (Edwards et al. 2015, Peiffer et al.
2015, Emmett et al. 2017, Yeoh et al. 2017), although this is not always true (Wagner et
al. 2016). On the other hand, plant host lifeform can exert a distinct physico-chemical root
conditions that alter soil nutrient mobility and rhizobiomes composition (Fu et al. 2020).
Thus, as rock-derived nutrients are exchanged for carbon-rich root exudates with the plant
(Grayston et al. 1996, Banfield et al. 1999, van Scholl et al. 2008, Lambers et al. 2009,
Taylor et al. 2009, Uroz et al. 2011), rhizobiomes diverge from bulk soil microbial
communities (Mendes et al. 2014). Plant roots creates metabolic hotspots that enable
microbial growth and shape the microbial composition of the rhizobiome (Augusto et al.
2000, Turpault et al. 2009, Uroz et al. 2009a).

Here | focus on “landslide-like” areas underlain by Ca,Mg-silicate rocks to characterize
the taxonomic and functional diversity of microbiomes using a metagenomics approach.

Focusing on landslide-like and forest habitats, | 1) describe nutrient and weathering status
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of soils, 2) characterize taxonomic microbial composition of rhizobiomes and bulk soil as
a function of plant host, and 3) characterize microbial functional traits. | hypothesize that
(1) species richness and composition will vary with habitat, microhabitats and plant host,
and that (2) rhizobiomes of landslide-like habitat will have indicator species that enhances
rock weathering. To our knowledge, this is the first research that characterizes the

rhizobiomes of landslides or landslide-like habitats.

METHODS

STUDY AREA

This study took place in the vicinity of Cerro Punta, in the Central Mountain Range of
Puerto Rico (centroid of sampling locations: 18° 9’ 55.44" N, 66° 36’ 10.08” W; mean
elevation: 1060 m a.s.l.; Figure 2.1), a region classified as lower montane subtropical wet
forest (Ewel and Whitmore 1973). The dominant land cover in the immediate surroundings
of the study sites includes old growth forest interspersed with secondary forests of various
ages, small shaded coffee plantations, and pastures. A primary road (PR-143) traverses the
region in an E-W direction, and numerous secondary and tertiary roads run perpendicular
from it. Most of these high elevation sites are within or adjacent to the Toro Negro State
Forest.

This region is underlain by the Utuado pluton-UP (76 to 69 Mya,) the second largest
reservoir of intrusive igneous rocks in Puerto Rico (Chen 1967). The UP is composed
mainly of granodiorite (65%) and diorite (~32%). The UP granodiorite has high
concentrations of plagioclase minerals, including Ca and Mg (Table S2.1) (Chen 1967,

Smith et al. 1998). A combination of elevated mean annual precipitation (2560 mm) and
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mean annual temperature (20.7 °C) (Weaver 1979, Birdsey and Jiménez 1985), creates
ideal conditions for high chemical (Durgin 1977, Monroe 1979) and physical (Halsey et al.
1998) weathering activity, that together with historical forest clearing, hurricanes and
earthquakes have a high potential for landsliding (Hughes and Schulz 2020, Lopez et al.

2020), that ultimately can contribute sediments to the stream network.

SAMPLING DESIGN

My sampling design included four main factors that can potentially influence microbial
communities in areas subjected to landsliding: habitat (“landslide-like” and forest),
microhabitat (rhizosphere and bulk soil), host plant life form (herbaceous ferns, tree ferns,
and shrubs), host plant species (Table 2.1). In January of 2016, | identified two areas
centered around Km 14.5 (Site 1 or “casa Doris”) and Km 13 (Site 2 or “casa Gladys”) of
PR-143. In each site | identified a “landslide-like” habitat that was paired with a nearby
“old-growth” forest habitat [Site 1: Landslide-like (18° 9’ 55.85" N, 66° 36’ 19.14” W) and
forest (18° 10" 4.69" N, 66° 36’ 17.68"” W); Site 2: Landslide-like (18° 9" 50.30" N, 66° 36
1.93” W) and forest (18° 9’ 51.93"” N, 66° 36’ 2.51" W)] for a total of four areas (Figure
2.1). The “landslide-like” habitats represented road cuts created during the construction of
PR-143 roughly 45 years ago. A combination of factors, including road maintenance and
landslides, has kept the vegetation at these sites in early stages of succession, i.e. dominated
by herbaceous plants, shrubs, and tree ferns (Birdsey and Jimenez 1985). Many of these
species are known to colonize landslides in the Caribbean, and more broadly speaking the
Neotropics (Ewel and Whitmore 1973, Sugden et al. 1985, Guariguata 1990, Walker 1994,

Li et al. 2005, Keddy 2007, Judd and lonta 2013).
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At each site per habitat, | focused on three life forms and four plant morpho-species
(one herbaceous fern, one tree fern, and two shrubs; Table 2.1) trying when possible to
match species between habitats. Subsequent identification of the plants revealed that some
morpho-species included >1 species. Nevertheless, in all but one case (shrub 2 for forest),
| was unable to match species that were phylogenetically close (Table 2.1). For example,
herbaceous ferns in the landslide-like habitats were represented by two species of
Gleicheniaceae [Gleichenia bifida (Site 1) and Dicranopteris pectinata (Site 2)]. Similarly,
the tree ferns were represented by two species of Cyathea [Cyathea arborea in landslide-
like and Cyathea pungens in forest habitats]. The only case in which species were not
phylogenetically close between sites corresponded to Shrub 2 of forests habitats due to the
misidentification of plants in the field.

For each morpho-species at any given site | identified two individuals (each individual
represents a sampling unit) and for each | collected 1) one sample of bulk soil to
characterize soil properties and 2) three samples of roots and paired bulk soils (“biological
replicates™) to characterize microbial communities. The first set of soil samples were
collected one meter away from the base of each plant: after removing the litter | used a 1.9
cm diameter soil corer to collect soil down to 10 cm. The second set of soil samples (paired
bulk soils) were collected one meter away from the base of each plant following the
procedure described above. In addition, | used a shovel to expose and collect root segments
with attached soil. These soil samples for the microbial studies were immediately stored
in 25 mL Eppendorf tubes filled with 25 mL of phosphate buffered saline (PBS) solution
with 10% glycerol and placed in dry ice for a period < 36 hours. Once in the laboratory |

stored the samples at -80 °C until further processing.
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SOIL ANALYTICAL METHODS

The bulk soil samples for chemical characterization were air-dried, and the soil aggregates
were pulverized using a mortar and pestle. Afterwards the soils were sieved through a 10-
(2 mm) and 100- (150 pm) mesh to remove rocks and roots and homogenize the soils. A
first subsample of soil was used for C and N concentrations, and §'3C, 3°N isotope
analyses. The C and N analyses were performed at Erika Marin-Spiotta’s Lab at the
University of Wisconsin-Madison whereas the C and N isotope analyses at the UC-Davis
Stable Isotope Facility. A second subsample of soils were processed further to estimate
their elemental composition via Wavelength Dispersive X-Ray Fluorescence (WDXRF)
spectrometer at the University of Puerto Rico-Rio Piedras (Ram Katiyar’s Lab). First the
soil samples were air dried and weighted. Then, these soil samples were sieved through a
230-mesh (63 pm), oven-dried (110 °C) for 12 hrs (Mori et al. 1999, Burke et al. 2009),
and pulverized using a stainless-steel Retsch® ball mill at 17 rpm and sieved using a 270-
mesh to obtain a 53 um powdered soil (Markowicz et al. 1997).

The pulverized soil samples were turned into pressed pellets. | weighed 0.9 (+ 0.0001)
g of powdered soil to which | added 0.1 (+ 0.0001) g of SpectroBlend wax binder from
Chemplex® (Markowicz et al. 1997, Mori et al. 1999). This mixture was placed in a
stainless-steel sample holder (without the stainless-steel balls) in a Retsch® ball mill for 6
min at 17 rpm (Demir et al. 2006). Subsequently I transferred the soil-binder mixture to a
13 mm tungsten carbide pellet die set and applied 3.5 tons of hydraulic pressure for 3 min
in a Carver® Bench Top Standard press. The pressed pellets had 0.7534 g/cm? of weight

thickness. All samples were stored in a desiccator prior to their analysis.
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| ran quantitative analyses on the press pellets using a RIGAKU ZSX Primus I
WDXRF spectrometer coupled to the ZSX software (Version 7.07). | used 13 rock and
two soil reference materials and the ZSX software to generate calibration curves for each
element with > 3 reference materials with certified values (Table S2.2). 1 used the
empirical method (EMP) for matrix correction of all analyzed elements (Matsunami et al.
2010). In the Optimizing Measuring Conditions phase (OMC), I analyzed each element
on each reference materials and manually selected the location of the highest intensity peak
(I degree) for each element, provided background signal boundaries (Isc degree), adjusted
measuring time (s) and PHA range (Table S2.3). All samples, including the reference
materials were analyzed under the conditions listed in Table S2.3. Every 6 measurements
of samples with unknown concentration were followed by two analyses of SDC-1 reference
material.

To assess the quality of the WDXRF analytical measurements, as well as the precision
and accuracy and drifting detection, | estimated three quality indicators for each analyte.
The first indicator is the Instrument Limit of Detection (ILD;), that uses information from

the calibration curve (Rousseau 2001):

ILD; = (4.65x Ci/Ip — Ipg) X \/I56/Tsc [eq 1]
where C; is the analyte concentration, Ip is the analyte peak intensity, Igc is the background
intensity, and Tgc is the background counting time or half of the total measuring time for
the analyte. The ILDi s a theoretical estimation of smallest concentration of the analyte
that can be detected from the background signal (Rousseau 2001). The other two quality
indicators are the Relative Standard Deviation (RSD) and the Relative Bias (Qi), which are

related to measurements precision and accuracy, respectively (Margui 2013).
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RSD(%) = SD/ C, x 100 [eq 2]
Qi(%) = [C; — Ceerel/ C; x 100 [eq 3]
where, SD is the analyte standard deviation, C; is the analyte mean concentration and Ceert
is the certified value of the analyte in the reference material SDC-1. The analyte values for
Eq 2 and 3 are from the repeated analysis of SDC-1 reference material. All the quality

indicator results are in Table S2.4.

DNA EXTRACTION, PCR AMPLIFICATION, SEQUENCING, AND BIOINFORMATICS

The bulk soil and root samples were allowed to slightly thaw within a week of soil sampling
and to each 25 mL Eppendorf tube I added 12.5 uL of detergent polysorbate 20 (Tween
20) and subsequently placed them in a shaker (240 rpm) for 20 min (Ortiz et al. 2020). |
removed the roots from the 25 mL tubes, and both the root-free rhizosphere and bulk soil
samples were centrifuged at 4 °C for 40 min at 4000 rpm. | discarded the supernatant of all
samples and stored the soil at -80 °C until further processing. To extract genomic DNA
from each sample | used the PowerSoil™ DNA Isolation Kit (MO BIO Laboratories,
Carlsbad, CA, United States) and followed their instructions.

| amplified and sequenced the 16SrRNA V3-V4 region (16S) and Internal Transcribed
Spacer-2 (ITS-2) region following Illumina’s 16S Metagenomic Sequencing Library
Preparation protocol with some modifications. Prior to amplification of each sample, |
measured gDNA concentrations using QuantiFluor (dsDNA system) kit with the Promega
platform. | used the 16S-515F and 16S-805R and 5.8-Fun and ITS4-Fun primers with
[llumina adapters to amplify the 16S (Caporaso et al. 2011) and ITS2 (Taylor et al. 2016)

regions, respectively. | used slightly different parameters to amplify the 16S and ITS2
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regions. For the 16S, | ran the PCRs for each rhizosphere and bulk soil replicates using
12.5 ng of genomic DNA, 0.5 uL of each primer (10 uM), 12.5 uL of 2x KAPA HiFi
HotStart ReadyMix and subsequently filled with PCR water until reaching a 25 pL reaction
mixture. The thermocycling conditions were: initial denaturing at 95 °C for 3 min, followed
by 25 cycles of denaturation at 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final
extension at 72 °C for 5 min (Eppendorf Mastercycler Nexus). To verify the amplicon size,
| ran 1 pL of the PCR product on an Agilent 2100 Bioanalyzer (Bioanalyzer DNA 1000
chip).

For the ITS, I ran the PCRs for each rhizosphere and bulk soil replicate using 10 ng of
genomic DNA, 0.25 uL of each primer (25 uM), 0.25 uL of Phusion® High-Fidelity DNA
Polymerase, 5 uL of Phusion HF Buffer (5X), 0.5 uL of dNTPs (10 mM), 0.75 uL of
DMSO, and subsequently filled with PCR water until reaching a 21 uL reaction mixture.
The thermocycling conditions used for the 1TS2 samples were: initial denaturing at 96°C
for 2 min, followed by 27 cycles of denaturation at 94 °C for 30 s, 58 °C for 30 s, 72 °C
for 2 min, and a final extension at 72 °C for 10 min. In contrast to the 16S-PCR’s, | merged
the ITS-amplicons of the three replicates of rhizosphere or bulk soil per plant. | purified
the merged-ITS amplicons using PureLink PCR Purification kit from Invitrogen®, and
resuspended the samples in 40 pL. Finally, 1 measured the purified-amplicon DNA
concentration using Invitrogen® Qubit 4 fluorometer and then normalized the DNA
concentration to up to 5 ng/uL. I did not make any further modifications to Illumina’s 16S
Metagenomic Sequencing Library Preparation protocol for any of the remaining steps.

Preparation of the 16S and ITS Illumina libraries and sequencing were done at the

UPR’s Sequencing and Genomics Facility (SGF). A total of 318 samples were Sequenced
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using three lllumina MiSeq runs of 96 samples each. Thirteen 16S samples were removed
due to low sequence count and contamination.

The demultiplexed forward (fastq formatted) sequences from each MiSeq run were
downloaded from Illumina’s BaseSpace® and imported into Quantitative Insights Into
Microbial Ecology 2 (QIIME2, v.2019.1) using the demux emp-single plugin (Boylen et
al. 2018) and processed in three steps. First, | removed the primers using Cutadapt (Martin
2011), filtered (using a max-ee of 1), denoised, and dereplicated the sequences, and
removed chimeras using DADA2 denoise-single plugin (Callahan et al. 2016). | truncated
all the 16S sequences to 230 bp due to a drop in the nucleotide’s quality whereas the ITS
was truncated in variable sizes based on quality of the nucleotides (< Q7). The ITS2
amplicon size is variable (267-511 bp) (Taylor et al. 2016) thus truncating all sequences to
the same length can create a bias towards taxa with short amplicons (Ihrmark et al. 2012).
Second, following DADAZ2, 1 assigned taxonomy using Scikit-learn (Pedregosa et al. 2011)
through the classify-sklearn plugin from QIIME 2. The classifier for 16S was pre-trained
using GreenGenes (99% similarity to 515F/806R-16S region) (Pruesse et al. 2007, Quast
et al. 2013, Yilmaz et al. 2014, Glockner et al. 2017) whereas for ITS | used UNITE
(dynamic similarity; version 8) (Nilsson et al. 2019) databases. | removed the sequences
belonging to chloroplast, mitochondria (16S), and unidentified taxa (16S and ITS) and kept
all ASV with > 10 reads in > 3 samples. The resulting ASVs were used to generate
phylogenetic trees based on de novo construction (16S and ITS). To generate the
phylogenetic trees, | aligned the representative sequences using Mafft (Katoh and Standley

2013), filtered the sequence gaps and highly un-conserved areas of the sequences using
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Mask (Lane 1991), and subsequently built the phylogenetic trees with FastTree (Price et
al. 2010) that I rooted with phylogeny midpoint-root plugin.

Because the 16S and ITS samples were sequenced at different levels (i.e. replicates per
individual vs individual, respectively) and because soil characterization sampling was done
individual level (i.e. without microhabitat differentiation), | grouped the samples in two
ways: 1) merging the 16S replicates per individual while differentiating between
rhizosphere and bulk soil samples (G1), matching ITS sequencing level, and 2) merging
the 16S and ITS replicates per individual without differentiating between rhizosphere and
bulk soil samples (G2), matching soil sampling for elemental analyses. Subsequently the
16S and ITS samples from both groups were respectively rarefied to even depth (Table
S2.5).

Finally, 1 used Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2, v.2.3.0-b) to infer microbial gene content (Kegg
Orthologs-KOs) from bacterial and archaeal taxa abundance (Douglas et al. 2020). | also
used Funguild (Nguyena et al. 2016) to infer taxonomy-based ecological and fungal guild

annotations.

DATA ANALYSES

Soil properties— | used the elemental composition of soils in two complimentary sets of
analyses. The first set was aimed at characterizing the nutrient status of soils based on
Center Log Ratio (CLR) and Isometric Log Ratios (ILR) transformation of their
concentrations (Parent et al. 2012), whereas the second aimed at characterizing the soil

weathering status based on known weathering indexes.
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In compositional datasets (where each sample has a closed sum, often 100%), existing
interdependencies, i.e., the concentration of one nutrient affects the concentration of others,
causes self-redundancy (Parent et al. 2012). Center Log Ratio and Orthonormal balances
(ILR-coordinates) are two important numerical transformation that try to eliminate these
numerical biases that are brought by the nature of the instrument measurements. The ILR
transformation is preferred because it removes the redundancy without sacrificing any
component or analyte (Egozcue et al. 2003, Parent et al. 2012, Parent et al. 2013).
However, | used both transformations to analyze the soil nutrients. Using the ILR
transformation, required the calculation of the “filling value” (Fv), to close the sum to 100
weight %; this value represents all nutrients that were unaccounted for. Then, | clustered
the nutrients from all samples using a complete-agglomerative hierarchical clustering
analysis based on Euclidean distances as a basis for data-driven orthonormal
transformation (Liu et al. 2019). Using the nutrients clusters, | used the sequentially binary
partition (SBP) method to generate the groups of compositional parts (ILR transformation).
The calculated ILR-compositional balances (Parent et al. 2012, Liu et al. 2019) were
plotted on a CoDa dendrogram (Figure S2.2B) using the compositions R package. This
analysis yielded 12 new variables (V1-V12).

The second set of analyses relied on the calculation of a number of weathering indexes
based on the element oxide composition of soils and rock (Table S2.6) using criteria
outlined in Prince and Velbel (2003). These indexes examine the ratio of “mobile” (Ca,
Mg, Na, Si) to “immobile” (Al, Ti) elements that are depleted during weathering and are

commonly used to characterize soil and rock weathering profiles (Jayawardena and 1zawa
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1994a, Prince and Velbel 2003, Burke et al. 2009, Fiantis et al. 2010, Che et al. 2012,
Wilford 2012).

To reduce the number of variables for further analyses, | used the Variance Inflation

Factor with a VIF threshold of 5.0 (vifcor function; usdm R package, v.1.1-18) to test for
collinearity across the C and N isotopes, CLR-transformed nutrients, Orthonormal
Balances, and Weathering Indexes variables. The resulting 10 from 34 variables (Figure
S2.2) were further used for further analysis, including ANOVAs to test for differences
between habitats and plant lifeforms.
Microbial communities — I conducted three sets of analyses to examine the extent to which
bacterial, archaeal, and fungal taxonomic and functional diversity varied with habitat,
microhabitat, life form, and species. Each set of analyses was conducted independently for
bacteria/archaea and fungi. Inafirst set of analyses, | examined variation in alpha-diversity
estimating species richness (Chaol), rarefaction curves (Chaol), and species diversity
(Shannon). | further used ANOVA to test for differences among variables. Data analyses
were done on R (R Core Team 2013) and plotted using ggplot2 in the tidyverse R package
(Wickham 2016, Wickham et al. 2019). The rarefaction curves were generated with ggrare
in the Ranacapa R package (Kandlikar et al. 2018).

The ASVs relative abundances were used in a second set of analyses to examine
taxonomic differential abundances and to identify indicator species. First, | generated
barplots in Phyloseq R package (McMurdie and Holmes 2013a, McMurdie and Holmes
2014) to visualize microbial community composition. To test for taxonomical differential
abundances between habitats, | used ALDEx2 (v.1.16.0) and the results were visualized

using bar plots. Then, I identified indicator species (ASVs) between habitats and habitat-
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microhabitat interactions (Dufrene and Legendre 1997) using labdsv (Roberts 2016) and
Indicspecies (De Céaceres and Legendre 2009, De Céaceres et al. 2011) R packages.

In a third and last set of analyses, | used species relative abundances in Non-metric
Multidimensional Scaling (NMS) and Principal Coordinate Analysis (PcoA) ordinations to
examine variation in the composition of microbial communities (beta diversity). I ran the
NMDS based on Bray distances with proportions transformation of the data, and the PCA
ordinations using a compositional approach which was based on Aitchison distances with
prior replacing of zeroes with a pseudo count and CLR transformation. To test for the
effect of habitat, microhabitat, and plant lifeform on microbial community compositions, |
used PERMANOVAs in vegan R package (Anderson 2001, Oksanen et al. 2018).
Microbiomes-soil relationships — | examined relationships between microbial diversity and
soil variables using two approaches. First, | used Pearson correlations to examine the
relationship between Shannon diversity index and soil variables. Second, | used a NMDS
ordination coupled with envfit (vegan R package) to fit soil variables into the ordination.
Both of these approaches used G2 subset (Table 2.3) which do not distinguish
microhabitats.

Microbial functional characterization- | tested for genes (KOs) and fungal guilds
differential abundances between habitats using ALDEX2 and the results were visualized
using bar plots. A preliminary analysis of 7,182 KO’s based on differential abundance
revealed that 295 were differentially expressed as a function of habitat. These KO were
annotated following three complimentary approaches: 1) based on KEGG Orthology
(https://www.genome.jp/48eg/kegg2.html; accessed from July 2020 — April 2021) using

Brite Hierarchy levels, 2) based on Geochip 5.0 functional gene array system (Shi et al.
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2019), and 3) and on Grime’s competitor/stress-tolerator/ruderal (CSR) traits (Wood et al.
2018). For the Brite Hierarchy levels, | searched the differentially abundant KOs in KEGG
Orthology database and manually annotated each KO. For the GeoChip 5.0 genes, I
searched the 1346 genes from Shi et al. (2019) in the KEGG database: a total of 918 genes
matched 1 to 6 KO, 69 genes were associated to fungi and 359 genes were unclear or did
not yield results. For the CSR traits, used the Brite Hierarchy levels and matched them to

the CSR annotation based on Wood et al. (2018).

RESULTS

SOIL PROPERTIES

Of the 10 variables without collinearity (VIF value < 5), 8 differed between habitats and
one differed between plant lifeforms (Table 2.2, Figure 2.2). Three variables (§°N, K, Mn)
were higher in forests than in landslides, whereas five soil variables (5'°C, Fe, V8, V11,
CIW) were higher in landslides than forests. CIW was the only variable that differed
between plant lifeform and was higher in shrubs than in herbaceous and tree ferns. The
first two axis of a PCA based on ILR transformation of soil nutrients explained 78% of the
variation among the data. Of the 12 orthonormal balances, four (V8, V10, V11 and V12)
had higher correlation with the first two axes (Figure S2.1B). Three of these balances V8
(CalNa), V11 (Fe, Ti, P, Si, Al, Mg, Fv, Al | C, N, K, Mn), and V12 (Fe, Ti, P, Si, Al, Mg,
Fv, Al, C, N, K, Mn | Ca, Na) were larger in landslides than forests, whereas V10 (P, Si,

Al. Mg, Fy | Ti, Fe) was larger in forests than landslides.

MICROBIOMES
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Species richness and diversity- The analysis of 4,917,139 16S and 3,072,956 ITS reads
yielded a total of 10,148 and 2,422 ASVs, respectively (Table S2.5). After the rarefaction
of G1 samples, the average reads per sample (n = 64) was 29,151 and 13,012 reads for 16S
and ITS, yielding a total of 10,080 and 2,422 ASVs, respectively (Table S2.5). After the
rarefaction of G2 samples, the average read per sample (n = 32) was 59,736 and 47,150
reads for 16S and ITS, yielding a total of 9,672 and 2,422 ASVs, respectively.

The species richness (Chaol) rarefaction curves suggest that most of the bacterial and

archaeal, and fungal species richness was captured in the sampling, and reached species
saturation (Figure S2.3). The 16S species richness and diversity, but not ITS, differed
between habitats, it was greater in forests than in landslides, (Figure 2.3; Table 2.3).
Species diversity also differed significantly among microhabitat, whereas species richness
and diversity differed across plant lifeform for 16S (Table 2.3). Overall, 16S diversity was
significantly higher in rhizosphere than in bulk soil, while their species richness and
diversity were significantly higher in tree fern than in herbaceous ferns and shrubs (Figure
2.3).
Taxonomic structure of microbial communities — Most archaeal and bacterial ASV were
assigned to a phylum (100% and 95.5%, respectively), whereas < 20% of the ASVs were
identified to genus and < 10% to species (7.8% archaea and 1% bacteria). In contrast to
archaea and bacteria, all the fungal ASV were identified to the phylum level, while 59% of
the fungal ASV, were identified to genus, and near 52% to species level.

The 765 microbial communities were represented by 18 bacterial and 2 archaeal phyla.
Nine bacterial phyla had relative abundances > 3%: Proteobacteria (40.7%),

Verrucomicrobia (15.9%), Acidobacteria (14.6%), Planctomycetes (8.4%), Bacteroidetes
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(5.6%), Chloroflexi (4.0%), Actinobacteria (3.9%), and Nitrospirae (3.6%) (Figure 2.4).
The remaining 12 phyla represented < 3.4% of the reads (Figure S2.4). Among the
Proteobacteria, the most abundant classes were the Alphaproteobacteria (64.2%), followed
by the Gammaproteobacteria (18.9%), Deltaproteobacteria  (10.3%), and
Betaproteobacteria (6.5%). The fungal communities were represented by 11 phyla. Three
fungal phyla had a relative abundance > 3%: Ascomycota (58.0%), Basidiomycota
(33.0%), and Mortierellomycota (8.0%) (Figure 2.4). The remaining 8 phyla represents
2.6% of the reads (Figure S2.4). Among the Ascomycota, the most abundant classes were
Sordariomycetes  (32.3%), Eurotiomycetes (25.6%), Leotiomycetes (21.9%),

Archaeorhizomycetes (12.2%), and Dothideomycetes (5.0%).

Indicator species and differentially abundant taxa — The Indicator Species Analysis
identified 378 indicator taxa in landslides: 349 bacterial and 29 fungal, and 549 in forests:
1 archaeal, 521 bacterial and 27 fungal (Figure 2.5). In landslide and forest habitats, 7 and
31 taxa were indicator in the bulk soil and 40 and 43 in the rhizosphere, respectively
(individual dots in the bottom part of the Extended Venn diagram; Figure 2.5; Table S2.7).
At landslides, indicator species at rhizosphere included Reyranella massiliensi,
Phenylobacterium spp., Nevskia spp., and Rhodoplanes spp. (Proteobacteria),
Sediminibacterium spp. (Bacteroidetes), Fimbriimonas spp. (Armatimonadetes),
Acidicapsa  borealis, Candidatus Solibacter spp. (Acidobacteria), and order
Diversisporales (Glomeromycota), whereas at bulk soil included Gemmataceae and
Isosphaeraceae (Planctomycetes) and Calceomyces lacunosus, Aspicilia  spp.
(Ascomycota). At forests, indicator species at rhizosphere included Woodsholea maritima,

Dongia mobilis, Pedomicrobium spp., Mesorhizobium spp., Labrys spp., Leptothrix spp.,
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and Steroidobacter spp. (Proteobacteria), and DA 101 spp. (Verrucomicrobia), whereas at
bulk soil included SAGMA-X (Crenarchaeota), Rhodomicrobium vannielii
(Proteobacteria), JG37-AG-70 spp. and Nitrospira spp. (Nitrospirae).

The differential abundance analysis with ALDEx2 showed that 86 bacterial and 7 fungal
ASVs were differentially abundant in the two habitats. In landslides, 71 bacterial and 4
fungal ASVs were differentially abundant, whereas in forest, 15 bacterial and 3 fungal
ASVs were differentially abundant in forests (Table S2.8). In landslides, differentially
abundant ASVs included Koribacter versatilis, and Solibacter spp. (Acidobacteria),
Gemmata spp. (Planctomyces), and Neurospora terricola and Leohumicola spp.
(Ascomycota) (Figure 2.6). In forest, differentially abundant ASVs included
Micromonosporaceae (Actinobacteria), Pirellula spp. (Planctomycetes), and Chloridium
spp. (Ascomycota) (Figure 2.6). ASVs belonging to Rhodoplanes spp. were differentially
abundant in both habitats.

Beta diversity of microbial communities — In general, microbial community composition
differed across habitat, microhabitat, and plant lifeform (Table 2.4). The NMDS
ordinations for 16S and ITS showed habitats separation along the first axis, and
microhabitats separation along the second axis (Figure 2.7). A compositional approach
using Aitchison distances showed a very similar trend (Figure S2.5). Yet, there was one
notable difference among the two methods that | used. The separation between the
microhabitats was less evident for the fungal communities using the compositional

approach.
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MICROBIOME — SOIL RELATIONSHIPS

Different soil variables correlated with 16S and ITS Shannon species diversity index
(Figure 2.8; Table 2.5). Irrespective of habitat (i.e., Both category), bacterial and archaeal
diversity was correlated with 7 soil variables: positively correlated with 3 (5'°N, K, and
Mn) and negatively correlated with 4 (83C, Fe, V8 and CIW). No variable was
significantly correlated with bacterial and archaeal species diversity in landslides, whereas
only K and Mn were correlated with 16S species diversity in forests. In contrast, fungal
species diversity was correlated with 2 variables, irrespective of the habitat: it was
positively correlated with Mn and negatively correlated with §°N. In landslides, fungal
species diversity was positively correlated with K and negatively correlated with §3C,
015N, and V2, whereas in forests, species diversity was positively correlated with Fe and
Mn, and negatively correlated with V8.

The Non-metric Multidimensional Scaling (NMDS) ordinations with soil variables
fitted into the ordination showed that §3C, Fe and CIW had high correlation with the
species composition at landslides, whereas 8°N, K and Mn had high correlation with

species composition at forests (Figure 2.9).

MICROBIAL FUNCTIONAL CHARACTERIZATION

PICRUSt2 resulted in 7,182 KEGG functional Orthologs (KOs). A total of 295 KOs were
differently abundant between habitats: 44 were differentially abundant in landslides and
251 in forests. I used three strategies to describe the function of these KOs: 1) KEGG Brite
Hierarchy annotation, 2) GeoChip 5.0 functional array descriptions, and 3) Competitive-

Stress-Ruderal strategies annotations.
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Based on the Brite hierarchy, I found that most of the differentially abundant genes
were related to genetic information processing and metabolism. At landslides, more than
half of the differentially abundant genes were related to metabolism and more than a quarter
of the genes were related to carbohydrate metabolism (Table 2.6). At forests, on the other
hand, half of the differentially abundant genes were related to genetic information
processing, from which translation and replication and repair related genes stand out
(Table 2.6). Based on the Geochip 5.0 gene array, I found that landslides differentially
abundant genes related to carbon cycling (carbon degradation), plant growth promotion
(anti-plant pathogens), and virulence, whereas forests had genes related to carbon cycling
(carbon fixation), metal transport (K and Hg), nitrogen cycling (nitrification) and stress
(Table S2.9). Finally, based on the CSR classifications, differentially abundant genes at
landslides were not related to a CSR strategy in particular, although a quarter of the genes
were related to plant exudates metabolism (Table S2.10). In contrast, differentially
abundant genes at forests were associated to a ruderal life-history strategy.

FUNguild analysis resulted in 216 highly probable, 635 probable, 420 possible and
1151 unassigned ASVs to fungal guilds. From the assigned guilds, 54 were pathotrophs,
459 were saprotrophs, 210 were symbiotrophs and 548 were assigned to multiple guilds.
The fungal guilds with the most species were generalists (i.e., ASVs that matched with the
three trophic modes: symbiotrophs, pathotrophs and saprotrophs), arbuscular mycorrhizal
fungi, soil saprotrophs and fungal parasites. Fungal parasites and plant saprotrophs were
more abundant on landslides, while ectomycorrhizal, ericoid mycorrhizal, generalist
saprotrophs, plant pathogens and wood saprotrophs were more abundant in forests.

Arbuscular mycorrhizal, soil saprotrophs and generalist fungi were equally abundant in
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landslides and forests. Two guild categories were significantly more abundant in landslides
than in forest: saprotrophs and pathotrophs (Figure 2.10). Two guild categories were also

more abundant in forest than landslides: saprotrophs and ectomycorrhizal (Figure 2.10).
DisCussION

Primary substrates with their extreme conditions represent unique habitats for the
development of microbial communities and creating hotspots of biogeochemical activity.
Focusing on “landslide-like” areas underlain by Ca,Mg-silicate rocks in montane tropical
forests, | characterized the taxonomic and functional diversity of bacterial/archaeal and
fungal communities using a metagenomics approach. Sampling of forests and “landslide”
habitats, | found 1) large differences in soil attributes, including weathering rates, 2)
distinctive communities of bacteria/archaea and fungi that were further affected by
microhabitat, and plant lifeform, 3) distinct correlations between soil attributes and species
diversity and composition, and 4) distinct microbial functional strategies across habitats.
Altogether, these results shed new light into the identity and role of rhizobiomes in the
weathering of Ca,Mg-silicate rocks in tropical mountains.

Soils — C and N 1isotopes, Fe, K, V8 (Ca|Na) orthonormal balance, and CIW weathering
index were some of the soil attributes that differed across habitats. The higher §'*C isotope
values in landslides reflect different plant growth strategy to cope with higher temperatures
(Wang et al. 2013) caused by the forest clearing during disturbances. Iron concentration
was higher at landslides, but although its behavior is unpredictable, there have been
documented cases where silicate weathering resulted in Fe accumulation in soils (Anderson
et al. 2002, Riebe et al. 2003). Finally, based on CIW weathering index, landslide soil were

more weathered that forest soils (Harnois 1988, Imam et al. 2019).
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Microbial communities — The sampling design of my work identified a number of variables
known to influence microbial communities in ecosystems undergoing development after
disturbances, namely, habitats, microhabitat, and plant lifeform. I specifically studied
microbial communities in “landslide-like” habitats and forests. Habitats consistently
explained differences in species richness and diversity in bacteria/archaea but not fungi,
and species composition in both groups of microorganisms. The microbial diversity and
species richness was lower at landslides than forest habitats, which is consistent with
studies done at landslides-like habitats which have found that microbial diversity is greatly
reduced after a disturbance and increases as the ecosystem matures (DeGrood et al. 2005).
The loss of microbial biomass and inoculum that occurs during the disturbance (Singh et
al. 2001, Li et al. 2005) are probably the cause of differences in microbial diversity and
composition in landslides. Nonetheless, very similar trends occur during microbial
succession in distinct disturbances across distinct habitats (Nemergut et al. 2007, Mapelli
et al. 2018, Ortiz-Alvarez et al. 2018), where the increase in potential niches and resource
availability increases species diversity (Jackson 2003).

Microhabitats helped explain differences in microbial species diversity and community
composition. Rhizosphere were separated from the bulk soil samples across the second axis
of all ordinations, although this separation was weaker on fungal communities. Other
studies have also found distinct microbial community composition across microhabitats
(Mendes et al. 2014, Ortiz et al. 2020). This suggests a strong rhizosphere effect over
bacterial and archaeal, and to a lesser extend fungal communities. A possible explanation
is that each host plant reacts to environmental conditions though the production of root

exudates (Philippot et al. 2013), affecting the microbial community composition and
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functional role. However, the same might not be true for fungal communities, where it
appears that during ecosystem succession, they were not affected by plant host presence.
This is not the first time we have seen that bacteria and fungi have contrasting trajectories
during microbial succession (Brown and Jumpponen 2014).

Plant host affects microbial community composition in two-ways. On the one hand, the
samples from each microhabitat that came from the same plant host species were clustered
together, respectively, for all microbial communities. On the other hand, even though plant
host species were different, yet phylogenetically close between habitats, samples were
mainly clustered by habitat, suggesting plant host lifeform had a minor role in shaping
microbial community composition. These findings are consistent with Yeoh et al. (2017)’s
work, which found plant host lifeform had a smaller effect that soil attributes in shaping
the rhizobiomes microbial community across a chronosequence.

Differentially abundant species and indicator species analysis showed abiotic
conditions are important to understand the differences found across habitats. For example,
landslides were enriched with UV resistant - Nevskia (Hirsch 1992), heat resistant —
Leohumicola (Hambleton et al. 2005), and low nutrient adapted- Koribacter versatilis
(Campbell 2014) species. Bacteria in landslides also have diverse mechanisms of energy
production, such as chemoheterotrophs — Gemmata (Fuerst 2017) and phototrophs —
Rhodoplanes (Hiraishi and Ueda 1994). These characteristics are related to stressful

environments, such as landslides.

Microbial communities — soil relationships — Various soil attributes correlated with
microbial alpha and beta diversity. At landslides, §13C, Fe and CIW weathering index

correlated with species diversity, whereas at forests, Mn concentration correlated with
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microbial species diversity and composition. These results contribute evidence to a
growing body of knowledge stating that soil attributes are the major contributors to the
shift in microbial communities across habitats (Berg and Smalla 2009, Llado6 et al. 2018).
Still, I do not discard the effect of other abiotic factors that were different across habitats,
including soil maximum temperature, UV radiation (forest canopy closure), and soil water
retention which are known to microbial community composition (Fierer et al. 2007, Krause
et al. 2014).

Microbial functional characterization - Microbial communities of landslide-like habitats
produced genes that suggest a different life history strategy to those of forests. The percent
of genes related to stress-tolerance traits were similar in both habitats. Surprisingly,
landslides, which are considered ruderal habitats, had a higher percent of competitive traits
and genes related to the metabolisms of plant exudates, while forests, considered
competitive habitats, were dominated by ruderal traits and foraging related genes. This is
the opposite to what I expected because landslides are considered highly disturbed habitats
with low nutrient availability (Osksanen and Ranta 1992, Matthews 2014) while forests
are considered low-disturbance and low-stress habitats.

These contrasting results might suggest that landsliding promotes strong competence,
due to its low concentration of readily available nutrients albeit rich in “trapped” nutrients.
Thus, microbiomes here might be competing for plant derived compounds as genes related
to plant growth promotion and carbon degradation were differentially abundant, and there
was high abundance of fungal ASVs capable of degrading plant compounds in this habitat.
Forest microbiome, on the other hand, had differentially abundant genes related to carbon

fixation, nitrogen cycling, metal transport, and osmotic and oxygen limitation stresses,

58



although fungi might be doing the nutrient scavenging part given the higher abundance of
ASVs with ectomycorrhizal and ericoid mycorrhizal associations. The opposite-to-
expected results might be a due to the Twin Filter Theory (Grime and Pierce 2012, Ho et
al. 2017, Wood and Franks 2018), where the environment exerts a first selection filter and
pressures at finer scales act as a secondary filter.

Landslide-like habitats such as road cuts represent the perfect opportunity to study the
dynamics associated to the exposure of primary substrates, in specific how microbial
communities affect and are affected by the biogeochemical cycles. I was able to
characterize taxonomically and functionally the rhizobiomes of plants growing in
landslide-like habitats by combining NGS technologies and soil nutrient measurements
across habitats, which to my knowledge has never been done before. In this study, I found
that rhizobiomes composition at landslide-like habitats are influenced by habitat, plant host
presence and lastly by plant host identity, and that both the microbiomes growing in each
habitat have distinct life history strategies. This research is a first step to reach an
understanding of the biogeochemical processes at tropical mountains and serves to
corroborate frameworks that track microbial community changes across ecosystem

succession.
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Table 2.1. Plant species sampled in forest and landslide-like habitats. The numbers represent the
number of individuals sampled for each species. Three root and three soil samples were taken for
individual.

Landslide Forest
Lifeform Family Species Sitel Site2 Sitel Site?2
Herbaceous fern  Gleicheniaceae Gleichenia bifida 2 - - -
Herbaceous fern  Gleicheniaceae Dicranopteris pectinata - 2 - -
Herbaceous fern  Dennstaedtiaceae Dennstaedtia dissecta - - 2 2
Tree fern Cyatheaceae Cyathea arborea 2 2 - -
Tree fern Cyatheaceae Cyathea pungens - - 2 2
Shrub 1 Melastomataceae Tetrazygia crotonifolia 2 2 - -
Shrub 1 Melastomataceae Ossea krugiana - - 2 -
Shrub 1 Melastomataceae Miconia affinis - - - 2
Shrub 2 Primulaceae Myrsine coriacea 2 2 - -
Shrub 2 Thymelaeaceae Daphnopsis philippiana - - 2 1
Shrub 2 Myrtaceae Eugenia stahli - - - 1
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Table 2.2. Results of two-way ANOVAs for soil attributes across
habitats and plant host lifeform.

Habitat (H) Plant lifeform (Lf) Hx Lf
Df 2

SS F SS F SS F
Isotopes
d13C 113.33 66.31" 557 1.63 2.48 0.72
SN 8.33 9.817 202 119 142 084
CLR - Nutrients
Fe 0.20 69.51™ 001 171 0.00 0.03
K 0.27 32.49™ 0.01 0.79 0.00 0.09
Mn 0.22 5.27° 0.05 0.66 0.02 0.28
Orthonormal Balances
V1 0.00 0.09 0.09 223 0.08 2.01
V2 0.00 0.49 001 1.33 0.00 0.19
V8 0.20 2.98. 014 1.05 0.07 0.52
V11 3.57 10.34™ 0.05 0.07 1.00 1.45
Weathering Index
CIW 154.48 21.13™ 4853 3.32. 25.69 1.76

*** P <0.001;,**P<0.01;*P<0.05 .P<0.10
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Table 2.3. Results of a three-way ANOVAs for 16S and ITS diversity metrics
across habitats, microhabitats and lifeform. VValues are F values.

16S ITS
Df Richness Diversity Richness Diversity
Habitat (H) 1 15697 46517 0.67 0.07
Microhabitat (Mh) 1 1.85 10.75™ 0.48 0.03
Lifeform (Lf) 2 7.32"™ 3.59" 1.36 0.48
H x Mh 1 0.83 0.57 0.13 1.26
H X Mh x Lf 4 0.53 0.34 1.32 0.84

“p<0.001; " p<0.01;"p<0.05;.p<0.10
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Table 2.4. Results of a PERMANOVA testing the effect of habitat, microhabitat, and
plant lifeform on microbial community composition.

16S ITS
Bray Aitchison Bray Aitchison
Df R? F R? F R? F R? F

Habitat (H) 1 023 21.54™ 018 15.36™ 0.14 10.56™ 0.13 9.30™
Microhabitat (Mh) 1 007 651" 0.05 4.04™ 004 272" 0.03 187"
Plant Lifeform (Lf) 2 0.05 216" 0.05 228" 004 135 0.04 129
H x Mh 7 002 185 002 146. 0.02 1.73° 002 1.25.
H X Mh x Lf 1 0.06 0.97 0.07 103 0.08 0.97 0.08 0.94

“p<0.001; *p<001; p<005.p<0.10
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Table 2.5. Pearson correlation coefficients between Shannon diversity
index with soil variables.
16S ITS

Both Landslide Forest Both Landslide Forest
Isotopes
d1C -0.64™ -0.30 0.22 -0.08 -0.30. -0.03
N 0.38" 0.03 0.08 -0.23. -0.43" -0.01
CLR-Nutrients
Fe -0.677"  -0.15 -0.25 0.08 -0.05 0.32.
K 0.677" 0.10 0.65™ 0.11 0.36" 0.00
Mn 0.55™ 0.25 0.47. 0.25 0.11 0.38"
Orthonormal balances
V1 -0.07 0.02 -0.21 -0.05 -0.02 -0.07
V2 -0.14 -0.07 -0.06 -0.06 -0.38" 0.20
V8 -0.33. -0.18 -0.18 -0.10 0.28 -0.45™
Vil -0.24 0.09 0.31 -0.07 -0.02 -0.18
Weathering Index
Ciw -0.56™  -0.29 -0.24 -0.09 0.03 -0.19

™ p<0.001; " p<0.01;"p<0.05.p<0.10
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Table 2.6. Brite hierarchy classification of differentially abundant
KOs. Bold and plain text belong to the first and second level of the

Brite classification, respectively.

Forest Landslide
Count % Count %

Cellular Processes 0 0.00 1 0.02
Cellular community 0 0.00 1 0.02
Environmental Information Processing 6 0.02 1 0.02
Membrane transport 3 0.01 1 0.02
Signal transduction 3 0.01 0 0.00
Genetic Information Processing 133 0.53 4 0.09
Folding, sorting and degradation 11 0.04 0 0.00
Replication and repair 23 0.09 0 0.00
Transcription 18 0.07 3 0.07
Translation 73 0.29 1 0.02
Others 8 0.03 0 0.00
Metabolism 72 0.29 24 0.55
Amino acid metabolism 4 0.02 1 0.02
Biosynthesis of other secondary

metabolites 1 0.00 0 0.00
Carbohydrate metabolism 10 0.04 12 0.27
Energy metabolism 17 0.07 0 0.00
Glycan biosynthesis and metabolism 4 0.02 0 0.00
Lipid metabolism 4 0.02 0 0.00
Metabolism of cofactors and vitamins 14 0.06 0 0.00
Metabolism of other amino acids 2 0.01 1 0.02
Metabolism of terpenoids and polyketids 0.00 3 0.07
Nucleotide metabolism 1 0.00 0 0.00
Xenobiotics biodegradation and

metabolism 1 0.00 1 0.02
Others 14 0.06 6 0.14
Organismal systems 1 0.00 0 0.00
Others 1 0.00 0 0.00
Signaling and Cellular Processes 15 0.06 12 0.27
Others 15 0.06 12 0.27
Uncharacterized protein 24 0.10 2 0.05
Total 251 44
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Figure 2.1. Map of study area. Site 1 (circles) and Site 2 (triangles). Forests (black filled
symbol) and landslide-like areas (open symbol). Green line limits of the Toro Negro State
Forest protected area. Granodiorite shown in light green. Road PR-143 cuts through the

area.
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Figure 2.2. Mean soil attributes across habitat and plant lifeform.

d13C

d15N

Fe

Mn

20+
_22 -
-4+
-26 -
_28 -

Herb

Tree Shrub

5
44
34
24
14

0.24
0.1+
0.0+
-0.1+

0.24
0.1+
0.0+
-0.1+
-0.2+

0.25+
0.00+
-0.25+

V1

3.1+
2.9+
2.7+
2.5+

Herb Tree Shrub

o ¢ ++ ty

-1.50+

-1.60+
o™

=
=-1.70+

-1.80+

V8

V11

CIw

Habitat

89

-0.34
-0.64
-09-

100+

954

90+

85+

Habitat

+ Forest
® Landslide



Figure 2.3. Mean species richness and species diversity for 16S and ITS ASVs in forest and landslides across plant lifeform and
microhabitats.
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Figure 2.4. Taxonomic composition at phylum-level bacteria, archaca and fungi across
habitats, microhabitats, and plant species. Phyla with < 1% relative abundance were

excluded.
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Figure 2.5. Extended Venn Diagram of indicator species.
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Figure 2.6. Mean CLR-transformed abundances of most differentially abundant taxa
between habitats. Differentially abundant ASVs are identified by the phylum and the
lowest taxonomical classification available.
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Figure 2.7. NMDS ordination based on the Bray-Curtis distances for 16S and ITS.
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Figure 2.8. Pearson correlation coefficients between Shannon diversity index and soil
attributes per habitat.
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Figure 2.9. NMDS ordination based on the Bray-Curtis distance 16S and ITS without distinguishing between microhabitats. Variables

in bold were significative (p < 0.05) on the envfit test (Vegan R package) and the length of the arrow represents the r? value.
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Figure 2.10. Mean CLR-transformed abundances of differentially abundant fungal guilds
across habitats.
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Table S2.1. Average concentration of elements in granitic rocks of
the Utuado pluton. Major and minor elements are given in weight
%, while trace elements (Fe** — Cd) are given in ppm (Adapted from
Chen 1967).

Granodiaorite Diorite

Mean Sd Mean Sd
Element
Al 8.10 0.49 9.50 0.87
Ca 3.05 0.52 5.76 1.11
Fer 3.70 0.77 5.55 0.62
K 2.40 0.51 0.70 0.35
Mg 1.44 0.37 2.22 0.33
Na 2.57 0.22 2.09 0.45
Si 29.45 4.26 24.75 1.72
Ti 0.38 0.23 0.37 0.08
Mn 0.08 0.02 1.47 0.04
Fe3* 3.70 0.77 5.55 0.61
Sr 172.27 27.71 181.75 11.39
Ni 53.33 12.61 51.57 5.26
Rb 87.89 29.88 22.00 4.00
Co 12.66 2.37 13.80 1.93
Li 5.40 2.66 7.53 1.73
Cd 0.23 0.04 0.29 0.03
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Table S2.2. Soil and rock standards used to calibrate a quantitative
application using WDXRF spectroscopy. Soil/rock type and
sampling location are included.

Standard  Name Location

GSP-2 Granodiorite Colorado, USA
BHVO-2 Basalt Hawaii, USA
BCR-2 Basalt Oregon, USA
RGM-2 Rhyolite California, USA
AGV-2 Andesite Oregon, USA
DTS-2b Dunite Washington, USA
NOD-A-1  Manganese Module Atlantic Ocean
SDC-1 Mica Schist Washington DC, USA
SBC-1 Shale Pennsylvania, USA
STM-2 Syenite Oregon, USA
SRM2709a San Joaquin Soil California, USA
SRM2711  Montana Soil Montana, USA
JG-2 Japan Granite Japan

JP-1 Peridotite Japan

VS2124-81 Lujavrite Russia
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Table S2.3. Selected parameters for quantitative elemental composition measurements per element using WDXRF spectroscopy.

Element Target Kv- Peak Time Bgl Bg?2
Analyte Unit line method ma Filter Slit Crystal Detector (deg) (sec) (deg) (deg) Phal Pha2
Al203 Mass% Ka Rh 30-120 Out S4  PET PC 144,770 40 139.000 148.000 120 280
Cao Mass% Ka Rh 40-90 Out S4  LIF(200) PC 113.124 40 110.000 116.000 120 280
Fe203 Mass% Ka Rh 60-60 Out S2 LIF(200) SC 57.476 20 55.500 59.000 100 330
K20 Mass% Ka Rh 40-90 Out S4  LIF(200) PC 136.674 40 134.000 140.000 130 270
MgO Mass% Ka Rh 30-120 Out S4 RX25 PC 38450 40 - 41.000 100 300
Na20 Mass% Ka Rh 30-120 Out S4  RX35 PC 25.554 40 - 28.000 120 300
P20s Mass% Ka Rh 30-120 Out S4  GE PC 141.060 40 138.000 144.000 100 300
SiO» Mass% Ka Rh 30-120 Out  S4 PET PC 109.030 40 106.000 112.000 100 300
TiO2 Mass% Ka Rh 60-60 Out S2 LIF(200) SC 86.110 20 84.000 88.000 100 330
MnO Mass% Ka Rh 60-60 Out S2 LIF(200) SC 62.950 20 60.000 65.000 80 320
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Table S2.4. Quality indicators of instrument stability, precision, and accuracy in major
oxides measurement.

Analyte Ceert (Wt %) C; (Wt %) SD ILD (Wt%) RSD (%) Q; (%)

Al203 15.80 15.59 0.05 0.22 0.33 0.01
Ca0 1.40 1.49 0.01 0.09 0.38 0.07
Fe20s 6.32 6.30 0.10 0.06 1.61 0.01
K20 3.28 3.25 0.01 0.07 0.37 0.01
MgO 1.69 1.64 0.03 0.51 1.93 0.03
Na20O 2.05 2.29 001 031 0.46 0.12
P20s 0.16 0.19 0.00 0.10 2.22 0.17
SiO; 65.80 65.32 041 0.40 0.63 0.01
TiO; 1.01 1.02 0.04 0.14 3.90 0.03
MnO 0.11 0.11 0.00 0.07 2.90 0.04

Ceert is the certified value of the SDC-1 reference material; C; is the analyte mean
concentration measured in 21 repetition; ILD is the Instrument Limit of Detection of
each analyte; RSD is the Relative Standard Deviation of each analyte; Q is the
Relative Bias of each analyte.
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Table S2.5. Number of bacterial, archaeal, and fungal sequences and ASVs before and after rarefying
to even depth for each grouping. G1 — replicates were grouped by individual while maintaining the
microhabitats separately; G2 — replicates were grouped by individual without differentiating between
microhabitats.

Processing B A 16S ITS
step Group Bacteria Archaea B+A Fungi
Sequences Raw 7,944,350 31,855 8,015,551 3,544,081
FS1 5,097,156 21,900 5,119,056 3,440,387
FS 2 Gl 4,897,650 19,489 4,917,139 2,924,200
Rarefied Gl 1,857,818 7,846 1,865,664 777,280
FS 2 G2 4,869,493 19,315 4,888,808 2,774,392
Rarefied G2 1,903,977 7,575 1,911,552 1,261,120
Seqs per sample  Raw 44,135 177 44,530 53,698
FS1 28,317 122 28,439 53,756
FS 2 Gl 76,525 304 76,830 45,690
Rarefied Gl 29,028 122 29,151 12,145
FS 2 G2 152,171 603 152,775 86,699
Rarefied G2 59,499 237 59,736 39,410
ASVs Raw 114,827 638 129,795 7,866
FS1 41,672 357 42,029 7,836
FS2 Gl 10,082 66 10,148 1,714
Rarefied Gl 10,081 66 10,147 1,714
FS 2 G2 9,608 64 9,672 1,491
Rarefied G2 9,608 64 9,672 1,491
Phyla Raw 52 3 55 15
FS1 27 3 29 15
FS 2 Gl 18 2 20 11
Rarefied Gl 18 2 20 11
FS 2 G2 18 2 20 15
Rarefied G2 18 2 20 10

Filtering step (FS 1) 1 consisted of removing unidentified, chloroplast and mitochondria associated
sequences for 16S and removing contaminant sequences for ITS. Filtering step 2 (FS 2) consisted of
filtering ASVs by abundance (minimum read 11) and occurrence (minimum samples 4).
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Table S2.6. Weathering indexes used in this study. Adapted from (Prince and Velbel 2003). OFV
is the Optimal Fresh VValue; OWV is the Optimal Weathered Value

Index Formula OFV OWV Reference

Chemical Index 100 % ( Al;0s ) <50 100 (Nesbitt and

of Alteration Al,03 + Ca0 + Nay0 + K0 Young 1982)

(CIA)

Chemical Index 100 x ( Aly03 ) <50 100 (Harnois 1988)

of Weathering Al,05 + Ca0 + Na,0

(CIW)

Plagioclase Index 100 x ( ALy 05 — K30 ) <50 100 (Fedo et al.

of Alteration Al;05 + Ca0 + Na,0 — K0 1995)

(PIA)

Vogt (V) AL03 + K,0 <1 0 (Vogt 1927)

MgO + Ca0O + Na,0

Product of 100 % ( ' 50, _ ) >50 0 (Reiche 1950)

Weathering Index TiO, + Fey03 + SiO, + Al,04

(PWI)

Ruxton Ratio RR = S0 >10 0 (Ruxton 1968)

(RR) Al,04

Silica-Titania ( (5"02/“ 02) ) >90 0 (Jayawardena

Index (STI 100x | - - and Izawa
5T (“%/ri0,) + (% ay0,) + ("% /110,) 1994b)

Si/SiAlFe 100 % (ZN‘le MgO | 2K;0 @) >100 0 (Parker 1970)

(S.SAF) 035 ' 090 ' 025 ' 0.70

CIA — chemical index of alteration; CIW — chemical index of weathering; V — vogt; PWI —
product of weathering index; RR — ruxton ratio; STI — silica-titania index; WIP — weathering index

of parker
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Table S2.7. Selected Indicator Species and their respective abundances per habitat and microhabitat. Ab is the taxon abundance, R and
B refers to the number of ASVs associated to rhizosphere and bulk soil samples from each habitat. Selected indicator species had an
indicator value higher than 0.8 and a p value <0.05. Indicator species in this table represent the individual dots at the bottom of the
Extended Venn Diagram in Figure 2.5.

Landslide Forest
Kingdom Phylum Class Order Family Genus/Species Ab R B Ab R B
Archaea 7 00 73 0 1
Crenarchaeota Thaumarchaeota Cenarchaeales SAGMA-X 7 0 0 73 0 1
Bacteria 5730 39 4 11742 43 28
Acidobacteria Acidobacteria-6 iiil-15 RB40 9 1 0 353 2 0
Acidobacteriia Acidobacteriales Acidobacteriaceae 284 2 O 9 0 O
Acidicapsa borealis 65 1 0 4 0 O
Koribacteraceae 32 0 0 1095 0 3
Solibacteres Solibacterales Solibacteraceae 264 1 O 1 0 O
Candidatus
Solibacter 186 1 O 3 0 0
Actinoplanes
Actinobacteria Actinobacteria Actinomycetales Micromonosporaceae globisporus 1212 1 0 17 0 0
Thermoleophilia Gaiellales Gaiellaceae 3 0 0 47 1 2
Armatimonadetes [Fimbriimonadia] [Fimbriimonadales] [Fimbriimonadaceae] Fimbriimonas 43 1 0 9 1 0
Armatimonadia Armatimonadales Armatimonadaceae 52 1 0 1 0 O
Chthono-
monadetes Chthonomonadales Chthonomonadaceae 5288 6 O 46 0 O
Bacteroidetes [Saprospirae] [Saprospirales] Chitinophagaceae 994 6 O 670 5 0
Sediminibacterium 125 1 0 36 0 O
Cytophagia Cytophagales Cytophagaceae 9 0 O 2712 3 0
Sphingobacteriia Sphingobacteriales Sphingobacteriaceae 193 2 O 19 0 O
Thermo- Thermo-
Chloroflexi Ktedonobacteria gemmatisporales gemmatisporaceae 1 0 0 160 0 1
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Landslide Forest
Kingdom Phylum Class Order Family Genus/Species Ab R B Ab R B
Nitrospirae Nitrospira Nitrospirales Nitrospiraceae JG37-AG-70 1 0 0 3%8 0 2
Nitrospira 0 0 O 3665 0 1
Planctomycetes Planctomycetia Gemmatales Gemmataceae 390 0 2 264 0 2
Gemmata 61 1 0 7 0 O
Isosphaeraceae 187 0 2 30 0 O
Pirellulales Pirellulaceae 12 0 0 84 O 1
Alpha-
Proteobacteria proteobacteria Caulobacterales Caulobacteraceae Phenylobacterium 197 1 0 7% 1 0
Rhizobiales Brucellaceae 106 1 O 11 0 O
Hyphomicrobiaceae Pedomicrobium 3 0 0 93 1 0
Rhodomicrobium
vannielii 79 0 O 303 0 1
Rhodoplanes 65 1 0 250 1 1
Phyllobacteriaceae Mesorhizobium 8 0 0 64 1 0
Xanthobacteraceae Labrys 3 0 O 4 1 0
Woodsholea
Rhodobacterales Hyphomonadaceae maritima 0 0 O 71 1 0
Rhodospirillales Acetobacteraceae 30 0 O 553 4 O
Rhodospirillaceae 452 3 0 1653 4 5
Dongia mobilis 0 0 O 101 1 O
Reyranella
massiliensis 149 1 O 2 0 O
Sphingomonadales Sphingomonadaceae 2 00 61 1 O
Beta-
proteobacteria Burkholderiales Comamonadaceae 49 0 0 301 1 0
Leptothrix 9 0 0 77 1 0
Delta-
proteobacteria [Entotheonellales] [Entotheonellaceae] 11 0 0 296 0 2
Myxococcales Myxococcaceae 10 0 O 142 0 1
Syntropho-bacterales  Syntrophobacteraceae 2 0 0 304 0 2



Landslide Forest
Kingdom Phylum Class Order Family Genus/Species Ab R B Ab R B
Gamma-
proteobacteria Alteromonadales 211ds20 1 0 0 4 1 0
OM60 7 0 0 135 1 0
HTCC2188 HTCC2089 15 0 0 208 1 O
Thiotrichales Piscirickettsiaceae 12 0 0 199 1 0
Xanthomonadales Sinobacteraceae 162 2 O 151 0 1
Nevskia 92 1 0 4 0 O
Steroidobacter 13 0 0 110 1 O
Verrucomicrobia [Pedosphaerae] [Pedosphaerales] auto67_4w 358 2 0 975 5 0
Ellin515 2 0 0 71 0 1
[Spartobacteria] Chthoniobacterales Chthoniobacteraceae Chthoniobacter 92 1 O 18 0 O
DA101 33 0 O 305 1 O
Opitutae Opitutales Opitutaceae 63 0 O 455 2 0
Opitutus 53 1 O 3 0 0
WS3 PRR-12 Sediment-1 PRR-10 2 0 0 232 0 2
Fungi 3519 1 3 1766 0 2
Ascomycota Lecanoromycetes Pertusariales Megasporaceae Aspicilia 403 0 1 0 0 O
Leotiomycetes Helotiales 2585 0 1 62 0 O
Sordariomycetes 0 0 O 1258 0 1
Hypocreales Clavicipitaceae 0 0 O 440 0 1
Calceomyces
Xylariales Xylariaceae lacunosus 84 0 1 0 0 O
Glomeromycota Glomeromycetes Diversisporales 447 1 0 6 0 O




Table S2.8. Differentially abundant ASVs per habitat in tiles and pellets. Selected differentially abundant ASVs had an effect value lower
than -1.5 and higher than 1.5, and a Benjamini-Hochberg corrected p-value lower than 0.05. Each ASV was identified to the lowest

taxonomical classification available.

Habitat Effect Phylum Class Order Family Genus/Species
16S Forest -2.13 Actinobacteria Actinobacteria Actinomycetales Micromonosporaceae
16S Forest -2.05 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae
16S Forest -1.98 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae
16S Forest -1.94 Planctomycetes  Planctomycetia Pirellulales Pirellulaceae Pirellula
16S Forest -1.88 Nitrospirae Nitrospira Nitrospirales Leptospirillaceae
16S Forest -1.80 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
16S Forest -1.74  Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira
16S Forest -1.67 Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriaceae
16S Forest -1.67 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
16S Forest -1.64 Proteobacteria Gamma- Thiotrichales Piscirickettsiaceae
16S Forest -1.61 Proteobacteria Gamma- Xanthomonadales  Sinobacteraceae
16S Forest -1.60 Proteobacteria Gamma- Xanthomonadales  Sinobacteraceae
16S Forest -1.59 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
16S Forest -1.55 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
16S Forest -1.54  Acidobacteria Chloracidobacteria RB41 Ellin6075
16S Landslide  1.50 Verrucomicrobia Spartobacteria Chthoniobacterales Chthoniobacteraceae DA101
16S Landslide  1.51 Actinobacteria Thermoleophilia Solirubrobacterales Conexibacteraceae
16S Landslide  1.51 Planctomycetes Planctomycetia Pirellulales Pirellulaceae Pirellula
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Habitat Effect Phylum Class Order Family Genus/Species
16S Landslide  1.52 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae
16S Landslide  1.52 Planctomycetes Planctomycetia Gemmatales Gemmataceae
16S Landslide  1.53 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  1.53 Acidobacteria Solibacteres Solibacterales Solibacteraceae
16S Landslide  1.53 Planctomycetes Planctomycetia Gemmatales Isosphaeraceae
16S Landslide  1.53 Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae Mycobacterium
16S Landslide  1.54 Verrucomicrobia Pedosphaerae Pedosphaerales auto67_4w
16S Landslide  1.54 Verrucomicrobia Pedosphaerae Pedosphaerales auto67_4w
16S Landslide  1.55 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
16S Landslide  1.55 Acidobacteria Solibacteres Solibacterales Solibacteraceae Solibacter
16S Landslide  1.55 Proteobacteria Gamma- Xanthomonadales  Sinobacteraceae
Thermogemmati-  Thermogemmati-
16S Landslide  1.56 Chloroflexi Ktedonobacteria sporales sporaceae
16S Landslide  1.56 Verrucomicrobia Spartobacteria Chthoniobacterales Chthoniobacteraceae  DA101
16S Landslide  1.58 Planctomycetes Planctomycetia Gemmatales Isosphaeraceae
16S Landslide  1.58 Bacteroidetes Saprospirae Saprospirales Chitinophagaceae
16S Landslide  1.59 Proteobacteria Alpha- Rhodospirillales Acetobacteraceae
16S Landslide  1.59 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
16S Landslide  1.61 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae ~ Rhodoplanes
16S Landslide  1.62 Verrucomicrobia Pedosphaerae Pedosphaerales auto67_4w
16S Landslide  1.62 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  1.63 Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriaceae
16S Landslide  1.63 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  1.64 Planctomycetes Planctomycetia Gemmatales Gemmataceae
16S Landslide  1.65 Proteobacteria Gamma- Xanthomonadales ~ Xanthomonadaceae
16S Landslide  1.65 Verrucomicrobia Spartobacteria Chthoniobacterales Chthoniobacteraceae DA101
16S Landslide  1.65 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae
16S Landslide 1.66 Proteobacteria Beta- A21b EB1003
16S Landslide  1.68 Verrucomicrobia Pedosphaerae Pedosphaerales auto67_4w
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Habitat Effect Phylum Class Order Family Genus/Species
16S Landslide  1.70 Verrucomicrobia Pedosphaerae Pedosphaerales auto67_4w
16S Landslide 1.70 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Flavobacterium
16S Landslide  1.71 Bacteroidetes Saprospirae Saprospirales Chitinophagaceae
16S Landslide  1.72 Planctomycetes Planctomycetia Gemmatales Gemmataceae
16S Landslide  1.73 Verrucomicrobia Spartobacteria Chthoniobacterales Chthoniobacteraceae  Xiphinematobacter
16S Landslide  1.77 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  1.77 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae Koribacter
16S Landslide  1.78 Proteobacteria Alpha- Rhodospirillales Acetobacteraceae
16S Landslide  1.78 Proteobacteria Gamma- Xanthomonadales ~ Xanthomonadaceae
16S Landslide 1.79 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae

Thermogemmati-  Thermogemmati-

16S Landslide  1.83 Chloroflexi Ktedonobacteria sporales sporaceae
16S Landslide  1.83 Proteobacteria Beta- Burkholderiales Burkholderiaceae Burkholderia
16S Landslide  1.83 Planctomycetes  Planctomycetia Gemmatales Gemmataceae
16S Landslide 1.87 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae Koribacter
16S Landslide  1.88 Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriaceae
16S Landslide  1.90 Proteobacteria Alpha- Rhodospirillales Acetobacteraceae
16S Landslide  1.90 Proteobacteria Alpha- Caulobacterales Caulobacteraceae Phenylobacterium
16S Landslide  1.90 Planctomycetes Planctomycetia Gemmatales Gemmataceae
16S Landslide  1.91 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  1.91 Bacteroidetes Saprospirae Saprospirales Chitinophagaceae
16S Landslide  1.91 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  1.95 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  1.95 Proteobacteria Alpha- Sphingomonadales  Sphingomonadaceae  Kaistobacter
16S Landslide 1.96 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae Koribacter
16S Landslide  1.96 Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Flavobacterium
16S Landslide 1.96 Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriaceae
16S Landslide 1.96 Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriaceae
16S Landslide  1.96 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
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Habitat Effect Phylum Class Order Family Genus/Species
16S Landslide  1.97 Acidobacteria Acidobacteriia Acidobacteriales Acidobacteriaceae Edaphobacter
16S Landslide  2.05 Chloroflexi Ktedonobacteria Ktedonobacterales  Ktedonobacteraceae =~ FFCH10602
16S Landslide  2.05 Proteobacteria Beta- Burkholderiales Comamonadaceae Methylibium
16S Landslide  2.09 Proteobacteria Alpha- Rhodospirillales Acetobacteraceae
16S Landslide  2.10 Verrucomicrobia Pedosphaerae Pedosphaerales auto67_4w
16S Landslide  2.12 Planctomycetes  Planctomycetia Gemmatales Gemmataceae Gemmata
16S Landslide  2.15 Proteobacteria Beta- A21b EB1003
16S Landslide  2.18 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Landslide  2.34 Verrucomicrobia Pedosphaerae Pedosphaerales auto67_4w
16S Landslide  2.38 Bacteroidetes Saprospirae Saprospirales Chitinophagaceae
16S Landslide  2.47 Acidobacteria Solibacteres Solibacterales Solibacteraceae Solibacter
16S Landslide  2.69 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae Koribacter versatilis
ITS Forest -2.56 Ascomycota Sordariomycetes Hypocreales Clavicipitaceae
ITS Forest -1.92 Ascomycota Sordariomycetes Chaetosphaeriales  Chaetosphaeriaceae  Chloridium
ITS Forest -1.76 Basidiomycota  Agaricomycetes
ITS Landslide 1.76 Ascomycota Leotiomycetes Helotiales
ITS Landslide 1.92 Ascomycota
ITS Landslide 1.95 Ascomycota Sordariomycetes Sordariales Sordariaceae Neurospora terricola

Helotiales_fam
ITS Landslide  3.22 Ascomycota Leotiomycetes Helotiales Incertae_sedis Leohumicola
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Table S2.9. GeoChip 5.0 functional genes array
classifications of the differentially abundant KOs.

Forest Landslide

Carbon cycling

Carbon degradation
Carbon fixation
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Potassium
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Antibiotic resistance
Nitrogen Cycling
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Table S2.10. CSR classification of differentially abundant KOs.

Forest Landslide
Count % Count %
CSR 123 0.49 8 0.18
Comepetitive 8 0.03 3 0.07
Stress 17 0.07 2 0.05
Ruderal 95 0.38 2 0.05
Multiple 3 0.01 1 0.02
Other classifications 14 0.06 11 0.25
Foraging 6 0.02 0 0.00
Methylotrophs 1 0.00 0 0.00
Plant exudates metabolism 5 0.02 11 0.25
Multiple 2 0.01 0 0.00
Not classified 114 0.45 25 0.57
Total 251 44
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Figure S2.1. CoDa dendrogram (A) and PCA ordination (B) of orthonormal balances of soil nutrients. The V1-V12 variables are the

orthonormal balances.
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Figure S2.2. Pearson correlation matrix corresponding soil attributes in soils and their multicollinearity test results. Selected variables
with its resulting Variance Inflation Factor (VIF) are shown the table.
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Figure S2.3. Species richness rarefaction curves for A) 16S and B) ITS ASVs across
habitats.

A Rhizosphere Bulk
4500
= 4000
(@)
& 3500
~ 3000+ I
@ 2500+ STt
- __---
‘G 2000 g
[v4 »”
o 15007 Rgr
() ,'&'
"9 1000 g
o “
& 500 ;
]
0 . . . . . ! . . . :
Q O O N Q O Q N O O N Q
S & & & S S & & &
S ) \\) S ) ) S N A\
5 & EF P £ F & S
3001
~ - - -
o ---—-'----_--u
8 250+ et e
-*, -
9 I”v“‘
® 2001 S
[(}] L4
C ,"'
< 150 .
r {
¢ 1001 '
o ¥
O ¥
8 501 !
[¢p] ]
[}
0 : : — — . : .
Q O QO O O QO O Q QO O Q O O O
F PSP F PP S
> P& & &P S S

Sequences per Sample

Habitat == Forest == Landslide = Microhabitat == Rhizosphere == Bulk

116



Figure S2.4. Taxonomic composition at phylum-level of low abundant bacteria, archaea
and fungi across habitats, microhabitats, and plant species. Phyla with > 1% relative
abundance were excluded.
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Figure S2.5. Principal Component Analysis (PCA) of 16S, and ITS ASVs using Aitchison distances.
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CHAPTER |1l SILICATE ROCK WEATHERING IN AN IN-SITU EXPERIMENT DRIVES LANDSLIDE
MICROBIAL DIVERSITY
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INTRODUCTION

Rock weathering is a critical process central to most biogeochemical cycles. Of particular
interest is the chemical weathering of calcium- and/or magnesium-bearing silicate rocks
[(Ca]Mg)SiOx] because their important role in the carbon cycle (Figure 1.1). In fact, a tight
coupling between spatial and temporal scales contributes to distinct ecological processes.
At small spatial and temporal scales, the chemical weathering of (CajMg)SiOx rocks
contributes to the release of mineral nutrients essential for plant growth and the short-term
sequestration of carbon dioxide (CO2) by plants during photosynthesis (Beerling 2012,
Uhlig et al. 2017). At large spatial and temporal scales, the weathering of these rocks
contributes to uptake of mineral nutrients and CO2 by marine algae leading to long-term
sequestration of CO> in the ocean floor (Berner et al. 1983, Berner and Kothavala 2001,
Beerling 2012, Uhlig et al. 2017). One open question is how tropical soils experiencing
high physical denudation rates through landslides couple biotic processes at rhizobiomes
with chemical weathering.

Work conducted mostly in temperate regions has shown that microorganisms
associated with rocks and soils (Barker et al. 1998, Gleeson et al. 2006, Frey et al. 2010,
Bernasconi et al. 2011, Brunner et al. 2011, Zumsteg et al. 2012), and rhizoplane of roots
(Leyval and Berthelin 1991, Calvaruso et al. 2006, Calvaruso et al. 2007, Uroz et al. 2007,
Uroz et al. 2009a, Uroz et al. 2009b, Calvaruso et al. 2010, Uroz et al. 2011) increase
chemical weathering rates of (Ca|Mg)SiOx minerals by up to 20 times compared to abiotic
conditions (Kalinowski et al. 2000, Maurice et al. 2001, Calvaruso et al. 2006, Koele et al.
2009, Smits et al. 2012). In tropical regions, studies of deep regolith weathering in “stable”

areas (Buss et al. 2005, Liermann et al. 2015) has shown that the abundance of
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microorganisms is correlated with bioavailable nutrients throughout a vertical soil profile,
and suggest that bacteria might play an important role in the weathering of bedrock.

The aforementioned studies use ex situ and in situ experiments to understanding of the
role of microorganisms on chemical weathering of (Ca|Mg)SiOx minerals. One set of ex
situ experiments include batch reactors in which powdered rock or pure minerals
(Vandevivere et al. 1994a, Kalinowski et al. 2000, Maurice et al. 2001, Balogh-Brunstad
et al. 2008, Wu et al. 2008, Frey et al. 2010, Brunner et al. 2011) or solid pieces of silicate
rocks (Vuorinen et al. 1981, Song et al. 2007, 2010) are inoculated with one or more
microbial species at a time. Although these studies demonstrate quantitatively through
nutrient release estimates, or qualitatively through pit formation, that mineral dissolution
rates are significantly faster in the presence of certain bacterial species, it is difficult to
infer what would happen in a natural setting under complex biogeochemical interactions
such as plant-microbes-rocks systems.

A second group of ex situ experiments makes use of column weathering experiments,
inoculating seedling roots with one or more microbial species and pure minerals (Leyval
and Berthelin 1991, Calvaruso et al. 2006, Leake et al. 2008b, Koele et al. 2009, Smits et
al. 2012). These studies have shown that inoculating roots with bacteria from the
rhizosophere (e.g., Burkholderia spp.) or mycorrhizal fungi (e.g., Scleroderma and
Laccaria spp.), significantly increases nutrient release from silicate minerals compared to
roots that have not been inoculated. Although these studies offer a new level of biological
understanding because they mimic natural conditions experienced by the plants and
microorganisms compared to batch reactor experiments, they still miss the complex

interactions observed under natural settings. The complex interactions include symbiotic
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and competitive relationships between microorganisms, that could ultimately affect silicate
weathering rates.

A few in situ studies have examined the contribution of microorganisms to weathering
of (Ca|Mg)SiOx rocks. Root exclusion experiments in temperate regions have shown that
mycorrhizal fungi are capable of weathering crushed rocks and minerals through trenching
(Quirk et al. 2012, Koele et al. 2014). Other studies have characterized microbial
communities from mineral to landscape scales under field conditions. On the one hand,
Gleeson et al. (2006) found that microbial communities composition was significantly
different within the minerals of a (Ca]Mg)SiOx rock, and found a strong correlation
between microbial species and particular chemical elements within those minerals. On the
other hand, Gleeson et al. (2016) found that microbial communities changed across soils
with different weathering and disturbance degrees. Although the aforementioned work has
been extremely valuable to understand the role of microorganisms on (Ca|Mg)SiOx rocks,
it may overlook the complexity in forest ecosystems that are subjected to high physical and
chemical weathering. A point in case is provided by humid mountains in which landsliding
and human-made disturbances contribute to physical weathering. Tiene que desarrollar
esto un poco mas

Leveraging on a larger study aimed at characterizing taxonomic and functional
diversity of microbiomes of “landslide-like” areas underlain by Ca,Mg-silicate rocks
(Chapter 2), | focused on tree ferns of the genus Cyathea to design an in situ experiment
aimed at evaluating the role of rhizobiomes on (Ca|Mg)SiOx rock weathering in tropical
mountains subjected to landsliding. The in situ experiment examined the role of four main

drivers of chemical weathering, namely habitat, microhabitat, substrate, and presence of
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roots on weathering of (Ca]Mg)SiOx rocks. In this study I 1) quantify weathering rates of
two experimental substrates, and 2) describe microbiomes in soil and those developing on
experimental substrates. | hypothesized that a) weathering rate of (Ca|Mg)SiOx substrates
were going to be greater in landslides than forest habitats, b) soils and rocks microbiomes
and their functions were mainly affected by habitats, and c) rock weathering will affect the
microbial diversity. To my knowledge this is the first study that assess the role of

rhizobiomes on (Ca|Mg)SiOx rock weathering in landslides-like habitats in the tropics.

METHODS

STUDY AREA

This study took place in the vicinity of Cerro Punta, in the Central Mountain Range of
Puerto Rico (centroid of sampling locations: 18° 9’ 55.44" N, 66° 36" 10.08” W; mean
elevation: 1060 m a.s.l.; Figure 2.1), a region classified as lower montane subtropical wet
forest (Ewel and Whitmore 1973). Within this region, | chose two locations centered
around Km 13 (“casa Gladys” or Site 2) and Km 14.5 (“casa Doris” or Site 1) of PR-143
to conduct the work that I describe below. The dominant land cover in the immediate
surroundings of the study sites includes old growth forest interspersed with secondary
forests of various ages, small-shaded coffee plantations, and pastures. Most of these high
elevation sites are within or adjacent to the Toro Negro State Forest (Birdsey and Jimenez
1985).

This region is underlain by the Utuado pluton-UP, the second largest reservoir of
intrusive igneous rocks in Puerto Rico emplaced 76 to 69 Mya (Chen 1967). The UP is an

important source of sediments for the rivers that originate in the region, largely due to the

123



presence of granodiorite (65%) and diorite (~32%). The granodiorite of the UP has high
concentrations of plagioclase minerals, that include an elevated concentrations of Ca and
Mg (Table S2.1 and Table S3.0) (Chen 1967, Smith et al. 1998). A combination of elevated
mean annual precipitation (2560 mm) and mean annual temperature (20.7 °C) (Weaver
1979, Birdsey and Jimenez 1985), creates ideal conditions for high chemical (Durgin 1977,
Monroe 1979) and physical (Halsey et al. 1998) weathering activity, that together with

historical forest clearing generates a high potential for landsliding.

EXPERIMENTAL DESIGN

At each of the two locations I selected an “old-growth” forest habitat site and paired it with
a nearby road-cut that we used as a surrogate for landslides for a total of four sites. These
road cuts were created during the construction of PR-143 in 1974 (Autoridad de Carreteras
y Transportacion). A combination of factors, including road maintenance and landslides,
has kept the vegetation at these sites in early stages of succession, i.e., dominated by
herbaceous plants, shrubs, and tree ferns. Many of these species are known to colonize
landslides in the Caribbean, and more broadly speaking the Neotropics (Ewel and
Whitmore 1973, Sugden et al. 1985, Guariguata 1990, Walker 1994, Keddy 2007, Judd
and lonta 2013). From now on, | refer to these road-cuts as landslide habitats.

At each site per habitat, | selected two tree ferns to characterize the microbial
communities of rhizosphere and bulk soil and establish the in-situ experiment. The tree
ferns are represented by two congeneric species: Cyathea arborea and C. pungens found
in landslides and forest, respectively. In January 2016, | collected root segments with

attached soil and paired them with bulk soils collected one meter away from the base of
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each plant. From now on | refer to these samples as soil samples. | removed the litter and
used a 1.9 cm diameter soil corer to collect soil down to 10 cm. For each tree fern | collected
three bundles of roots, from which rhizosphere soil was obtained, and three bulk soils
samples to characterize their microbial communities; the three samples represent biological
replicates”. The bulk and rhizosphere soil were immediately stored in 25 Eppendorf tubes
filled with 25 mL of phosphate buffered saline (PBS) solution with 10% glycerol and
placed in dry ice for a period < 36 hours. Once in the laboratory | stored the samples at -
80°C until further processing.

In June of 2017, | located the tree ferns sampled in 2016 to establish the in situ
experiment that included four variables of interest: habitat (landslide and forest),
microhabitat or proximity to roots (close and far form roots), root accessibility (large and
small mesh bags), and weathering substrate (tiles and pellets; see below) (Table 3.1). The
two experimental rock weathering substrates were prepared from a fresh rock sample
collected nearby Site 1 (18° 15’ 50.89” N, 66° 36’ 0.23” W) that was confirmed to be
granodiorite by Dr. Stephen Hughes (UPR-Mayaguez). From now on | refer to the two
experimental substrates as rock samples. The tiles exhibit the heterogenous characteristics
of rocks found in nature, whereas the powder-pressed pellets the homogenous
characteristics used in weathering experiments. The tiles and pellets were enclosed in mesh
bags of two different sizes: large mesh bag (2-mm diameter opening; PELCO® Precision
Woven Polyester Mesh from Ted Pella®) allowed the entrance of fine roots, whereas the
small mesh bags (50-um diameter opening) restricted the entrance of roots but allowed
microorganisms, including mycorrhizal fungi hyphae (Wallander et al. 2001, Berner et al.

2012, Koele et al. 2014). The mesh bags were subsequently buried in the two
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microhabitats. | periodically removed plants growing near bulk soil samples to prevent
exogenous root contact. The first set of experimental units, i.e., one set of tiles and two sets
of pellets, were collected in January 2018, after 7 months of incubation in the field. One of
the set of pellets was used exclusively for microbial characterization, while the other for
measuring element concentrations; the rock tiles were used for both. The rock samples used
for microbial characterization were preserved following the same methodology used for
soil samples. The incubation of the two substrates in landslides and forest represent a
chronosequence, whereby the pellets and tiles represent fresh rock exposed by landslide
disturbance and the landslides and forest first and second time points of succession,

respectively.

GRANODIORITE TILE AND PELLET PREPARATION

The fresh sample of granodiorite was transported to the Department of Geology, University
of Puerto Rico-Mayaguez campus. To prepare the granodiorite tiles, I cut the rock into 96-
10 mm x 10 mm x 2 mm tiles (Thorn et al. 2002, Song et al. 2010) using a table-top wet
tile saw (Figure 3.1A). On one side of each granodiorite tile, 1 bored a superficial mark
using a Dremel® rotary tool (Figure 3.1B). This mark was used to quantify the elemental
concentration in the same area before and after the field experiment using SEM-EDx
spectroscopy (see below). Subsequently I sequentially abraded the granodiorite tiles with
four silicon carbide sandpapers (average particle diameter: 58.5 um, 25.8 um, 21.8 um and
15.3 um) and ultrasonically cleaned the granodiorite tiles three times with distilled and
deionized high purity water for 2 minutes each time (Song et al. 2007). Finally, | oven dried

the tiles for 12 hrs at 80 °C (Thorn et al. 2002) and weighed the tiles with an analytical
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balance (£ 0.001mg) prior to their analyses. To prepare the granodiorite pellets, I cut the
rock it into small pieces (~5 cm) using a table-top wet tile saw (RIDGID®), then I crushed
and grounded smaller pieces of rock in a shatterbox, and the resulting powder was sieved
with a 270-mesh to obtain a 53 um powder (Markowicz et al. 1997). Then, | weighed 0.9
(+ 0.0001) g of powdered rock to which | added 0.1 (+ 0.0001) g of SpectroBlend wax
binder from Chemplex® (Markowicz et al. 1997, Mori et al. 1999). This mixture was
placed in a stainless-steel sample holder (without the stainless-steel balls) in a Retsch® ball
mill for 6 min at 17 rpm (Demir et al. 2006). Subsequently I transferred the rock-binder
mixture to a 13 mm tungsten carbide pellet die set and applied 3.5 tons of hydraulic
pressure for 3 min in a Carver® Bench Top Standard press.

The granodiorite tiles were analyzed twice, before and after retrieval, using a Scanning
Electron Microscopy coupled with an Energy Dispersive X-Ray Spectroscopy (SEM-EDXx)
First, | acquired SEM images (JEOL — 20kV) at a 10X magnification for a complete view
of the tiles. Then, I centered each tile with the aid of the bore-mark and analyzed them with
EDx spectroscopy to obtain the quantitative elemental composition at a 30X magnification
(Figure 3.1B). These analyzes were performed, at the Material Characterization Center of
the University of Puerto Rico (MCC at UPR). The powdered-press pellets were analyzed
through quantitative analyses using a RIGAKU ZSX Primus 1l WDXRF spectrometer
coupled to the ZSX software (Version 7.07) following the methodology described in

Chapter 2.

127



DNA EXTRACTION, PCR AMPLIFICATION, SEQUENCING AND BIOINFORMATICS

The soil and rock samples were allowed to slightly thaw within a week of retrieval, and to
each 25 mL Eppendorf tube | added 12.5 uL of detergent polysorbate 20 (Tween 20) and
subsequently placed them in a shaker (240 rpm) for 20 min (Ortiz et al. 2020). | removed
the roots and tiles from the 25 mL tubes. Then, the samples were centrifuged at 4 °C for 40
min at 4000 rpm. | discarded the supernatant and stored the remaining sediment at -80 °C
until further processing. To extract genomic DNA | used the PowerSoil™ DNA lIsolation
Kit (MO BIO Laboratories, Carlsbad, CA, United States) and followed their instructions.

| amplified and sequenced the 16S rRNA V3-V4 region (16S primers: 515F, 805R)
(Caporaso et al. 2011) and Internal Transcribed Spacer-2 (ITS-2 primers: 5.8-Fun; ITS4-
Fun) (Taylor et al. 2016) region following Illumina’s 16S Metagenomic Sequencing
Library Preparation protocol with some modifications. Prior to amplification of each
sample, | measured gDNA concentrations using QuantiFluor dsDNA system kit with the
Promega platform.

| used slightly different parameters to amplify the 16S and ITS2 regions. For 16S, | ran
PCRs for each rhizosphere, bulk soil and rock replicates using 12.5 ng of genomic DNA,
0.5 puL of each primer (10 uM), 12.5 uL of 2x KAPA HiFi HotStart ReadyMix and
subsequently filled with PCR water until reaching a 25-uL reaction mixture. For the ITS, |
ran the PCRs for each rhizosphere, bulk soil and rock replicates using 10 ng of genomic
DNA, 0.25 uL of each primer (25 uM), 0.25 puL of Phusion® High-Fidelity DNA
Polymerase, 5 uL of Phusion HF Buffer (5X), 0.5 uL of dNTPs (10 mM), 0.75 uL of
DMSO, and subsequently filled with PCR water until reaching a 21 pL reaction mixture.

The thermocycling conditions for the 16S were: initial denaturing at 95 °C for 3 min,
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followed by 25 cycles of denaturation at 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and
a final extension at 72 °C for 5 min (Eppendorf Mastercycler Nexus). To verify the
amplicon size, I ran 1 uL of the PCR product on an Agilent 2100 Bioanalyzer (Bioanalyzer
DNA 1000 chip). The thermocycling conditions used for the 1TS2 samples were: initial
denaturing at 96 °C for 2 min, followed by 27 cycles of denaturation at 94 °C for 30 s, 58
°C for 30 s, 72 °C for 2 min, and a final extension at 72 °C for 10 min. | added controls to
the PCRs for the soil (ITS) and rock (16S and ITS) samples.

In contrast to the 16S-PCR’s, | merged the ITS-amplicons of the three biological
replicates of rhizosphere and bulk soil, separately for each plant. | purified the merged-ITS
amplicons using PureLink PCR Purification kit from Invitrogen®, and resuspended the
samples in 40 pL. Finally, | measured the purified-amplicon DNA concentration using
Invitrogen® Qubit 4 fluorometer and then normalized the DNA concentration to up to 5
ng/uL. I did not make any further modifications to Illumina’s 16S Metagenomic
Sequencing Library Preparation protocol for any of the remaining steps. The sequencing
was done using Illumina’s MiSeq.

Preparation of the 16S and ITS libraries was done at the University of Puerto Rico- Rio
Piedras campus, whereas the sequencing of the 16S soil samples and all ITS samples were
done at UPR’s Sequencing and Genomics Facility (SGF). A subset of soil samples
representing technical replicates along with the 16S rock samples and water samples related
to other project were sequenced at the Louisiana State University Genomics Facility.
Splitting the 16S samples in two sequencing facilities created a slight batch effect (Figure
S3.1) that was partially removed using filtering a custom filtering to remove ASVs

overrepresented in control samples (see below).
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The demultiplexed forward (fastq formatted) sequences from each MiSeq were
downloaded from Illumina’s BaseSpace® and imported into Quantitative Insights into
Microbial Ecology 2 (QIIME2, v.2019.1) using the demux emp-single plugin (Boylen et
al. 2018) and processed in three steps. First, | removed the primers using Cutadapt (Martin
2011), filtered using a max-ee of 1, denoised, and dereplicated the sequences, and removed
chimeras using DADAZ2 denoise-single plugin (Callahan et al. 2016). | truncated all the
16S sequences to 230 bp due to a drop in the nucleotide’s quality whereas the ITS was
truncated in variable sizes based on quality of the nucleotides (< Q7). The ITS2 amplicon
size is variable (267-511 bp) (Taylor et al. 2016) thus truncating all sequences to the same
length can create a bias towards taxa with short amplicons (Ihrmark et al. 2012).

Second, following DADAZ2, | assigned taxonomy using Scikit-learn (Pedregosa et al.
2011) through the classify-sklearn plugin from QIIME 2. The classifier for 16S was pre-
trained using GreenGenes (99% similarity to VV3-V4 region) (Pruesse et al. 2007, Quast et
al. 2013, Yilmaz et al. 2014, Glockner et al. 2017) whereas for ITS, | used UNITE (dynamic
similarity; version 8) (Nilsson et al. 2019) databases. ASVs that were overrepresented in
control samples (samples abundance/negative control abundance > 0.75) were filtered out.
| also removed the sequences belonging to chloroplast, mitochondria (16S), and
unidentified taxa (16S and ITS) and ASV with less than 10 reads in > 3 samples. Lastly, |
separately grouped the three biological replicates for 16S rhizosphere and bulk soil per
individual, that was previously done for the ITS at the PCR step.

The resulting 16S and ITS ASVs were used to generate phylogenetic trees based on de
novo construction. Towards this end, | aligned the representative sequences using Mafft

(Katoh and Standley 2013), filtered the sequence gaps and highly un-conserved areas of
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the sequences using Mask (Lane 1991), and subsequently built the phylogenetic trees with
FastTree (Price et al. 2010) that I rooted with phylogeny midpoint-root plugin.

The third step involved partitioning the data in two subsets and rarefying each dataset to
even depth. The first subset included the soil and rock samples, whereas the second subset
included only the rock samples (Table 3.2). The rock samples subset was used to analyze
the microbial diversity with the rock weathering indices.

Finally, 1 used Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2, v.2.3.0-b) to infer microbial gene content (Kegg
Orthologs-KOs) from bacterial and archaeal taxa abundance (Douglas et al. 2020). | also
used Funguild (Nguyena et al. 2016) to infer taxonomy-based ecological and fungal guild

annotations.

DATA ANALYSES

Rock weathering - | used the elemental composition of the rock samples, i.e. tiles and
pellets in two complimentary sets of analyses. The first set was aimed at quantifying
nutrient mobilization in the rock samples using nutrient mobility indexes, whereas the
second was aimed at characterizing their weathering status based on the ratio between
immobile and mobile elements that are accumulated or depleted during weathering (Table
S3.2). Both of these approaches were parent normalized indexes which allows to compare
both types of experimental rock samples through incubation. Towards this end, | replaced
all zeroes in the tile data set, but not in the pellets, with a small value using the Bayesian-
Multiplicative replacement of count zeros function of zCompositions R package (Palarea-

Albaladejo and Martin-Fernandez 2015). The sum of oxides concentrations was closed to

131



100% using the acomp function in compositions R package (Egozcue et al. 2003, Egozcue
and Pawlowsky-Glahn 2005, van den Boogaart 2008). Then, | calculated the nutrient
mobility and rock weathering indexes. Finally, | replaced nutrient mobility outliers
observed in tiles with NA values and then imputed these values using imputePCA
(missMDA R package) (Josse and Husson 2016). These outliers were associated with
zeroes that were replaced before.

To test for habitat, microhabitat, and root accessibility effects on rock samples, | used
PERMANOVA test with adonis2 in vegan R package (Anderson 2001, Oksanen et al.
2018) coupled with a PCA ordination with FactoMineR R package (L& et al. 2008). In

addition, | used ANOVASs to test the effect of the aforementioned variables on each index.

Microbiomes - | had to partially exclude variables to test for the effects of habitat,
microhabitat, root accessibility, and weathering substrate on the microbiome analyses that
follow. The reason for this was that insufficient gDNA, and low read counts after
sequencing particularly among tiles incubated on small mesh-bag affected my original
experimental design. | performed four sets of analyses on bacteria/archaea and fungi.

In a first set of analyses, | used species richness (Chaol), species diversity (Shannon),
and rarefaction curves (Chaol) on both data subsets to characterize alpha diversity, coupled
with ANOVA s to test for differences across habitats, microhabitats, and substrates. To test
for the effect of root accessibility on alpha diversity, | used only the pellets. Alpha diversity
metrics were calculated using Phyloseq R package (McMurdie and Holmes 2013b) and
plotted using ggplot2 (Wickham 2016). The rarefaction curves were generated with ggrare

in Ranacapa R package (Kandlikar et al. 2018).
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In the second set of analyses, | used barplots to examine the taxonomic structure of
microbial communities. | identified indicator species (Dufrene and Legendre 1997) across
habitats and habitat-substrate interactions using labdsv (Roberts 2016) and Indicspecies
(De Céceres and Legendre 2009, De Céceres et al. 2011) R packages. Finally, I identified
differentially abundant taxa using ALDEx2 (v.1.16.0) (Fernandes et al. 2013, Fernandes et
al. 2014, Gloor et al. 2015). Differentially abundant species were visualized using barplots
with CLR-transformed abundances in ggplot2.

In a third set of was aimed at beta diversity analyses, | used a PERMANOVA to test
for the effects of habitat, microhabitat, substrate and root accessibility on microbial
community composition. | used Aitchison distances, which are Euclidean distances over
the ASV abundances with prior zero-replacement and CLR transformation in a Principal
Component Analysis (PCA) ordination to examine variation in the composition of
microbial communities. | ran three sets of PCA ordinations, one per dataset, and a third set
that of ordinations that were done per substrate for each amplicon. The last set of

ordinations was used to test for microbiomes and rock weathering relationships.

Microbiome - rock weathering relationships — Prior to any analysis | used Variance
Inflation Factor (vifcor function; usdm R package, v.1.1-18) to select nutrient
mobility/weathering degree indices without collinearity using a VIF correlation threshold
of 0.50. The variables were selected per weathering substrate for each amplicon (Figure
S3.2). With this subset of variables, | examined relationships between microbiome alpha
and beta diversity and nutrient mobility/weathering degree. Using Stepwise Regressions, |

tested for the combined effect of nutrient mobility/weathering degree indices on species
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diversity and the 1 and 2" axis of the PCA ordinations per substrate for each amplicon
(i.e. beta diversity).

Microbial functional characterization- | tested for genes (KOs) and fungal guilds
differential abundances between habitats per weathering substrate using ALDEX2 and the
results were visualized using bar plots. A preliminary analysis of 7,111 KO’s based on
differential abundance revealed that 655 were differentially expressed as a function of
habitat. These KO were annotated following three complimentary approaches: 1) based on
KEGG Orthology (https://www.genome.jp/kegg/kegg2.html; accessed from July 2020 —
April 2021) using Brite Hierarchy levels, 2) based on Geochip 5.0 functional gene array
system (Shi et al. 2019), and 3) and on Grime’s competitor/stress-tolerator/ruderal (CSR)
traits (Wood et al. 2018). For the Brite Hierarchy levels, | searched the differentially
abundant KOs in KEGG Orthology database and manually annotated each KO. For the
GeoChip 5.0 genes, | searched the 1346 genes from Shi et al. (2019) in the KEGG database:
a total of 918 genes matched 1 to 6 KO, 69 genes were associated to fungi and 359 genes
were unclear or did not yield results. For the CSR traits, used the Brite Hierarchy levels

and matched them to the CSR annotation based on Wood et al. (2018).

RESULTS
NUTRIENT MOBILITY AND ROCK WEATHERING

After 7 months of in-situ incubation, the relative mobility of the major oxides in tiles and
pellets was small (Figure S3.3). Nonetheless, for half of nutrients in pellets I observed
significant differences in mobility across habitats (Table 3.2). In pellets, I observed

significant accumulation of one oxide (Al2O3) and significant depletion of CaO, MgO and
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two other oxides (MnO, P>0s) in landslides compared to forests; while five oxides mobility
(Fe20s, TiO2, SiO2, K20, and NayO) did not differed with habitats. Similarly, Imob
weathering index was significantly different across habitats in pellets, while CLI was
significantly different between habitats in both pellets and tiles (Figure S3.2; Table 3.2).
Finally, changes in analytical weight and bulk density were not significant across
experimental treatments, pellets mean weight was significantly lower after the experiment
(data not shown; T-test, p < 0.05).

A multivariate analysis of all nutrient mobility and weathering indices showed that the
weathering patterns are differed between habitats, microhabitats and root accessibility
(Table 3.3). Specifically, pellets in landslides were characterized by CaO and Na,O

mobilization as well as lower LF values (Figure 3.2).

MICROBIOMES

Species richness and diversity - After quality filtering, the analysis of 1,527,810 /6S and
3,171,714 ITS reads yielded a total of 7,487 and 2,066 ASVs, respectively (Table S3.3).
After rarefying to even depth (n = 1,363 seqs per sample), 2 /65 samples were lost, yielding
81,780 reads and 5,404 ASVs, while /7S rarefaction (n = 11,194 seqs per sample) did not
lead to any sample loss, yielding 727,610 reads and 2,065 ASVs. After sub-setting the rock
samples subset (n=41), the total number of 16S reads was 231,611, yielding a total of 1,855
ASVs, while the 2,273,950 ITS reads yielded 1,367 ASVs (Table S3.3).

The species richness (Chaol) suggests that most of the bacterial and archaeal, and
fungal species richness was captured with the sampling effort, although a slightly greater

effort is needed to reach full-bacterial and archaeal species saturation (Figure S3.4). The
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16S and ITS species diversity and richness did not differ with habitats nor microhabitats
but did differ across substrates (Figure 3.3, Table 3.4), although when considering only
rock samples, there were significant differences among microhabitats (Figure S3.5).
Finally, restricting the analysis to only pellets samples, root restriction to substrates

significantly reduced microbial species richness and diversity (Figure S3.5; Table 3.4).

Taxonomic structure of microbial communities - Overall, the 7/6S microbial communities
were represented by 15 bacterial and 2 archaeal phyla, and eight bacterial phyla had relative
abundances > 2%: Proteobacteria (48%), Verrucomicrobia (12%), Acidobacteria (8%),
Plactomycetes (8%), Actinobacteria (7%), Bacteroidetes (6%), Nitrospirae (3%) and
Chloroflexi (3%) (Figure 3.4). The remaining 9 phyla represents 3.9% of the reads (Figure
S3.6). Among Proteobacteria, the most abundant classes were the Alphaproteobacteria
(54%), followed by the Betaproteobacteria (22%), Gammaproteobacteria (17%), and
Deltaproteobacteria (7%). The fungal communities included 12 phyla, with Ascomycota
(63%), Basidiomycota (21%), and Mortierellomycota (14%) comprising the 98% of the
total fungal abundance (Figure 3.4). The remaining 9 phyla represents 2.6% of the reads
(Figure S3.6). Among the Ascomycota, the most abundant fungal phylum, the most
abundantclasses were Sordariomycetes (61%), Leotiomycetes (16%), Eurotiomycetes
(12%), and Dothideomycetes (6%).

Indicator species and differentially abundant taxa — The Indicator Species Analysis
identified a total of 99 indicator taxa: 37 in landslides and 62 in forests (Figure 3.5). In
landslides, 7 ASVs were indicator only in tiles and 5 in pellets, whereas in forests, 32 were
indicator only in tiles and 14 in pellets (Table S3.4). In pellets incubated at landslides,

indicator species included Variovorax spp., and Cupriavidus spp. (Proteobacteria),
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Anaerolineae (Cloroflexi), and Staphylotrichum boninense (Ascomycota), whereas at
forests included Reyranella massiliensis, Phenylobacterium spp., Rhodoplanes spp., and
Steroidobacter spp. (Proteobacteria), Turneriella spp. (Spirochaetes), and Mortierella spp.
(Mortierellomycota). In tiles incubated at landslides, indicator species included
Pedosphaerales (Verrucomicrobia), Schizothecium dakotense (Ascomycota), and
Apiotrichum scarabaeorum and A. sporotrichoides (Basidiomycota), whereas at forests
included SAGMA-X (Crenarchaeota), Nitrospira spp. (Nitrospirae), Gemmata spp., and
Pirellula  spp. (Planctomycetes), Agrobacterium sullae, Pedomicrobium  spp.
(Proteobacteria), and Talaromyces palmae, Phialocephala humicola, Saccharomycopsis
vini, Plectosphaerella cucumerina, Wallrothiella gmelinae, Acremonium stromaticum,
Archaeorhizomyces spp., Volutella spp. and Pestalotiopsis spp. (Ascomycota).

The differential abundance analysis with ALDEx2 showed that 22 16S and 12 ITS ASVs
were differentially abundant in the two habitats for each rock substrate (Table S3.5). In
pellets, 1 archaeal, 8 bacterial and 5 fungal ASVs were differentially abundant between
habitats (Figure 3.6A). Similarly, in tiles 13 bacterial and 7 fungal ASVs were differentially
abundant between habitats (Table S3.5). In pellets incubated an landslides (Figure 3.6A),
differentially abundant ASVs included Koribacter versatilis (Acidobacteria), and
Leohumicola spp. and Staphylotrichum spp. (Ascomycota), whereas at forests
differentially abundant ASVs included Nitrosotalea devanaterra (Crenarchaeota),
Rhodoplanes spp. and Steroidobacter spp. (Proteobacteria), Humicola spp. (Ascomycota)
and Mortierella spp. (Mortierellomycota). In tiles incubated an landslides (Figure 3.6B),
differentially abundant ASVs included Apiotrichum sporotrichoides (Basidiomycota),

Mortierella beljakovae (Mortierellomycota), Koribacter spp. (Acidobacteria) and
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Xiphinematobacter spp. (Verrucomicrobia), while in forests differentially abundant ASVs
included Agrobacterium sullae (Proteobacteria), Nitrospira spp. (Nitrospirae), and
Devosia, spp. and Rhodoplanes spp. (Proteobacteria).

Beta diversity — A first set of analyses that included soils and rock samples, showed
that microbial communities differed across habitat microhabitats and substrates (Table
3.5). In the 16S Principal Component Analyses-PCA, soil, pellets and tiles were separated
along the first axis and the landslides and forest were separated along the second axis
(Figure S3.7). In contrast, for the ITS PCA, landslides and forest were separated along the
first axis, whereas the substrates were distinguished along the second axis (Figure S3.7).
Yet, there were other notable differences among the bacterial-archaeal and fungal
communities. First, tiles’ bacterial and archaeal community was more similar to that of
pellets than soils. Second, tiles fungal community was more similar to soils than pellets.

In a second set of analysis, that only included the rock samples, habitat, substrate, and
root accessibility explained the greatest variation in microbial community composition
(Table 3.5). The PCA ordinations of both 16S and ITS revealed that microbial communities
were mainly differentiated by habitats throughout the first axis, and by weathering substrate
on the second axis, particularly for the bacterial and archaeal community (Figure 3.7). For
fungal communities, the separation of samples by weathering substrates was not evident in

the first two axes of the ordination.

MICROBIOMES — ROCK WEATHERING RELATIONSHIP

Roughly 75% of the multiple linear regression models predicting 16S and ITS alpha- and
beta diversity were significant (P < 0.10; Table 3.6); among these all but one model (16S-
Pellets) had R? < 0.37. Overall, the most important variables were Fe,O3 and CaO
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mobilization as well as changes in bulk density. For alpha-diversity, regression models
were better at explaining tiles’ species diversity, while 16S and ITS species diversity in
pellets were poorly predicted by the models (R% 0.07-0.11). However, simple linear
regressions showed that LF was had a fair power predicting 16S species diversity, while
no variable explained ITS species diversity on pellets (Table S3.7 — “Both”). For beta
diversity, regression models were better at explaining 16S and ITS-PCA first axis in pellets
(R?: 0.60-0.65), while they were better at explaining PCA second axis in tiles (R% 0.41-
0.55). Among the simple linear regressions, only P.Os had a good explanatory power in

predicting ITS beta diversity in pellets (R = 0.30).

MICROBIAL FUNCTIONAL CHARACTERIZATION

PICRUSt2 resulted in 7,111 KEGG functional Orthologs (KOs), where the overall 100
most abundant KOs were associated to Metabolism (Carbohydrate, Amino acids and
Energy metabolism), Cellular Processes (Transporters and Cellular community), and
Genetic Information Processing (Transcription and Translation). A total of 655 KOs were
differentially abundant between habitats (Table S3.6): 229 were differentially abundant at
landslides, and 426 in forests. [ used three strategies to describe the function of these KOs:
1) KEGG Brite Hierarchy annotation, 2) GeoChip 5.0 functional array descriptions, and 3)
Competitive-Stress-Ruderal strategies annotations.

Based on the Brite hierarchy (Table S3.7), I found that almost 50% of the differentially
abundant genes of forests were related to genetic information processing (translation), and
almost 35% were related to metabolism. At landslides, almost 60% of the differentially
abundant genes belonged to metabolism, particularly carbohydrate metabolism and other

unclassified metabolisms. Based on the Geochip 5.0 gene array, I found that landslides
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differentially abundant genes related to carbon cycling (carbon degradation), plant growth
promotion (anti-plant pathogens), stress (glucose limitation) and virulence (cellular
function, immune evasion, soil-borne pathogen and toxins), whereas forests had genes
related to carbon cycling (carbon fixation), metal transport (Ca, Fe, K, Hg, Na, Zn),
nitrogen cycling (nitrification/denitrification) and stress (oxygen limitation and osmotic
stress) (Table S3.8). Finally, based on the CSR classifications, differentially abundant
genes at landslides were not related to a CSR strategy in particular, although a quarter of
the genes were related to plant exudates metabolism (Table S3.9). In contrast, differentially
abundant genes at forests were associated to a ruderal life-history strategy. Across all gene
classifications, soil, pellets and tiles substrates followed a similar trend.

FUNguild analysis resulted in 69 highly probable, 685 probable, 129 possible and 1179
unassigned ASVs to fungal guilds. From the assigned guilds, 96 were pathotrophs, 319
were saprotrophs, 59 were symbiotrophs and 409 were assigned to multiple guilds. The
fungal guilds with the most species were undefined saprotrophs, generalists (i.e., ASVs that
matched with the three trophic modes: symbiotrophs, pathotrophs and saprotrophs), and
plant pathogens. A total of 5 fungal guilds were differently abundant between habitats: 1 in
soils, 1 in pellets and 3 in tiles. In soil and pellets, an undefined fungal saprotroph was
more abundant in forest than landslides (Figure 3.8). In tiles, two differentially abundant
guilds belonged to forests and 1 to landslides (Figure 3.8). All differentially abundant

guilds in tiles had more than one classification.
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DiscussION

The goal of this work was to closely examine the contribution of rhizobiomes to weathering
of (Ca,Mg)-silicate rocks in the tropics. Three key findings may help elucidate the role of
rhizobiomes in this pivotal mechanism that enables multiple biogeochemical cycles at local
and large scales. First, nutrient mobility patterns and weathering rates differed between
habitats in pellets but not tiles. Second, microbial diversity, composition , and their
functional traits differed between habitat and substrate. Third, nutrient mobility and rocks
weathering were associated to differences in microbial diversity and composition.
Altogether, these results highlight the first time the biogeochemical interactions that leads

to the weathering of Ca,Mg-silicate rocks through an in-situ experiment in the tropics.

Nutrient mobility and rock weathering - The weathering of (Ca|Mg)SiOx rocks depended
on substrate type. The weathering rate and nutrient mobility of pellets, but not tiles, differ
across habitats. In pellets, CaO and MgO depletion, as well as an overall mobile nutrients
depletion measured through CLI weathering index suggest that the weathering degree was
higher in landslides (Ceryan 2008). Although I focused on Ca and Mg due to their role on
the long-term carbon cycle, I discovered that other nutrients were also mobilized faster in
landslides. Other nutrients were also mobilized or accumulated faster in landslides, such
as MnO, P,0s and Al203, which is partially consistent with weathering of granitic rocks in
other studies (Middelburg et al. 1988). This is indirectly related to soil production
functions, where the consensus states that at lower soil depths, rock weathering rates are
higher (Cox 1980, Heimsath et al. 1997, Dixon and von Blanckenburg 2012, Dixon and
Riebe 2014). Nonetheless, other factors other than soil depth affected rock weathering.

Pellets proximity to plants (microhabitat) and root exclusion manipulations (mesh size),
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which have not been quantitatively studied before (Quirk et al. 2012, Koele et al. 2014),
affected the mobility of various oxides but did not altered the overall rock weathering rates
in an experiment under natural settings. This is the first time that weathering indexes are
measured taking in consideration these plant/microbes interactions combined, which helps
construct the foundation to understand the bio-weathering signatures in a natural context.
Although insignificant, the resulting weathering patterns are indicative of the complex
microbial-geochemical interactions across the experimental variables in this work, and
these could be best elucidated with a longer incubation time. Moreover, these results are

surprising for an in-situ experiment after such as short time.

Microbiomes - Habitat and substrate had a strong effect on microbial species diversity,
composition, and functional traits. Microbial diversity throughout habitats and substrates
resembled that of a microbial succession in a chronosequence (Wojcik et al. 2020): it was
lower in tiles and pellets at landslides, increased at landslide soils, and peaked at forest
soils, which is consistent to what has been found in landslided areas (DeGrood et al. 2005).
It is important to note that DeGrood et al. (2005) differed from this work in two ways: 1)
they estimated diversity through phospholipid fatty acids measurements, and 2) their work
was done in serpentine-derived soils. However, contrasting results have been found in other
chronosequences, where species richness was higher in younger soils and lower older soils
(Yeoh et al. 2017).

Between rock substrates, tiles had significantly higher species diversity than pellets.
This result was partially unexpected, because the pellets have more readily available
nutrients than tiles, as it was demonstrated by the differing weathering rates of tiles and

pellets. Nonetheless, Gleeson et al. (2006) found that microbial colonization was mineral

142



specific within a whole rock. Thus, the heterogeneity of tile’s surface, which is more similar
to soils, might be the reason for tiles’ microbial composition was closer to soils than to
pellets. Other possibility is that the wax used for pelletizing interfered with the microbial
colonization of the pellet’s surface, creating a unique and distinctive niche to those
naturally occurring in the study area.

Finally, habitats and substrates affected differentially abundant species and inferred
functions. Landslides, which are considered highly disturbed habitats with low nutrient
availability (Osksanen and Ranta 1992, Matthews 2014), included differentially abundant
species from phyla associated to oligotrophic environments such as Acidobacteria,
Verrucomicrobia and Basidiomycota (Fierer et al. 2007, Bergmann et al. 2011, Ho et al.
2017). The oligotrophic taxa are consistent with the differentially abundant functions found
in landslides which were associated to carbon degradation, glucose limitation and virulence
based on the Geochip 5.0 — functional microarray (Shi et al. 2019), and to the plant exudate
metabolism genes based on (Wood et al. 2018). On the other hand, indicator species at
forests included members of fungal copiotrophic genus Acremonium (Di Lionardo et al.
2013, Lunghini et al. 2013), which was coupled with genes related to carbon fixation and
multiple metals homeostasis, (Shi et al. 2019) in addition to foraging and ruderal genes
(Wood et al. 2018). The low number of copiotrophic taxa, and the genes related to foraging
and ruderal strategies at forests suggest that this habitat is also the product of relatively

recent disturbances.

Microbiomes-rock weathering relationships - The weathering of (CalMg)SiOx rocks,
measured through nutrient mobility and weathering indices, affected microbial diversity. |

found that the variables that affected microbial diversity were different for alpha and beta

143



diversity, for 16S and ITS and lastly for pellets and tiles. Overall, variables that more
frequently affected microbial diversity were Fe;O3, CaO, MgO, P.Os and K20, which are
similar to those mobilized from the weathering of (Ca|Mg)SiOx rocks inoculated with one
or two microbial species during ex-situ experiments (Vuorinen et al. 1981, Frey et al. 2010,
Brunner et al. 2011). Various studies have focused only on iron mobilization during
weathering (Barker et al. 1998, Kalinowski et al. 2000, Maurice et al. 2001), although CaO
appeared to be the most important variable affecting alpha and beta diversity during this
experiment. Calcium is an inorganic nutrient for plant nutrition, growth and health
(Clarkson and Hanson 1980, Marschner 1995), which is a critical structural components of
plant’s cells. Thus, it is important for plants in landslide-ecosystems to mobilize such an
essential nutrient. This is confirmed by the microbial functional trait inferences in
landslides, where metabolism of plant exudates were differentially abundant. It is known
that host plant exchanges carbon-rich exudates for mineral nutrients, driving microbial
communities’ dynamics (Bonfante and Genre 2010, Zhalnina et al. 2018).

With road constructions and other forest modifications, combined with climate
extremes such as hurricanes, causing increases in landslide frequency (Larsen and Torres-
Sanchez 1996, Hughes and Schulz 2020), it is important to understand the biogeochemical
dynamics that control ecosystem succession. This in-situ experiment with granodiorite tiles
and pellets, allowed to couple the microbial diversity, community composition and functional
traits with the weathering of a (Ca|Mg)SiOx rock. | found that calcium is potentially driving
the granodiorite weathering in the tropical mountains, as it is a highly depleted, yet essential

nutrient for plant growth.
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Table 3.1. Experimental design of rock tiles and pellets buried close to
roots and bulk soils surrounding Cyathea arborea (landslides) and C.
pungens (forests) coupled with soil sampling.

Soil Tiles Pellets
Habitat Microhabitat Small Large Small Large
Forest Rhizosphere 4 4 4 4 4
Bulk 4 4 4 4 4
Landslide  Rhizosphere 4 4 4 4 4
Bulk 4 4 4 4 4
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Table 3.2. Results of 3-way ANOVAs for mobility/weathering indices and
physical variables of tiles and pellets across habitats (H), microhabitat (Mh), and
mesh size (MS). Values are F values.

Tiles Pellets
H x Mh H x Mh

H Mh MS xMS H Mh MS xMS
Df 1 1 1 4 1 1 1 4
Nutrient mobility
Al2O3 05 02 13 0.2 65° 37° 08 6.3
Fe203 1.3 19 11 0.6 0.7 1.4 04 1.3
TiO> 10 21 04 0.4 1.0 08 0.2 1.7
SiO, 01 25 00 0.7 25 49" 66° 697
MnO 22 00 13 1.4 54" 11 01 1.6
P20s 0.7 15 1.2 0.9 2367 11 07 0.3
CaO 39. 02 01 0.4 52" 58" 0.4 2.5.
K20 02 05 15 0.9 0.5 03 30. 26.
Na.O 01 08 0.2 0.4 0.9 16 10 1.6
MgO 06 05 04 0.6 69" 31. 20 0.7
Weathering indices
Imob 44" 00 04 0.7 2.0 28 11 1.8
LF 05 01 06 0.9 0.6 08 25 0.8
CLI 49" 04 0.2 2.0 53" 12 24 1.3
Physical properties
A Weight 06 28 06 0.3 1.0 02 00 1.4

A Bulk Density 0.8 08 0.2 0.6 0.9 04 01 14

™p<0.01;"p<0.05.p<0.10

168



Table 3.3. Results of a PERMANOVA testing for the effect of
habitat, microhabitat, and mesh size on mobility/weathering indices.

Tiles Pellets
Df R?Z F-value Df R? F-value
Habitat (H) 1 0.05 142 1 0.11 386"
Microhabitat (Mh) 1 0.03 082 1 0.05 1.83.
Mesh Size (MS) 1 0.02 064 1 0.04 1.29
H x Mh x MS 4 0.10 079 4 022 193"

“p<0.01,"p<0.05.p<0.10
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Table 3.4. Three-way ANOVAs for 16S and ITS metric of species diversity across
habitats, microhabitats, substrate and mesh size. Values are F values.

16S ITS

Df Shannon Chaol Shannon Chaol
Soil and Rock substrates
Habitat (H) 1 0.60 1.98 0.07 0.55
Microhabitat (Mh) 1 283 - 0.69 0.29 0.63
Substrate (S) 2 2465 30357 ™ 3653 ™ 5584
HxS 2 1.15 16.76 1.60 1.11
HXxMH XS 5 085 526 0.65 0.93
Rock samples
Habitat (H) 1 037 0.74 0.05 3.46
Microhabitat (Mh) 1 498 ° 3.17 . 1.20 0.98
Substrate (S) 1 1213 © 3.54 . 2805 " 46.98
HxS 1 034 0.35 0.74 0.19
HxMhxS 3 065 0.65 0.78 0.29
Mesh size (Pellets) 1 2886 3076 ™ 728 °© 17.80 ™

*kk

p<0.001; " p<0.01; "p<0.05.p<0.10
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Table 3.5. Results of a PERMANOVA testing for the effect of habitat,
microhabitat, substrate, and mesh size on the microbial community composition.

16S ITS
Df F R? F R?

Soil and Rock samples

Habitat (H) 1 3567  0.05 7.237 0.09
Substrate (S) 2 3.29""  0.10 2777 0.07
Microhabitat (Mh) 1 1.29" 0.02 1.42° 0.02
HxS 2 1.88™"  0.05 1.85™"  0.05
Hx S x Mh 5 1.18" 0.09 1.17" 0.08
Rock samples

Habitat (H) 1 552" 0.11 553" 0.12
Substrate (S) 1 3.647"  0.07 298"  0.07
Microhabitat (Mh) 1 1.24 0.02 1.26 0.02
Mesh Size (MS) 1 219" 0.04 1.90™ 0.02
HxS 1 1.54" 0.03 1.61° 0.04
Hx Sx Mh 3 1.01 0.06 1.09 0.01

*

“p<0.001; " p<0.01;"p<0.05;.p<0.10

171



Table 3.6. Stepwise regression coefficients for nutrient mobility and weathering indices as predictors
of alpha and beta diversity metrics. Used alpha diversity metric was Shannon index (Sh) and beta
diversity was PCA axes (PC1 and PC2 axes of Figure S3.8). In italics are the P and R? values of the

linear models.
16S ITS

Tiles Pellets Tiles Pellets
Variable Sh. PC1 PC2 Sh. PC1 PC2 Sh. PC1 PC2 Sh. PC1 PC2
Fe.Os -04* -13.8* -151.0 -23.6 * -125.2
TiO2 12.8
Si0,  -153* -11.6
MnO -4.8 -0.3
P20s 67.7 * 31.1 53.3*
CaOo 22.2 293.2 . -172.8 * 478.3*
MgO 2815 -195.0 *
Na20O 18 * -53.1
K20 -20* -46.6 -40 *
A BD 0.8 * 17.8. 162.7 * 14 119.3. 1535 *
P 0.00 0.15 0.06 010 000 049 010 004 0.77 0.18 0.00 0.01
R? 081 022 055 011 06 002 039 039 041 0.07 065 0.37

*p<0.05;.p<0.10
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Figure 3.1. Images of granodiorite tiles. (A) Seen under a dissection microscope. (B)
Analyzed area in the EDX. The superficial mark is in the center of the tile.
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Figure 3.2. PCA biplots based on oxides mobility in tiles and pellets. The arrows direction indicates accumulation of the oxide after the

experiment.
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Figure 3.3. Mean species richness (Chaol) and diversity (Shannon) for /6§ and /7S ASVs
across habitats, microhabitat, and substrates in the soil and rocks samples.
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Figure 3.4. Taxonomic composition at phylum level of bacteria, archaea, and fungi at
phylum level across habitat, microhabitat, substrate, and mesh size. Phyla with less than
1% total abundance were excluded.
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Figure 3.5. Extended Venn Diagram of Indicator Species.
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Figure 3.6. Mean CLR-transformed abundances of most differentially abundant ASVs
between habitats in pellets and tiles. ASVs were identified by the phylum and lowest
taxonomical classification available.
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Figure 3.7. PCA ordination with Aitchison distances for bacterial, archaeal (16S) and

fungal (ITS) ASVs in tiles and pellets across habitats.
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Figure 3.8. Mean CLR-transformed abundance of differentially abundant fungal guilds
across habitats in soil, pellets, and tiles.
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Table S3.1. Average oxides concentration in granodiorite rocks
(parental), and landslide-like and forest soils at the Utuado pluton.
Parental, landslide and forest data was obtained following
methodology at Chapter 2 of this work and were collected from the
study area, whereas diorite and granodiorite data were obtained from
(Chen 1967). Oxides are given in weight %.

Diorite Granodiorite Parental Landslide Forest

TiO2 0.62 0.64 0.43 1.24 0.84
Al203 17.95 15.30 17.93 29.94 24.20
Fe203 7.93 5.29 5.10 10.87 7.46
MnO 0.19 0.10 0.13 0.18 0.29
P20s - - 0.16 0.18 0.25
K20 0.84 2.89 0.75 0.89 1.33
SiO2 52.95 63.00 56.90 42.41 49.97
MgO 3.68 2.39 3.29 1.30 1.27
Na2O 2.82 3.47 3.90 0.14 0.35
CaO 8.06 4.27 5.82 0.37 1.12
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Table S3.2. Oxide mobility and weathering degree indexes used in this study.

Index Formula Reference

Relative Element Xa (Che et al.

Mobility Xto 2012)

Mobiles Index Co= Cou - k04 Nayo + Ca0 (Irfan 1996)

(Imob) Cto

Chemical 100x 0~ % 0 = k04 Nay0+ ca0 + Mgo  (Ceryan 2008)

Leaching Index Ceo

(CLI)

K index (K) (Si05/Al,03) 1 (Rocha Filho et
(K,0 + Na,0 + Ca0/Al,035):0 al. 1985)

Leaching Factor Ca, . _ KO+ Na0 (Jenny 1941)

(LF) CtO SLOZ

Lixiviation Index Ca, . _ KO+ Nay0 (Rocha Filho et

(LI) Cto Al,05 al. 1985)

[x] is the concentration of any element before (t0) and after (t1) the experiment.
[M]x is the concentration of any mobile element, whereas [I] x is the concentration
of any immobile element, although Al,O3 was selected as the immaobile element
in this work. [C]x is a given equation specified for specific indexes.
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Table S3.3. Number of bacterial, archaeal, and fungal sequences and ASVs
throughout the filtering and rarefaction steps for soil and rock, and rock data

subsets.
16S ITS
Bacteria Archaea B+A Fungi

Soil and Rock samples

Sequences Raw 2,646,784 16,218 2,673,931 3,702,013
Filt. Step1 1,729,437 12,009 1,741,446 3,702,013
Filt. Step2 1,618,808 10,689 1,629,497 3,463,563
Filt. Step3 1,517,932 9,878 1,527,810 3,171,714
Rarefied 80,831 949 81,780 727,610

ASVs Raw 114,827 638 129,795 7,866
Filt. Step 1 41,672 357 42,029 7,866
Filt. Step 2 40,824 329 41,153 7,835
Filt. Step 3 7,434 53 7,487 2,066
Rarefied 5,361 43 5,404 2,065

Phyla Raw 52 3 55 15
Filt. Step 1 27 2 29 15
Filt. Step 2 27 2 29 15
Filt. Step 3 16 2 18 12
Rarefied 15 2 17 12

Rock samples

Sequences Filt. Step 3 228,136 3,475 231,611 2,273,950
Rarefied 55,775 799 56,574 522,922

ASVs Filt. Step 3 1,843 24 1,867 1,367
Rarefied 1,831 24 1,855 1,365

Phyla Filt. Step 3 13 2 15 12
Rarefied 13 2 15 12

Filtering step 1 consisted of removing unidentified, chloroplast and mitochondria
associated sequences. Filtering step 2 consisted of filtering control predominant

ASVs. Filtering step 3 consisted of filtering ASVs by abundance (minimum read
11) and occurrence (minimum samples 3).
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Table S3.4. Indicator species per habitat and rock substrate. Ab is the taxon abundance, P and T refers to the number of ASVs associated to pellets
and tiles within each habitat. Species included in this table had an indicator value higher than 0.8 and a p value <0.05. Indicator species in this table

represent the individual dots at the bottom of the Extended Venn Diagram in Figure 3.6.

Landslide Forest

Kingdom Phylum Class Order Family Genus/Species Ab T P Ab T P
Archaea 2 0 O 502 3 0
Crenarchaeota ~ Thaumarchaeota  Cenarchaeales SAGMA-X 2 0 O 502 3 0
Bacteria 2509 1 4 6089 13 13
Chloroflexi Anaerolineae SBR1031 0c28 428 0 1 31 0 O
Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira 28 0 O 679 4 0
Planctomycetes  Planctomycetia Gemmatales Gemmataceae Gemmata 0 0 O 56 1 O
Pirellulales Pirellulaceae Pirellula 9 0 O 36 1 O
Proteobacteria  Alpha- Caulobacterales Caulobacteraceae Phenylobacterium 33 0 O 732 0 2
Rhizobiales Hyphomicrobiaceae 1 00 153 1 0
Pedomicrobium 22 0 O 115 1 O
Rhodoplanes 116 0 0 1159 0 2

Agrobacterium
Rhizobiaceae sullae 65 0 O 170 1 O
Rhodobacterales Hyphomonadaceae 4 0 0 399 0 2
Rhodospirillales Rhodospirillaceae 717 0 O 247 0 1

Reyranella

massiliensis 0 0 O 89 0 1
Beta- Burkholderiales Alcaligenaceae 53 0 O 230 1 O
Comamonadaceae 4 0 O 230 1 0
Variovorax 524 0 1 69 0 O
Oxalobacteraceae Cupriavidus 892 0 2 % 0 O
Delta- Sva0853 JTB36 2 0 0 2719 0 2
Gamma- Xanthomonadales  Sinobacteraceae 13 0 O 207 1 0
Steroidobacter 4 0 O 399 0 2
Spirochaetes [Leptospirae] [Leptospirales] Leptospiraceae Turneriella 8 0 O 673 0 1
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Landslide Forest
Kingdom Phylum Class Order Family Genus/Species Ab T Ab T P
Bacteria  Verruco- [Pedosphaerae] [Pedosphaerales] Ellin515 192 1 7 0 O
microbia
Opitutae Opitutales Opitutaceae 0 0 33 1 O
Fungi 14634 6 17585 16 1
Ascomycota 1483 2 1117 1 O
Archaeorhizo- Archaeorhizo- Archaeorhizo- Archaeorhizo-
mycetes mycetales mycetaceae myces 2 0 260 1 O
Dothideomycetes  Pleosporales Massarinaceae 7 0 113 1 0
Melanommataceae 1 0 426 1 O
Talaromyces
Eurotiomycetes Eurotiales Trichocomaceae palmae 21 0 1398 1 O
Leotiomycetes Helotiales 509 1 2 0 0
Phialocephala
Vibrisseaceae humicola 5 0 328 1 O
Saccharo- Saccharomycopsis
Saccharomycetes  Saccharomycetales mycopsidaceae vini 0 0 499 1 O
Sordariomycetes 2 0 128 1 O
Plectosphae- Plectosphaerella
Glomerellales rellaceae cucumerina 9 0 401 1 O
Wallrothiella
gmelinae 0 0 406 1 O
Hypocreales_fam
Hypocreales Incertae_sedis 5 0 156 1 O
Nectriaceae Volutella 5 0 304 1 O
Microascales Ceratocystidaceae 1 0 1272 1 0
Schizothecium
Sordariales Lasiosphaeriaceae  dakotense 438 1 0 0 O
Sordariales_fam Staphylotrichum
Incertae_sedis boninense 8543 0 2068 0 O
Xylariales Sporocadaceae Pestalotiopsis 0 0 730 1 0
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Landslide Forest
Kingdom Phylum Class Order Family Genus/Species Ab T P Ab T
Basidiomycota  Agaricomycetes 0 0 O 366 1
Apiotrichum
Tremellomycetes  Trichosporonales ~ Trichosporonaceae  scarabaeorum 2105 1 0 5 0
Apiotrichum
sporotrichoides 1489 1 0 73 0
Mortierello- Mortierello-
mycota mycetes Mortierellales Mortierellaceae Mortierella 9 0 0 9258 O
Rozellomycota Rozellomycotina GS11 0 0 O 442 1
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Table S3.5. Differentially abundant ASVs per habitat in tiles and pellets. Selected differentially abundant ASVs had an effect value lower than -1
and higher than 1, and a Benjamini-Hochberg corrected p-value lower than 0.05. Each ASV was identified to the lowest taxonomical classification

available.

Substrate Habitat Effect Phylum Class Order Family Genus/Species
16S Pellets Forest -1.87 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae Rhodoplanes
16S Pellets Forest -1.54 Proteobacteria Gamma- Xanthomonadales Sinobacteraceae Steroidobacter

Nitrosotalea
16S Pellets Forest -1.29 Crenarchaeota Thaumarchaeota  Cenarchaeales SAGMA-X devanaterra
16S Pellets Forest -1.25 Bacteroidetes [Saprospirae] [Saprospirales] Chitinophagaceae
16S Pellets Forest -1.24  Proteobacteria Alpha- Rhodobacterales Hyphomonadaceae
16S Pellets Forest -1.19 Proteobacteria Gamma- Xanthomonadales Sinobacteraceae Steroidobacter
16S Pellets Forest -1.13 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae Rhodoplanes
16S Pellets Forest -1.00 Proteobacteria Alpha- Rhodobacterales Hyphomonadaceae

Koribacter
16S Pellets Landslide 1.05 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae versatilis
16S Tiles Forest -2.14 Proteobacteria Beta- Burkholderiales Comamonadaceae
16S Tiles Forest -1.74  Proteobacteria Gamma- Xanthomonadales Sinobacteraceae
16S Tiles Forest -1.57 Proteobacteria Alpha- Rhodospirillales Rhodospirillaceae
16S Tiles Forest -1.56 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira
16S Tiles Forest -1.45 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira
16S Tiles Forest -1.37 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae Devosia
16S Tiles Forest -1.31 Proteobacteria Gamma- Thiotrichales Piscirickettsiaceae
16S Tiles Forest -1.27 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae Rhodoplanes

Agrobacterium
16S Tiles Forest -1.10 Proteobacteria Alpha- Rhizobiales Rhizobiaceae sullae
16S Tiles Forest -1.06 Proteobacteria Alpha- Rhizobiales Hyphomicrobiaceae Rhodoplanes
16S Tiles Landslide 1.26 Acidobacteria Acidobacteriia Acidobacteriales Koribacteraceae Koribacter

[Chthonio- Candidatus
16S Tiles Landslide 1.34 Verrucomicrobia [Spartobacteria]  [Chthoniobacterales] bacteraceae] Xiphinematobacter
16S Tiles Landslide  2.18 Verrucomicrobia [Pedosphaerae] [Pedosphaerales] Ellin515
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Substrate Habitat Effect Phylum Class Order Family Genus/Species
ITS Pellets Forest -1.51 Ascomycota Sordariomycetes ~ Sordariales Chaetomiaceae Humicola
Mortierello- Mortierello-
ITS Pellets Forest -1.16 mycota mycetes Mortierellales Mortierellaceae Mortierella
ITS Pellets Landslide 1.47 Ascomycota Sordariomycetes  Hypocreales Clavicipitaceae
Sordariales_fam
ITS Pellets Landslide 1.49 Ascomycota Sordariomycetes  Sordariales Incertae_sedis Staphylotrichum
Helotiales_fam
ITS Pellets Landslide 1.71 Ascomycota Leotiomycetes Helotiales Incertae_sedis Leohumicola
ITS Tiles Forest -2.17 Basidiomycota  Agaricomycetes
ITS Tiles Landslide 1.61 Ascomycota
ITS Tiles Landslide 1.80 Basidiomycota  Agaricomycetes
ITS Tiles Landslide 1.86 Ascomycota Sordariomycetes  Hypocreales Clavicipitaceae
Apiotrichum
ITS Tiles Landslide 1.91 Basidiomycota  Tremellomycetes Trichosporonales Trichosporonaceae  sporotrichoides
Mortierello- Mortierello- Mortierella
ITS Tiles Landslide  2.12 mycota mycetes Mortierellales Mortierellaceae beljakovae
ITS Tiles Landslide  2.51 Ascomycota Leotiomycetes Helotiales
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Table S3.6. Differentially abundant KOs per habitat in soil, tiles and pellets. Selected differentially abundant KOs had an effect value lower than -1.5 and higher
than 1.5, and a Benjamini-Hochberg corrected p-value lower than 0.05. Each KO was identified using the KEGG Orthology classification (L1, L2, L3), CSR
classification (Wood et al 2018) and Geochip Categories and Subcategories (Shi et al 2019). Substrates: S - Soil, T - Tile, P - Pellet; L1: CEP - Cellular Processes,
EIP - Environmental Information Processing, GIP - Genetic Information Processing, MET - Metabolism, SCP - Signaling and Cellular Processes, PCP - Poorly
characterized protein; CRS: C - Competitive, S - Stress, R - Ruderal, PE - Plant exudates metabolism, M - Mlotrophs, F - Foraging, nc - Not classified.

Substrate Habitat  Effect KO L1 L2 L3 CSR Category Subcategory
S-T-P Landslide 2.02 KO01173 CEP Cell growth and death Apoptosis nc - -
S-T-P Landslide 423 K10557 CEP Cellular community Quorum sensing C - -
S-T-P Landslide 3.32 K03201 EIP Membrane transport Bacterial secretion system nc Virulence Secretion system
S-T-P Landslide 2.03 K11892 EIP Membrane transport Bacterial secretion system nc - -
S-T-P Landslide 245 K16299 EIP Membrane transport ABC transporters nc - -
S-T-P Landslide 2.79 KO01147 GIP  Translation Transfer RNA biogenesis R - -
S-T-P Landslide 2.79 K02443 GIP  Transcription Transcription factors nc - -
S-T-P Landslide 242 KO05799 GIP  Transcription Transcription factors nc - -
S-T-P Landslide 2.27 KO06970 GIP  Translation Ribosome biosynthesis R - -
S-T-P Landslide 245 KO07492 GIP - Replication and repair S - -
S-T-P Landslide 159 KO07493 GIP - Replication and repair S - -
S-T-P Landslide 2.32 KO07506 GIP  Transcription Transcription factors nc - -
S-T-P Landslide 429 K15973 GIP  Transcription Transcription factors nc - -
S-T-P Landslide 258 K17762 GIP  Transcription Transcription machinery nc - -
S-T-P Landslide 2.01 K18828 GIP  Translation Transfer RNA biogenesis CR - -
S-T-P Landslide 242 KO00148 MET Energy Metabolism Methane metabolism M - -
S-T-P Landslide 3.17 KO00661 MET - - nc - -
S-T-P Landslide 425 KO01128 MET - - nc - -
Starch and sucrose Carbon
S-T-P Landslide 2.29 KO01176 MET Carbohydrate metabolism  metabolism PE cycling Carbon degradation
Starch and sucrose
S-T-P Landslide 4.03 KO01193 MET Carbohydrate metabolism  metabolism PE - -
Starch and sucrose
S-T-P Landslide 2.31 KO01194 MET Carbohydrate metabolism  metabolism PE - -
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Substrate

S-T-P

S-T-P

S-T-P

S-T-P

S-T-P
S-T-P

S-T-P

S-T-P

S-T-P

S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P

S-T-P

S-T-P

S-T-P

S-T-P
S-T-P
S-T-P

Habitat

Landslide

Landslide

Landslide
Landslide

Landslide
Landslide

Landslide

Landslide

Landslide

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Landslide

Landslide

Landslide

Landslide
Landslide
Landslide

Effect

2.68

2.23

3.14
4.78

2.45
4.23

1.67

2.97

2.26

2.28
2.37
3.14
2.35
241
2.22

244

4.04

4.26

4.32
1.98
2.00

KO

K01198

K01432

K01502
K01575

K01584
K01596

K01598

K01729

K01730

K01753
K01854
K03429
K03818
K03889
K03923

K09844

K10210

K10211

K10212
K12308
K12349

L1

MET

MET

MET
MET

MET
MET

MET

MET

MET

MET
MET
MET
MET
MET
MET

MET

MET

MET

MET
MET
MET

L2
Carbohydrate metabolism

Carbohydrate metabolism
Xenobiotics
biodegradation and
metabolism

Carbohydrate metabolism

Amino acid metabolism

Carbohydrate metabolism
Metabolism of cofactors
and vitamins

Carbohydrate metabolism
Carbohydrate metabolism

Amino acid metabolism
Carbohydrate metabolism
Lipid metabolism

Energy Metabolism

Metabolism of terpenoids
and polyketids
Metabolism of terpenoids
and polyketids
Metabolism of terpenoids
and polyketids
Metabolism of terpenoids
and polyketids

Carbohydrate metabolism
Lipid metabolism
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L3

Amino sugar and nucleotide
sugar metabolism

Glyoxylate and dicarboxylate
metabolism

Styrene degradation

Butanoate metabolism
Arginine and proline
metabolism

Citrate cycle
Pantothenate and CoA
biosynthesis

Fructose and mannose
metabolism

Pentose and glucuronate
interconversions
Glycine, serine and threonine
metabolism

Galactose metabolism

Glycerolipid metabolism

Oxidative phosphorylation

Carotenoid biosynthesis
Carotenoid biosynthesis
Carotenoid biosynthesis

Carotenoid biosynthesis
Galactose metabolism
Shingolipid metabolism

CSR

nc

PE

nc
nc

PE

nc

PE

nc

PE
nc
nc
nc

nc

PE

PE

PE

PE
nc
nc

Category

Carbon
cycling

Electron
transport

Subcategory

Carbon degradation

Photosynthetic



Substrate

S-T-P

S-T-P
S-T-P

S-T-P

S-T-P

S-T-P
S-T-P
S-T-P

S-T-P
S-T-P

S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P

Habitat
Landslide

Landslide
Landslide

Landslide

Landslide

Landslide
Landslide
Landslide

Landslide
Landslide

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Effect

1.59

3.11
2.27

1.66

1.52

1.96
243
2.33

3.28
2.46

2.68
2.25
2.27
4.43
2.68
2.32
2.19
4.46
3.43
241
3.16
241
2.29
2.02

KO
K12957

K15372
K15531

K15894

K16016

K16149
K16371
K17285

K17744
K17752

K18334
K03808
K06992
K08996
K09857
K09934
K09940
K02526
K03303
K05340
KO07175
K07290
K08138
K12542

L1
MET

MET
MET

MET

MET

MET
MET
MET

MET
MET

MET
PCP
PCP
PCP
PCP
PCP
PCP
SCP
SCP
SCP
SCP
SCP
SCP
SCP

L2

Carbohydrate metabolism
Metabolism of other
amino acids

Carbohydrate metabolism
Metabolism of terpenoids
and polyketides

Carbohydrate metabolism
Carbohydrate metabolism
Energy Metabolism

Carbohydrate metabolism

Carbohydrate metabolism
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L3
Glycolysis / Gluconeogenesis

beta-Alanine metabolism

Amino sugar and nucleotide
sugar metabolism

Biosynthesis of ansamycins
Starch and sucrose
metabolism

Galactose metabolism

Sulfur metabolism
Ascorbate and aldarate
metabolism

Protein kinases
Fructose and mannose
metabolism

Transporters
Transporters
Transporters
Signaling proteins
Structural proteins
Transporters
Transporters

CSR
PE

SR
nc

nc

nc

PE
nc
nc

nc

PE
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc

Category

Virulence

Subcategory

Immune evasion



Substrate

S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P

S-T-P
S-T-P

Habitat

Landslide
Landslide
Landslide
Landslide
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest
Forest

Effect

3.12

4.92

4.28

2.79
-2.11
-4.54
-1.94
-5.24
-5.85
-6.50
-6.44
-6.43
-6.65
-6.44
-6.30
-6.35
-6.50
-6.35
-6.47
-6.46
-6.32
-6.37
-4.83
-6.40
-6.44

-3.85
-6.67

KO

K13021
K15549
K18258
K19585
K02490
K01539
K11709
K11710
K15496
K01170
K02877
K02889
K02908
K02910
K02912
K02924
K02977
K02991
K03047
K03050
K03051
K03056
K03124
K03237
K03238

K03552
K03622

L1

SCP
SCP
SCP
SCP
CEP
EIP
EIP
EIP
EIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP

GIP
GIP

L2

Cellular community
Signal transduction
Membrane transport
Membrane transport
Membrane transport
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Transcription
Transcription
Transcription
Transcription
Transcription
Translation
Translation

Replication and repair

L3
Transporters (organic acid
transporter)

Transporters

Exosome

Transporters

Quorum sensing

CAMP signaling pathway
ABC transporters

ABC transporters

ABC transporters
Transfer RNA biogenesis
Ribosome

Ribosome

Ribosome

Ribosome

Ribosome

Ribosome

Ribosome

Ribosome

RNA polymerase

RNA polymerase

RNA polymerase

RNA polymerase

Basal transcription factors
RNA transport

RNA transport
DNA repair and
recombination proteins

CSR
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Category

Subcategory




Substrate

S-T-P

S-T-P

S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P

S-T-P
S-T-P
S-T-P

Habitat

Forest

Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest
Forest
Forest

Effect

-6.37

-6.57

-2.31
-1.54
-6.50
-6.69
-6.46
-6.43
-6.47
-6.40
-6.37
-3.65
-4.55
-6.49
-6.30
-1.54
-6.62
-6.30
-1.91
-5.77
-6.49
-6.35
-6.26

-3.64
-1.92
-1.96

KO
K03627

K03679

K04074
K04794
K04802
K06174
K06932
K06947
K06963
K06965
K07398
K07446
K07463
K07558
K07561
KO07577
K10725
K10726
K10839
K10896
K14568
K14574
K18532

K00169
K00245
K00246

L1
GIP

GIP

GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP

MET
MET
MET

L2

Folding, sorting and
degradation

Translation
Replication and repair
Translation
Translation
Translation
Translation
Translation

Replication and repair
Translation
Translation
Translation
Replication and repair
Replication and repair
Replication and repair
Replication and repair
Translation
Translation
Translation

L3

RNA degradation
Chromosome and associated
proteins

Translation factors

DNA replication

Ribosome biogenesis
Transfer RNA biogenesis
Ribosome biogenesis
Transfer RNA biogenesis
MRNA surveillance pathway

Transfer RNA biogenesis
Transfer RNA biogenesis
Translation factors

DNA replication proteins
DNA replication
Nucleotide excision repair
Ribosome biogenesis
Ribosome biogenesis
Ribosome biogenesis

Carbohydrate metabolism  Citrate cycle
Carbohydrate metabolism  Citrate cycle
Carbohydrate metabolism  Citrate cycle
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CSR
nc

Category

Carbon
cycling

Subcategory

Carbon fixation



Substrate

S-T-P
S-T-P

S-T-P
S-T-P

S-T-P
S-T-P
S-T-P

S-T-P
S-T-P
S-T-P
S-T-P

S-T-P
S-T-P

S-T-P
S-T-P

S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P

S-T-P

S-T-P

Habitat

Forest
Forest

Forest
Forest

Forest
Forest
Forest

Forest
Forest
Forest
Forest

Forest
Forest

Forest
Forest

Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest

Effect

-1.62
-1.80

-1.67
-1.66

-1.51
-1.69
-2.00

-1.79
-1.55
-4.79
-5.99

-5.50
-1.59

-5.51
-6.52

-1.64
-1.83
-2.15
-2.12
-3.81
-5.67

-2.25

-6.40

KO
K00317
K00346

K00347
K00786

K00813
K01277
K01436

K01480
K01486
K01537
K02122

K02191
K02486

K03399
K03726

K03760
K04068
K04070
K04748
K05830
K06072

K06897

K06982

L1
MET
MET

MET
MET

MET
MET
MET

MET
MET
MET
MET

MET
MET

MET
MET

MET
MET
MET
MET
MET
MET

MET

MET

L2
Energy Metabolism

Amino acid metabolism

Amino acid metabolism
Nucleotide metabolism

Energy Metabolism
Metabolism of cofactors
and vitamins

Metabolism of cofactors
and vitamins

Glycan biosynthesis and
metabolism

Energy Metabolism
Amino acid metabolism

Metabolism of cofactors
and vitamins
Metabolism of cofactors
and vitamins
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L3
Methane metabolism

Glycosyltransferases
Alanine, aspartate and
glutamate metabolism

Peptidases and inhibitors

Peptidases and inhibitors
Arginine and proline
metabolism

Purine metabolism

Oxidative phosphorylation
Porphyrin and chlorophyll
metabolism

Protein kinases

Porphyrin and chlorophyll
metabolism

Lipopolysaccharide
biosynthesis

Lysine biosynthesis

Folate biosynthesis
Pantothenate and CoA
biosynthesis

CSR

nc

nc
nc

O wm

PE
nc
nc

nc

nc

nc
nc
nc

nc

nc

Category

Metal
Homeostasis

Subcategory

Sodium



Substrate

S-T-P

S-T-P
S-T-P
S-T-P
S-T-P

S-T-P

S-T-P
S-T-P
S-T-P

S-T-P

S-T-P
S-T-P
S-T-P

S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P
S-T-P

Habitat

Forest

Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest

Forest

Forest
Forest
Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Effect

-2.45

-5.86
-1.57
-1.62
-5.47

-6.42

-3.32
-1.61
-5.72

-1.62

-5.81
-5.93
-5.79

-4.33
-4.41
-1.91
-3.57
-4.72
-4.61
-2.00
-6.51
-4.53
-1.60
-8.16

KO

K07026

K08096
K11941
K13039
K13767

K17104

K17364
K17716
K17892

K17989

K18594
K18603
K18604

K19664
K01163
K06955
K07022
K07033
K07041
K07338
K09721
K02450
K02664
K06039

L1

MET

MET
MET
MET
MET

MET

MET
MET
MET

MET

MET
MET
MET

MET
PCP
PCP
PCP
PCP
PCP
PCP
PCP
SCP
SCP
SCP

L2

Carbohydrate metabolism
Metabolism of cofactors
and vitamins

Energy Metabolism
Lipid metabolism

Lipid metabolism
Metabolism of cofactors
and vitamins

Carbohydrate metabolism

Amino acid metabolism

Energy Metabolism
Energy Metabolism
Energy Metabolism

Lipid metabolism
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L3
Fructose and mannose
metabolism

Riboflavin metabolism
Methane metabolism

Fatty acid biosynthesis
Glycerophospholipid
metabolism

Folate biosynthesis
Galactose metabolism

Glycine, serine and threonine

metabolism

Carbon fixation
Carbon fixation

Carbon fixation
Glycerophospholipid
metabolism

Secretion system
Bacterial motility proteins

CSR

PE

nc
nc

nc

nc
nc

Pyl

nc
nc
nc
nc
nc
nc
nc
nc
nc

nc

Category

Virulence

Carbon
cycling

Subcategory

Adherence

Carbon fixation



Substrate

S-T-P
S-T-P
S-T-P
S-T-P
T-P

S-P

S-T
S-T
S-T
S-T

S-T
S-T

S-T

S-T
S-T

S-T

S-T

S-T
S-T

Habitat
Forest
Forest
Forest
Forest
Forest

Forest

Landslide
Landslide
Landslide
Landslide

Landslide
Landslide

Landslide

Landslide
Landslide

Landslide

Landslide

Landslide
Landslide

Landslide

Landslide
Landslide

Effect

-3.89
-3.87
-2.60
-3.62
-3.74

-6.42

231
1.62
1.57
3.61

1.66
1.52

3.45

3.19
5.29

1.78

1.60

3.00
5.38

2.36

1.59
2.13

KO

K07330
K07331
K09820
K18235
K07333

K09142

K04565
K11901
K07484
K11921

K00117
K00364

K00469

K00594
K01392

K01654

K01706

K01779
K01792

K03119

K03150
K03208

L1

SCP
SCP
SCP
SCP
SCP

GIP

CEP
CEP
GIP
GIP

MET
MET

MET

MET
MET

MET

MET

MET
MET

MET

MET
MET

L2

Transport and catabolism
Cellular community

Transcription

Carbohydrate metabolism
Nucleotide metabolism

Carbohydrate metabolism

Carbohydrate metabolism

Carbohydrate metabolism
Carbohydrate metabolism

Amino acid metabolism
Carbohydrate metabolism

Energy Metabolism
Metabolism of cofactors
and vitamins

198

L3

Bacterial motility proteins
Bacterial motility proteins
Transporters
Antimicrobial resistance

Bacterial motility proteins
Chromosome and associated
proteins

Peroxisome
Biofilm formation
Replication and repair

Transcription factors
Pentose and phosphate
pathway

Purine metabolism
Ascorbate and aldarate
metabolism

Fructose and mannose
metabolism

Peptidases and inhibitors
Amino sugar and nucleotide
sugar metabolism
Ascorbate and aldarate
metabolism

Alanine, aspartate and
glutamate metabolism

Glycolysis / Gluconeogenesis

Sulfur metabolism

Thiamine metabolism
Glycan metabolism

CSR

m O O T m

nc
nc

PE

nc

CS
PE

nc

nc

Category

Microbial def.

Plant Growth
Promotion

Virulence

Virulence

Organic
Contaminant
Degradation

Subcategory

Antibiotic resistance

Anti-pathogen
Immune evasion

Immune evasion

Others



Substrate

S-T
S-T

S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T

S-T
S-T
S-T

S-T

S-T

S-T
S-T
S-T
S-T
S-T

Habitat

Landslide
Landslide

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Landslide
Landslide
Landslide

Landslide

Landslide

Landslide
Landslide
Landslide
Landslide
Landslide

Effect

1.58
2.32

1.65
3.48
1.77
1.57
1.98
1.68
531
1.96
1.95
1.59
1.70
2.68

2.06
1.52
1.58

1.62

212

1.76
1.66
2.24
1.75
1.69

KO

K03418
K03778

K03831
K04486
K05337
K05826
K05989
K06113
K06324
K07404
K08318
K09788
K13614
K13935

K14335
K14682
K15329

K16044

K16147

K16148
K16164
K16840
K17228
K18115

L1

MET
MET

MET
MET
MET
MET
MET
MET
MET
MET
MET
MET
MET
MET

MET
MET
MET

MET

MET

MET
MET
MET
MET
MET

L2

Carbohydrate metabolism

Carbohydrate metabolism
Metabolism of cofactors
and vitamins

Amino acid metabolism
Energy Metabolism
Amino acid metabolism

Carbohydrate metabolism
Carbohydrate metabolism
Carbohydrate metabolism

Glycan biosynthesis and
metabolism

Amino acid metabolism

Carbohydrate metabolism
Carbohydrate metabolism

Carbohydrate metabolism
Amino acid metabolism
Nucleotide metabolism
Energy Metabolism
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L3
Glyoxylate and dicarboxylate
metabolism

Pyruvate metabolism

Folate biosynthesis
Histidine metabolism
Lysine biosynthesis

Pentose phosphate pathway
Butanoate metabolism
Propanoate metabolism
Polyketide biosynthesis
Lipoarabinomannan (LAM)
biosynthesis

Arginine biosynthesis
Polyketide biosynthesis
Inositol phosphate
metabolism

Starch and sucrose
metabolism

Starch and sucrose
metabolism

Tyrosine metabolism
Purine metabolism

Sulfur metabolism

CSR

PE

PE
nc

nc
nc
nc
nc
nc
nc
CS
nc

nc
nc

PE

PE

PE
PE
nc
nc
nc

Category

Subcategory




Substrate

S-T

S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T

Habitat

Landslide

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Effect

1.92

1.86
1.77
1.74
3.40
1.71
4.52
1.77
1.95
1.98
3.60
-5.94
-1.58
-1.77
-6.53
-1.79
-1.80
-2.59
-5.47
-2.18
-1.63
-6.39
-1.53
-6.41
-3.84
-6.43
-3.71

KO

K18981

K19746
K06906
K09966
K11477
K02856
K07660
K11897
K16300
K18843
K19271
K08321
K02000
K02001
K03234
K06857
K10191
K11705
K14979
K15497
K19620
K00586
K00974
K02319
K02875
K02885
K02922

L1

MET

MET
PCP
PCP
PCP
SCP
SCP
SCP
SCP
SCP
SCP
CEP
EIP
EIP
EIP
EIP
EIP
EIP
EIP
EIP
EIP
GIP
GIP
GIP
GIP
GIP
GIP

L2

Carbohydrate metabolism
Metabolism of other
amino acids

Cellular community
Membrane transport
Membrane transport
Signal transduction
Membrane transport
Membrane transport
Membrane transport
Signal transduction
Membrane transport
Signal transduction
Translation
Translation
Replication and repair
Translation
Translation
Translation
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L3

Ascorbate and aldarate
metabolism

D-Arginine and D-ornithine
metabolism

Transporters
Antimicrobial resistance
Secretion system
Transporters
Prokaryotic defense system
Antimicrobial resistance
Quorum sensing

ABC transporters

ABC transporters
AMPK signaling pathway
ABC transporters

ABC transporters

ABC transporters
Two-component system
ABC transporters
Two-component system
Translation factors
RNA transport

DNA replication
Ribosome

Ribosome

Ribosome

CSR

Category

Virulence

Stress
Stress

Subcategory

Cellular function

Osmotic stress
Osmotic stress



Substrate

S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T
S-T

S-T

S-T

S-T
S-T

S-T

S-T
S-T
S-T

Habitat

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest

Forest
Forest

Forest

Forest
Forest
Forest

Effect

-3.62
-6.51
-3.67
-6.36
-6.62
-6.60
-6.34
-5.84
-6.34
-6.58
-3.65
-6.41
-6.32
-5.64
-3.86
-6.17
-6.41
-6.40

-6.47

-7.41

-3.88
-6.54

-6.43

-6.45
-6.58
-1.80

KO

K02927
K02936
K02944
K02966
K02975
K02976
K02979
K03014
K03049
K03053
K03055
K03057
K03120
K03167
K03170
K03231
K03232
K03264

K03330

K04479

K04484
K04796

K04797

K04798
K04801
K05499

L1

GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP

GIP

GIP

GIP
GIP

GIP

GIP
GIP
GIP

L2

Translation
Translation
Translation
Translation
Translation
Translation
Translation
Transcription
Transcription
Transcription
Transcription
Transcription
Transcription
Replication and repair
Replication and repair
Translation
Translation
Translation

Translation
Replication and repair

Replication and repair

Replication and repair
Transcription

L3

Ribosome

Ribosome

Ribosome

Ribosome

Ribosome

Ribosome

Ribosome

RNA polymerase

RNA polymerase

RNA polymerase

RNA polymerase

RNA polymerase

Basal transcription factors
DNA replication proteins
DNA replication proteins
RNA transport
Translation factors

Ribosome biogenesis
Aminoacyl-tRNA
biosynthesis

DNA repair and
recombination proteins
DNA repair and
recombination proteins

Chaperones and folding
catalysts

Chaperones and folding
catalysts

DNA replication

Transcription factors

nc

nc

nc

nc

Category

Subcategory




Substrate

S-T
S-T
S-T
S-T
S-T
S-T

S-T

S-T
S-T
S-T
S-T

S-T
S-T

S-T

S-T
S-T
S-T

S-T
S-T

S-T
S-T

S-T
S-T
S-T

Habitat

Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest
Forest

Forest
Forest

Forest

Forest
Forest
Forest

Forest
Forest

Forest
Forest

Forest
Forest
Forest

Effect

-3.43
-6.40
-3.58
-6.34
-6.33
-3.91

-6.53

-4.13
-1.58
-5.28
-2.05

-1.87
-1.52

-4.78

-1.62
-4.43
-1.99

-6.52
-5.14

-8.22
-6.59

-1.65
-3.75
-1.50

KO

K06943
KO07575
KO07728
K08851
K09716
K10848

K11600

K12600
K16138
K19592
K00158

K00172
K00895

K00952

K01565
K01622
K02121

K02201
K02573

K03146
K03943

K04720
K05831
K05919

L1

GIP
GIP
GIP
GIP
GIP
GIP

GIP

GIP
GIP
GIP
MET

MET
MET

MET

MET
MET
MET

MET
MET

MET
MET

MET
MET
MET

L2
Translation
Transcription
Translation
Translation

Replication and repair
Folding, sorting and
degradation

Folding, sorting and
degradation

Transcription
Transcription
Carbohydrate metabolism

Carbohydrate metabolism

Carbohydrate metabolism
Metabolism of cofactors
and vitamins

Glycan biosynthesis and
metabolism

Carbohydrate metabolism
Energy Metabolism

Metabolism of cofactors
and vitamins

Energy Metabolism
Metabolism of cofactors
and vitamins

Energy Metabolism
Metabolism of cofactors
and vitamins

Amino acid metabolism
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L3

Ribosome biogenesis
Messenger RNA biogenesis
Transcription factors
Transfer RNA biogenesis
Transfer RNA biogenesis
Nucleotide excision repair

RNA degradation

RNA degradation

Transcription factors
Transcription factors
Pyruvate metabolism

Citrate cycle

Glycolysis / Gluconeogenesis
Nicotinate and nicotinamide
metabolism
Glycosaminoglycan
degradation

Glycolysis / Gluconeogenesis

Oxidative phosphorylation
Pantothenate and CoA
biosynthesis

Thiamine metabolism

Oxidative phosphorylation
Porphyrin and chlorophyll
metabolism

Lysine biosynthesis

CSR

nc
nc

SR

nc
nc

PE

nc

nc
PE-M

nc
nc

nc

Category

Carbon
cycling

Subcategory

Carbon fixation



Substrate

S-T
S-T
S-T

S-T

S-T

S-T
S-T

Habitat

Forest
Forest
Forest

Forest

Forest

Forest
Forest

Forest
Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Effect

-6.72
-3.68
-2.14

-4.53

-4.62

-4.03
-3.42

-5.98
-4.17

-1.67
-1.53
-5.83
-6.05
-5.78
-6.67
-4.50
-1.57
-6.46
-1.68
-4.49
-1.87
-1.55
-3.41
-1.74
-3.49

KO

K06863
K06928
K06937

K06981

K06984

K08306
K11529

K11646
K12953

K12978
K13086
K16306
K18593
K18605
K18855
K18978
K19295
K03626
K06885
K07023
K07096
K07502
K08984
K09120
K09717

L1

MET
MET
MET

MET

MET

MET
MET

MET
MET

MET
MET
MET
MET
MET
MET
MET
MET
PCP
PCP
PCP
PCP
PCP
PCP
PCP
PCP

L2
Nucleotide metabolism
Nucleotide metabolism

Metabolism of terpenoids
and polyketides

Metabolism of cofactors
and vitamins

Carbohydrate metabolism

Amino acid metabolism

Glycan biosynthesis and
metabolism

Carbohydrate metabolism
Energy Metabolism
Energy Metabolism
Carbohydrate metabolism
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L3
Purine metabolism
Purine metabolism

Terpenoid backbone
biosynthesis

Folate biosynthesis
Peptidoglycan biosynthesis
and degradation proteins

Pentose phosphate pathway
Phenylalanine, tyrosine and
tryptophan biosynthesis

Lipopolysaccharide
biosynthesis proteins

Glycolysis / Gluconeogenesis
Carbon fixation

Carbon fixation

Glycolysis / Gluconeogenesis
Glycan metabolism

CSR
nc
nc
nc

nc

nc

nc
nc

nc
PE

nc
PE
nc
nc
nc
nc
nc
nc
nc
nc
nc

Category

Subcategory




Substrate

S-T
S-T
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Soil
Soil
Soil
Soil
Soil
Soil

Soil
Soil
Soil

Soil
Soil
Soil

Soil
Soil

Habitat
Forest
Forest
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Landslide
Landslide
Landslide

Landslide
Landslide

Landslide
Landslide
Landslide

Effect

-2.69
-6.16
2.13
1.70
4.47
1.67
1.57
1.75
151
1.58
1.74
1.55

3.79
1.55
1.79
1.52
2.05
1.72

1.53
1.79
1.62

1.69
2.05

1.87
1.50
1.88

KO

K02241
K06320
K00694
K11907
K12992
K03194
K03222
K10004
K10019
K12541
K17326
K17327

K03169
K03577
K05817
K07237
K07494
K17763

K00021
K00034
K00146

K00216
K00244

K00365
K00450
K00526

L1
SCP
SCP
CEP
CEP
CEP
EIP
EIP
EIP
EIP
EIP
EIP
EIP

GIP
GIP
GIP
GIP
GIP
GIP

MET
MET
MET

MET
MET

MET
MET
MET

L2

Cellular community
Cellular community
Cellular community
Membrane transport
Membrane transport
Membrane transport
Membrane transport
Membrane transport
Membrane transport
Membrane transport

Replication and repair
Transcription
Transcription
Translation

Transcription
Metabolism of terpenoids
and polyketides
Carbohydrate metabolism
Amino acid metabolism
Metabolism of terpenoids
and polyketides
Carbohydrate metabolism
Biosynthesis of other
secondary metabolites
Amino acid metabolism

Nucleotide metabolism
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L3

Secretion system

Biofilm formation
Biofilm formation
Biofilm formation
Bacterial secretion system
Bacterial secretion system
ABC transporters

ABC transporters

ABC transporters

ABC transporters

ABC transporters
DNA repair and
recombination proteins

Transcription factors
Transcription factors
Transfer RNA biogenesis
Replication and repair

Transcription machinery
Terpenoid backbone
biosynthesis

Pentose phosphate pathway

Phenylalanine metabolism
Biosynthesis of siderophore
group nonribosomal peptides

Citrate cycle

Caffeine metabolism
Tyrosine metabolism
Purine metabolism

CSR
nc
nc

O

nc
nc

nc
nc
nc
nc

nc
nc
nc

PE
PE
nc

Category

Virulence
Virulence

Subcategory

Secretion system
Toxins



Substrate

Soil

Soil
Soil

Soil
Soil

Soil

Soil

Soil

Soil

Soil
Soil

Soil
Soil
Soil
Soil
Soil

Soil
Soil
Soil
Soil

Habitat
Landslide

Landslide
Landslide

Landslide
Landslide

Landslide

Landslide

Landslide

Landslide
Landslide
Landslide

Landslide
Landslide

Landslide
Landslide

Landslide

Landslide
Landslide

Landslide
Landslide

Effect

2.01

1.60
1.83

4.56
214

1.79

1.51

1.72

3.65
1.83
1.66

1.80
1.85

1.50
1.56

1.53

1.64
1.59

3.16
1.77

KO
K00675

K00801
K00886

K01184
K01185

K01195

K01212

K01569

K01617
K01751
K01800

K01820
K01829

K01865
K02299

K02362

K02564
K03578

K05350
K05995

L1
MET

MET
MET

MET
MET

MET

MET

MET

MET
MET
MET

MET
MET

MET
MET

MET

MET
MET

MET
MET

L2

Metabolism of terpenoids
and polyketides

Carbohydrate metabolism

Carbohydrate metabolism

Carbohydrate metabolism
Carbohydrate metabolism

Carbohydrate metabolism
Xenobiotics
biodegradation and
metabolism

Amino acid metabolism

Carbohydrate metabolism
Xenabiotics
biodegradation and
metabolism

Energy Metabolism
Metabolism of terpenoids
and polyketides

Carbohydrate metabolism

Carbohydrate metabolism
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L3

Sesquiterpenoid and
triterpenoid biosynthesis

Glycolysis / Gluconeogenesis
Pentose and glucuronate
interconversions

Ascorbate and aldarate
metabolism

Starch and sucrose
metabolism

Glyoxylate and dicarboxylate
metabolism

Benzoate degradation

Tyrosine metabolism
Fructose and mannose
metabolism

Aminobenzoate degradation

Oxidative phosphorylation
Biosynthesis of siderophore
group nonribosomal peptides
Amino sugar and nucleotide
sugar metabolism

Starch and sucrose
metabolism

Peptidases and inhibitors

CSR
nc

nc
PE

nc
nc

PE

PE

PE
nc
PE

PE
nc

nc

nc
nc

PE

Category

Plant Growth
Promotion

Organic
Contaminant
Degradation

Stress

Subcategory

Anti-pathogen

Aromatics

Glucose limitation



Substrate

Soil

Soil

Soil

Soil

Soil

Soil

Soil
Soil

Soil

Soil
Soil
Soil
Soil
Soil
Soil

Soil

Soil
Soil
Soil
Soil

Habitat

Landslide

Landslide

Landslide

Landslide

Landslide

Landslide

Landslide
Landslide

Landslide

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Landslide

Landslide
Landslide

Landslide
Landslide

Effect

3.37

1.70

1.64

1.89

1.66

221

2.16
3.15

1.53

2.01
1.70
1.63
1.67
1.70
1.81

1.71

1.55
1.51

1.64
2.05

KO

K07250

K07407

K08068

K08092

K09011

K09836

K09994
K12436

K12454

K13541
K13930
K13932
K13933
K13934
K13992

K13995

K15930
K15986

K16423
K16856

L1

MET

MET

MET

MET

MET

MET

MET
MET

MET

MET
MET
MET
MET
MET
MET

MET

MET
MET

MET
MET

L2

Amino acid metabolism
Glycan biosynthesis and
metabolism

Carbohydrate metabolism

Carbohydrate metabolism

Amino acid metabolism
Metabolism of terpenoids
and polyketids
Metabolism of other
amino acids

Carbohydrate metabolism
Metabolism of cofactors
and vitamins

Metabolism of cofactors
and vitamins

Metabolism of terpenoids
and polyketids

Energy Metabolism
Metabolism of terpenoids
and polyketides

Nucleotide metabolism

206

L3

Alanine, aspartate and
glutamate
Glycosphingolipid
biosynthesis

Amino sugar and nucleotide
sugar metabolism

Ascorbate and aldarate
metabolism

Valine, leucine and
isoleucine biosynthesis

Carotenoid biosynthesis
Phosphonate and phosphinate
metabolism

Lipid biosynthesis

Amino sugar and nucleotide
sugar metabolism

Porphyrin and chlorophyll
metabolism

Photosynthesis

Nicotinate and nicotinamide
metabolism

Biosynthesis of type Il
polyketide products

Oxidative phosphorylation
Biosynthesis of vancomycin
group antibiotics

Purine metabolism

CSR

nc

nc

PE

nc
nc

nc

nc
nc
nc
nc

nc

(@)

nc

Category

Subcategory




Substrate

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Habitat

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide
Landslide

Effect

1.52
1.71
1.70
1.88
1.83
1.91
1.55
1.57
1.53
1.78
2.08
1.79
1.75
1.96
212

1.65
1.50
1.62
1.76
1.52
1.91
3.69
1.59
5.93
1.71
1.70
5.20

KO

K17754
K18545
K18581
K19689
K06908
K06986
K07034
K07065
K07099
K02505
K03098
K03328
K03453
K03457
K03535

K03893
K04338
K06077
K06143
K08191
K10025
K10974
K11896
K11928
K13929
K13931
K15547

L1

MET
MET
MET
MET
PCP
PCP
PCP
PCP
PCP
SCP
SCP
SCP
SCP
SCP
SCP

SCP
SCP
SCP
SCP
SCP
SCP
SCP
SCP
SCP
SCP
SCP
SCP

L2

Xenobiotics
biodegradation and
metabolism

207

L3

Caprolactam degradation
Peptidases and inhibitors
Peptidases and inhibitors

Secretion system
Exosome
Transporters
Transporters
Transporters
Transporters

Transporters
Secretion system
Structural proteins
Structural proteins
Transporters
Transporters
Transporters
Secretion system
Transporters
Transporters
Transporters
Transporters

CSR

nc
C
nc

nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc

nc
nc
nc
nc
nc

nc
nc

nc
nc
nc

Category
Organic
Contaminant
Degradation

Metal
Homeostasis

Virulence

Subcategory

Other hydrocarbons

Arsenic

Soil-borne pathogen



Substrate

Soil
Soil
Soil
Soail
Soil

Soil

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Habitat

Landslide
Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Effect

1.54
-1.53
-1.75
-3.47
-5.47

-1.63

-1.90
-1.85
-2.00
-1.84
-6.46
-5.77
-5.87
-6.36
-6.39
-6.56
-6.37
-6.41
-6.28
-6.55
-6.52
-6.44
-6.42
-6.38
-6.56
-6.32
-3.92

KO

K18303
KO07715
K13585
K13586
KO7777

K09815

K11707
K11708
K15495
K16819
K00555
K02322
K02323
K02683
K02866
K02869
K02896
K02921
K02929
K02930
K02962
K02974
K02978
K02983
K02995
K03041
K03042

L1

SCP
CEP
CEP
CEP
EIP

EIP

EIP
EIP
EIP
EIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP

L2

Cellular community
Cell growth and death
Cell growth and death
Signal transduction

Membrane transport

Membrane transport
Membrane transport
Membrane transport
Signal transduction
Translation
Replication and repair
Replication and repair
Replication and repair
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Transcription
Transcription

L3

Transporters

Quorum sensing

Cell cycle

Cell cycle
Two-component system

ABC transporters

ABC transporters
ABC transporters
ABC transporters
Hippo signaling pathway
Transfer RNA biogenesis
DNA replication
DNA replication
DNA replication
Ribosome
Ribosome
Ribosome
Ribosome
Ribosome
Ribosome
Ribosome
Ribosome
Ribosome
Ribosome
Ribosome

RNA polymerase
RNA polymerase

CSR

(@)

nc
nc
nc

2 000

U XUV XV VIOV XUV OV XUV XV IOV OV IO OO

> >
o o

Category
Microbial
defense

Virulence

Stress
Metal
Homeostasis
Metal
Homeostasis

Subcategory

Antibiotic resistance
Immune evasion

Osmotic stress

Zinc

Zinc



Substrate

Soil
Soil
Soil
Soail
Soil
Soil
Soil

Soil

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Soil
Soil

Habitat

Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest
Forest

Effect

-6.51
-5.90
-5.84
-6.48
-6.41
-6.65
-6.19

-4.46

-4.61
-3.73
-6.52
-1.55
-5.91
-6.39
-6.49
-6.36
-6.56
-3.90
-6.46
-1.87
-6.55
-3.99
-6.49
-6.40

-6.50
-3.54

KO

K03105
K03163
K03166
K03242
K03243
K03263
K03265

K03432

K03433
K03537
K03538
K03540
K04482
K04795
K04799
K04800
K06961
K07179
K07254
K07442
K07466
K07562
K07569
K07572

K07573
K07579

L1

GIP
GIP
GIP
GIP
GIP
GIP
GIP

GIP

GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP

GIP
GIP

L2
Folding, sorting and
degradation

Replication and repair
Replication and repair
Translation
Translation
Translation

Translation
Folding, sorting and
degradation
Folding, sorting and
degradation

Translation
Translation
Translation
Replication and repair
Translation
Replication and repair
Replication and repair
Translation
Translation
Translation
Translation
Replication and repair
Translation
Translation

Translation
Folding, sorting and
degradation

Translation

L3

Protein export

DNA replication proteins
DNA replication proteins
RNA transport

RNA transport
Translation factors

MRNA surveillance pathway

Proteasome

Proteasome
Ribosome biogenesis
Ribosome biogenesis
RNA transport

Homologous recombination

Ribosome biogenesis
DNA replication

DNA replication
Ribosome biogenesis
Ribosome biogenesis
Transfer RNA biogenesis
Transfer RNA biogenesis
Nucleotide excision repair
Ribosome biogenesis
Ribosome biogenesis

RNA degradation

CSR

nc

nc
nc
nc

U M X0V VWOV L O

[92]

R

O UV XUV XUV O

Py

nc

nc

Category

Subcategory




Substrate

Soil
Soil
Soil
Soail
Soail
Soil
Soil
Soil

Soil
Soil
Soil
Soil

Soil
Soil

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Soil

Habitat

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest
Forest
Forest
Forest

Forest
Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest

Effect

-5.68
-6.40
-6.43
-1.64
-6.23
-1.91
-4.60
-6.56

-6.21
-6.49
-1.80
-6.36

-6.36
-1.60

-2.04
-1.58
-3.94
-6.47
-6.55
-6.46
-6.35
-6.63
-1.66
-1.52
-1.56

-1.50

KO

K07580
K07581
K07583
K07722
K07739
KO07743
KO07744
K09140

K09482
K09723
K09765
K11130

K12589
K13525

K13527
K13652
K14561
K14564
K15429
K15449
K18779
K18882
K18992
K19736
K00043

K00096

L1

GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP

GIP
GIP
GIP
GIP

GIP
GIP

GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP
MET

MET

L2
Translation
Translation
Translation
Transcription
Translation
Transcription
Transcription
Translation

Translation
Replication and repair

Translation
Folding, sorting and
degradation

Folding, sorting and
degradation

Transcription

Translation

Translation

Translation

Translation

Translation

Replication and repair
Transcription
Transcription
Carbohydrate metabolism

Lipid metabolism

210

L3

Transfer RNA biogenesis
Transcription factors
Transfer RNA biogenesis

Ribosome biogenesis
Aminoacyl-tRNA
biosynthesis

DNA replication proteins
Transfer RNA biogenesis
Ribosome biogenesis

RNA degradation

Messenger RNA biogenesis

Proteasome
Transcription factors
Ribosome biogenesis
Ribosome biogenesis
Transfer RNA biogenesis
Transfer RNA biogenesis
Transfer RNA biogenesis
DNA replication
Transcription factors
Transcription factors

Butanoate metabolism
Glycerophospholipid
metabolism

CSR

Category

Subcategory




Substrate

Soil
Soil
Soil
Soail
Soil

Soil
Soil
Soil
Soil

Soil

Soil

Soil

Soil

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Habitat

Forest
Forest
Forest
Forest
Forest

Forest
Forest
Forest
Forest

Forest
Forest

Forest

Forest

Forest
Forest

Forest

Forest
Forest

Forest
Forest
Forest

Effect

-1.87
-6.49
-1.78
-1.88
-1.72

-1.71
-3.59
-5.82
-4.96

-4.55
-2.00

-3.42

-3.17

-5.97
-1.57

-6.55

-3.44
-1.87

-1.58
-1.73
-4.54

KO

K00122
K00150
K00179
K00180
K00349

K00350
K00368
K00371
K00463

K00569
K00577

K00588

K00621

K00682
K00712

K01001

K01611
K01678

K01823
K01959
K02117

L1

MET
MET
MET
MET
MET

MET
MET
MET
MET

MET
MET

MET

MET

MET
MET

MET

MET
MET

MET
MET
MET

L2

Carbohydrate metabolism
Carbohydrate metabolism

Energy Metabolism
Energy Metabolism

Amino acid metabolism
Xenobiotics
biodegradation and
metabolism

Energy Metabolism
Biosynthesis of other
secondary metabolites

Carbohydrate metabolism
Metabolism of other
amino acids

Glycan biosynthesis and
metabolism

Amino acid metabolism

Carbohydrate metabolism
Metabolism of terpenoids
and polyketides

Carbohydrate metabolism
Energy Metabolism

211

L3
Glyoxylate and dicarboxylate
metabolism

Glycolysis / Gluconeogenesis

Nitrogen metabolism
Nitrogen metabolism
Tryptophan metabolism

Drug metabolism - other
enzymes

Methane metabolism
Phenylpropanoid
biosynthesis

Amino sugar and nucleotide
sugar metabolism

Glutathione metabolism
Glycosyltransferases

N-Glycan biosynthesis
Cysteine and methionine
metabolism

Citrate cycle
Terpenoid backbone
biosynthesis

Citrate cycle
Oxidative phosphorylation

CSR

PE-M
PE
nc
nc
nc

nc
nc
nc
PE

nc

nc

nc

nc

nc

PE

nc

Category

N Cycling
Stress

Subcategory

Denitrification
Oxygen limitation



Substrate

Soil
Soil
Soil
Soail
Soil

Soil

Soil

Soil
Soil

Soil
Soil

Soil

Soil

Soil

Soil
Soil
Soil

Soil

Soil
Soil

Soil

Habitat

Forest
Forest
Forest
Forest
Forest

Forest

Forest

Forest
Forest

Forest
Forest

Forest

Forest

Forest

Forest
Forest
Forest

Forest

Forest
Forest

Forest

Effect

-4.64
-5.94
-4.61
-4.66
-4.57

-1.97

-1.65

-4.67
-4.02

-1.52
-1.71

-1.89

-6.25

-1.82

-6.53
-3.63
-4.32

-3.89

-6.53
-1.63

-4.38

KO

K02118
K02119
K02120
K02123
K02124

K02189

K02849

K03151
K05299

K05360
K05827

K05947

K07151

K07291

K07732
K07991
K08094

K09722

K09735
K13058

K13060

L1

MET
MET
MET
MET
MET

MET

MET

MET
MET

MET
MET

MET

MET

MET

MET
MET
MET

MET

MET
MET

MET

L2

Energy Metabolism
Energy Metabolism
Energy Metabolism
Energy Metabolism

Energy Metabolism
Metabolism of cofactors
and vitamins

Glycan biosynthesis and
metabolism

Metabolism of cofactors
and vitamins

Energy Metabolism
Metabolism of other
amino acids

Amino acid metabolism

Carbohydrate metabolism
Glycan biosynthesis and
metabolism

Carbohydrate metabolism
Metabolism of cofactors
and vitamins

Energy Metabolism
Metabolism of other
amino acids

Metabolism of cofactors
and vitamins

Amino acid metabolism

212

L3

Oxidative phosphorylation
Oxidative phosphorylation
Oxidative phosphorylation
Oxidative phosphorylation

Oxidative phosphorylation
Porphyrin and chlorophyll
metabolism
Lipopolysaccharide
biosynthesis

Thiamine metabolism
Carbon fixation

Glutathione metabolism

Lysine biosynthesis
Fructose and mannose
metabolism

N-Glycan biosynthesis
Inositol phosphate
metabolism

Riboflavin metabolism
Peptidases and inhibitors
Methane metabolism

beta-Alanine metabolism
Pantothenate and CoA
biosynthesis

Cysteine and methionine
metabolism

CSR

O VW XV XUV O

wn

SR

PE

nc

PE

nc
nc

Category
Metal
Homeostasis

Subcategory

Potassium



Substrate

Soil
Soil

Soil
Soil
Soil

Soil

Soil

Soil
Soil
Soil
Soil
Soil
Soil

Soil

Soil
Soil
Soil
Soil
Soil
Soil

Soil

Soil
Soil
Soil

Habitat

Forest
Forest

Forest
Forest
Forest

Forest

Forest

Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest

Effect

-1.83
-1.60

-3.12
-1.66
-5.71

-2.27

-4.59

-6.37
-1.72
-1.69
-1.65
-6.02
-6.00

-6.45

-6.19
-1.62
-6.34
-1.94
-5.83
-3.34

-1.58

-4.82
-6.30
-3.73

KO
K13659
K13693

K13747
K13831
K14165

K14534

K14654

K14656
K14660
K14661
K14728
K15230
K15231

K15888

K17105
K17230
K17884
K18601
K18602
K18700

K19189

K19235
K06865
K07049

L1
MET
MET

MET
MET
MET

MET

MET

MET
MET
MET
MET
MET
MET

MET

MET
MET
MET
MET
MET
MET

MET

MET
PCP
PCP

L2

Amino acid metabolism
Energy metabolism

Carbohydrate metabolism
Metabolism of cofactors
and vitamins

Metabolism of cofactors
and vitamins

Carbohydrate metabolism
Carbohydrate metabolism

Carbohydrate metabolism

Lipid metabolism
Energy Metabolism

Energy Metabolism

Metabolism of cofactors
and vitamins

213

L3
Glycosyltransferases

Glycosyltransferases
Arginine and proline
metabolism

Methane metabolism
Protein phosphatases

Butanoate metabolism
Riboflavin metabolism

Riboflavin metabolism

Citrate cycle

Citrate cycle

Fructose and mannose
metabolism
Glycerophospholipid
metabolism

Sulfur metabolism

Carbon fixation

Nicotinate and nicotinamide

metabolism
Peptidoglycan biosynthesis
and degradation proteins

CSR
nc
nc

PE

nc

nc

nc
nc
nc
nc

PE-M

nc
nc
nc
nc

nc

nc

CS
nc
nc

Category

Carbon
cycling

Subcategory

Carbon fixation



Substrate

Soil
Soil
Soil
Soail
Soail
Soil

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil
Soil

Soil

Soil
Soil
Soil
Soil
Soil
Soil

Habitat

Forest
Forest
Forest
Forest
Forest
Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest
Forest
Forest
Forest

Effect

-4.41
-6.33
-3.41
-1.52
-1.78
-3.89

-4.69
-6.24
-2.33
-5.27
-3.94
-5.73
-3.31
-5.75
-3.79
-6.42
-6.45
-2.27
-1.78

-1.75

-1.75
-6.06
-6.32
-6.47
-1.99
-1.74

KO

K07076
K07108
K07129
K07138
K07139
K07143

K07159
K08975
K09128
K09132
K09141
K09143
K09147
K09152
K09732
K09736
K09738
K09794
K09859

K03498

K03499
K06218
K07060
KO07176
K07231
K07234

L1
PCP
PCP
PCP
PCP
PCP
PCP

PCP
PCP
PCP
PCP
PCP
PCP
PCP
PCP
PCP
PCP
PCP
PCP
PCP

SCP

SCP
SCP
SCP
SCP
SCP
SCP

L2

214

L3

Transporters

Transporters
Prokaryotic defense system
Prokaryotic defense system

CSR
nc
nc
nc
nc
nc
nc

nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc

nc

nc

nc
nc
nc

Category

Metal
Homeostasis
Metal
Homeostasis

Subcategory

Potassium

Potassium



Substrate

Soil

Soil
Soil
Soil

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Tile
Tile
Tile
Tile
Tile
Tile
Tile
Tile
Tile
Tile
Tile
Tile

Habitat
Forest

Forest
Forest
Forest

Forest
Forest
Forest
Forest

Forest
Forest
Forest

Landslide
Landslide
Landslide

Landslide
Landslide

Landslide

Landslide

Landslide

Landslide
Landslide
Landslide
Landslide

Effect

-5.89

-1.59
-3.96
-3.69

-4.72
-5.06
-1.51
-1.81

-1.59
-1.53
-1.57

1.92
1.50
1.66

1.92
1.73

3.85

1.73

1.61

1.75
1.88
1.99
1.51

KO
K07285

K07301
K07325
K07332

K08364
K09818
K12069
K13626

K16091
K16327
K19591

K18148
K08604
K06726

K04044
K07486

K00865

K01205

K01707

K03274
K03929
K09252
K06922

L1
SCP

SCP
SCP
SCP

SCP
SCP
SCP
SCP

SCP
SCP
SCP

CEP
EIP

GIP
GIP

MET

MET

MET

MET
MET
MET
PCP

L2

Drug resistance:
antimicrobial

Cellular community
Membrane transport

Carbohydrate metabolism
Glycan biosynthesis and
metabolism

Carbohydrate metabolism
Glycan biosynthesis and
metabolism

215

L3
Structural proteins

Transporters
Secretion system
Bacterial motility proteins

Transporters

Transporters

Secretion system
Bacterial motility proteins

Transporters
Transporters
Antimicrobial resistance

beta-Lactam resistance
Biofilm formation

ABC transporters
Chaperones and folding
catalysts

Replication and repair

Glyoxylate and dicarboxylate

metabolism
Glycosaminoglycan
degradation

Ascorbate and aldarate
metabolism
Lipopolysaccharide
biosynthesis

CSR
nc

nc
nc

nc

nc

nc

(@)

nc

nc

PE

nc

nc
nc
nc

Category

Metal
Homeostasis

Metal
Homeostasis

Metal
Homeostasis

Carbon
cycling

Subcategory

Calcium

Mercury

Carbon degradation



Substrate

Tile
Tile
Tile
Tile
Tile

Tile
Tile
Tile
Tile
Tile
Tile
Tile
Tile

Tile

Tile
Tile
Tile

Tile
Tile

Tile
Tile

Tile
Tile
Tile
Tile

Habitat
Landslide
Landslide
Landslide
Landslide
Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest
Forest

Forest

Forest
Forest
Forest

Forest
Forest

Forest
Forest

Forest
Forest
Forest
Forest

Effect

2.20
2.10
1.54
1.63
-1.59

-6.44
-6.46
-6.39
-6.54
-6.40
-6.26
-6.34
-6.47

-4.65

-6.41
-3.58
-7.09

-6.05
-6.51

-2.14
-6.31

-3.59
-1.75
-7.36
-1.86

KO

K07118
K09990
K02445
K07448
K19733

K01160
K02883
K02984
K02987
K03058
K03059
K03136
K03236

K04483

K07342
K07731
K08365

K10956
K11131

K13571
K13798

K00170
K00348
K00370
K00610

L1

PCP
PCP
SCP
SCP
CEP

GIP
GIP
GIP
GIP
GIP
GIP
GIP
GIP

GIP

GIP
GIP
GIP

GIP
GIP

GIP
GIP

MET
MET
MET
MET

L2

Cellular community

Replication and repair
Translation
Translation
Translation
Transcription
Transcription
Transcription
Translation

Replication and repair
Folding, sorting and
degradation

Transcription

Transcription
Folding, sorting and
degradation

Translation
Folding, sorting and
degradation

Transcription

Carbohydrate metabolism

Energy Metabolism
Nucleotide metabolism

L3

Transporters

Prokaryotic defense system

Quorum sensing
DNA repair and
recombination proteins

Ribosome
Ribosome
Ribosome
RNA polymerase
RNA polymerase

Basal transcription factors

RNA transport
DNA repair and
recombination proteins

Protein export
Transcription factors
Transcription factors

Protein export
Ribosome biogenesis

Proteasome
RNA polymerase

Citrate cycle

Nitrogen metabolism
Pyrimidine metabolism

nc
nc
nc

nc

nc

nc
nc
SR

Category

Carbon
cycling
N Cycling

Subcategory

Carbon fixation

Nitrification



Substrate

Tile

Tile
Tile
Tile
Tile
Tile
Tile

Tile
Tile
Tile

Tile

Tile
Tile
Tile
Tile

Tile

Tile

Tile
Tile
Tile
Tile
Tile
Tile
Tile

Habitat

Forest

Forest
Forest
Forest
Forest
Forest
Forest

Forest
Forest
Forest

Forest

Forest
Forest
Forest
Forest

Forest

Forest

Forest
Forest
Forest
Forest
Forest
Forest
Forest

Effect

-1.51

-1.69
-1.55
-1.74
-1.81
-3.63
-1.51

-6.31
-1.74
-5.36

-2.20

-1.51
-5.73
-3.71
-4.11

-3.59

-3.49

-5.86
-6.37
-4.10
-2.34
-6.40
-6.19
-1.65

KO

K01135

K01136
K01571
K01663
K01677
K01960
K03824

K07142
K07270
K08997

K09123

K10944
K11781
K13378
K15019

K15778

K19068

K19712
K06869
K06874
K07086
K07158
K08979
K08982

L1

MET

MET
MET
MET
MET
MET
MET

MET
MET
MET

MET

MET
MET
MET
MET

MET

MET

MET
PCP
PCP
PCP
PCP
PCP
PCP

L2

Glycan biosynthesis and
metabolism

Glycan biosynthesis and
metabolism

Carbohydrate metabolism
Amino acid metabolism

Carbohydrate metabolism
Carbohydrate metabolism

Metabolism of cofactors
and vitamins

Amino acid metabolism

Energy Metabolism
Energy Metabolism
Energy Metabolism
Energy Metabolism
Biosynthesis of other
secondary metabolites
Glycan biosynthesis and
metabolism

Metabolism of cofactors
and vitamins
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L3
Glycosaminoglycan
degradation
Glycosaminoglycan
degradation

Pyruvate metabolism
Histidine metabolism
Citrate cycle
Citrate cycle

Folate biosynthesis
Glycan metabolism

Arginine and proline
metabolism

Methane metabolism
Methane metabolism
Oxidative phosphorylation
Carbon fixation

Streptomycin biosynthesis
O-Antigen nucleotide and
metabolism
Porphyrin and chlorophyll
metabolism

CSR

nc

D WZZ

Pyl

nc

nc
nc
nc
nc
nc
nc

Category

Carbon
cycling

Subcategory

Methane
Metabolism



Substrate

Tile
Tile
Tile
Tile
Tile

Habitat

Forest
Forest
Forest
Forest
Forest

Effect

-6.23
-1.68
-1.67
-6.48
-3.15

KO

K09148
K09947
K02666
K06875
K19623

L1

PCP
PCP
SCP
SCP
SCP

L2
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Bacterial motility proteins

Two-component system

CSR
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nc
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Category
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Table S3.7. Brite hierarchy classification of differentially abundant KOs. Bold and plain text belong to the first and second level of the

Brite classification, respectively.

Forest Landslide
Pellets Soil Tiles Total Soil Tiles Total
Count % Count % Count % Count % Count % Count % Count %

Cellular Processes 2 1.2 4 11 3 09 9 10 8 36 1 32 9 35
Cell growth and death 1 06 2 05 0 0.0 3 03 1 04 0 0.0 1 04
Cellular community 1 06 2 05 3 09 6 07 6 27 1 32 7 27
Transport and catabolism 0 0.0 0 0.0 0 0.0 0 0.0 1 04 0 00 1 04
Environmental Information Processing 2 12 14 38 11 31 27 3.0 10 45 1 32 11 43
Membrane transport 1 06 8 22 7 20 16 1.8 10 45 1 32 11 43
Signal transduction 1 06 6 16 4 11 11 12 0 0.0 0 0.0 0 00
Genetic Information Processing 119 69.2 158 434 157 44.9 434 49.0 20 8.9 2 65 22 86
Folding, sorting and degradation 7 41 12 33 10 29 29 3.3 0 0.0 0 00 0 00
Replication and repair 18 105 26 7.1 26 7.4 70 7.9 1 04 1 32 2 08
Transcription 14 81 25 6.9 26 74 65 7.3 9 40 1 32 10 3.9
Translation 72 419 84 23.1 85 24.3 241 27.2 4 1.8 0 00 4 16
Others 8 47 11 3.0 10 29 29 33 6 27 0 00 6 24
Human Diseases 0 00 0 00 0 00 0 00 1 04 0 00 1 04
Drug resistance: antimicrobial 0 0.0 0 0.0 0 0.0 0 0.0 1 04 0 00 1 04
Metabolism 34 198 124 34.1 121 34.6 279 315 131 585 17 54.8 148 58.0
Amino acid metabolism 1 0.6 9 25 11 31 21 24 12 54 2 6.5 14 55
Biosynthesis of other secondary

metabolites 0 00 2 05 2 06 4 05 1 04 0 00 1 04
Carbohydrate metabolism 3 17 24 6.6 17 49 44 5.0 47 21.0 7 226 54 21.2
Energy Metabolism 9 52 26 7.1 27 1.7 62 7.0 6 2.7 2 65 8 31
Glycan biosynthesis and metabolism 2 12 6 16 6 17 14 16 4 18 0 00 4 16
Lipid metabolism 2 1.2 4 11 5 14 11 12 2 09 1 32 3 12
Metabolism of cofactors and vitamins 11 64 18 49 18 51 47 53 5 22 0 00 5 20
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Forest Landslide
Pellets Soil Tiles Total Soil Tiles Total

Count % Count % Count % Count % Count % Count % Count %
Metabolism of other amino acids 0 0.0 2 05 3 09 5 06 3 13 0 0.0 3 1.2
Metabolism of terpenoids and polyketides 0 00 1 03 2 06 3 03 6 27 0 00 6 24
Metabolism of terpenoids and polyketids 0 00 0 0.0 0 0.0 0 0.0 6 27 0 00 6 24
Nucleotide metabolism 1 06 2 05 4 11 7 038 4 138 0 0.0 4 16
Xenobiotics biodegradation and
metabolism 0 00 1 03 1 03 2 02 4 1.8 1 32 5 20
Others 5 29 29 8.0 25 7.1 59 6.7 31 138 4 129 35 137
Organismal systems 1 06 1 03 1 03 3 03 0 0.0 0 00 0 00
Signaling and Cellular Processes 3 17 27 14 21 6.0 51 5.8 38 17.0 8 258 46 18.0
Uncharacterized protein 11 6.4 36 9.9 36 10.3 83 94 16 7.1 2 6.5 18 7.1
Total 172 364 350 886 224 31 255
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Table S3.8. GeoChip 5.0 functional genes array classifications of the differentially

abundant KOs.

Pellets Soil

Forest
Tiles Total

Soil

Landslide
Tiles Total

Carbon cycling
Carbon degradation
Carbon fixation
Methane Metabolism
Electron transport
Photosynthetic
Metal Homeostasis
Arsenic

Calcium

Iron

Mercury

Potassium

Sodium

Zinc

Microbial defense
Antibiotic resistance
Nitrogen Cycling
Denitrification
Nitrification
Organic Contaminant
Degradation
Aromatics

Other hydrocarbons
Others

Plant Growth Promotion
Anti-pathogen
Stress

Glucose limitation
Osmotic stress
Oxygen limitation
Virulence
Adherence

Cellular function
Immune evasion
Secretion system
Soil-borne pathogen
Toxins

Not classified
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Table S3.9. CSR classification of differentially abundant KOs

Forest Landslide
Pellets Soil Tiles Total Soil Tiles Total
Count % Count % Count % Count % Count % Count % Count %

CSR 89 517 165 45.3 160 45.7 404 456 57 254 9 29.0 66 25.9
Competitive 3 1.7 20 5.5 14 4.0 37 4.2 22 9.8 4 129 26 10.2
Stress 5 2.9 19 5.2 25 7.1 49 5.5 20 8.9 3 9.7 23 9.0
Rruderal 78 453 122 335 115 329 305 344 10 45 1 3.2 11 4.3
Multiple 3 1.7 4 1.1 6 1.7 13 15 5 2.2 1 3.2 6 2.4
Other classifications 9 5.2 30 8.2 28 8.0 67 7.6 35 15.6 6 194 41 16.1
Foraging 5 2.9 14 3.8 11 3.1 30 34 0 0.0 0 0.0 0 0.0
Methylotrophs 1 0.6 3 0.8 4 1.1 8 0.9 1 0.4 0 0.0 1 0.4
Plant exudates

metabolism 2 1.2 10 2.7 9 2.6 21 2.4 34 152 6 194 40 15.7
Multiple 1 0.6 3 0.8 4 1.1 8 0.9 0 0.0 0 0.0 0 0.0
Not classified 74 43.0 169 46.4 162  46.3 405 457 132 58.9 16 51.6 148 58.0
Total 172 100.0 364 100.0 350 100.0 886 100.0 224 100.0 31 100.0 255 100.0
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Figure S3.1. PCoA using two distance matrices (Hellinger and Jaccard) showing the batch
effect from sequencing. Lines connect technical replicates sequenced on either the first or
second sequencing run done in Puerto Rico and the third run done in Louisiana.
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Figure S3.2. Pearson correlation matrix and multicollinearity test results corresponding to
nutrient mobility/weathering indices calculated for pellets and tiles. Each table contains
selected variables with its resulting Variance Inflation Factor (VIF).
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Figure S3.3. Mean nutrient mobility/weathering degree indices of A) tiles and B) pellets.
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Figure S3.4. Rarefaction curves of species richness (Chaol) for /65 and /TS ASVs at
different habitats, microhabitat, substrates, and mesh size.
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Figure S3.5. Average species richness (Chaol) and diversity (Shannon) for /6S and /7S
ASVs at different habitats, microhabitat, substrates, and mesh size in the rock samples.
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Figure S3.6. Taxonomic composition at phylum level of low abundant bacteria, archaea
and fungi across habitat, microhabitat, substrate, and mesh size. Phyla with more than 1%
total abundance were excluded.

16S

ITS

Relative Abundance

Forest Landslide

1.00-

0.75- I I

0,50- E
=

0_25-

0.00- == — —

1.00-

0.75- I I )
=)
o

0.50- 2
©
=

0.25- o
o

0.00- — — — ! ||

1.00-

075~

0.50~ E
-~

0.25-

0.00 - m==
0
=
=
o]
[0
©
=0
[1)]
@

Q O = O = L 0 = O =

c O O o 6 c O ® o @

°© 5 £ & E S & £ & £

Z 4 0 4 0 Z 4 0 a0

= 0 w w O = n w wn 0

A s » ¢ 2 & T s 2 2
2 o +F K 2 o F K
f & £ &

Substrate:Mesh size

228

Phylum

Crenarchaeota

WS3
Spirochaetes

Armatimonadetes

Firmicutes
Chlamydiae

Tenericutes

Euryarchaecta
Cyanobacteria

Phylum
Chytridiomycota
Glomeromycota
Rozellomycota
Kickxellomycota
Mucoromycota

I Blastocladiomycota
Entorrhizomycota
Basidiobolomycota

Zoopagomycota




Figure S3.7. PCA ordination with Aitchison distances for bacterial and archaeal (16S) and
fungal (ITS) ASVs found in soil, tiles and pellets at forests and landslides.
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Figure S3.8. PCA ordinations with Aitchison distances for bacterial and archaeal (16S) and fungal (ITS) ASVs per rock weathering

substrates.
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CHAPTER 4: CONCLUSIONS

In this final chapter, | summarize the main findings of my thesis which was aimed at
characterizing the composition, structure, and function of plant rhizobiomes established in
“landslide-like” areas, and evaluate the role of rhizobiomes in (Ca,Mg)-silicate rocks. This
study represents a first effort to understand microbe-silicate rock interactions in landslides
with a special emphasis on the tropics. Two general key findings are derived from this
work: 1) landslide-like soils are highly weathered, and holds soil and root microbiomes
with diversity, composition and functions disticnt to those at adjacent forest, and 2) rocks
incubated at landslide-like soils and roots weathered faster than those at forest, and rocks
incubated at each habitat inherited part of their respective root and soil microbiomes.

These results suggest that abiotic factors that diverge between the two habitats were
more important than biotic ones in shaping microbial community composition and
functioning. Indeed, landslides and similar disturbances causes modifications to
ecosystems, such as changes in soil attributes measured in this study, in addition to other
factors not measured here such as high UV radiation and extreme temperatures experienced
in soils. Altogether, these factos ultimately affect soil microbial composition. Nonetheless,
the losses in microbial inoculum and biomass caused by landslides (Singh et al. 2001, Li
et al. 2005), might explain the huge microbial differences found across habitats. Other
biotic factors were observed to affect microbial community diversity to a lesser extend,
such as plant proximity (Mendes et al. 2014, Ortiz et al. 2020) and plant host identity and
lifeform (Yeoh et al. 2017). Although separating the effect that biotic and abiotic factors
exert in microbial community composition is a difficult task, it is clear that the interaction
of these two sets of attributes controlled the microbial composition in landslides.
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These results also suggest that rock weathering is occurring faster in landslides
compared to forest, and that resulting nutrient mobilization drives microbial diversity and
composition. This is the first time, to my knowledge, that a study uses NGS-technology
coupled with an in-situ experiment to assess microbial silicate rock weathering. The study
of landslides acquire greater relevance as their frequency is increased with road
constructions, land use changes, and other forest modifications, combined with climate
extremes such as hurricanes (Larsen and Torres-Sanchez 1996, Hughes and Schulz 2020).
Thus, it is important to understand the biogeochemical dynamics triggered by landsliding and

the factors controlling these ecosystems succession.
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